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1 Introduction
With the RF requirements for the New Radio (NR) standard [1] under development, the discussions on power class and signal quality requirements for UEs operating in FR2 have progressed to identify an expected range of UE maximum output power to be between 22 dBm and 30 dBm EIRP [2].  A detailed analysis of the UE architecture necessary to achieve such an output power has proposed a UE with multiple 4-element antenna arrays, where each element’s vertical and horizontal polarization feeds are driven by a power amplifier (PA) [3]. Thus, the UE may implement 16 PAs or more within a handset form factor. Facing the challenge of meeting signal quality requirements over sustained transmission periods, one tradeoff in the design is PA linearity vs. power consumption.

One approach of improving the power consumption of the PA is to operate it in the nonlinear region and to utilize digital pre-distortion (DPD) techniques. This approach requires periodic measurements of the PA’s characteristics. One method of obtaining these measurements is to utilize a dedicated feedback receiver chain. However, such an implementation carries additional cost and UE complexity and may not be desired [4].
The issue and potential approach were initially introduced in [5].  Further motivation and parameter proposals were provided in [7].  During the RAN4 AH #1801 meeting the following agreements were reached:

[image: image1]
This contribution provides additional analysis to motivate the introduction of the PA calibration gap and addresses the remaining open issues associated with gap parameter definition.

2 Discussion
2.1 Motivation

The primary motivation for the proposal to define PA calibration gaps in NR is to enable UEs to implement DPD techniques without resorting to highly complex implementations involving dedicated feedback receiver chains.  The PA calibration gap, as was proposed in [5] and [7], allow the UE to utilize the gap to calibrate its PA without introducing additional RF chains into the implementation. This, in turn, allows UEs with reasonable implementation complexity to achieve higher operating points in the non-linear region of the PA while meeting the 3GPP requirements.
In [6], [7] we analysed the impact of potential PA implementations with and without DPD on MPR evaluations and had made the following observation.

Observation 1: Comparing the MPR results obtained with and without PA calibration gap assumptions, we observe that MPR increases by 0.5 dB for QPSK, 1.0 dB for 16QAM, and 1.5 dB for 64QAM.
Without the PA calibration gaps, for the DFT-S-OFDM QPSK modulation, at the highest output power, we would be required to operate the PA at a back-off corresponding to a more linear response.  This requires design of a PA with a Psat, that is ~1.5dB higher, when operating at a larger back-off.  For a 4+4 antenna array (a dual-polarized four-element array), this will result in additional power consumption of about 600 mW.  For higher order modulations, at max required power, the additional power consumption is similar
Observation 2: For a dual-polarized four-element antenna array, the UE which relies on network-provided PA calibration gaps can achieve power consumption savings of about 600 mW when compared to a PA design which does not require any gaps.

Proposal 1: The overall benefit of the PA calibration gap is a net improvement of UE output power, which is progressively greater with higher order modulations, and a net savings in power consumption for the UE.  These benefits can be derived by a UE without increasing its hardware complexity and are solid justifications for introducing the feature to the NR FR2 specification.
2.2 Parameters
As indicated in the agreements from the RAN4 AH #1801 meeting in [8], the PA calibration gap (PCG) can be configured with fixed periodicity or can be event-driven.  Furthermore, the gap itself may either contain single-Tx UL allocations for the UE or no UL/DL allocations at all.  Thus, we can define four types of PCG configurations, as shown in Figure 1 below.
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Figure 1: PCG types

The following PCG types are proposed:

· Type0 PCG is the configuration with fixed periodicity originally proposed in [7]; this configuration applies to the scenario of multi-Tx UL allocations for the UE.  It is our proposal to designate this type as the mandatory PCG configuration in response to the UE signalling a capability that it needs PA calibration gaps.
· Type1 PCG allocates “quiet time” to the UE during the gap (i.e. no UL and no DL) and applies to UL allocations for the UE with any number of Tx ports.  It is our proposal to designate this type as an optional configuration since it carries additional impact on UL resource utilization efficiency.

