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1. Introduction

In RAN1 NB-IoT ad hoc meeting, many features of NB-PBCH design have been agreed [3].

Agreements:
· In FDD mode, NB-PBCH is transmitted in subframe 0 in every radio frame

· In FDD mode, NB-PBCH does not use the first 3 symbols in a subframe at least in in-band operation

· For stand-alone and guard band operations, in the subframe transmitted NB-PBCH, the first 3 symbols contains no NB-PBCH

· NB-PBCH is rate matched around 4 port LTE CRS location based on PCID from NB-SSS

· It is not precluded the PCID from NB-SSS is different from the LTE PCID

· Note that the PCID from NB-SSS and the LTE PCID indicate the same LTE CRS position

· The time interval where MIB remains unchanged is 640 ms

· NB-PBCH consists of 8 independently decodable blocks of 80 ms duration

In RAN1#84 meeting, the following NB-BCH related aspects were agreed [2]:
For Normal CP: 
· In FDD mode, after CRC attachment and channel coding, the NB-MIB is rate matched to E=1,600 bits denoted by e0, e1, …,eE-1 according to Section 5.3.1.3 in TS 36.212 

· The rate matched bits are scrambled with a sequence of length 1,600 
· The scrambling sequence for the NB-PBCH is given in 7.2 of TS 36.211 and is initialized with the NB-IoT Physical Cell Identifier (PCI) in each radio frame fulfilling nf mod 64 = 0 where nf is the System Frame Number (SFN) 
· The modulated bits are mapped to resource elements in a frequency first, time second fashion
· Within one NB-MIB TTI, the i-th block of 80ms duration, i=0,1,…,7, is used to transmit bits e200*i+j , j=0,1,…,199, i.e., identical symbols are transmitted in each subframe #0 within the i-th block
In this contribution, we provide our proposals on enabling frequency tracking at the UE using the NB-PBCH. 
2. Discussion

In eMTC, it has been agreed that the resource elements of PBCH can be arranged so that it can be used for frequency error estimation purpose without decoding it [3]. The NB-PBCH is not the same as PBCH in eMTC. Therefore, the PBCH RE mapping approachin eMTC cannot be used in NB-IoT.
Frequency estimation in legacy LTE UE is usually performed by measuring the phase difference from two samples (e.g. two samples in the same sub-carriers and different OFDM symbols). The measurement is refined when it is based on the observation of  many samples:, more samples can produce more accurate frequency estimation results. In legacy LTE, the samples can be CRS and legacy LTE UEs can receive the CRS across the entire channel bandwidth. This is not the case in NB-IoT as the bandwidth is limited to 1 PRB and thus, inaccurate frequency error estimation is expected if it is measured based on CRS or NB-RS only. Frequency estimation performance could be improved if based on more reference samples: this can be done using the repeated part of NB-PBCH.
When using the NB-PBCH for purposes of frequency error estimation, the eNB may tailor the transmission of the broadcast channel to enhance its usability for frequency error estimation. For example, the NB-PBCH transmitted by the eNB can be arranged in such a way that the output from its convolutional encoder is mapped to resource elements as shown in Fig. 1.
In NB-IoT, the MIB (Master Information Block) carried by the NB-PBCH contains 50 information bits and a PRB (Physical Resource Block) containing the NB-PBCH can carry 200 physical bits. The output from the convolutional encoder can be divided into three blocks, in Fig. 1 denoted as V0, V1, and V2, each of these blocks containing 50 encoded bits (e.g., 50 parity bits). One of the blocks (in the illustrated example, V0) can be repeated so that in total 200 encoded bits are produced that are mapped to 100 QPSK REs modulated by QPSK (Quadrature Phase Shift Keying). 
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Figure 1: NB-PBCH resource elements mapping
Observation 1: NB-PBCH resource element mapping can be arranged so that it can be used for frequency estimation purposes.
The position of the repeated signals may be controlled by using an interleaver prior to a PBCH resource element mapping stage (e.g., using a “frequency first, time second” mapping approach). In the illustrated example, V0 can be used for frequency offset estimation by performing correlation across OFDM (Orthogonal Frequency Division Multiplexing) symbols for resource elements arranged on the same subcarriers. This correlation does not necessarily require regeneration (demodulation and/or decoding) of the NB-PBCH. Accordingly, the frequency error estimation can be implemented with low complexity.
It can be observed in Fig.1 that V0 is repeated and it is possible to perform correlation of identical V0 QPSK symbols located in different OFDM symbols and in the same sub-carrier. In Fig. 1, the distance between identical V0 QPSK symbols is 7 OFDM symbols. In total, 25 pairs of NB-PBCH REs can be used for frequency tracking purposes. This is significantly higher than the number of pairs of CRS or NB-RS (8 pairs) that are typically used for frequency tracking. In total, 33 pairs of REs can be used for frequency tracking purposes (considering both NB-PBCH and CRS / NB-RS REs).
Moreover, the distance of two NB-RS at the same sub-carrier from the same antenna port is 7 OFDM symbols. This is the same distance of the two NB-PBCH samples as mentioned previously. This brings benefit that the correlation outputs of NB-RS samples and NB-PBCH samples can be combined to improve the estimation accuracy.

