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In the approved work item (WI) on Rel-14 enhancements for NB-IoT [1] one of the WI objectives is the following:
Non- Anchor PRB enhancements

· Support transmission of NPRACH on a non-anchor NB-IoT PRB [RAN2,RAN4] 
· Support transmission of paging on a non-anchor NB-IoT PRB [RAN2, RAN1,RAN3]
 
Due to paging and random access are supported on non-anchor carriers in Rel-14, one related issue is the presence of narrowband reference signals (NRSs) on a non-anchor carrier. To ensure a robust operation of the system as well as enhance the resource usage, the presence of the NRS on non-anchor carriers can be optimized. In this contribution, we discuss the presence of NRSs on a non-anchor carrier both from the network and UE point of view.  
Background
In Rel-13 NRS is defined and used to facilitate the UE DL measurement and the decoding of the various DL channels. A bit map of valid DL subframes is broadcast in NB-SIB1. On an anchor carrier, prior a NB-IoT UE device acquiring NB-SIB1, in standalone and guardband modes, the UE may assume NRSs are transmitted in subframes #0, #1, #3, #4 and in subframes #9 not containing NSSS, and in inband mode, the UE may assume NRSs are transmitted in subframes #0, #4 and in subframes #9 not containing NSSS. After acquiring NB-SIB1, the UE can assume NRSs are in all valid NB-IoT DL subframes in addition to the previous mentioned SFs in different operation modes.
In Rel-13, on a non-anchor carrier, as the non-anchor carrier is assigned to a NB-IoT UE device upon RRC setup, a bit map for valid subframes for the non-anchor carrier configuration is signaled upon RRC configuration to the UE. This is because, the anchor and non-anchor carriers may have different valid subframe configurations. Since in Rel-13, a NB-IoT UE device has no knowledge of the non-anchor carriers in RRC idle mode, it cannot make any assumptions on the NRS presence of the non-anchor carriers. 
Observation 1 The Rel-13 decision related to the presence of NRS on non-anchor carriers only applies to RRC connected mode, and cannot be extend to cover the RRC idle case. 
In Rel-14, both paging and random access are introduced on the non-anchor carriers. Therefore, NRSs should be transmitted on a non-anchor carrier that supports paging and/or random access, even when there is no UEs are in RRC connected mode on the non-anchor carrier to facilitate the paging and random access activities of the NB-IoT UEs. However, the presence of the NRSs when there is no paging or random access response (RAR) on a non-anchor carrier both wastes the DL resources and prevents the dynamic resource sharing between legacy LTE and NB-IoT, if NB-IoT carriers are deployed inband. 
As outlined in [2], the NRSs are used by the UEs for time/frequency tracking, channel estimation, and various measurements. In the following sections, we discussed the presence of the NRSs no non-anchor carriers case by case.

The Presence of NRS on on-anchor carriers
Idle mode measurements
In RAN2#96, the following agreement was made regarding non-anchor paging and applies to idle mode UEs.
· UE camps on and performs measurement on the anchor carrier.

