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1 Background
The contributions on a further reduced power class in NB-IoT REL-14 were not treated in RAN2#95 [1], [2]. 
In RAN4#80, several companies identified the need for a lower power class UE for e.g. small form-factor devices, in addition, corresponding MCL relaxation was discussed for certain type of applications. RAN4 agreed the following way forward [3]: 

A reduction in maximum coupling loss shall be applied for UEs that adopt the lower transmit power class. 
· Companies are invited to evaluate the appropriate maximum output power for the new power class with MCL relaxation as compared to 164dB MCL.
· For example: 164 - (23 - P) dB, whereas the reduction in MCL is (23-P), whereas P is the maximum transmission power of the new UE power class
· The group will evaluate for example P = 14dBm as a starting point
In this contribution the required signaling for a further reduced power class in NB-IoT is discussed further. RAN4 will also continue to discuss the lower power class for NB-IoT [4], [5].
2 Discussion

Background

In REL-13 a 23 dBm (Class 3) and 20 dBm (Class 5) power class are defined for NB-IoT (Table 6.2.2F-1 in 36.101). The 23 dBm power class is applicable for all supported NB-IoT bands
 of the UE, unless the UE indicates support of 20 dBm for a band (powerClassNB-20dBm). For some bands it may be more costly to support a low power class. 
NB-IoT provides improved coverage/ indoor penetration, i.e. it provides a +20 dB better coverage compared to GPRS with a Maximum Coupling Loss (MCL) target of 164 dBm. The MCL is the total attenuation between the transmit and receive antenna ports, including things such as antenna gains, path loss, shadowing, etc. The MCL can be used as an indication of the potential coverage that can be achieved. A 20 dBm UE is assumed to have worse coverage in the uplink compared to a 23 dBm UE, while the downlink coverage is assumed to be similar. Although a 20 dBm UE may also experience a somewhat lower downlink data throughput compared to a 23 dBm UE due to the acknowledgments in the uplink. The increased MCL target (coverage/ indoor penetration) in NB-IoT is obtained mainly through increased resource usage, i.e. increased number of repetitions and MCS adaptation (e.g. lower coding rate).

In current network deployments there is typically one UE power class (e.g. LTE 23 dBm), and the networks are configured such that the uplink and downlink are balanced/reciprocal, i.e. the uplink and downlink stop working at the cell border more or less the same time. With different power classes in the network the low power UEs are the weakest link in the system w.r.t. the uplink. Before discussing the behavior when having different UE power classes in the network, first a quick reminder of the cell select procedure, including Pcompensation, P-max, PPowerClass, additionalPmax and Qoffsettemp, is provided for reference. 
Cell select including cell suitability criteria:
For the cell to be suitable both Srxlev and Squal have to be greater than zero in NB-IoT. Srxlev takes into account the (reduced) power class of the NB-IoT UE with parameter Pcompensation:

Srxlev = Qrxlevmeas – Qrxlevmin – Pcompensation - Qoffsettemp
If the UE supports multiNS-Pmax-r13 and an additionalPmax is broadcasted in SIB1-NB, SIB3-NB or SIB5-NB, then the UE uses this additionalPmax instead of the P-max of the cell:
Pcompensation = max(P-max –PPowerClass, 0) – (min(additionalPmax, PPowerClass) – min(P-max, PPowerClass))

Otherwise:

Pcompensation = max(P-max –PPowerClass, 0)
With:

P-max

: Maximum uplink transmission power in the cell

PPowerClass
: Maximum output power according to the UE power class (TS 36.101)

P-max has a range between -30 and 33 (36.331). P-max sets a limit to the uplink power of all UEs in the cell, and together with the UE power class determine the (uplink) border where the cell is still suitable to camp on. The maximum output power of the UE in the cell (PCMAX, c in 36.101) is roughly min(P-max, PPowerClass), although additional factors and margins such as MPR and A-MPR need to be taken into account as well (see section 6.2.5 in 36.101). Assuming that the up- and downlink pathloss are reciprocal, the reduced power class is taken into account in the downlink signal strength measurements to determine if the cell is suitable. Thus a low power UE will experience a smaller cell, i.e. the cell size reduction scales with the reduced power class (provided the P-max > PPowerClass otherwise Pcompensation is zero): 
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Thus the coverage/indoor penetration of a low power UE class is reduced compared to a high power UE. Whether a low power UE will experience “holes” in the network, in the end also depends on the network deployment and the margins that are used, i.e. when the base stations are closer to each other low power UEs will experience less “holes”, however indoor penetration may be a problem (unless base stations are deployed indoor). 

