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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
· Further, during RAN WG1 Meeting #83 it has been agreed to:
Evaluate (including performance and device complexity) the following options for NB-PSS design until the adhoc meeting; companies to provide a comparison between these alternatives:

· NB-PSS is a Zadoff-Chu sequence
· NB-PSS is constructed from a pair of Zadoff-Chu sequences with a cover sequence in each OFDM symbol

· NB-PSS sequence based on a pair of CGS with cover sequence in each OFDM symbol

· NB-PSS using binary sequences with cover sequence in each OFDM symbol with SC-FDMA with frequency domain pulse shaping as in R1-156545
In this contribution 

· We provide further details of NB PSS and NB SSS that is designed using a base waveform that has strictly constant envelope. The proposed waveform is a modification of SC-FDMA with frequency domain pulse shaping as in R1-156545, that does not employ excess bandwidth. This waveform is designed as CE-GPO (Constant Envelope Generalized Precoded OFDM).

· First, we provide a detailed overview of proposed PSS design method followed by a performance comparison between ZC based PSS and the proposed method.  
· Second, different from ZC based SSS design, we propose another method of SSS using the proposed CE-GPO waveform and Walsh-Hadamard sequences. Details of the proposed method are given followed by performance results.

· Finally, observations and recommendations related to PSS and SSS design are provided

2. Guidelines for DL NB-IoT Design
LTE adopted a PSS and SSS channel structure that has the following characteristics:

· Independent of the system bandwidth of operation, PSS and SSS occupy a fixed BW with 62 central subcarriers. 
· PSS and SSS are transmitted over a narrow bandwidth, allowing the possibility of transmission with higher power compared to data. 

·  ZC sequences with low PAPR are used to enable efficient PA operation with low PA back-off.
In this contributions, we propose a NB-PSS and NB-SSS design methodology where 
· NB-PSS and NB-PSS are transmitted over Nu subcarriers using a waveform that has strictly constant envelope (unit PAPR). 

· For NB-PSS, the value of Nu is preferably chosen to be 1 or 3. In both cases, the system uses single-tone transmission with full power allocated to the transmitted tone.

· For NB-SSS, the value of Nu is preferably chosen to be 3.  

In addition to providing unit PAPR operation for NB-PSS and NB-SSS, in a companion contribution R1-160065 we show that NB-PBCH and NB-EPDCCH can also be transmitted with unit PAPR using the proposed CE-GPO (Constant Envelop Generalized Precoded OFDM)) waveform that adopts a certain encoding method.
In another companion contribution, R1-160068 we introduce coverage expansion pilot (CEP) method that uses a single tone pilot with null tones in certain pilot symbol locations. The subcarrier position of the pilot subcarrier is varied in frequency domain to track the frequency selective channel. Since CEP has unit PAPR, the PA can apply additional power boosting to increase coverage.

NB-PDSCH uses OFDMA. However, selected users located deep underground (or cell edge) can be served using a single tone with null tones to allow unit PAPR operation as well.

For NB-PSS, NB-SSS, NB-PBCH/PDCCH we show that coverage can be achieved in -15 dB  to -13 dB SNR range.

Before we proceed with a description of NB-PSS and NB-SSS, we first describe the CE-GPO waveform
3. Constant Envelope GPO
Now 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 designed 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 leth-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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denotes circular convolution operation. The analog transmitted signal is represented as


[image: image12.wmf][

]

CP

M

N

N

m

M

T

t

f

m

j

T

T

t

e

N

m

z

M

t

s

CP

+

Î

-

=

å

-

+

=

-

D

,

0

,

)

(

1

)

(

1

)

(

2

1

1

1

p


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 the following cases. 

Case-1: M=2

For this case, we have
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Taking the DFT of 
[image: image19.wmf])

(

m

y

we get


[image: image20.wmf](

)

[

]

)

1

(

)

0

(

707

.

0

)

1

(

)

0

(

2

1

)

0

(

t

t

jx

x

y

y

z

+

=

+

=

 and 
[image: image21.wmf]0

)

1

(

=

z

.

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  fftshift operation (or subcarrier mapping) places the null tone at the band edge.

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.