Therefore, an NB-IoT UE should base on the quality of the anchor carrier to perform cell selection and re-selection. There are several reasons for this. First, since NB-IoT is designed for frequency reuse factor of 1, a typical scenario, at least for inband and guard-band deployment, is that the anchor carrier frequency is the same among neighboring cells, but it is not necessary for the non-anchor carriers. The load among neighboring cells varies, and therefore the amount of non-anchor carriers that are needed may not be the same. The non-anchor carrier configurations of the neighboring cells are not available to the UEs, and therefore, the UE can only perform measurement on the anchor carrier for the neighboring cells. Secondly, the anchor carriers are usually power boosted, which can give better measurement accuracy. In TS36.133, it is required that “the UE shall measure the NRSRP and NRSRQ level of the serving NB-IoT cell and evaluate the cell selection criterion S defined in for the serving NB-IoT cell at least every DRX cycle.”  Therefore, it is beneficial for the UE to wake up on the anchor carriers, to correct the time/frequency error, and performance the measurements. 
Since the cell selection and re-selection criteria is based on the anchor carrier measurements, it is necessary that a UE wakes up on the anchor carrier, and performs measurement and frequency/time error correction.
In NB-IoT, invalid subframes (SFs) can be configured and there are no NRSs transmitted in the invalid SFs. The invalid SFs configurations are broadcast in the SI. When performing the idle mode measurement, the UE is neither required to acquire nor verify the SI of its serving cell nor the neighboring cells. Therefore, the UE has no knowledge regarding whether the configuration of its serving cell has changed, or the invalid SFs of the neighboring cells. Therefore, the can UE only make minimum assumption when it measures NRSRP and NRSSI. In the current NB-IoT specification regarding NRS, we have the following in TS 36.211.
“When UE receives higher-layer parameter operationModeInfo indicating guardband or standalone,
Before the UE obtains SystemInformationBlockType1-NB, the UE may assume narrowband reference signals are transmitted in subframes #0, #1, #3, #4 and in subframes #9 not containing NSSS.
When UE receives higher-layer parameter operationModeInfo indicating inband-SamePCI or inband-DifferentPCI,
Before the UE obtains SystemInformationBlockType1-NB, the UE may assume narrowband reference signals are transmitted in subframes #0, #4 and in subframes #9 not containing NSSS”
Furthermore, as described in TS 36.214, that for the NRSRQ measurement, the measurement should be done in the same set of resource blocks for both NRSRP and NRSSI. The NRSRP is based on NRS measurement, and NRSSI is measured from all OFDM symbols of measurement SFs. However, there is no clear definition of measurement SFs in the current spec.
Notice that the non-serving cells can have a different operation mode compared to the serving cell of a UE, e.g., for the inter-frequency case. Hence, SFs #0, #4 and #9 not containing NSSS are the SFs that are the minimum assumption a UE can use for the NRSRP/NRSSI measurements. Therefore, it is very important to clarify this in the RAN1 spec for the RRC_IDLE mode measurements. 
It is proposed that RAN1 clarifies the anchor carrier idle mode measurement subframes to avoid mis-match behaviours between eNB and UE. 
It is proposed that for RRC_IDLE intra-frequency, and RRC_IDLE inter-frequency measurements that anchor carrier NRSRP/NRSRQ measurements shall be limited to NRS and/or all the OFDM symbols in subframes #0, #4, in every frame, and subframe #9 in every 2nd radio frame not containing NSSS and fulfilling SFN-1 mod 2 = 0.