· PCG types 3 and 4 introduce event-driven gaps in addition to the configurations described for Type0 and Type1, respectively. The exact scheduling of the event-driven gaps should be left entirely to gNB implementation.  It is our proposal to designate these types as optional configurations since they carry additional impact on gNB scheduler implementation complexity.
The scheduling of resources related to PCG should be left to gNB implementation as much as possible.  One example illustrates the concept of Type0 and Type1 PCG configurations in Figure 2 below.
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Figure 2: PCG scheduling example
Because NR has introduced the concept of group-common PDCCH, we have illustrated both the group-common and UE-specific example configurations in the figure.  We observe that it may not be possible to exactly align the timing of the UL transmissions with the PCG period, and it is proposed to define the times T2 and T3 as maximum values, leaving the exact scheduling details to the gNB scheduler implementation.  For example, T2 may be selected earlier than defined for a variety of scheduling reasons associated with the gNB scheduler implementation.  It is further proposed to define T1 as the time of the first multi-Tx UL allocation when the multi-Tx UL timer is not running.
The complete picture of the related UE capability, network configuration, and applicability parameters is provided as an example in Table 1 below.

Table 1: PA calibration gap (PCG) parameters and their values
	Parameter
	Type
	Value
	Comment

	UE support of PCG
	UE capability
	
	Capability applies to FR2 bands and is per UE

	PCG type
	Configured by network
	Enum types: 
{0, 1, 2, 3}
Default: Type 0
	Different configurations may be defined by the following types

Type 0: periodic with single-port allocation during gap
Type 1: periodic with no DL/UL during gap
Type 2: periodic and event-driven with single-port allocation during gap

Type 3: periodic and event-driven with no UL during gap

At least PCG Type 0 shall be configured for a UE which signals the UE support of PCG capability

The other PCG types can be optionally configured if supported by the network

	Modulation applicability for PCG
	Configured by network
	Enum types:
{0, 1, 2}

Default:

Type 0
	Different UL modulation order applicability for PCG can be defined by the network:

Type 0: 16QAM and 64QAM

Type 1: QPSK, 16QAM, and 64QAM

Type 2: pi/2 BPSK, QPSK, 16QAM, and 64QAM

At least modulation applicability Type 0 shall be configured for a UE which signals the UE support of PCG capability

The other modulation applicability types can be optionally configured if supported by the network

	UE Tx power applicability for PCG
	Configured by network
	Any value ≥ [18] dBm
Optional
	- Value is defined as a threshold on Pcmax,c and depends on the eventual FR2 and MPR agreements
- If the network does not configure this value, PCGs are configured for all UE output power levels

	PCG timer
	Defined in specification
	
	- If PCG timer is not running, start with the first multi-Tx UL allocation (if Type 0 or Type 2) or the first UL allocation (if Type 1 or Type 3) for the UE, provided the conditions common for all PCG types (modulation applicability and UE Tx power applicability) are met
- Stop PCG timer after the last single-Tx UL allocation (if Type 0 or Type 2) or the last symbol with no UL/DL allocation (if Type 1 or Type 3) associated with PCG

	PCG type 0 conditions
	Defined in specification
	
	Applies to:

- All multi-port PUSCH (e.g. UL MIMO, TX diversity)

Scheduler behaviour:

- During the gap scheduler allocates single-port PUSCH over a duration (measured in symbols) equal to at least PCG length. The allocated modulation is the highest modulation order corresponding to the modulation applicability type, if permitted by the UL channel conditions.
- PCG scheduling is up to gNB implementation as long as the time elapsed between the start of the applicable UL allocation and the end of the PA calibration gap does not exceed the PCG period.

	PCG type 1 conditions
	Defined in specification
	
	Applies to:

- All PUSCH

Scheduler behaviour:

- During the gap scheduler does not allocate any DL or UL over a duration (measured in symbols) equal to at least PCG length.
- PCG scheduling is up to gNB implementation as long as the time elapsed between the start of the applicable UL allocation and the end of the PA calibration gap does not exceed the PCG period.