Out of 16 possible BPSK sequences, 8 sequences can be transmitted with unit PAPR. Each sequence corresponds to a single tone that occupies one of the three subcarrier positions. Table-1 gives the mapping between the 8 code words (sequences) and the frequency domain code components.
	Code=
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Table 1: 
Code book for M=4 with 8 code words occupying 3 subcarriers

4. Guidelines for NB PSS Design
a) NB-PSS should be designed to obtain both timing and frequency synchronization information (including fractional and integer offsets).

b) The base NB-PSS signal spans one OFDM symbol

c) The base signal is repeated N times.  The value of N is 11

d) A binary code cover is applied on the base PSS signal. One of the 8 codes given in Table 2 can be used as a code cover (Take the first 11 elements of the code given in Table 2)
e) The sector ID can be signaled by applying a sector specific code coder. Three out of 8 codes given in Table 2 can be used as sector specific code covers

d)  The base PSS signal has unit PAPR. 
	Code 0
	0,0,1,0,0,1,0,1,1,1,0,0,0,0,1,0,0,0,1,0,0,1,0,1,1,1

	Code 1
	0,0,1,0,1,1,0,1,1,1,0,1,1,1,1,0,0,0,1,0,1,1,0,1,1,1

	Code 2
	0,1,0,0,0,0,1,1,1,0,1,1,1,0,1,0,0,1,0,0,0,0,1,1,1,0

	Code 3
	0,1,0,0,0,1,1,1,1,0,1,1,0,1,0,0,0,1,0,0,0,1,1,1,1,0

	Code 4
	0,0,0,1,1,0,1,0,1,1,1,0,0,1,0,0,0,0,0,1,1,0,1,0,1,1

	Code 5
	0,1,0,0,1,1,1,0,1,0,1,1,0,0,0,0,0,1,0,0,1,1,1,0,1,0

	Code 6
	1,0,1,0,0,1,1,1,1,1,0,1,1,0,0,0,1,0,1,0,0,1,1,1,1,1

	Code 7
	1,1,1,0,1,1,1,1,0,0,0,1,0,0,1,0,1,1,1,0,1,1,1,1,0,0


Table 2: Code covers
In Table 3 we compare the PSS timing performance for ZC based PSS design employing code cover and for the case of M=4 CE-GPO. We provide results for a single sector case that employs Code 0. Results show that the use of multiple sectors does not degrade timing performance substantially. Therefore, results for multiple sector use is not given. 
	
	SNR=-15
	SNR=-15
	SNR=-13
	SNR=-13
	SNR=-6
	SNR=-6

	Nu=1
	Pe=0.84
	Pc=0.16
	Pe=0.64 
	Pc=0.36
	Pe=0.19
	Pc=0.80

	Nu=3
	Pe=0.78
	Pc=0.22
	Pe=0.69 
	Pc=0.31
	Pe=0.22
	Pc=0.776

	Nu=6
	Pe=0.9
	Pc=0.1
	Pe=0.84 
	Pc=0.16
	Pe=0.34
	Pc=0.65

	Nu=12
	Ps=0.94
	Pc=0.06
	Pe=0.93
	Pc=0.07
	Pe=0.54
	Pc=0.46


Table 3: NB-IoT TU Channel Timing Performance

Simulation Methodology
In order to compare the performance a number of candidate algorithms, we adopt a single shot PSS  detection method i.e., a single frame is transmitted with 4 instances of PSS sequences. Receiver first applies a bandpass filter whose bandwidth exceeds the transmit PSS signal bandwidth by a certain amount. The excess bandwidth is determined by the expected frequency offset. Receiver uses all 4-PSS signals for timing estimation (metric is averaged over 4PSS epochs). Receiver detects a timing peak by searching over the entire frame duration. Timing is said to be in error if receiver timing estimate deviates from the reference time by Ne samples. Ne is chosen to be 5 (Here sampling rate is 1.92 Msamples/sec)
Pe is defined as the probability of timing metric deviating from the correct reference by Ne samples  that are within the CP
Pc=1-Pe. Pc is the probability of achieving timing with an error of Ne samples (within CP)

At SNR=-13 dB, compared to Nu=6, Nu=3 and Nu=1 increases probability of correct detection approximately by a factor 2. At this SNR, the amount of time required for the UE to achieve correct timing can be reduced significantly.

