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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-PBCH and NB-PDCCH channels. The proposed framework allows both 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 where we use
· a CE-GPO modulation code that uses a specific type of coding that offers unit PAPR 
· Single tone pilots with null tones in a pilot OFDM symbol; unit PAPR allows power boosting
· We provide a description of CE-GPO modulation code, description of single tone pilot method followed by simulations.
2. CE-GPO Modulation Code 
First, we discuss a special case of SC-FDMA with frequency domain pulse shaping as in R1-156545 that is called Generalized Precoded OFDM (GPO). We consider the case where the 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 designate this method as constant envelop GPO (CE-GPO). 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 code word by 90-degrees between consecutive data symbols

3. Circular convolution of length-M code word 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 filter 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.

For the special case of M=4, 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. 

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 to bit mapping is also illustrated in Table-1. 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 1: 
Code book for M=4 with 8 code words occupying 3 subcarriers

3. CE-GPO Receiver

Two algorithms are described for receiver operations. Receiver-1 operates in frequency domain. The 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.

4. Pilot Design
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 control channel and data channel can offer low error rates. Control channels (NB-PBCH 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 a 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. For the case CE-GPO, since the modulator occupies three subcarriers, with contiguous subcarrier allocation, the frequency selective channel variation across the three subcarrier is low. 
We propose CE-GPO (M=4) modulation code to be used for NB-PBCH and certain configurations of user specific NB-PDCCH.  
5. 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: image58.wmf]
Figure-1: BER with Rate=1/12

[image: image59.wmf]
Figure 2: BER with Rate=1/24

[image: image60.wmf]
Figure 3: BER with Rate=1/48

6. Conclusions
Recommendation-1: Consider CE-GPO modulation code with unit PAPR for NB-PBCH
Recommendation-2: Consider CE-GPO modulation code with unit PAPR for user specific NB-PDCCH control channel for users with low SNR
Recommendation-3: Use single tone pilot with null tones as dedicated RS for NB-PBCH. The subcarrier position of single pilot tons varies in successive pilot transmissions. The number of pilot OFDM symbols Np is FFS.

Recommendation-4: UE specific NB-RS for EPDCCH using a single tone pilot with null tones. The subcarrier position of single pilot tons varies in successive pilot transmissions. The number of pilot OFDM symbols Np is FFS.
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