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Introduction
RAN#72 approved new Rel-14 WI on enhancements of NB-IoT [1] where one of the objectives is to add support for transmission of NPRACH on non-anchor carriers.
Random access on non-anchor carrier was discussed in RAN2#95bis and the following agreements were made [2]:
Common RACH configurations on all carriers. 
One of the following two options should be used for non-anchor carrier NPRACH configuration. 
Option1. The NPRACH resource configurations for different non-anchor carriers are independent. 
Option2. Part of the NPRACH resource configurations for different non-anchor carriers are common and sent in common NPRACH configuration, different configurations for each carrier are sent independently.
UL carrier and DL carrier is configured by signalling, such as SIB2. 
Different (multiple) NPRACH resource (UL non-anchor carrier) might be associated with one DL carrier, and potentially with the same CSS_RA resource (still one NPRACH resource only refer to one DL carrier and one CSS_RA resource).
Anchor carrier RSRP should be used for NPRACH selection.
Anchor carrier and non-anchor carrier(s) should be used for carrier selection in case of RRC_IDLE and RRC_CONNECTED.
UE should determine its coverage enhancement level and select NPRACH resource in available NPRACH resources for that coverage level in case of RRC_IDLE.
UE selects NPRACH resource based on a randomization function. It is FFS whether UE should select NPRACH resource based on random draw or based on a pseudo-random function based on UE_ID in case of RRC_IDLE. 
It is FFS whether load balancing / uneven probability between carriers is used. 
NPRACH resource selection in CONNECTED is that same as in IDLE except for PDCCH order. 
RAN2 assumes that for access procedure initiated by PDCCH order, carrier, preamble/subcarrier index and the NPRACH repetition level are explicitly indicated in the DCI format. Confirm with RAN1.
Specific mechanism for carrier selection should not be applied in case of mo-ExceptionData.
It is FFS if the UE performs NPRACH selection when UE fails to access on current carrier for every re-attempts in the same CE level, or only when the UE need to change CE level.

In this contribution further details about UE random access on a non-anchor carrier are discussed.
[bookmark: _Ref178064866]Discussion
NPRACH resource configuration
In Rel-13 up to three CE levels can be configured for RACH where each CE level is associated with an NPRACH resource on the anchor carrier. The UE determines its CE level by measuring RSRP and then randomly selects one of the preambles/subcarriers from the associated NPRACH resource. In our view the granularity provided by existing (up to three) CE levels are sufficient and we do not see a need to define additional CE levels in Rel-14. Adding additional CE levels may also be difficult considering the large measurement uncertainty in poor coverage.
[bookmark: _Toc463008510][bookmark: _Toc463008556][bookmark: _Toc463009113][bookmark: _Toc463009180][bookmark: _Toc464809369][bookmark: _Toc464824409][bookmark: _Toc465091083][bookmark: _Toc465091096][bookmark: _Toc465860108][bookmark: _Toc465885964][bookmark: _Toc465889913][bookmark: _Toc466042075][bookmark: _Toc466042340]We keep the existing (up to three) CE levels, i.e. we do not define additional CE levels for non-anchor NPRACH resources.
NPRACH transmission on non-anchor carriers can be supported by adding additional NPRACH resources to the defined CE levels. Each such NPRACH resource would in addition to the Rel-13 parameters contain a reference to its associated non-anchor UL carrier and non-anchor/anchor DL carrier. As agreed in RAN2#95, this UL/DL carrier pair is used during the whole random access procedure, i.e. msg1 and msg3 are sent on the UL carrier and msg2 and msg4 are sent on the DL carrier. After Msg4, the UE may be directed to another carrier as in Rel-13 through a dedicated configuration. If no dedicated configuration is provided, the UE remains on the UL/DL carrier pair used for the random access.
[bookmark: _Toc464809370][bookmark: _Toc464824410][bookmark: _Toc465091084][bookmark: _Toc465091097][bookmark: _Toc465860109][bookmark: _Toc465885965][bookmark: _Toc465889914][bookmark: _Toc466042076][bookmark: _Toc466042341]Each non-anchor carrier NPRACH resource contains a reference to its associated UL and DL carrier.
[bookmark: _Toc462214490][bookmark: _Toc462904040][bookmark: _Toc462906240][bookmark: _Toc462957387][bookmark: _Toc463008509][bookmark: _Toc463008555][bookmark: _Toc463009112][bookmark: _Toc463009179]The two proposals above imply that a non-anchor UL carrier can have up to three NPRACH resources, i.e. one NPRACH resource for each CE level. Note though that there is no requirement for a non-anchor carrier to support all CE levels; for example, a non-anchor carrier can have an NPRACH resource for CE level 1 but not for CE levels 0 and 2. When it comes to the configuration of the DL carrier, we think the choice of DL carrier should not be restricted in the specification but it should be possible to select the DL carrier independently of the UL carrier for each NPRACH resource. In many configurations we expect the mapping between UL and DL carriers to be one-to-one, i.e. if two NPRACH resources use the same UL carrier they will also use the same DL carrier and vice versa. However, there may be scenarios where a one-to-one mapping is too restrictive and where we would like to have a more flexible configuration (see the example in end of this section).
In our view it should be possible to configure the NPRACH resources (including the associated CSS_RA) for a certain CE level independently for different UL carriers. To minimize signalling overhead, delta configuration can be supported where only the parameters that differ from the corresponding anchor carrier NPRACH resource (i.e. the NPRACH resource configured on the anchor carrier for the same CE level) are signalled. If a parameter is absent the anchor carrier configuration is used.

