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1 Introduction

Three operation modes are supported by NB-IoT:

· ‘Stand-alone operation’ utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers

· ‘Guard band operation’ utilizing the unused resource blocks within a LTE carrier’s guard-band 

· ‘In-band operation’ utilizing resource blocks within a normal LTE carrier

In in-band operation mode, the LTE CRS REs should be reserved to avoid pollution to the LTE channel estimation and measurement. However, NB-PBCH decoding shall not rely on LTE CRS due to the lack of knowledge of the legacy PRB index information as agreed at last meeting.

Agreement:

· For in-band operation, it shall be possible for NB-IoT UE to decode NB-PBCH without knowing the legacy PRB index

· i.e. a single fixed predefined PRB location NB-IoT is precluded. 

As a result, new reference signals are needed for in-band operation mode at least for NB-PBCH decoding.
In standalone and guard band operation modes, an efficient reference signal design is desired also, which still remains open. 
In this contribution, reference signal designs for NB-IoT in all these three operation modes are provided. 
2 General designs
Three types of reference signals may exist in NB-IoT:
· NB-RSa: the NB-IoT reference signal reusing LTE CRS resource pattern, but probably generated by a segment of LTE CRS sequence. It is transmitted in standalone/guard band operation modes.

· NB-RSb: the NB-IoT reference signal mapped to REs other than LTE CRS REs. It is transmitted in in-band operation mode for NB-PBCH decoding and possibly for NB-PDCCH and NB-PDSCH decoding if LTE CRS cannot effectively serve the purpose. The NB-RSb could also be transmitted in standalone/guard-band operation modes if NB-RSb is applied in these two modes.
· LTE CRS: the power level of the LTE CRS REs may not as high as NB-PDSCH/NB-PDCCH REs in in-band operation mode.
The open issue is what kind of reference signal is used for NB-PDSCH (or NB-PDCCH) decoding. To reduce the UE channel estimation complexity and to save standardization effort, the reference signals should be reused as much as possible. Three optional combinations as shown in Table 1 for the reference signals used for NB-PDSCH (or NB-PDCCH) decoding could be considered.
Table 1 Optional combinations of NB-IoT reference signals used for demodulation

	
	Option 1
	Option 2
	Option 3

	In-band operation mode
	NB-PDSCH at high SINR
	LTE CRS
	LTE CRS
	NB-RSb +LTE CRS

	
	NB-PDSCH at low SINR
	NB-RSb +LTE CRS
	LTE CRS
	NB-RSb +LTE CRS


Note that the reference signals utilized by NB-PDCCH may depend on the CSS and USS design and also whether the LTE CRS configuration is available prior to NB-PDCCH decoding in in-band operation mode.  
The reference signal overhead of Option 1 and Option 2 would be lower than Option 3 if the NB-RSb only occurs in the subframes transmitting NB-PDSCH at low SINR. Evaluations are performed for the reference signal combinations and the results are shown in Figure 1 and Figure 2 respectively by assuming two different levels of LTE CRS transmit power.  It can be seen that there is small performance difference of the LTE CRS alone case and the case where NB-RSb and LTE CRS are combined used for the high SINR scenario if LTE CRS power is 3 dB lower than NB-PDSCH. The difference will become larger when LTE CRS power is reduced.  More than 1.5dB performance loss is observed at 164 dB coupling loss if only LTE CRS is employed compared to LTE CRS + NB-RSb case for both levels of LTE CRS transmit power. The simulation assumptions are shown in Appendix.
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Figure 1. NB-PDSCH performance based on different reference signals, LTE-CRS -3dB lower than NB-PDSCH
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Figure 2. NB-PDSCH performance based on different reference signals, LTE-CRS -6dB lower than NB-PDSCH

Based on the analysis and evaluations above, we have the following proposal:

Proposal 1: 
· The same resource mapping as LTE CRS is applied to the NB-IoT reference signal in standalone/guard-band operation modes;