Connected mode measurements
Currently, there is no support for RRC_CONNECTED mode NRSRQ measurements. In RRC_CONNECTED mode, a UE should perform radio link monitoring (RLM) to monitor the DL quality. Furthermore, for RRC_CONNECTED mode measurements, it is beneficial from the UE power consumption point of view that a UE only monitors the DL SFs that it should check, which can already guarantee good enough NRSRP measurements. 
Based on the understanding of the sourcing company, the RAN4 specification requires that when (connected mode) DRX is used in the RRC_CONNECTED state, the measurement period is in a number of DRX cycles (see section 8.14 in TS36.133). This implies that a UE in RRC_CONNECTED state should only measure SFs of NPDCCH UE-specific search space and the SFs used for its NPDSCH transmission. 
It is proposed that for RRC_CONNECTED mode measurements:
· If the UE is on an anchor carrier, then NRSRP/RLF measurements shall be limited to NRS and/or all the OFDM symbols in subframes #0, #4, in every frame, and subframe #9 in every 2nd radio frame not containing NSSS and fulfilling NF-1 mod 2 = 0 and the subframes that are found in the configured UE specific search space (USS) on NPDCCHs addressed to the UE, and in the NPDSCH subframes addressed to the UE.
· If the UE is on a non-anchor carrier, then NRSRP/RLF measurements shall be limited to the subframes that are found in the configured UE specific search space (USS) on NPDCCHs addressed to the UE, and in NPDSCH subframes addressed to the UE.
Paging on the non-anchor carriers
In Rel-14, paging is supported on non-anchor carriers. UEs are distributed according to UE ids on all carriers that support paging. Prior the paging occasion (PO) that a UE should monitor for the paging, the UE should wake up and correct its frequency and time errors due to that the local oscillator of the UE may have drifted. As mentioned before, since the idle mode measurement during DRX cycle should be performed on the anchor carrier, it is reasonable that the UE wakes up on the anchor carrier to perform time and frequency correction, and then listens to the paging if the paging carrier is a different carrier. According to previous studies in eMTC, the re-tuning time is around 2 OFDM symbols between two frequencies. 
Observation 2 It is feasible and necessary for the UE to correct frequency and time error on the anchor carrier, and then listens to paging on the non-anchor carrier if configured. 
As shown on Figure 1, if there is a paging message being transmitted to a UE, there is a fixed scheduling gap of 4 ms between the DCI carried in type-1 CSS and the NPDSCH carrying the paging message. If there is no paging that is being addressed to the UE, it is not necessary to transmit the NRS in the type-1 search space, since there is no risk of the UE misses the paging. If there is a paging being transmitted to a UE, then the NRS should be present at least within the SFs that carry the actual NPDCCH candidate and NPDSCH. In order to assist the UE perform cross SF channel estimation, it is also possible to have NRS presented some SFs prior of the PO and after the actual NPDCCH candidate. Similar arrangement can be made for the subsequence NPDSCH carrying the paging message as well. However, since there is only a 4 ms fixed scheduling gap between the actual NPDCCH candidate and the NPDSCH carrying the paging, the NRS should be transmitted within this 4 ms scheduling gap. 
Observation 3 If there is no non-anchor paging messaging addressed to any UE, it is not necessary to transmit NRS in the type-1 CSS, as there is no risk that the UE misses the paging. 
It is proposed that on a non-anchor carrier, if there is a paging messaging addressed to any UE, the NRSs are transmitted in SFs, starting from X1 subframes prior to the first subframe of the type-1 CSS and until 4 subframes after the actual NPDCCH candidate. X1, may be determined by the R value actual NPDCCH candidate. 
It is proposed that on a non-anchor carrier, a UE can assume that the NRS will be in SFs, starting from 4 subframes prior to the first subframe of the NPDSCH carrying paging messages and until Y1 subframes after the NPDSCH. Y1 may be determined by the length of NPDSCH. 
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During the previous RAN1 discussions, there was a concern that if there are no NRSs transmitted during in a PO when there is no paging, but immediately after that there might be UE initiated traffic, and the UE should access the network by initiating the random access procedure. In this case, it is preferred the UE keeps tracking the frequency and time on the non-anchor carrier even if there is no paging addressed to it. However, this is not the case. This is because, before initiating random access, it is required the UE to have a valid SI including the barring status, and the UE should verify the SI before initiating the random access. The UE should make sure it has valid SI info as well as barring is not enabled before access. Since the SI is only transmitted on the anchor carrier, the UE should listens to the anchor carrier to verify the SI and the barring status before initiating the random access. 
Observation 4 Since the SI is only broadcast on the anchor carrier, it is necessary that the UE verifies the SI and barring status on the anchor carrier before initiating the random access. 
Random access on the non-anchor carriers
For random access (RA) on non-anchor carriers, a UE first randomly selects an UL carrier that supports RA to send pre-amble, and then listens to RAR on a corresponding DL carrier as configured in the SI. Figure 2 illustrates the case of random access response on a non-anchor carrier. 
After a UE sending an NPRACH pre-amble, the UE listens to a DL carrier configured for the RAR in the RAR window. The RAR window starts M SFs after the NPRACH, where M = 4 if the number of repetitions of NPRACH is smaller than 64, and M = 41 if the number of repetitions of NPRACH is larger than or equals to 64. The scheduling gap between the actual NPDCCH candidate scheduling the RAR message is configurable, depending on the Rmax of the search space, it can be up to 1024 ms. And X is the number of SFs between the NPDSCH carrying the RAR message and the beginning of Msg3, where X can be up to 64 ms. A type-2 CSS is used for the NPDCCH for RAR. Unlike type-1 CSS where an NPDCCH candidate always starts at the beginning of the search space, in the type-2 CSS the NPDCCH candidate can start in several places in a search space. Moreover, there can be several search space opportunities in a long RAR window. After a UE sending a NPRACH pre-amble, and if the UE does not receive any RAR, it will try to send the a new NPRACH pre-amble.  
For UEs in bad coverage, the RAR window can be long, and therefore if there is no NRS when there is no RAR transmit to the UE, the UE may loss its time and frequency sync. Based on the RAN4 study of UL gap in NB-IoT, we can assume that the UE can keep its time and frequency synced for 256 ms without have NRSs, and beyond that the UE needs to acquire sync again. Therefore, in order to have a good trade off, the best solution is to transmit the NRS in the entire RAR window non non-anchor carriers, if the length of the RAR window is longer than a threshold, e.g., [256] ms.
   