The additionalPmax provides an additional compensation factor for certain UEs (e.g. with a better transmit filter to avoid adjacent band interference) to allow a higher transmit power than the P-max of the cell. When the UE supports multiNS-Pmax and an additionalPmax is broadcasted in the cell, then the UE uses additionalPmax instead of P-max. The additionalPmax can be set higher than the P-max of the cell to enable an increased throughput/robust coverage for certain UEs at the cell border [2]. The additionalPmax is not further discussed in this contribution, because it is not relevant for low power UEs. The Qrxlevmin is an indication of the coverage enhancement level that is supported in the cell, i.e. the lower this value the more repetitions that are needed at the cell border/indoor to support coverage. The configured Qrxlevmin determines the level of coverage enhancements that is supported by the cell, i.e. determines the maximum MCL that the UE can experience while still allowed to select the cell. 
The temporary Qoffsettemp was introduced to allow a UE to temporarily select a second strongest DL cell, when it experience problems in the UL, i.e. after N connection setup failures (T300 expiries). Normally when the UE selects the strongest DL cell, it automatically selects the strongest UL cell as well. However near water areas (e.g. Lake Kasumigaura in Chiba prefecture) it was observed that a faraway cell across the water was perceived stronger than a closer cell on land, i.e. water areas can create an artificial UL/DL imbalance. The UE was not able to connect to the cell across the water due to a weak uplink
. In such cases, the UE should be allowed to temporary select a second strongest DL cell to obtain access. These cases are assumed to be location specific (i.e. not a general problem) and temporary (i.e. UE is assumed to move out of these “bad spots”). For NB-IoT there is only an offset defined, but there is no counter nor timer, i.e. the latter are left to UE implementation.  The general principle to select the strongest DL cell should be retained to limit the interference in the system. Provided that the cell is suitable, a low power UE may experience problems to setup a connection, and therefore apply the temporary offset to try to re-select to another cell. However the temporary offset is not the procedure that intended to handle low power UEs, i.e. this is Pcompensation, as explained in the following. 

Impact of different power classes in the network
The cost to support a lower power class UE in the network depends on the MCL target for such UE, i.e. in case similar coverage target as the existing UEs is foreseen, then the weak uplink needs to be compensated for with increased number of repetitions or lower data rate in the uplink (i.e. supporting a lower power class is somewhat comparable with supporting coverage enhancements in the uplink). Potentially the (existing) network deployment can also compensate for this to some extended when the base station density is high. However it is difficult and costly to support lower power UEs in enhanced coverage and deep indoor penetration.  

In case a relaxed MCL target is accepted for the further reduced power class, i.e. a reduced coverage/indoor penetration is acceptable, and the MCL is relaxed with the power class difference between the lower and existing power class then the impact is less/minimal. This issue is currently discussed in RAN4 [3] and in this contribution only the potential signalling and mobility issues are discussed: 

Proposal 1: RAN2 to discuss the potential need for power class signalling, but wait for RAN4 agreements concerning further reduced UE power class(es) for NB-IoT in REL-14, i.e. power class value and MCL relaxation.
The introduction of a further reduced power class in REL-14 is not principally different from having a 20 dBm and 23 dBm UE in REL-13, however the quantitative impact is potentially higher, dependent on the chosen power class value, and chosen MCL relaxation. A smaller MCL is assumed to affect the indoor penetration more compared the cell range, i.e. the REL-14 power class UE is expected to mainly experience reduced indoor coverage, but perhaps also a reduced range. By agreeing on a relaxed MCL target for a further reduced power class UE, is another way of saying that there is a limited additional resource increase (NW impact due to increased number of repetitions) to provide coverage for these type of UEs.

Let’s first have a look at the 20 and 23 dBm UEs in REL-13, and how they are handled in the network, before considering a further reduced power class. For example: in case P-max is set to 23 dBm, then a 20 dBm UE may find the cell not suitable at the cell border where the cell is still suitable for a 23 dBm UE. The uplink is not strong enough for the 20 dBm UE at the cell edge. It makes sense to make the cell not suitable, and trigger the 20 dBm UE to try find another cell, because even though the downlink may work, connection setup and data transfer is not possible due to failing uplink. Such UE may also cause unnecessary uplink interference when trying to connect to the cell. Dependent on the extent the network is “over-dimensioned” in its deployment the UE may experience holes and gaps, but the 20 dBm UE is expected to experience reduced indoor coverage (i.e. increasing the cell overlap does not help much there): 
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It is noted that the NB-IoT inband and guardband deployments are likely to make use of the existing LTE sites, and a similar approach is expected to apply for the standalone scenario where GSM sites may be reused. This gives some reference to the expected deployment scenarios for NB-IoT. 

