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In this contribution, we discuss some potential techniques that are applicable to Radio Access Network (RAN) that enable network energy savings and improve network energy efficiency. We categorize the potential techniques into 5 categories and discuss some considerations for the power saving techniques for each category.

Discussion
We think network energy saving techniques can be generally classified into 5 categories. The 5 categories are (1) reduction of transmission power; (2) reduction of transmission and reception duty cycle; (3) reduction of frequency resources used; (4) reduction of spatial components used; and (5) adaption of signal process flow/algorithms and associated relaxed RF and/or performance requirements. Of course, for certain network energy saving techniques, it could fall under multiple categories as the technique can leverage multiple categories at once. The following are some descriptions of the power saving technique, categories and technical discussion on the potential techniques.
(1) Reduction of transmission power
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[bookmark: _Ref100654671]Figure 1. Cell breathing through changes in transmission power of the base station
One method of reducing power consumption, especially for higher frequencies where PA efficiencies are known to be lower, is to reduce the transmission power of signals and channels. This can effectively change transmission coverage of the signal/channel, and potentially changes how UEs are associated and connected to cells. It should be noted that optimal loading of transmission power of cells may need to consider UE distribution, signal strengths for each cell, traffic loading, and other factors. While increasing or decreasing transmission power of a cell, it doesn’t only change the average signal strength but also change the interference caused to neighboring cells. Therefore, reduction of transmission power of a cell while can reduce the signal strength of the cell, it can reduce the interference footprint to neighboring cells that allow neighboring cells to serve more UEs under its coverage area. For further insights to system impact, studies on required feedback from the UEs for the network to accurately change the transmission power of cells and its impact to neighboring cell are needed.
Figure 1 shows an example of cell coverage changes, as known as cell breathing, through changes in transmission power of the base station. This technique potentially changes the signal coverage of the cell and in return achieve reduction in power consumption of the power amplifier (PA). While power consumption of PA is still a major component RAN power consumption, advancements of PA technology or using more power efficient PAs, such as GaN based PAs, may allow achieving higher PA efficiency (PAE) and reduction of power even at the same transmission power levels [1].
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Figure 2. Peak power amplifier efficiency (PAE) vs saturation power (Psat) for 2 – 6 GHz PAs and 20 – 50 GHz PAs [1].

(2) Reduction of transmission and reception duty cycle
[image: ]
Figure 3. Reduction in transmission duty cycle of SSB and system information blocks.
Even during idle cases where there is no immediate on-going data traffic in DL or UL, the NR cells need to broadcast set of minimum set of signals, such as SSB, paging, system information blocks (SIB), and other mission critical signals and channels. Also, the NR cells also need to receive PRACH and other signals such as SRS/SR to establish and maintain connection with the UEs. The transmission duty cycle of these essential signals/channels play an important role in what kind of power saving sleep modes that gNB can utilize. Examples of different sleep modes when gNB is idle are presented in our companion contribution [2]. For some deep sleep modes that turn off or disable certain internally functions and features of the base station, it may require certain time to turn back on. For example, if base station is required to transmit SSB every 20 msec, any features and scheme that may require larger than 10 msec enablement/disablement transition latency of the sub-components of the base station cannot be considered. 
Therefore, the reduction in transmission and reception duty cycle of essential signal/channels not only allow reduction of power consumption from lack of activity but may also enable certain power gating modes to be supported that were not possible before. Beyond a simple reduction in duty cycle, alignment of transmission and reception of essential signal/channel transmission for DL and UL such that they are concentrated in time domain will play a important role in soncerving power as well. If required transmission and reception activities at the BS are located in time, this can indirectly maximize the idle periods. Of course, reduction of duty cycle of essential signals and channels may have its own impact to how the network can operate. For example, removal of transmission of some SIBs, and changing the transmission period of SSB to 80 or 160 msec, may result in that specific cell to be not available for UE’s initial access and limit the cell usage to Scells. In another example, PRACH opportunities can be limited to only occur once every 160 msec at the expense of limiting UE arrival to the cell.
While NR does support changes to periodicity of essential signals and channels to some extent, further studies on changes to signals and channel should be further investigated including potential system impact. The studies can even include potentially non-backwards compatible changes where certain cells only support Rel-18 UEs.
(3) Reduction of frequency resources used
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[bookmark: _Ref100703395]Figure 4. Two examples of reduction in frequency resource usage, reducing active cells in CA/DC operation and reducing actively used RBs or BWPs within a CC.
Reducing frequency used is another method of directly reducing transmission power used. Depending on base station implementation architecture, it also allows certain components of the base station to be turned off. The reduction of the frequency used can be sub-categorized into two domains as illustrated in Figure 4. The first domain is turning off component carriers (CC) during CA/DC operation. The second domain is reduction of RBs or BWP used for transmission and reception within a CC. For example, if we assume the base station maintains a constant power spectral density of the signals transmitted and the base station only uses 1 RB for transmission, it will directly have a small total transmission power compared with when base station uses all RBs for transmission. Depending on active RBs/BWPs within the carrier, the base station could potentially turn off or relax some RF processing (such as filtering) at transmit and receiver which can further help conserve power.
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[bookmark: _Ref100703630]Figure 5. Some examples of transceiver architecture for supporting multiple component carriers
The amount of power reduction feasible at the base station for turning off entire component carriers heavily depend on base station architecture. Figure 5 shows some illustrative examples of transceiver architecture for supporting multiple CCs. If the base station leverages a monolithic implementation of RF subsystem and baseband subsystems for processing multiple CC (as in example A in Figure 5). While turning of CCs could lower the overall processing demand and can reduce the peak power consumption, it may not be able to reduce power much as all components are used and not power gated. Power gating sub-components and specific subsystems for disaggregated design (as in example C in Figure 5) may be easier and could potentially benefit more from power reduction.
Since the amount of power saving can heavily depend on type of base station architecture, during the evaluations and study, careful consideration of various base station implementation architecture might be needed. For example, the power profile models considered should allow to cover various potential architectures into account and not limit the design to a single and specific power profile.

