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1. Introduction
In RP-151261, it is agreed that the following will be supported for NB-IOT operation:
· 180 kHz UE RF bandwidth for both downlink and uplink
· OFDMA on the downlink
· Two numerology options will be considered for inclusion: 15 kHz sub-carrier spacing (with normal or extended CP) and 3.75 kHz sub-carrier spacing. Technical analysis will either perform a down-selection or decide on inclusion of both based on the feasibility of meeting relevant requirements while achieving commonality (to be finalized by RAN #70)
· For the uplink, two options will be considered: FDMA with GMSK modulation (as described in 3GPP TR 45.820 section 7.3), and SC-FDMA (including single-tone transmission as a special case of SC-FDMA) 
· The two above will strive for single solution / down-selection, and the decision will be performed by RAN #70 on the basis of RAN1 evaluation. 

· RAN1 evaluation will be based on

· For the standalone mode of operation: on scenarios and criteria documented in 3GPP TR 45.820 Sections 4 & 5, and Annex A (with the exception of impacts to GSM base station baseband)

· For in-band & guard-band mode of operation: on scenarios and criteria documented in 3GPP TR 45.820 Sections 4 & 5, and Annex A (with exception of impacts to GSM base station baseband and RF), plus newly defined scenarios and criteria based upon the same TR e.g. interference to/from legacy LTE operation

· For power consumption, latency, and capacity, this evaluation will assume use of Gb interface towards the core network

· RAN1 evaluation will be based on a detailed numerical assessment in addition to any pass/fail criteria

· RAN1 will involve RAN2 as necessary

· A single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals
In this contribution 

· We provide a design framework for NB-PUCCH and NB-PUSCH channels. The proposed framework allows both data and control channels to operate low SNR in the range of -15 to -13 dB. 
· In addition to using convolutional coding and repetition coding, we propose further enhancements:
· SC-FDMA with frequency domain pulse shaping is proposed in R1-156545. We propose three variations of R1-156545 that are called GPO modulators
· GPO with excess bandwidth with near unit PAPR
· GPO without excess bandwidth, PAPR is in the range of 1.0-2.0 dB
· GPO without excess BW and uses a specific type of encoding of input bits that offers unit PAPR. This method is designed as CE-GPO
· Additionally, we propose coverage expansion pilot (CEP) that use a single tone pilots with null tones in a pilot OFDM symbol. The position of the null tone is varied in successive OFDM symbols to allow frequency selective channel estimation. 
· The combination of CEP and GPO offers reliable decoding of uplink data and control channels in the SNR range of -15 to -13 dB. 
2. GPO with excess BW 

The GPO transmitter as described in R1-156545 operates using an excess BW (see Figure 1). A frequency domain pulse shaping filter (FDPSF) is used after IDFT to reduce the PAPR. The combination of constellation rotation of BPSK data with the proposed FDPSF gives a signal with low PAPR. The proposed FDPSFs that are obtained by oversampling a LGMSK pulse with L=6 and oversampling rate=2 are tabulated in Tables 1-5 in the Appendix.  It can be seen that the signal occupies twice the allocated subcarriers. However, the interference caused to the adjacent users is low and can be neglected for the operational scenarios of interest. The PAPR for this case (FDPSF of Tables1-5) is in the range of 0.5-0.8 dB. The general steps involved in the GPO receiver are shown in Figure-2. The receiver uses widely linear (WL) MMSE filter to suppress the ISI caused by the FDPSF. Simulation results show that the FDPSF does not cause noticeable degradation in error rate in a TU channel. This is mainly due to low frequency selectivity of the TU channel. The bit error rate of this system is nearly the same as that of a BPSK system without the proposed FDPSF.

Figure1: GPO Transmitter


Figure2: GPO Receiver
3. GPO without excess BW 

We consider the case where the modulator does not employ excess BW. In this case, the FDPSF is obtained by sampling the LGMSK pulse at symbol rate.  The FDPSF can be implemented in time domain as a circular convolution between constellation rotated BPSK data and a filter.

