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1	Introduction
The Bandwidth Part (BWP) framework was introduced in 5G New Radio (NR) from the start in Release 15, for supporting UE bandwidth adaptation to help reduce UE power consumption. A UE may be configured with multiple BWPs, but it operates in one active BWP at a given time. If the UE has a large amount of data to transmit or receive, the UE operates best in an active BWP configured with a wide bandwidth. On the other hand, if the UE does not have much traffic in RRC_CONNECTED, or when the UE is in RRC_INACTIVE or RRC_IDLE, the UE can operate in a BWP configured with a small bandwidth to be more energy efficient.
The bandwidth part framework can also be used to support UEs of different capabilities in terms of maximum UE bandwidth. Thus, it should provide a good foundation for developing solutions that enable a network to support both non-RedCap and RedCap UEs.
In this contribution, we identify enhancements needed for ensuring that the BWP framework achieves good coexistence performance between RedCap and non-RedCap UEs, as according to the approved Rel-17 RedCap WID [1],
	· Coexistence with non-RedCap UEs is to be ensured.



One of the most important coexistence issues as mentioned in our companion contribution [2] is PUSCH resource fragmentation caused by PUCCH transmission. PUSCH resource fragmentation results in a significant UL peak data rate reduction for non-RedCap UEs not supporting almost contiguous UL CP-OFDM (Feature 2-7 defined in TR 38.822) or resource allocation Type 0 for PUSCH (Feature 5-2 defined in TR 38.822) in the uplink. Note that both these features are optional with capability signaling. In this contribution, we first illustrate how the existing Rel-15/16 BWP framework currently allows a network configuration to avoid PUSCH resource fragmentation while supporting the adaptation of BWP configurations for UE power saving purposes. Then, we illustrate a potential problem due to the introduction of a separate initial UL BWP for RedCap support which is currently one of the candidate solutions under consideration for the initial UL BWP [3]. Finally, we present several potential solutions for avoiding or minimizing PUSCH resource fragmentation to support both non-RedCap and RedCap UEs in the same cell and ensure good coexistence performance.
[bookmark: _Ref178064866]2	Discussion
2.1	Rel-15 BWP framework for supporting BWP adaptation for UE power saving
UE power consumption has a dependency on the BWP bandwidth. In the power consumption model in [4], a scaling factor is used to capture such a dependency. For DL in FR1, the power consumption scaling factor Y for a DL BWP bandwidth of X [MHz], is Y = 0.4 + 0.6 * (X - 20) / 80. Based on this model, the scaling factors for 20 MHz and 100 MHz BWPs are 0.4 and 1.0, respectively. In other words, by switching a UE from a 100 MHz DL BWP to a 20 MHz DL BWP, a 60% power saving can be achieved when all the other parameters are kept the same. For the UL, power consumption is not affected by the bandwidth of UL BWP according to the model in [4].
The BWP framework established in Rel-15 supports BWP adaptation for the benefit of UE power saving. Based on the bandwidth scaling factor models in [4], an example configuration is illustrated in Figure 1, according to which the DL BWP bandwidth is adapted between 100 MHz and 20 MHz while the UL BWP is kept the same at 100 MHz. For this example, it is assumed that the carrier bandwidth is 100 MHz. Note that with such a configuration, a contiguous PUSCH resource is preserved even when there is PUCCH transmission in any of the configured UL BWPs.
In summary, the Rel-15 BWP framework allows a network to support multiple BWP configurations for UE power saving benefits while avoiding PUSCH resource fragmentation.
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[bookmark: _Ref70596378]Figure 1: An example of BWP adaptation for UE power saving while avoiding PUSCH resource fragmentation (100 MHz carrier bandwidth is assumed here)

[bookmark: _Toc71693832]The Rel-15 BWP framework allows a network to support multiple BWP configurations for UE power saving benefits while avoiding PUSCH resource fragmentation.

2.2	Potential PUSCH resource fragmentation problems due to RedCap support
To support RedCap UEs, which have a maximum UE bandwidth of 20 MHz, a straightforward solution currently under consideration in RAN1 is to limit the initial UL BWP to 20 MHz. 
An example is illustrated in Figure 2. According to this example, the initial BWPs (BWP#0) are configured to 20 MHz and can be shared by non-RedCap and RedCap UEs. In addition to the initial BWPs, non-initial BWPs (e.g., BWP #1) are also configured separately for non-RedCap and RedCap UEs. For non-RedCap UEs, the non-initial BWPs are configured to have 100 MHz bandwidth, whereas for RedCap UEs, the non-initial BWPs are configured to have 20 MHz bandwidth. The carrier bandwidth is assumed to be 100 MHz. 
As shown in Figure 2, the UL resources are fragmented into 4 contiguous segments with each contiguous segment limited to 40 MHz or less due to the PUCCH frequency hopping in the initial UL BWP. Note that PUCCH frequency hopping cannot be disabled in the Rel-15/16 specifications for the case when the PUCCH transmission is used for HARQ ACK/NACK for Msg4. Note also that a Rel-15/16 UE cannot be expected to support non-contiguous PUSCH resource allocation as the features of supporting almost contiguous UL CP-OFDM (Feature 2-7 defined in TR 38.822) and supporting resource allocation Type 0 for PUSCH (Feature 5-2 defined in TR 38.822) are optional with capability signaling. This means that whenever there is a PUCCH transmission during the initial access in the initial UL BWP, the uplink peak data rate of a non-RedCap UE is reduced by up to 60%. The fragmented PUSCH resources may be left unused if the gNB scheduler cannot schedule another UE due to timing constraint or other reasons.