[bookmark: _Toc462214492][bookmark: _Toc462904042][bookmark: _Toc462906242][bookmark: _Toc462957389][bookmark: _Toc463008511][bookmark: _Toc463008557][bookmark: _Toc463009114][bookmark: _Toc463009181][bookmark: _Toc464809371][bookmark: _Toc464824411][bookmark: _Toc465091085][bookmark: _Toc465091098][bookmark: _Toc465860110][bookmark: _Toc465885966][bookmark: _Toc465889915][bookmark: _Toc466042077][bookmark: _Toc466042342]Delta configuration of an NPRACH resource (including the associated CSS_RA) is supported where only the parameters that differ from the corresponding anchor carrier NPRACH resource (i.e. the NPRACH resource configured on the anchor carrier for the same CE level) are signalled. If a parameter is absent the anchor carrier configuration is used.

The mapping between UL/DL carriers, CE levels and NPRACH resources (including the associated CSS_RA) is illustrated in the figure below. In this example there are two CE levels defined in the cell with three and two NPRACH resources respectively. The first NPRACH resource for a CE level is always the Rel-13 anchor NPRACH resource, i.e. it is located on the anchor UL carrier (and the CSS_RA is located on the anchor DL carrier) and is used by both Rel-13 and Rel-14 UEs. The remaining NPRACH resources in a CE level correspond to different non-anchor UL carriers and are only used by Rel-14 UEs. As can be seen in this example, the DL carrier associated with a CSS_RA resource can be either the anchor DL carrier or a non-anchor DL carrier. In this example the non-anchor NPRACH resources on CE level 1 use the anchor DL carrier for the CSS_RA resource as this carrier would typically be power boosted, whereas the non-anchor NPRACH resources on CE-level 0 use a non-anchor DL carrier. The Rel-13 anchor NPRACH resources always use the anchor DL carrier for the CSS_RA resource though.



Figure 1: Logical mapping between CE levels, NPRACH resources, and UL/DL carriers