Proposal 1: Map the resource elements of a repeated subset of bits from the output of the NB-PBCH convolutional encoder to allow symbol correlation at the same sub-carriers across OFDM symbols.

Proposal 2: Keep the OFDM symbol distance of repeated subsets of NB-PBCH bits to be the same as the OFDM symbol distance between two NB-RS from the same antenna port so that the correlation output of NB-RS and NB-PBCH can be combined.

In our previous study [5], we have investigated the performance of frequency tracking for the eMTC case. The performance evaluation was based on theoretical mean square error (MSE) of frequency estimation in an AWGN channel and no imperfections were assumed. The details of MSE derivation can be found in [6]. Here, we use the same approach for the NB-IoT case. We consider an eNB that has 2 Tx antennas and a UE with 1 Rx antenna. The evaluation result in rms of frequency error versus SNR is shown in Fig. 2.
[image: image2.emf]-20 -15 -10 -5 0 5 10 15 20

10

0

10

1

10

2

10

3

10

4

SNR (dB)

RMS Freq Error (Hz)

Tracking of Frequency Offset Performance - 2x1 AWGN

 

 

NB 200KHz-NBRS

NB 200KHz-BCH

NB 200KHz-BCH+NBRS

LTE 1.4 MHz-CRS

LTE 5 MHz-CRS

LTE 10 MHz-CRS


Figure 2: Frequency offset estimation performance using NB-PBCH as a phase reference.
The results in Fig. 2 show that the usage of NB-PBCH for frequency estimation can significantly improve the frequency offset estimation accuracy. It can be observed that the performance gain is around 5 dB in comparison to the frequency offset estimation based on NB-RS only. This result is expected as NB-PBCH has ~3 times more samples (to be used for frequency offset estimation) than NB-RS as previously described. Moreover, we can utilize both NB-RS and NB-PBCH to obtain additional performance improvement (in total around 6.5 dB performance gain). Note: the impact of power-boosting has not been considered here:this can be expected to further improve the performance. To obtain this performance improvement an (low complexity) interleaver has to be inserted prior to the RE mapping, as described earlier.
Observation 2: Exploiting NB-PBCH for frequency offset estimation can significantly improve the performance. The performance gain is around 5 dB in comparison to the frequency offset estimation based on NB-RS only. Moreover, the correlation of NB-RS and NB-PBCH can be combined to further improve the performance (in total around 6.5 dB performance gain).
3. Conclusion

In this contribution, we have the following observations and proposals to enable the NB-PBCH to be used for frequency tracking:
Observation 1: NB-PBCH resource element mapping can be arranged so that it can be used for frequency estimation purposes.

Observation 2: Exploiting NB-PBCH for frequency offset estimation can significantly improve the performance. The performance gain is around 5 dB in comparison to the frequency offset estimation based on NB-RS only. Moreover, the correlation of NB-RS and NB-PBCH can be combined to further improve the performance (in total around 6.5 dB performance gain).

Proposal 1: Map the resource elements of a repeated subset of bits from the output of the NB-PBCH convolutional encoder to allow symbol correlation at the same sub-carriers across OFDM symbols.

Proposal 2: Keep the OFDM symbol distance of repeated subsets of NB-PBCH bits to be the same as the OFDM symbol distance between two NB-RS from the same antenna port so that the correlation output of NB-RS and NB-PBCH can be combined.
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