(4) Reduction of spatial components used
A single base station can form multiple cells with use of multiple remote radio heads, it can form a single large cell with multiple transmission and reception points (TRP)s. A cell can be further virtualized into smaller beamformed sectors with use of multiple antenna array panels and/or beam patterns that can be formulated with antenna array subsystem. Since every single antenna array subsystem component consumes power, for base station implementation that consists of multiple antenna array subsystems, it can turn off some of the components to save power at the potential cost of changes in coverage or supported beams.
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[bookmark: _Ref100752917]Figure 6. Disabling geographically separated TRPs that belong to a cell or multiple cells.
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[bookmark: _Ref100756682]Figure 7. Disabling antenna panels and antenna sub-array within antenna system
Reduction of spatial components used can be further sub-categorized into disablement of TRPs that are geographically separated as illustrated in Figure 6, and disablement of antenna panels and/or antenna sub-array within a co-located TRP as illustrated in Figure 7. The effect of disabling geographically separated TRPs versus some sub-arrays within a TRP have different consequences to the network. For changes to antenna panels and/or antenna element sub-arrays, it results in changes to the beam that can be leveraged by the gNB. This can potentially impact coverage of the system in some cases. An example illustration of this effect is shown in Figure 8. 
It should be noted that for antenna systems that leverage 2 dimensional antenna arrays, disabling horizontal array elements versus vertical array elements will have different impact to beam shape and coverages. For cell deployments that require more precision and coverage in the horizontal domain may have larger system impact from disabling antenna array elements in the horizontal domain. Therefore, further study on system impact from which antenna sub-arrays are disabled require study and investigation.
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[bookmark: _Ref100758824]Figure 8. Effect of changes to antenna panel and antenna element array to supported beams of the base station
The impact of disablement of spatial components can be mitigated if the basic signals and channels to operate the cell is already based on the minimum set of spatial components. For example, if SSB, CSS based PDCCH, PRACH, paging, and other essential signals and channels are using beams defined by the TRPs and antenna panels that are partially disabled, then cell coverage and basic functionality may not be impacted by disablement of spatial components.