A complete ASN.1 proposal supporting the mapping and delta configuration described above is provided in the accompanying contribution [5].
Carrier selection
The NPRACH resource selection is a two-step process where the UE first determines the set of NPRACH resources for the CE level the UE is currently in, and then randomly selects an NPRACH resource from within this set. Since each NPRACH resource maps to a certain UL/DL carrier pair, the UL and DL carrier is also determined in this process. In RAN2#95 it was agreed that the CE level is determined by measuring RSRP on the anchor carrier, i.e. the same as in Rel-13. This value is then compared to the list of RSRP thresholds signalled in SI to obtain the CE level.
The random selection can be based on either a random draw or on UE identity (IMSI/S-TMSI). Random draw is simple from a specification point of view but has the drawback that it is non-deterministic which makes testing slightly harder. To verify a UE implementation and ensure the random selection follows the specified distribution we would have to rely on statistical analysis. Random selection based on IMSI on the other hand is easy to test but has the drawback that the UE will always select the same NPRACH resource. Since many UEs may select the same NPRACH resource there is risk that an NPRACH resource is repeatedly overloaded. Overload can occur also for random draw but in that case the overload would be temporary since the UEs will not select the same NPRACH resource in their next attempt. The problem can be partially alleviated by using S-TMSI instead of IMSI as this would cause the NPRACH to be updated at least when S-TMSI is re-allocated. One could also consider adding some additional input to the selection function which constantly changes, like time [3] or a counter, but that would be a relatively larger change. 
We prefer to use random draw since it is simpler and more robust. Random draw is already used for the preamble selection and it is also used in many other functions in the 3GPP specifications (e.g. random backoff in MAC, access class barring in LTE, sidelink, etc.).
[bookmark: _Toc462214495][bookmark: _Toc462904045][bookmark: _Toc462906245][bookmark: _Toc462957392][bookmark: _Toc463008514][bookmark: _Toc463008560][bookmark: _Toc463009117][bookmark: _Toc463009184][bookmark: _Toc464809372][bookmark: _Toc464824412][bookmark: _Toc465091086][bookmark: _Toc465091099][bookmark: _Toc465860111][bookmark: _Toc465885967][bookmark: _Toc465889916][bookmark: _Toc466042078][bookmark: _Toc466042343]The NPRACH resource is randomly selected using random draw.
Regardless if the random selection is based on random draw or UE identity, some form of load balancing should be supported. There are several reasons for this. First, since Rel-13 UEs will only transmit NPRACH on the anchor carrier, the anchor carrier will be relatively more loaded than the non-anchor carriers if the Rel-14 UEs are evenly distributed among the anchor and non-anchor carriers. To avoid this, a relatively smaller fraction of the Rel-14 UEs should select the anchor NPRACH resource. Second, different carriers can have different NPRACH configurations and hence different capacity (e.g., more preambles or shorter repetition period). By assigning a larger fraction of the UEs to the carrier with relatively more capacity and vice versa, we can ensure an equal collision rate across carriers, as explained in [4]. Finally, the DL carrier associated with an NPRACH resource can have different output power and/or different amounts of available DL subframes which should also be taken into account in the UE distribution.
We prefer a general load balancing mechanism where different probabilities can be assigned to the NPRACH resources. This can be accomplished both when the random selection is based on random draw and UE identity, but is simpler when random draw is used.  This is yet another reason why random draw is preferred over UE identity
[bookmark: _Toc462214496][bookmark: _Toc462904046][bookmark: _Toc462906246][bookmark: _Toc462957393][bookmark: _Toc463008515][bookmark: _Toc463008561][bookmark: _Toc463009118][bookmark: _Toc463009185][bookmark: _Toc464809373][bookmark: _Toc464824413][bookmark: _Toc465091087][bookmark: _Toc465091100][bookmark: _Toc465860112][bookmark: _Toc465885968][bookmark: _Toc465889917][bookmark: _Toc466042079][bookmark: _Toc466042344]Different selection probabilities can be assigned to the NPRACH resources on a given CE level to achieve a non-uniform probability distribution.
The selection probability can be signalled as an extra parameter in the NPRACH resource configuration. One simple solution is to signal an integer  from which the selection probability  is calculated as:

With e.g.  (i.e. 4 bits) the probability can be expressed in steps of %. One drawback of this approach however is that it we cannot assign equal probabilities (which is expected to be a common use case) unless  is even divisable with the number or NPRACH resources. A better solution is therefore to instead calculate the selection probabilities as:

By assigning the weights  in a proper way this approach achieves better, or at least the same, resolution as the first approach[footnoteRef:1].  It is also easy to assign equal probabilities (simply set all ). We therefore propose the following: [1:  To see that we can achieve the same resolution, simply use the same weights as in the first approach. Since the sum of the probabilities calculated in the first approach is 1, the sum of the weights must be N. The probabilities calculated in the second approach will therefore be the same as those calculated in the first approach.] 