If the length of the configured RAR window is longer than [256] ms, a NB-IoT UE can assume the NRSs are transmitted in the entire RAR window. 
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Conclusions
Base on the above analysis and discussions, we have the following observations and proposals:
Observation 1 The Rel-13 decision related to the presence of NRS on non-anchor carriers only applies to RRC connected mode, and cannot be extend to cover the RRC idle case. 
Observation 2 It is feasible and necessary for the UE to correct frequency and time error on the anchor carrier, and then listens to paging on the non-anchor carrier if configured. 
Observation 3 If there is no non-anchor paging messaging addressed to any UE, it is not necessary to transmit NRS in the type-1 CSS, as there is no risk that the UE misses the paging. 
Observation 4 Since the SI is only broadcast on the anchor carrier, it is necessary that the UE verifies the SI and barring status on the anchor carrier before initiating the random access. 

1. Since the cell selection and re-selection criteria is based on the anchor carrier measurements, it is necessary that a UE wakes up on the anchor carrier, and performs measurement and frequency/time error correction.
1. It is proposed that RAN1 clarifies the anchor carrier idle mode measurement subframes to avoid mis-match behaviours between eNB and UE. 
1. It is proposed that for RRC_IDLE intra-frequency, and RRC_IDLE inter-frequency measurements that anchor carrier NRSRP/NRSRQ measurements shall be limited to NRS and/or all the OFDM symbols in subframes #0, #4, in every frame, and subframe #9 in every 2nd radio frame not containing NSSS and fulfilling SFN-1 mod 2 = 0.
It is proposed that for RRC_CONNECTED mode measurements:
· If the UE is on an anchor carrier, then NRSRP/RLF measurements shall be limited to NRS and/or all the OFDM symbols in subframes #0, #4, in every frame, and subframe #9 in every 2nd radio frame not containing NSSS and fulfilling NF-1 mod 2 = 0 and the subframes that are found in the configured UE specific search space (USS) on NPDCCHs addressed to the UE, and in the NPDSCH subframes addressed to the UE.
· If the UE is on a non-anchor carrier, then NRSRP/RLF measurements shall be limited to the subframes that are found in the configured UE specific search space (USS) on NPDCCHs addressed to the UE, and in NPDSCH subframes addressed to the UE.

It is proposed that on a non-anchor carrier, if there is a paging messaging addressed to any UE, the NRSs are transmitted in SFs, starting from X1 subframes prior to the first subframe of the type-1 CSS and until 4 subframes after the actual NPDCCH candidate. X1, may be determined by the R value actual NPDCCH candidate. 
It is proposed that on a non-anchor carrier, a UE can assume that the NRS will be in SFs, starting from 4 subframes prior to the first subframe of the NPDSCH carrying paging messages and until Y1 subframes after the NPDSCH. Y1 may be determined by the length of NPDSCH. 
If the length of the configured RAR window is longer than [256] ms, a NB-IoT UE can assume the NRSs are transmitted in the entire RAR window. 
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