Figure2: GPO Receiver

The following filter choices are feasible. For example, example with 
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That provides low PAPR. The PAPR of these filters is in the range of 1-2.0 dB

In some cases, these filter coefficients can be circularly shifted to make FDPSF response a real-valued filter.
The receiver algorithm for this case is described in Appendix-B. We note here that this receiver algorithm can be used for the GPO modulator with excess bandwidth case as well. In that case the receiver has to assume that the FDPSF coefficients outside the allocated subcarrier has a zero value. The error rate loss due to this approximation is small for operational scenarios of interest. 

The BER performance of GPO without excess BW with the suggested filters is nearly the same as that of standard BPSK.
4. CE-GPO Modulation Code 
We consider the case where the GPO modulator does not employ excess BW. We show that when the input to the GPO modulator is driven by a certain binary sequences, the modulator produces a single tone where the tone position as well as the amplitude and phase values of the tone are determine by the input sequence. We designed this method as constant envelop GPO (CE-GPO). As in Figure-2, the CE-GPO method comprises of the following steps :
1. A special BPSK code word (sequence) of length-M is input to GPO  

2. Constellation rotation of length-M codeword by 90-degrees between consecutive data symbols

3. Circular convolution of length-M codeword with a two tap time domain filter where the filter is given by 
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4. M-point DFT, subcarrier mapping, N-point IDFT/IFFT, possible CP addition, possible windowing/band-pss filtering

Let the output of the circular convolution between constellation rotated BPSK signal and the PSF be
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 and it takes zero values elsewhere. The DFT of
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Then 
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 is mapped (after IFFT shift) to 
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contiguous subcarriers out of available tones before taking IFFT. 

Analog signal model:

Let 
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 where the symbol 
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denotes circular convolution operation. The analog transmitted signal is represented as
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Where 
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is the starting point of subcarrier mapping and 
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 is the cyclic prefix. The transmitted signal may be further multiplied with either 
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that gives a half-subcarrier shift so that dc subcarrier may be avoided. 
We consider two cases:

Case-1: M-2

For this case, we have
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Taking the DFT of 
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The first tone contains the full information. We end up with a null tone in the second position. M=2 CE-GPO is equivalent to single tone transmission with QPSK modulation.
Case-2: M-4

In this case we have
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Taking the DFT of 
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Note that only three tone positions will be used since one position is always zero.  Using fftshift operation (or subcarrier mapping) the null tones can be moved to the edge of the allocated tones.
Subcarrier mapping module can map the data to any 3 tones anywhere in the available set of subcarriers.

Note that only three tone positions will be used since the third position is always zero. In the uplink, two users can share the resources where this zero can be allocated to one user that can transmit data using a single tone. 

The codes given in the following Table produce a constant envelope signal. A total of 8 codes words can be transmitted with unit PAPR. Each code word corresponds to a single tone that occupies one of the three subcarrier positions. 

The codeword to bit mapping is also illustrated in Table-0. The 4-code words in the upper half differ from the 4 code words in the lower half by a negative sign. Therefore, the last bit (reading from the right) has 1-0 transition. Within the 4-code words, since they are pairwise orthogonal, and since the Hamming distance between a pair of code words is 2, owing to the symmetry, we use 11,10,01,00 mapping.  Following the above mentioned principle, the mapping rule can be changed, however, the error rate at the receiver remains the same. If the transmitter wishes to communicate 2 bits only, then 4-code words given in either upper half or lower half can be used with 11,10,01,00 mapping.

This method communicates a total of 3 bits using 3 subcarrier positions. Throughout, this encoding method is referred to as CE-GPO modulation code.
	Code=
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	Code word to Bit mapping
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Table 0: 
Code book for M=4 with 8 code words occupying 3 subcarriers

CE-GPO Receiver

Two algorithms are described for receiver operations. Receiver-1 operates in frequency domain. The second algorithm is based on WL-MMSE filtering as shown in Appendix-B followed by soft decision decoding rule given in Appendix-C.