· A new reference signal mapped to non-LTE CRS REs is introduced at least for the decoding of NB-PBCH and NB-PDSCH at low SINR in in-band operation mode.
· It is for further study if the same new reference signal is also used for the decoding of NB-PDCCH.
3 Resource mapping
The LTE CRS resource pattern is reused for NB-IoT reference signals in standalone and guard band operation modes as shown in Figure 3. Two antenna ports are assumed in this example. The same frequency shifts as LTE CRS could be applied also to mitigate inter cell interference.
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Figure 3: NB-IoT reference signals in standalone and guard-band operation modes
For in-band deployment, the first 1~3 OFDM symbols occupied by LTE PDCCH, PHICH and PCFICH cannot be used for NB-PBCH, NB-PDCCH or NB-PDSCH transmission. The placement of the NB-IoT new reference signal in time domain could lean toward the remaining 11~13 OFDM symbols in normal CP case and 9~11 OFDM symbols in extended CP case. Such a design may provide better channel estimation performance due to the more tight connection with the NB-PDCCH/NB-PDSCH REs.
An example for the NB-IoT new reference signal resource mapping in in-band operation mode is shown in Figure 4. The diamond pattern and equidistant arrangement are maintained to achieve the optimal channel estimation performance. 
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Figure 4: NB-IoT new reference signal in in-band operation mode
Proposal 2: The resource mapping of the NB-IoT new reference signal in in-band operation mode leans toward the last 11~13 OFDM symbols in normal CP case and 9~11 OFDM symbols in extended CP case.
4 Sequence generation
Regardless of the cell bandwidth, the LTE CRS sequence is defined assuming the maximum possible LTE cell bandwidth in the frequency domain. In case of a narrower cell bandwidth, only the reference symbols within the actual bandwidth are then transmitted to allow for the terminal to estimate the channel for the PBCH without knowing the actual cell bandwidth. As a result, the LTE CRS sequence varies with the PRB index. 
The variable sequence generator according to PRB index cannot be applied to NB-IoT reference signals. The UEs cannot get the NB-IoT PRB index prior to NB-PBCH decoding in in-band operation mode and have no concept of legacy PRB in mind at all in standalone/guard-band operation modes. Using a same fixed sequence generator to all NB-IoT reference signal types would simplify the design and reduce the UE complexity.
The per-symbol initialization rule of LTE CRS could be reused for the sequence generator. 
Proposal 3: The same fixed sequence generator is applied to all reference signal types dedicated for NB-IoT in the three operation modes.
5 Conclusions
In this contribution, the downlink reference signal design for the NB-IoT system is discussed and the following proposals are made.
Proposal 1: 
· The same resource mapping as LTE CRS is applied to the NB-IoT reference signal in standalone/guard-band operation modes;

· A new reference signal mapped to non-LTE CRS REs is introduced at least for the decoding of NB-PBCH and NB-PDSCH at low SINR in in-band operation mode.
It is for further study if the same new reference signal is also used for the decoding of NB-PDCCH.
Proposal 2: The resource mapping of the NB-IoT new reference signal in in-band operation mode leans toward the last 11~13 OFDM symbols in normal CP case and 9~11 OFDM symbols in extended CP case.
Proposal 3: The same fixed sequence generator is applied to all reference signal types dedicated for NB-IoT in the three operation modes.
Appendix
Table 2 Simulation assumptions
	Parameter
	Value

	Frequency band
	900 MHz

	Channel model
	TU

	Doppler spread
	1 Hz

	Interference/noise
	Sensitivity

	Antenna configuration
	eNB: 2T1R
UE: 1T1R

	Cyclic prefix
	Normal

	Timing uncertainty
	-2.6 us, or +2.6 us drawn with equal probability for each realization.

	CFO
	-50 Hz, or 50 Hz drawn with equal probability for each realization. 

	LTE PDCCH/PCFICH/PHICH
	3 OFDM symbols

	Reference signals
	LTE CRS with -3, -6 dB power boosting

	Channel estimation
	Realistic cross-subframe channel estimation using MMSE
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