(5) Adaption of signal process flow/algorithms and associated relaxed RF and/or performance requirements
The last category is adaptation of signal process flow or algorithms such that it enables lower power consumption at the base station. This adaptation of signal process flow or algorithm may result in changes to demodulation and/or RF performances. In some cases, may result in more able to conform to strict standards defined in previous releases. An illustration of this is shown in Figure 9.
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[bookmark: _Ref100759581]Figure 9. Illustration of adapting signal processing flow or algorithms that allow lower power consumption in the transceiver
One example of adaptation of signal processing flow or algorithms could be disablement of digital pre-distortion (DPD) or change to DPD algorithms. DPD are used at the transmitter to compensate for the non-linearity of the RF components, most notably the power amplifier (PA). This allows to push the radiated output power to higher levels while keeping up with the RF and performance requirements. Some implementation of DPD have large feedback loop bandwidth, in the excess of 3 to 5 times the signal bandwidth, and may require heavy computational resources to linearize the overall signal. In certain situations, where it is possible to sacrifice some degradation of RF and demodulation performance, it may be possible to disable or change the DPD algorithms such that the base station consumes less power.
Another example of adaptation of signal processing flow or algorithms could be disabling some receive filters intended to improve overall performance. For example, if interference from cells that are using adjacent channels are known to not exist, it could be possible to relax the adjacent channel signal filtering, or if transmission from the UEs are only using robust modulation schemes and there are limited interference in the environment, relaxed filtering can be performed to linearize the receive process chain. In both examples, not using the additional filtering can reduce the power consumption at the base station.
There could be various methods in which base station can change the transceiver signal processing that could potentially enable lower power consumption. Such adaptation may be optimized further if base station has some awareness of the deployment environment which may be based on feedback from UEs, or direct measurements at the base station. Further study would be needed on the system impact and identification of potential solutions that enable lower power consumption.

Based on discussion above, we suggest focusing the study and discussions to techniques that leverage one or more of the 5 power saving categories and further clarifying the details of the network power saving techniques. Additionally, further studies on the UE assistance information/feedback and gNB measurements that facilitate optimal transitions of power modes (that enable specific power saving functions) at the network is needed.
Proposal 1:
· Network power saving (NPS) techniques that leverage the following solution categories are to be further studied:
· reduction of transmission power
· reduction of transmission and reception duty cycle
· details of which signal/channels transmission periodicity or resource allocation are updated by the NPS techniques to be studied further
· reduction of frequency used
· Changes to RBs/BWPs used for transmission and reception by the gNB/Network
· Enabling/disabling of CCs in different frequency by the gNB/Network  
· reduction of spatial components used
· spatial components can correspond to TRP(s) that belong to same or different cells, antenna panels for the TRP(s), antenna element sub-array of antenna panel(s) for the TRP(s), or any combination of thereof.
· adaption of signal process flow/algorithms
· For adaptation of signal process flow/algorithm that have associated impact to RF characteristics and/or performance, the associated RF characteristics and/or performance should be studied together.
· Note that a specific network power saving technique may leverage one or more of the solution categories listed above.
· Further study on UE assistance information/feedback or measurements at the gNB that improves operations of network power saving technique(s) or that are required by network power saving technique(s).

Conclusions
In this contribution, we discussed issues related to evaluation methodology for network energy saving SI. The following is a summary of the proposals:
Proposal 1:
· Network power saving (NPS) techniques that leverage the following solution categories are to be further studied:
· reduction of transmission power
· reduction of transmission and reception duty cycle
· details of which signal/channels transmission periodicity or resource allocation are updated by the NPS techniques to be studied further
· reduction of frequency used
· Changes to RBs/BWPs used for transmission and reception by the gNB/Network
· Enabling/disabling of CCs in different frequency by the gNB/Network  
· reduction of spatial components used
· spatial components can correspond to TRP(s) that belong to same or different cells, antenna panels for the TRP(s), antenna element sub-array of antenna panel(s) for the TRP(s), or any combination of thereof.
· adaption of signal process flow/algorithms
· For adaptation of signal process flow/algorithm that have associated impact to RF characteristics and/or performance, the associated RF characteristics and/or performance should be studied together.
· Note that a specific network power saving technique may leverage one or more of the solution categories listed above.
· Further study on UE assistance information/feedback or measurements at the gNB that improves operations of network power saving technique(s) or that are required by network power saving technique(s).
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