[bookmark: _Toc466042080][bookmark: _Toc466042345]The selection probability for an NPRACH resource is calculated as , where the integer weight  is signalled as part of the NPRACH resource configuration.
Carrier re-selection at preamble re-transmission attempt
We also need to consider how Msg1 re-attempts should be handled when multiple carriers with configured NPRACH resources exists in a cell. Two thresholds are configured for the random access procedure in NB-IoT Rel-13: maxNumPreambleAttemptCE and preambleTransMax-CE. The first parameter is the number of preamble transmission attempts until the UE moves to the next CE level and is configured per NPRACH resource. The second parameter is the total number of preamble transmission attempts and is a common parameter. Since a carrier might be congested or suffer from interference it is beneficial if the UE re-selects carrier between preamble transmission attempts. In this way the interference and congestion will be averaged out. There are two options that can be considered:
a) The UE selects a new NPRACH resource after every failed preamble transmission attempt.
b) The UE selects a new NPRACH resource after maxNumPreambleAttemptCE, i.e. when the UE moves to the next CE level. Note that if the UE is already at the highest CE level it should still perform the re-selection after maxNumPreambleAttemptCE attempts.
The first option is optimal from an interference and load balancing perspective and is therefore preferred. However, as there might be some physical layer aspects to consider (e.g. frequency re-tuning) RAN1 should confirm that the first option is feasible.
[bookmark: _Toc464809376][bookmark: _Toc464824416][bookmark: _Toc465091090][bookmark: _Toc465091103][bookmark: _Toc465860115][bookmark: _Toc465885971][bookmark: _Toc465889920][bookmark: _Toc466042081][bookmark: _Toc466042346]The NPRACH resource is re-selected after every preamble transmission attempt. Confirm with RAN1. 
Currently maxNumPreambleAttemptCE is defined per NPRACH resource. To avoid problems if the NPRACH resource is re-selected at every re-transmission attempt this parameter should be defined per CE-level rather than per NPRACH resource. As this anyway seems like a natural choice (regardless of the re-selection option) we propose the following:
[bookmark: _Toc464809377][bookmark: _Toc464824417][bookmark: _Toc465091091][bookmark: _Toc465091104][bookmark: _Toc465860116][bookmark: _Toc465885972][bookmark: _Toc465889921][bookmark: _Toc466042082][bookmark: _Toc466042347]The parameter maxNumPreambleAttemptCE is defined per CE-level, i.e it is common for all NPRACH resources on a given CE-level.

UE capabilities
The purpose for specifying non-anchor RACH in Rel-14 is to increase RACH capacity and offload the anchor carrier. To achieve a capacity gain the feature should preferably be supported by as many as possible of the Rel-14 UEs.
[bookmark: _Toc465885757][bookmark: _Toc465889907][bookmark: _Toc466042084][bookmark: _Toc466042120][bookmark: _Toc466042147][bookmark: _Toc466042330]To significantly increase the RACH capacity a majority of the UEs need to support non-anchor RACH.
[bookmark: _Toc465091093]Most of the time RACH is UE initiated and in this case the network does not need to be aware whether the UE supports non-anchor RACH or not. For network initiated RACH (i.e. PDCCH order) however this information may be useful.  If non-anchor RACH is mandatory in Rel-14 the eNB can determine if the feature is supported based on the UE AS release information. However, this requires that UE and network vendors have implemented and tested the feature from day one, which may be challenging. We therefore prefer to make non-anchor RACH optional in Rel-14 and introduce a UE capability to indicate support of the feature. Alternatively, the feature can be made mandatory but an IOT bit is introduced to allow UE and network vendors some time to implement and test the new feature. In both options, the capability or IOT bit would be reported to the network during initial attach in response to the capability enquiry.
[bookmark: _Toc465091094][bookmark: _Toc465091106][bookmark: _Toc465860118][bookmark: _Toc465885973][bookmark: _Toc465889922][bookmark: _Toc466042083][bookmark: _Toc466042348]A new capability or IOT bit is introduced to indicate support of non-anchor RACH.
Conclusion
In this contribution we discussed NPRACH transmission on non-anchor carriers. In section 2 we made the following observations:
Observation 1	To significantly increase the RACH capacity a majority of the UEs need to support non-anchor RACH.
Based on the discussion in section 2 we propose the following:
[bookmark: _GoBack]Proposal 1	We keep the existing (up to three) CE levels, i.e. we do not define additional CE levels for non-anchor NPRACH resources.
Proposal 2	Each non-anchor carrier NPRACH resource contains a reference to its associated UL and DL carrier.
Proposal 3	Delta configuration of an NPRACH resource (including the associated CSS_RA) is supported where only the parameters that differ from the corresponding anchor carrier NPRACH resource (i.e. the NPRACH resource configured on the anchor carrier for the same CE level) are signalled. If a parameter is absent the anchor carrier configuration is used.
Proposal 4	The NPRACH resource is randomly selected using random draw.
Proposal 5	Different selection probabilities can be assigned to the NPRACH resources on a given CE level to achieve a non-uniform probability distribution.
Proposal 6	The selection probability for an NPRACH resource is calculated as , where the integer weight  is signalled as part of the NPRACH resource configuration.
Proposal 7	The NPRACH resource is re-selected after every preamble transmission attempt. Confirm with RAN1.
Proposal 8	The parameter maxNumPreambleAttemptCE is defined per CE-level, i.e it is common for all NPRACH resources on a given CE-level.
Proposal 9	A new capability or IOT bit is introduced to indicate support of non-anchor RACH.
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