In case P-max is 23 then Pcompensation is -3 for a 20 dBm UE, i.e. this UE experiences a 3 dB reduction in the Srxlev for the cell to be suitable. 

P-max can be used to configure a balanced uplink and downlink, i.e. there is not much purpose to have a much stronger DL than UL when there is only type of power class UE in the network and to limit interference between cells. Close to the base station the UE transmit power is typically not limited by P-max nor the UE power class, i.e. all power classes behave the same, i.e. the difference is at the cell border when the UE is in enhanced coverage: 
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Towards the cell border, when the UE is in enhanced coverage, an increased number of repetitions and MCS adaption (lower datarate) is needed to support the coverage enhancements. When the UE is in enhanced coverage (i.e. other CE level than 0) the UE uses maximum power for MSG1 (see section 16.3.1 in 36.213).
UE capability signalling:

In case a further reduced power class for NB-IoT is introduced in REL-14 it is assumed that this is an optional UE feature, and thus new UE capability signalling per band would be needed (similar as with the REL-13 20 dBm UE capability powerClassNB-20dBm-r13). This UE capability signalling is then also included in the UE NB-IoT context transfer (as specified in 10.6 in 36.331). The UE capability signalling of the UE power class can be useful for redirection of the UE during connection release to a certain NB-IoT carrier (i.e. band):

Proposal 2: In case RAN4 decides on a further reduced UE power class for NB-IoT in REL-14 UE capability signalling for a further reduced power class per band needs to be introduced

With the CP solution the UE capabilities are known in the eNB after MSG5 (from the S1 DOWNLINK NAS TRANSPORT message or Uu UE capability enquiry procedure). With the CP solution the UE capabilities are known in the eNB after MSG3 when the UE context has been fetched. But during the access the eNB is not aware of the UE power class with neither of the solutions: 
Observation 1: The network knows the UE powerclass per band after MSG5 (CP solution) and after MSG3 (UP solution)

NPRACH repetitions

In SIB2-NB up to two NRSRP thresholds can be broadcasted in RSRP-ThresholdsNPRACH-InfoList-NB in SIB2-NB to indicate up to 3 coverage enhancement levels in NB-IoT. Based on the UE’s downlink NRSRP measurements the UE selects the NPRACH resource for access, and thereby the number of PRACH repetitions (maxNumPreambleAttemptCE and numRepetitionPerPreambleAttempt see section 5.1 in 36.321).
The selected NPRACH resource of the UE gives an indication of the coverage enhancement level the UE is in. The network may use, among other, the selected NPRACH resource as an indication of the UE’s CE level (the CE level is for example used for paging to determine the number of repetitions). 
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The low power class UE needs to correct the RSRP threshold with a low power class offset (e.g. power class difference with 23 dBm power class) to account for the UL power limitations. The RSRP thresholds are assumed to be configured based on the higher UE power class (e.g. 23 dBm power class). Therefore it is proposed to introduce a power class offset (dB) in SIB2-NB for low power class UEs: 
Proposal 3: Introduce a low power class RSRP offset RSRPOffset (dB) for the RSRP-ThresholdsNPRACH in SIB2-NB

A low power class UE shall use an RSRP threshold given by: 
RSRP threshold = RSRP-ThresholdsNPRACH i - RSRPOffset

The RSRPOffset realizes new RSRP thresholds for the low power class UE as proposed in [1]. A low power UE that is on the border of a CE level, when applying the LCPoffset may end up in a higher CE level. Such UE will thus select a higher number of repetitions for MSG1:
Observation 2: In case the low power UE corrects the RSRP thresholds to select the number of PRACH repetitions then the NW cannot use the selected NPRACH resource as an indication of the CE level in the downlink (e.g. for paging)
Need for early UE power class signalling:
During random access / connection setup there is a need for the network to know the UE power class early to schedule and allocate resources for the messages in the most efficient way, i.e. appropriate for the UE power class, i.e. taking into account the UL limitations. When the eNB uses the received power of MSG1 to estimate the MCL in the uplink, assuming that up- and downlink pathloss are reciprocal, then the eNB cannot take into account the UE power class which determines the Tx power used in the UE: 
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Observation 3: The eNB does not know the UE power class coupled with the received power of MSG1 and subsequent messages until the UE capabilities are determined