 The receiver algorithm has the following steps:

1. N-point FFT, subcarrier de-mapping, to obtain a frequency domain signal

2. ML (maximum Likelihood) or MAP (Maximum-a-Posteriori) decoding in frequency domain to generate LLRs of transmitted bits of the CE-GPO codeword. 
Define the following metrics:
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For the case of 3-bit encoding soft decision metric for the MSB  (the right most bit position) is given by 
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The soft decision metric for MB  (middle bit position) is given by 
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The soft decision metric for LSB  (left most bit position) is given by 
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Assuming that the channel is frequency flat for the subcarriers of interest, Let
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Where c is the channel gain on any subcarrier.  In this case, the LLRs can be obtained without explicitly calculating the distance metrics. For case of frequency-flat channel, recievers-1 and 2 provide the same performance.

5. Coverage Expansion Pilots for uplink
At low operating SNRs, performance is limited by synchronization and channel estimation. In R1-160066 a NB-PSS and NB-SSS design is presented that enables synchronization in -15dB to -13 dB SNR range. There is a need to provide reliable channel estimates in -15dB to -13 dB SNR range so that both uplink control channel and uplink data channel can operate at such low SNRs with low error rates. Uplink control channels (NB-PUCCH or NB-PDCCH) typically use a base channel code (error correction code) together with repetition coding to obtain low code rates. Repetition coding by large factors are not effective unless channel estimates are reliable. 

Transmission of a single tone (with null tones) in an uplink pilot OFDM symbol gives unit PAPR and further allows the transmitter to increase the transmit power of the single tone. The subcarrier position of the single tone pilot can be varied in frequency domain to track the frequency selective channel. Multiple pilot OFDM symbols can be used to improve channel estimation.
6. Results
We use the 3GPP base rate 1/3 convolutional code with additional repetition to construct code rates of 1/12, 1/24 and 1/48. After the convolution coding and bit interleaving, the CE-GPO (M=4) modulation code is used.  The number of pilot symbol is denoted by Np. The block-error-rate (BLER) is reported for different values of Np and different code rates. 100 bits are used to encode a block.
With low code rates, large improvements is observed when multiple pilot OFDM symbols are used for channel estimation (compared to single pilot OFDM symbol case).

[image: image68.wmf]
Figure-1: BER with Rate=1/12

[image: image69.wmf]
Figure 2: BER with Rate=1/24

[image: image70.wmf]
Figure 3: BER with Rate=1/48

7. Conclusions
Observations:

Recommendation-1: Use CE-GPO (M=4) modulation code for NB-PUCCH

Recommendation-2: Use single tone pilots with null tones for NB-PDSCH 
Recommendation-3: Introduce one modulation coding scheme (MCS) of NB-PDSCH for the case of three allocated tones.  
Recommendation-4: Consider GPO with excess BW, GPO without excess BW based on PAPR requirements
8. Appendix-A
	Subcarrier
	Qk