[image: ]
[bookmark: _Ref70597866]Figure 2: An example of PUSCH resource fragmentation (100 MHz carrier bandwidth is assumed here.)

One may argue that one solution to mitigate the problem illustrated in Figure 2 is to shift the initial BWPs to the carrier edge and disable the PUCCH frequency hopping in the non-initial UL BWP for RedCap, as illustrated in Figure 3. However, even with such an improved configuration, the overall PUSCH resource fragmentation resulting from the PUCCH transmissions from RedCap UEs may still be very significant in some scenarios. One example is illustrated in Figure 3, which shows that there could be a 50% reduction in UL peak data rate on a 40 MHz carrier. Clearly, without any enhancement, the UL peak data rate reduction due to the PUSCH resource fragmentation can be significant in most cases.
According to the experiences observed in deployed LTE networks, the random access procedure can generate significant traffic. We expect this will also be the case for deployed NR networks. Thus, PUCCH transmissions during random access procedures for Msg4 acknowledgement cannot be assumed to be infrequent events in a cell. Thus, it is of great importance that RAN1 addresses the issue of PUSCH resource fragmentation caused by PUCCH transmissions.

[bookmark: _Toc71693833]A Rel-15/16 UE cannot be expected to support non-contiguous PUSCH resource allocation as the features of supporting almost contiguous UL CP-OFDM (Feature 2-7 defined in TR 38.822) and supporting resource allocation Type 0 for PUSCH (Feature 5-2 defined in TR 38.822) are optional with capability signaling.
[bookmark: _Toc71693834]Without enhancing the existing BWP or PUCCH solutions, PUSCH resource fragmentation due to PUCCH transmissions from RedCap UEs may result in a significant UL peak data rate reduction and under-utilization of UL resources for non-RedCap UEs.
[bookmark: _Toc71693835]PUCCH transmissions during random access procedures for Msg4 acknowledgement can be frequent events in a cell. Thus, it is of great importance that RAN1 addresses the issue of PUSCH resource fragmentation caused by PUCCH transmissions.
[bookmark: _Toc71605182]The introduction of RedCap support needs to allow the network to configure the UL and DL bandwidth parts to be able to continue to avoid or minimize PUSCH resource fragmentation.
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[bookmark: _Ref70598793]Figure 3: An example of PUSCH resource fragmentation (40 MHz carrier bandwidth is assumed here).

2.3	RedCap BWP configurations for avoiding PUSCH resource fragmentation
In this subsection, we illustrate how the mentioned PUSCH resource fragmentation problem can be avoided or minimized when introducing RedCap UEs.

Approach #1: Allowing a RedCap and non-RedCap UEs to share initial UL BWP:
One possible solution is to allow a RedCap UE to share the same initial UL BWP configured for non-RedCap UEs, even when the bandwidth of the initial UL BWP is wider than the maximum UE bandwidth. An example is illustrated in Figure 4. To support this solution, the UE needs to support RF retuning within the initial UL BWP.
[image: ]
[bookmark: _Ref70600808]Figure 4: An example solution for avoiding PUSCH resource fragmentation. This is achieving by allowing a RedCap UE to operate in an initial UL BWP configured with a bandwidth wider than the maximum UE bandwidth.

Approach #2: Allowing PUCCH FH to be disabled in a separately configured and flexibly positioned initial UL BWP for RedCap:
Another possible solution is illustrated in Figure 5. First, a separate initial UL BWP is configured for RedCap UEs. In this case, PUSCH resource fragmentation can be avoided by allowing different center frequencies in the initial DL and UL BWPs within a TDD carrier and allowing the PUCCH frequency hopping to be disabled for RedCap UE during initial access. It may be beneficial to have the same center frequency of the initial DL and UL BWPs especially in the TDD case, but considering that the required switching time between DL and UL is very relaxed during initial access, frequency retuning between DL and UL center frequencies is not expected to be an issue as far as the UE implementation is concerned. Furthermore, frequency retuning between DL and UL center frequencies is anyway needed for half-duplex FDD UEs. Thus, frequency retuning between DL and UL center frequencies within a TDD band is not expected to impose more challenges from the UE implementation point of view than in the half-duplex FDD case.
[bookmark: _Toc71693836]Considering that the required switching time between DL and UL is very relaxed during initial access, frequency retuning between DL and UL center frequencies during initial access is not expected to be an issue as far as the UE implementation is concerned.
[bookmark: _Toc71693837]Frequency retuning between DL and UL center frequencies within a TDD band is not expected to impose more challenges from the UE implementation point of view than in the half-duplex FDD case.
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[bookmark: _Ref70601595]Figure 5: An example solution for avoiding PUSCH resource fragmentation. This is achieving by allowing different center frequencies in the initial DL and UL BWPs within a TDD carrier and allowing the PUCCH frequency hopping to be disabled for RedCap UE during initial access.