	PCG type 2 conditions
	Defined in specification
	
	- PCG type 0 conditions apply
- An additional gap (also with length equal to at least PCG length) is triggered by any one of the enumerated PCG events and is up to gNB implementation

	PCG type 3 conditions
	Defined in specification
	
	- PCG type 1 conditions apply
- An additional gap (also with length equal to at least PCG length) is triggered by any one of the enumerated PCG events and is up to gNB implementation

	PCG period
	Configured by network
	Any value ≤ 8,000 slots
Mandatory
	Applicable to all PCG types.
An update of the DPD coefficients is needed no less frequently than once per second (corresponds to 1000 ms at 60 kHz SCS and 500 ms at 120 kHz SCS).

	PCG length
	Configured by network
	Any value ≥ 
1 slot
Mandatory
	Applicable to all PCG types.

The time required to perform PA calibration procedures should not be less than 1 slot (125 us at 60 kHz and 62.5 us at 120 kHz SCS)

	PCG events
	Configured by network
	Enum types:

{0}
	Applicable only to PCG types 2 and 3

Different events which trigger an event-driven PCG configuration may be defined by the following types

Type 0: If the UL bandwidth allocated to the UE for any CC changes from W ≤ 200 MHz to W > 200 MHz or vice-versa


To supplement the table, we provide several additional considerations regarding the parameters:

· Since the parameters associated with PA nonlinearity are not associated with a fast-changing process, in our understanding an update of the DPD coefficients is needed no less frequently than once per second.  In an effort to simplify the parameter definitions across all applicable subcarrier spacing values, the proposal is to specify the parameters in terms of slots.

· The simplest PCG configuration is Type 0 (periodic with single-port UL allocation during gap). All other configurations, such as gap with no UL/DL or event-driven gaps, can be optionally configured by the network.
· Modulation order and UE Tx power applicability can be configured by the network.
· Due to the nature of group-common and UE-specific allocations of UL resources, a timer is proposed to allow the network to allocate PA calibration gaps to the UE such that one PCG period elapses between the start of an applicable UL transmission and the end of the PA calibration gap. This allows the gNB scheduler flexibility in the implementation of these gaps over subsequent UL allocations for the UE.

· The eventual implementation of PA calibration gaps into the specification and associated signalling is up to RAN1 and RAN2, and the table provided here is provided for information as a potential example.

· Regarding the event which may trigger a PA calibration gap configuration, we first consider the event associated with a bandwidth change.  Since during the RAN4 AH #1801 meeting it was agreed to define the FR2 MPR specification in a bandwidth-dependent manner, where MPR values for CBW ≤ 200 MHz were separated from values for CBW = 400 MHz, it is proposed to mirror this agreement in the PA calibration gap event, such that the event is raised if the UL bandwidth allocated to the UE for any CC changes from W ≤ 200 MHz to W > 200 MHz or vice-versa.
· Regarding the event associated with UE output power change, it is difficult to define or justify such an event.  If we already define the applicability of PA calibration gaps based on a threshold relative to the maximum UE output power, then a further subdivision may unnecessarily overcomplicate the gNB scheduler for little practical gain to system performance.  Furthermore, it is our understanding that the benefit of DPD to the PA performance is maximized at maximum output power.  It is proposed not to define an additional event associated with UE power change.

One potential approach to reduce the complexity of the gNB scheduler when implementing the PA calibration gaps is to consider defining the minimal configuration of the corresponding parameters, as shown in Table 2 below.
Table 2: PA calibration gap (PCG) parameters and their values (minimal configuration)

	Parameter
	Type
	Value
	Comment

	UE support of PCG
	UE capability
	
	Capability applies to FR2 bands and is per UE

	PCG type
	Configured by network
	Type 0
	A single configurations is defined
Type 0: periodic with single-port allocation during gap

PCG Type 0 shall be configured for a UE which signals the UE support of PCG capability

	Modulation applicability for PCG
	Configured by network
	Type 0
	UL modulation order applicability for PCG:

Type 0: 16QAM and 64 QAM

Modulation applicability Type 0 shall be configured for a UE which signals the UE support of PCG capability

	UE Tx power applicability for PCG
	Configured by network
	Any value ≥ [18] dBm

Optional
	- Value is defined as a threshold on Pcmax,c and depends on the eventual FR2 and MPR agreements

