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1. Introduction 
This document considers issues related to reference signals for NB-IoT. 
The document notes that the reference signal design will be driven by the most difficult NB-IoT case: the inband carrier, leading to the general conclusions that the legacy CRS should be used for demodulation of NB-IoT, the NB-PBCH needs to be decoded with additional NB-RS reference signals and extra CRS reference signals may be required for the power-boosted inband carrier case.

The document specifically considers the following aspects related to NB-IoT reference signals:

· Impact of modes of NB-IoT operation on NB-IoT reference signals.

· NB-PBCH reference signals.

· Type of reference signal supported (CRS vs DMRS).

· DL power boosting.

· Support of cross-subframe channel estimation.
2. Discussion
2.1 Modes of Operation
There are three modes of operation for NB-IoT: standalone, guardband band and in-band. Commonality of design between the different modes of operation is desirable.

From the perspective of reference signals, the three modes of operation have the following characteristics:

· In-band. The in-band NB-IoT carrier occupies LTE resources. These resources already contain CRS reference signals. The in-band carrier may be power boosted by up to 6dB relative to the rest of the LTE carrier. When this DL power boosting occurs, it is likely that the power of the CRS reference signals within the in-band carrier is up to 6dB less than the power of the DL power boosted NB-PDSCH and NB-PDCCH resource elements.

· Guardband. The guardband carrier occupies its own resources. There is no assumption that legacy UEs would decode any of the reference signals that are applied in an NB-IoT guardband carrier. The gaurdband NB-IoT carrier can be power boosted. The extent of this power boosting depends on the hardware architecture of the eNodeB (e.g. whether a separate PA is used for the guardband carrier or not). Since legacy UEs do not decode the guardband carrier’s reference signals, the power of the reference signals in the DL guardband carrier can be the same as those of the resource elements used for NB-PDSCH and NB-PDCCH.
· Standalone. The standalone carrier has the greatest freedom in terms of reference signal design since it is unconstrained by legacy considerations related to a host LTE carrier. 
If the NB-IoT UE uses LTE-CRS to perform channel estimation, the in-band NB-IoT carrier does not require additional resources to be assigned for channel estimation purposes (except for the case where the NB-IoT inband carrier is power boosted). Given that there should be a large degree of commonality between the three modes of operation, at least CRS signals should be supported within the NB-IoT subframe structure for the in-band, guardband and standalone modes of operation. The in-band mode of operation provides the greatest constraints on reference signal design, hence the reference signals should be designed for the in-band mode of operation: when the reference signals meet the constraints for the in-band mode of operation, they will also be useable for the guardband and standalone modes of operation.

Proposal 1: Channel estimation for NB-IoT is supported at least by the LTE-CRS reference signals.

The guardband and standalone modes of operation do not use LTE-CRS reference signals directly, but can use equivalent CRS reference signals (“fake CRS”) within the NB-IoT subframe structure.
2.2 NB-PBCH Reference Signals

The location of the NB-PBCH within an inband LTE carrier is now known, hence the UE is unable to know the sequence applied to the legacy CRS reference signals at the time of NB-PBCH decoding (unless signaled as part of the synchronization procedure, but this would complicate the synchronization procedure and this is not preferred). Hence NB-PBCH subframes need to include NB-RS (NB-IoT-specific reference signals), that are not co-located with legacy CRS, to enable the UE to decode NB-PBCH. These NB-RS are not required in other subframes.

Proposal 2: Subframes containing NB-PBCH include NB-RS in addition to legacy CRS.

2.3 CRS vs DMRS

It is a working assumption that NB-IoT supports SFBC in the downlink. In earlier LTE releases, SFBC is supported by CRS in TM2. Simulations performed in the Release-13 eMTC work showed no gain from the use of DMRS instead of CRS for the M-PDCCH control channel (when comparing SFBC-based schemes and DMRS-based ePDCCH-based schemes) [3].

Since the LTE subframe already contains CRS, which can be used for channel estimation, DMRS-based schemes do not provide gain and duplicate channel estimation resource over CRS-based schemes and since there would be significant specification effort required to introduce a DMRS-based SFBC scheme, it is proposed that:
Proposal 3: DMRS are not supported by NB-IoT UEs.
2.4 DL Power Boosting

The in-band NB-IoT carrier can be DL power boosted relative to the host LTE carrier. In this case, the eNodeB can apply one of the following schemes to reconcile the power of the CRS resource elements with the power of other resource elements:

· Power boost all CRS within the host LTE carrier and signal to legacy UEs that their PDSCH resource elements are DL power boosted by –Pboost dB (shown stylistically in Figure 1).