In the simulation, we apply full power to the PSS. For example with Nu=1 and Nu=3 with CE-GPO, the transmitted tone is power boosted by  a factor 12. Note that for PSS signals with low PAPR, additional power boosting is not applied (this is an implementation specific issue).

Nu=1 denotes single tone transmission with a fixed subcarrier position. 
Nu=3, has two options: a) ZC based design b) CE-GPO with M=4 

Nu=12 corresponds a) ZC based design b) SC-FDMA with frequency domain pulse shaping as in R1-156545 with zero excess BW and arbitrary BPSK modulation. 
Options a and b have similar timing performance but the PAPR characteristics are different. Note that the entries in Table 3 corresponding to either option a or b.
The NB-PSS constructed from a pair of orthogonal Zadoff-Chu sequences with a cover sequence in each OFDM symbol as proposed in R1-157069 has poor timing performance when the timing metric exploits the orthogonality between the pair of ZC sequences. This method is not considered further. However, when the timing metric that exploits signal repetition performs well in the presence of code cover.

Based on the results of Table 3, we have the following observations.
Observation-1: CE-GPO with M=4 provides same performance as that of ZC based designs. CE-GPO with M=4 has unit PAPR. This waveform should be preferred over ZC based designs
Observation-2: Nu=1 or Nu=3 with CE-GPO (M=4) recommended for PSS design. Down selection to be done based on further evaluations
Observation-3: ZC based PSS designed should not be considered further
5. Guidelines for NB PSS Design

We propose CE-GPO (M=4) as the base SSS waveform. This waveform is transmitted in multiple OFDM symbols (say K times in consecutive OFDM symbols). In each OFDM symbol, the base waveform is assigned a subsequence of length-4 as input. A concatenation of multiple (K) subsequences forms the SSS code. With K OFDM symbols, the length of the SSS code is 4K. 
We construct a 4K Walsh-Hadamard (WH) matrix. A row of this matrix corresponds to an SSS sequence of length 4K. The SSS sequence is divided into K subsequences by selecting 4 consecutive elements at a time. Each subsequence is given as input to CE-GPO (M=4) modulator. In this case, subsequence takes any of the 8 possible codes given in Table 1.  Therefore, the CE-GPO (M=4) gives unit PAPR in every OFDM symbol of SSS transmission.

NB-SSS Decoder
After achieving time frequency synchronization using the NB-PSS signal, we use the following decoder algorithm that exploits the CE-GPO (M=4) signal structure. The NB-SSS receiver uses the following operations:
1. N1-point FFT

2. Subcarrier de-mapping

3. M-point IDFT/IFFT (M=4)
After M-point IFFT, the time domain SSS received signal can be represented as
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where 
[image: image48.wmf]q

 is the OFDM symbol index 
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 is noise-plus-interference. Here we assume that the propagation channel remains nearly constant for 3-consecutive subcarriers and takes a value 
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 are selected from subsequences of the WH code. The receiver knows the WH code book. The receiver constructs the following metric:
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The absolute value of this metric is evaluated for all feasible codes and the SSS decoder selects one with the highest metric. The computation can be further reduced by exploiting the properties of the WH code book.
In Figure 1, we show the error rate (defined as the probability of decoding in favor of an in correct SSS code), for different values of the parameter 4K. 

Results show that SSS decoding is possible at low SNRs. In this design 4K must be an integer power of 2.  If 8 OFDM symbols are allocated for SSS, a 32 length WH code can be used.
[image: image54.wmf]
Figure 1: Probability decoding in favor of an incorrect SSS code (Walsh-Hadamard Codes) (TU channel)
Observation-3: The NB-SSS can be designed to have unit PAPR, low decoding complexity and low decoding error rate using CE-GPO (M=4)
6. Conclusions

A waveform that provides strictly unit PAPR for NB PSS and NB SSS is described. The method uses narrow bandwidth (Nu=3). Both NB PSS and NB SSS can be decoded at low SNRs in the range of -15-13 dB.
Recommendation-1: For NB PSS, down selection recommended between single tone NB-PSS and CE-GPO (M=4). ZC  sequences are precluded for NB-PSS
Recommendation-2: It is recommended to design NB SSS using CE-GPO (M=4) waveform and WH codebook
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