Approach #3: Using separately configured initial DL and UL BWPs for RedCap and allowing PUCCH FH to be disabled:
Another possible solution is illustrated in Figure 6. Unlike the solution illustrated in Figure 5, this solution maintains the same center frequency of the initial DL and UL BWPs, but it requires a separate initial DL BWP to be configured for RedCap UEs. Like the previous solution, to avoid PUSCH resource fragmentation, the network needs to be able to disable PUCCH frequency hopping for RedCap UE during initial access.
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[bookmark: _Ref70602265]Figure 6: An example solution for avoiding PUSCH resource fragmentation. This is achieving by allowing a separate initial DL BWP configuration and allowing the PUCCH frequency hopping to be disabled for RedCap UE during initial access.

[bookmark: _Hlk70944571]In summary, one or more of the following BWP or PUCCH enhancements need to be included in the suite of RedCap features to avoid or minimize PUSCH resource fragmentation for non-RedCap UEs.
· Introduce RF retuning within an initial UL BWP to allow a RedCap UE to operate in an initial UL BWP configured with a larger bandwidth than the maximum RedCap UE bandwidth.
· Allow the network to disable PUCCH frequency hopping for RedCap UEs during initial access.
· Allow frequency retuning between initial DL and UL BWPs during initial access not only for HD-FDD operation but also for TDD operation.
· Allow the network to configure a dedicated initial DL BWP, in addition to a separate initial UL BWP, for RedCap UEs.

[bookmark: _Toc71605183]To address the PUSCH resource fragmentation issues, the following BWP or PUCCH enhancements can be considered.
· [bookmark: _Toc71605184]Introduce RF retuning within an initial UL BWP to allow a RedCap UE to operate in an initial UL BWP configured with a larger bandwidth than the maximum RedCap UE bandwidth.
· [bookmark: _Toc71605185]Allow the network to disable PUCCH frequency hopping for RedCap UEs during initial access.
· [bookmark: _Toc71605186]Allow frequency retuning between initial DL and UL BWPs during initial access not only for HD-FDD operation, but also for TDD operation
· [bookmark: _Toc71605187]Allow the network to configure a dedicated initial DL BWP, in addition to a separate initial UL BWP, for RedCap UEs.
[bookmark: _Toc71605188]Other solutions are not precluded.
3	Conclusion
In this contribution, we illustrate how PUSCH resource fragmentation may occur when support for RedCap UEs is introduced and discuss potential solutions to avoid such a problem. Other solutions can also be considered. To ensure a commercial success of the RedCap features, it is necessary to ensure good coexistence with non-RedCap UEs. Such an objective is also clearly stated in the RedCap WID [1]. 

In the previous sections we made the following observations:
Observation 1	The Rel-15 BWP framework allows a network to support multiple BWP configurations for UE power saving benefits while avoiding PUSCH resource fragmentation.
Observation 2	A Rel-15/16 UE cannot be expected to support non-contiguous PUSCH resource allocation as the features of supporting almost contiguous UL CP-OFDM (Feature 2-7 defined in TR 38.822) and supporting resource allocation Type 0 for PUSCH (Feature 5-2 defined in TR 38.822) are optional with capability signaling.
Observation 3	Without enhancing the existing BWP or PUCCH solutions, PUSCH resource fragmentation due to PUCCH transmissions from RedCap UEs may result in a significant UL peak data rate reduction and under-utilization of UL resources for non-RedCap UEs.
Observation 4	PUCCH transmissions during random access procedures for Msg4 acknowledgement can be frequent events in a cell. Thus, it is of great importance that RAN1 addresses the issue of PUSCH resource fragmentation caused by PUCCH transmissions.
Observation 5	Considering that the required switching time between DL and UL is very relaxed during initial access, frequency retuning between DL and UL center frequencies during initial access is not expected to be an issue as far as the UE implementation is concerned.
Observation 6	Frequency retuning between DL and UL center frequencies within a TDD band is not expected to impose more challenges from the UE implementation point of view than in the half-duplex FDD case.

Based on the discussion in the previous sections we propose the following:
Proposal 1	The introduction of RedCap support needs to allow the network to configure the UL and DL bandwidth parts to be able to continue to avoid or minimize PUSCH resource fragmentation.
Proposal 2	To address the PUSCH resource fragmentation issues, the following BWP or PUCCH enhancements can be considered.
	Introduce RF retuning within an initial UL BWP to allow a RedCap UE to operate in an initial UL BWP configured with a larger bandwidth than the maximum RedCap UE bandwidth.
	Allow the network to disable PUCCH frequency hopping for RedCap UEs during initial access.
	Allow frequency retuning between initial DL and UL BWPs during initial access not only for HD-FDD operation, but also for TDD operation
	Allow the network to configure a dedicated initial DL BWP, in addition to a separate initial UL BWP, for RedCap UEs.
Other solutions are not precluded.
[bookmark: _In-sequence_SDU_delivery]
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