The eNB cannot distinguish whether the received power is from a 14 dBm UE which is 9 dB closer to the eNB from a 23 dBm UE which is 9 dB further away:
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Thus the eNB would schedule too many repetitions in the downlink for the 14 dBm UE, because it thinks it is setting up a connection to a 23 dBm UE. Thus too many repetitions may be scheduled for MSG2 and MSG4 (CP solution only, because the UE power class is know after MSG3 for UP solution from the UE context). The number of repetitions scheduled for the uplink can be based on the received power in the eNB provided that the MCL in the uplink is relaxed with the UE power class difference (e.g. 9 dB in this example). 
Observation 4: Knowledge in the eNB of the UE powerclass is usefull to schedule MSG2 and MSG4 (CP solution) during connection setup

Observation 5: Knowledge in the eNB of the UE powerclass to schedule uplink resources during connection setup is not needed when the MCL is relaxed equal to the powerclass difference
For reference the message sequence chart for connection setup is provided:
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Observation 6: The eNB schedules too high DL assignment for MSG2 and MSG4 for a low power UE
The resource waste depends on many factors, such as:

· Percentage of low power class UEs (0-100%)
· Low power class (e.g. 14 dBm)
· UE distribution (e.g. 85% normal coverage, 10% CE level 1, and 5% CE level 2)
· Traffic model (e.g. 20-200 bytes UL per transaction, see 45.820)
· …
In NB-IoT small user data transmissions can be expected, i.e. there is a relatively high signalling overhead compared to the user data. Assuming that CE level 1 and 2 each cover around 10 dB, then the low power class UE compared to a 23 dBm UE (-9 dB) can be assumed one CE level higher from an uplink perspective. When the UE moves one CE level up, the number of repetitions grow exponentially (e.g. 2, 8, and 32 repetitions). Even though there is still a small percentage of low power UEs in CE level 1 and 2, a small increase of this percentage has a high impact on the overall resource usage. 
A simple quantitative analysis, which attempts to calculate the increased number of bits used for MSG2, indicates a significant increase of the overall number of bits transmitted per transaction: 
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Preamble UL

NPDCCH (DL assignment) DL 38 142

RAR RLC TM DL 80 298

RRC Connection setup request RLC TM UL

NPDCCH (DL assignment) DL 38

RRC Connection setup  RLC TM DL 128

HARQ ACK UL

NPDCCH (UL grant) DL 39

RRC Connection setup complete, P=1 RLC AM UL

NPDCCH (DL assignment) DL 38

RLC Status Report DL 40

HARQ ACK UL

NPDCCH (DL assignment) DL 38

RRC DL information transfer, P=1 RLC AM DL 704

HARQ ACK UL

NPDCCH (UL grant) DL 39

RLC Status Report UL

NPDCCH (DL assignment) DL 38

RRC Connection release, P=1 RLC AM DL 80

HARQ ACK UL

NPDCCH (UL grant) DL 39

RLC Status Report UL

Total DL size 1339 1661

100% 124%


Based on the analysis above it is proposed to support NPRACH partioning for low power class UEs. The UE uses maximum power for CE level 1 and 2, i.e. a separate NPRACH partioning is only needed for those two cases:
Proposal 4: Introduce NPRACH partitioning for low power class UE for CE level 1 and 2
Even though there is a clear motivation to configure separate NPRACH partitioning for low power class UEs, the NW can decide not to configure a separate partitioning. In such case the UE power class should be signalled in MSG3 to still enable more efficient scheduling for MSG4. In MSG3 the UE low power class can be indicated by means of an un-used code point of LCID. Not all the code-points of LCID are used in NB-IoT (only CCCH (LCID "00000"), Identity of the logical channel, C-RNTI, Short BSR and Padding, see table Table 6.2.1-2 in 36.321), and less logical channels are potentionally needed in NB-IoT. 