· Power boost only the NB-PDSCH resource elements (by +Pboost_NB dB) and compensate for the loss of CRS power within the NB-IoT carrier (shown stylistically in Figure 2).
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Figure 1 – Power boosting LTE-CRS and NB-PDSCH and signalling a negative power boost to legacy UEs
`
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Figure 2 – Power boosting NB-PDSCH only
Power boosting of the NB-PDSCH resource elements only (Figure 2) is expected to be preferable to the approach shown in Figure 1, since the overall transmit power requirements of only power boosting the NB-IoT carrier (Figure 2) is less than when both the LTE-CRS and NB-IoT are power boosted (Figure 1). In addition, the approach of Figure 2 may have less impact on legacy UEs deployed in legacy networks. 

There are two potential effects when the NB-IoT carrier power is boosted relative to the LTE-CRS:

· The NB-IoT UE cannot create LLRs for multi-level modulations, such as QPSK. This issue can be resolved by either:
· Signaling the power boost of the NB-IoT carrier, Pboost_NB.
· Not supporting 16QAM in Release-13 (but considering its support in later releases).

· Demodulation of the NB-PDCCH and NB-PDSCH becomes even more channel-estimation limited. This issue can be resolved by either:
· Increasing the density of CRS signals when the NB-IoT carrier is power boosted.

· Improving channel estimation performance via techniques such as cross-subframe channel estimation or use of other channels (e.g. remodulated NB-PDCCH / NB-PBCH) as additional reference signals.

The gains that can be obtained by cross-subframe channel estimation are limited when the frequency tracking performance of NB-IoT is considered. The ability to use NB-PDCCH or NB-PBCH as reference signals is dependent on the frame structure (specifically the time interval between NB-PBCH signals) and in any case does not help in the demodulation of the NB-PDCCH itself. Hence it is proposed that:

Proposal 4: Additional NB-CRS reference signals are inserted into the subframe when the NB-IoT carrier is power boosted.

The CRS density only needs to be increased for power-boosted in-band NB-IoT carriers (and not for standalone, guardband and non-power boosted in-band NB-IoT carriers). The UE needs to know the power-boosting state (and hence the CRS configuration) of the NB-IoT carrier before decoding NB-PDCCH or NB-PDSCH, hence the power-boosting state of the NB-IoT carrier needs to be signaled via the NB-MIB (carried by NB-PBCH).
Proposal 5: The UE should be able to determine the NB-IoT CRS configuration from the NB-MIB. 

An example of a carrier structure including additional NB-CRS reference signals is shown in Figure 3. The subframe structure shown assumes that the eNodeB implements 4 DL antenna ports.
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Figure 3 – LTE carrier with DL power-boosted NB-IoT carrier containing additional NB-CRS
2.5 Cross-subframe channel estimation

In the Release-13 eMTC work, cross-subframe channel estimation was observed to provide significant performance improvements, but was shown to be susceptible to frequency tracking error [1]. This observation should also be applicable to NB-IoT (noting that frequency tracking error may be even more degraded for NB-IoT, due to the limited bandwidth over which FTO can be estimated [2]).
In the Release-13 eMTC work, there were specification impacts related to the support of cross-subframe channel estimation since the M-PDSCH and M-PDCCH were able to use DMRS: in this case, consistency of the weight vectors applied to DMRS had to be assured to allow for cross-subframe channel estimation. When CRS are used, weight vectors are not applied to CRS and there are no RAN1 specification impacts related to the ability of the UE to perform cross-subframe channel estimation. 
Observation: CRS allow the UE to support cross-subframe channel estimation without specification impacts.

3. Conclusion

This document has considered reference signals for NB-IoT. The general conclusions of the document are that the legacy CRS should be used for demodulation of NB-IoT, the NB-PBCH needs to be decoded with additional NB-RS reference signals and extra CRS reference signals may be required for the power-boosted inband carrier case.
The following proposals and observations are made:

Proposal 1: Channel estimation for NB-IoT is supported at least by the LTE-CRS reference signals.

Proposal 2: Subframes containing NB-PBCH include NB-RS in addition to legacy CRS.

Proposal 3: DMRS are not supported by NB-IoT UEs.
Proposal 4: Additional NB-CRS reference signals are inserted into the subframe when the NB-IoT carrier is power boosted.

Proposal 5: The UE should be able to determine the NB-IoT CRS configuration from the NB-MIB. 

Observation: CRS allow the UE to support cross-subframe channel estimation without specification impacts.
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