	1
	-0.2256

	 2
	-0.2513 - 0.0667i

	3
	-0.3374 - 0.3338i

	4
	0.2198 - 0.7731i

	5
	0.9635

	6
	0.2198 + 0.7731i

	7
	-0.3374 + 0.3338i

	8
	-0.2513 + 0.0667i


Table-1, M=4, BT=0.6

	Subcarrier
	Qk

	1
	0.0126

	2
	-0.0155 + 0.0090i

	3
	-0.0057 + 0.0099i

	4
	- 0.2039i

	5
	0.3274 + 0.5670i

	6
	-1.0440 - 0.6028i

	7
	1.4631

	8
	-1.0440 + 0.6028i

	9
	0.3274 - 0.5670i

	10
	0.2039i

	11
	-0.0057 - 0.0099i

	12
	-0.0155 - 0.0090i


Table-2, M=6

	Subcarrier
	Qk

	1
	0.0126

	2
	-0.0152 - 0.0063i

	3
	0.0100 + 0.0100i

	4
	0.0147 + 0.0354i

	5
	0.2039i

	6
	-0.1992 + 0.4810i

	7
	0.6649 - 0.6649i

	8
	-1.2129 + 0.5024i

	9
	1.4631

	10
	-1.2129 - 0.5024i

	11
	0.6649 + 0.6649i

	12
	-0.1992 - 0.4810i

	13
	0.2039i

	14
	0.0147 - 0.0354i  

	15
	0.0100 - 0.0100i

	16
	-0.0152 + 0.0063i


Table-3, M=8

	Subcarrier
	Qk

	1
	0.0126

	2
	-0.0090 - 0.0124i

	3
	-0.0055 + 0.0170i

	4
	0.0024 - 0.0008i

	5
	0.0488 + 0.0355i

	6
	- 0.2039i

	7
	-0.3608 + 0.2621i

	8
	0.7303 + 0.2373i

	9
	-0.3416 - 1.0514i

	10
	-0.8025 + 1.1045i

	11
	1.4631

	12
	-0.8025 - 1.1045i

	13
	-0.3416 + 1.0514i

	14
	0.7303 - 0.2373i

	15
	-0.3608 - 0.2621i  

	16
	0.2039i

	17
	0.0488 - 0.0355i

	18
	0.0024 + 0.0008i

	19
	-0.0055 - 0.0170i

	20
	-0.0090 + 0.0124i


Table-4, M=10

	Subcarrier
	Qk

	1
	0.0126

	2
	-0.0038 - 0.0141i

	3
	-0.0155 + 0.0090i

	4
	0.0100 + 0.0100i

	5
	-0.0057 + 0.0099i

	6
	0.0752 + 0.0202i

	7
	- 0.2039i

	8
	-0.3854 + 0.1033i

	9
	0.3274 + 0.5670i

	10
	0.6649 - 0.6649i

	11
	-1.0440 - 0.6028i

	12
	-0.3609 + 1.3470i

	13
	1.4631

	14
	-0.3609 - 1.3470i

	15
	-1.0440 + 0.6028i

	16
	0.6649 + 0.6649i

	17
	0.3274 - 0.5670i

	18
	-0.3854 - 0.1033i

	19
	0.2039i

	20
	0.0752 - 0.0202i

	21
	-0.0057 - 0.0099i

	22
	0.0100 - 0.0100i

	23
	-0.0155 - 0.0090i

	24
	-0.0038 + 0.0141i


Table-5, M=12
9. Appendix-B
Let circular convolution between constellation rotated BPSK signal and the time domain filter be
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.  Receiver has the following operations: 

1. N-point FFT, subcarrier de-mapping, to obtain a frequency domain signal

2. Frequency de-shifting to eliminate constellation rotation

3. Use a a widely linear (WL)-MMSE (minimum-mean-square-error) filter or a matched filter

4. IDFT to recover time domain BPSK signal

5. Soft-decoding of transmitted bits

The filtered received signal, after time frequency synchronization, and after removing CP is passed through an FFT and subcarrier de-mapping module. The de-mapped frequency domain signal may be represented as
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It can be written as
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. Now we have
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Let  
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In compact vector form
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We apply a vector-valued WL filter 
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 to obtain a decision variable 
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. Assuming noise-plus-interference is white noise, the filter coefficients can be expressed as


[image: image100.wmf])

(

)

(

)

(

)

(

'*

2

'*

l

H

l

H

l

H

l

W

n

(

(

(

)

+

=

s

 

Where the symbol 
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 denotes matrix conjugate-transpose operation. When the channel is frequency flat i.e., when 
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After filtering and IDFT, bit level soift decisions are obtained using the decision variable 
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Appendix-C

Soft decision decoding for CE-GPO (M=4) case

For the case of CE-GPO (M=4), the decision variable 
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 is used for obtaining bit level soft decisions of the transmitted bits of the CE-GPO codeword.  The decision variables are grouped into a number of vectors each composed of 4 elements that are collected sequentially from 
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Next 
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is multiplied with all possible code vectors to obtain a metric
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For the case of 3-bit encoding, the Log-Likelihood-Ratios (LLRs) or soft decision metric for the LSB  (the right most bit position) is given by 
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The soft decision metric for MB  (middle bit position) is given by 
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The soft decision metric for MSB  (left most bit position) is given by 
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The additional scaling factor is the estimated noise-plus-interference variance. It can be shown that the above mentioned LLR values can be obtained using a max-log approximation to the MAP (Maximum-A-posterior) decoding rule.
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