Proposal 5: Use LCID code point to indicate that the UE is a low power class UE in MSG3, in case no NPRACH partitioning for low power UE is configured.
Configuration of cell suitability for low power UEs
There is a clear trade-off between the coverage enhancements a low power UE can enjoy, and the amount of network resources these coverage enhancements require. It is beneficial for the network to have control over this trade-off, which can be achieved by introducing an additional offset for low power class UEs in the Pcompensation factor:
Proposal 6: Introduce a low power class offset (dB) in SIB1-NB for the Pcompensation of low power class UEs

Currently the Pcompensation factor punishes a low power class UE with the difference to the P-max of the cell: 

Pcompensation = max(P-max –PPowerClass, 0)
For example when P-max is set to 23 dBm, then a 14 dBm UE has a -9 dB penalty with Pcompensation. It would be beneficial if this penalty can be more configurable with an additional offset which can “promote” or “demote” the cell suitability for a low power class UE:

Pcompensation = max(P-max –(PPowerClass -LPC-Offset), 0)
This offset allows more flexibility to the network when to allow low power class UEs to camp on the cell (and thus to access the cell, and consume network resources). The low power class offset LPC-Offset allows both positive and negative offset, i.e. enabling the low power class UE to consume more or less network resources, for example: 

LPC-Offset ::=

ENUMERATED { dB-6, dB-3, dB0, dB3, dB6, dB10, dB15, dB20} OPTIONAL

When the low power class offset is omitted in SIB1-NB 0 dB shall be used. This power class correction is not needed when the UE supports additionalPmax i.e. when the UE supports a power class higher than the allowed P-max in the cell. 

System information
It should be noted that due to Pcompensation the low power UEs see a different cell border:
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The low power UEs do not find the cell suitable at the cell border, and would not camp on it, and therefore not access. The Pcompensation factor enables the network to “reject” such UEs at the cell edge. But within the coverage area for low power UEs there will be both low and high power UEs were the difference in uplink power during access may be an issue. As discussed before there may be a need for early power class signalling, which may or may not be supported by the network. Furthermore in case of roaming UEs the network may not be prepared and configured to handle such low power UEs. Therefore it is proposed to introduce an indication in system information (LowPowerAllowed) which allows further reduced power class UEs to access the cell.

Proposal 7: Introduce indication in system information (LowPowerAllowed) which allows low power class UEs to access the cell
3 Summary

RAN2 is kindly asked to discuss signaling for low power class UEs: 

Proposal 1: RAN2 to discuss the potential need for power class signalling, but wait for RAN4 agreements concerning further reduced UE power class(es) for NB-IoT in REL-14, i.e. power class value and MCL relaxation.

Proposal 2: In case RAN4 decides on a further reduced UE power class for NB-IoT in REL-14 UE capability signalling for a further reduced power class per band needs to be introduced

Proposal 3: Introduce a low power class RSRP offset RSRPOffset (dB) for the RSRP-ThresholdsNPRACH in SIB2-NB

Proposal 4: Introduce NPRACH partitioning for low power class UE for CE level 1 and 2
Proposal 5: Use LCID code point to indicate that the UE is a low power class UE in MSG3, in case no NPRACH partitioning for low power UE is configured.

Proposal 6: Introduce a low power class offset (dB) in SIB1-NB for the Pcompensation of low power class UEs

Proposal 7: Introduce indication in system information (LowPowerAllowed) which allows low power class UEs to access the cell

The following observations were made:

Observation 1: The network knows the UE powerclass per band after MSG5 (CP solution) and after MSG3 (UP solution)

Observation 2: In case the low power UE corrects the RSRP thresholds to select the number of PRACH repetitions then the NW cannot use the selected NPRACH resource as an indication of the CE level in the downlink (e.g. for paging)

Observation 3: The eNB does not know the UE power class coupled with the received power of MSG1 and subsequent messages until the UE capabilities are determined

Observation 4: Knowledge in the eNB of the UE powerclass is usefull to schedule MSG2 and MSG4 (CP solution) during connection setup

Observation 5: Knowledge in the eNB of the UE powerclass to schedule uplink resources during connection setup is not needed when the MCL is relaxed equal to the powerclass difference
Observation 6: The eNB schedules too high DL assignment for MSG2 and MSG4 for a low power UE
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� The operating bands for NB-IoT are defined in section 5.5F in 36.101 (i.e. the NB-IoT bands currently defined are the E-UTRA bands 1, 2, 3, 5, 8, 12, 13, 17, 18, 19, 20, 26, 28, 66 as defined in Table 5.5-1 in 36.101).


� During the Chiba discussions also long uplink propagation delay was discussed which may cause the preamble to arrive outside the suitable time window at the eNB.
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