- If the network does not configure this value, PCGs are configured for all UE output power levels

	PCG timer
	Defined in specification
	
	- If PCG timer is not running, start with the first multi-Tx UL allocation (if Type 0 or Type 2) or the first UL allocation (if Type 1 or Type 3) for the UE, provided the conditions common for all PCG types are met

- Stop PCG timer after the last single-Tx UL allocation (if Type 0 or Type 2) or the last symbol with no UL/DL allocation (if Type 1 or Type 3) associated with PCG

	PCG type 0 conditions
	Defined in specification
	
	Applies to:

- All multi-port PUSCH (e.g. UL MIMO, TX diversity)

Scheduler behaviour:

- During the gap scheduler allocates single-port PUSCH over a duration (measured in symbols) equal to at least PCG length

- PCG scheduling is up to gNB implementation as long as the time elapsed between the start of the applicable UL allocation and the end of the PA calibration gap does not exceed the PCG period

	PCG period
	Configured by network
	Any value ≤ 8,000 slots
Mandatory
	Applicable to all PCG types.
An update of the DPD coefficients is needed no less frequently than once per second (corresponds to 1000 ms at 60 kHz SCS and 500 ms at 120 kHz SCS).

	PCG length
	Configured by network
	Any value ≥ 
1 slot
Mandatory
	Applicable to all PCG types.

The time required to perform PA calibration procedures should not be less than 1 slot (125 us at 60 kHz and 62.5 us at 120 kHz SCS)


Proposal 2: Select the PA calibration gap parameters as captured in Table 1 and inform RAN1 and RAN2 to take these parameters into account in their design of the PA calibration gap.
Proposal 3: As an alternative to Proposal 2, and taking into consideration the overall reduction of the gNB implementation complexity, select the minimal set of PA calibration gap parameters, as captured in Table 2, and inform RAN1 and RAN2 to take these parameters into account in their design of the PA calibration gap.

3 Conclusion
This contribution has followed the initial introduction of the issue and the related solution in [5] and proposed the parameters associated with the network-managed approach to resolve this issue.  The following observations and proposals have been made:

TODO
A companion LS in [10] has been prepared which implements the proposals for information to RAN1 and RAN2.
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Way forward on calibration gap feature


The need for UE calibration gap is a UE capability


The capability definition is per UE as a baseline assumption


Companies are encouraged to provide additional analysis whether a per-band definition is needed or if the baseline assumption can be confirmed next meeting


With capability, UE informs network if it needs gap for one TX at a time as described in [1] or for all TX ports simultaneously i.e. no UL at all


Interested companies are encouraged to provide analysis of the impact of scheduled gaps on system performance according to


Scheduler complexity


UE implementation complexity and power consumption


Impact on gap parameter values


Definition of gap configuration fall-backs, if needed


LS to inform RAN2 and RAN1 about new capability should be sent with the information above pending discussions at upcoming meetings


Way Forward on parameters for calibration gap


Gap duration is one slot i.e. no UL for one TX port as described in [1] or for all TX ports simultaneously i.e. no UL at all depending on capability for this UE is scheduled for contiguous duration of 14 symbols


Gap periodicity


Periodicity can be fixed (allocated by the network) or depend on number of parameters (when triggered by the UE)


For gaps with fixed periodicity, the gap period is at most 8,000 slots (1000 ms with 60 kHz SCS / 500 ms with 120 kHz SCS) or periodicity is defined as UE capability


For gaps triggered other events, UE power or UE TX BW change, network assigns gaps based on information from UE reports or UL grant information


Gap is applied only when UE is operating at relatively high power level


Details FFS 


Way Forward on requirement impact


The impact of the PA calibration gap feature on UE RF requirements in TS38.101-2 is as follows:


A single MPR table is defined for all UEs whether they support the PA calibration gap or not


Assumption for MPR work is that UE applies calibration


Test case parameters associated with output power requirements are updated to include PA calibration gap configuration for the applicable UEs, such that


Gaps with fixed periodicity are allocated in the test case configuration


How to define a requirement for gaps triggered by other events is FFS
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