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1. Introduction
The following objective is included in this study item [1]:
Study and identify techniques on the gNB and UE side to improve network energy savings in terms of both BS transmission and reception [RAN1, RAN2, RAN3, [RAN4]].
The study should prioritize idle/empty and low/medium load scenarios (the exact definition of such loads is left to the study), and different loads among carriers and neighbor cells are allowed. The following example scenarios (mapping between scenarios and network loads is left to the study) including single-carrier and multi-carrier deployments are used as the starting point for discussion on prioritized scenarios for the study. 
· Urban micro in FR1, including TDD massive MIMO (note: this scenario can also model small cells)
· FR2 beam-based scenarios (note: this scenario can also model small cells)
· Urban/Rural macro in FR1 with/without DSS (no impact to LTE expected in case of DSS)
· EN-DC/NR-DC macro with FDD PCell and TDD/Massive MIMO on higher FR1/[FR2] frequency
In this contribution, network energy saving techniques in spatial domain, time domain, frequency domain and power domain are discussed.
2. Cell activation by UE wake up signal (WUS)
[bookmark: _Hlk101275836]In NR Rel-16 UE power saving WI, a PDCCH-based wake-up signal at BS side was designed to assist UE power saving by indicating whether UE needs to be active for the upcoming DRX on duration. Similar concept can apply to network energy saving case, i.e. BS activation by UE wake up signal (WUS).
Legacy cell activation/deactivation mechanism
In NR Rel-17, SA designs cell activation/deactivation mechanism for capacity booster cell overlaid by candidate coverage cell(s) in TS 28.310 [2]. One example is provided below: two gNB cells (Cell A, Cell B) cover the same geographical area, where Cell B has a smaller size than Cell A and is covered totally by Cell A. Generally, Cell A is deployed to provide continuous coverage of the area, while Cell B increases the capacity of the special sub-areas, such as hot spots. 
[image: ]
Fig. 1: Cell activation of capacity booster cell (Cell B) by candidate coverage cell (Cell A)
As described in TS 28.310, load-based activation/deactivation procedures for Cell B are specified to save network energy consumption. The cell deactivation of Cell B  may be triggered in case that light traffic in Cell B is detected. On the other hand, Cell A providing basic coverage may request cell B re-activation based on its own cell load information or neighbour cell load information. 
Motivation and issues of UE wake up signal (WUS)
In order to save network energy, cells with empty/low load can be turned off or go to quasi-off sleep modes when these cells found there is no/little served UE or be controlled by other cells. In this inactive state,  BS turns off almost all the components for transmission/reception so that the energy consumption is quite low. However, the most difficult part is how to activate the turned-off or quasi-off sleep cell when there is real need.
On one hand, in HetNet case as illustrated in Fig. 1, legacy load-based cell activation may not be accurate since candidate cell (i.e. Cell A) may not know whether the increased load exists in the area of switching-on capacity booster cell (i.e. Cell B). As an extreme case, it may occur that almost all the traffic loads are coming from UEs outside Cell B coverage but inside Cell A coverage. In this case, Cell A will send activation request to Cell B since it detects that the traffic load of its own cell is larger than a certain threshold. However, actually there is no need to activate Cell B which results in a waste of network energy saving. Besides, if there are several capacity booster cells within one candidate coverage cell, all of them need to be activated due to unknown information of load source. Thus this is a really a waste of network energy saving and a more accurate activation mechanism is needed in this HetNet case.
On the other hand, in non-HetNet case as illustrated in 错误!未找到引用源。, there is no good mechanism to wake up the cell if it is deactivated when there is no or little load. In other words, the cell don’t dare to be deactivated even when there is no any load since it can’t be woken up when needed (e.g. a UE moves to its area). If the cell is deactivated in this case, the UE performance will be degraded a lot. The only choice is to switch on all cell BSs in this non-HetNet case which results in large network energy consumption.
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Fig. 2: Potential UE wake up signal procedure
To solve the above problems, UE WUS mechanism can serve as a good candidate to help cell activation. In this way, dynamic cell activation/deactivation can be achieved without UE performance degradation. One example procedure is provided in 错误!未找到引用源。:
· Step 1: gNB in Cell #4 detects that there is no UE load;
· Step 2: gNB in Cell #4 determines to be turned off and send the information to neighbor cells;
· Step 3: A UE connected to Cell #3 obtains information from Cell #3 that there is a deactivated cell around together with the corresponding WUS configuration;
· Step 4: A UE moves and send WUS signal according to the configuration when meeting certain condition (e.g. Cell #3 RSRP below a threshold);
· Step 5: gNB in Cell #4 detects WUS signal from the UE and swtich on to normal operation.
Finally, the UE moving to Cell #4 area can perform normal transmission/reception under the gNB in Cell #4.
To enable cell activation mechanism by UE WUS, at least the following issues should be considered:
· UE WUS signal design, e.g. sequence type, sequence length and etc.
· UE WUS configuration design, e.g.  time resource, frequency resource, power and etc.
· UE WUS procedure design, e.g. trigger to send WUS, power control and etc.
[bookmark: _Ref102134111]Proposal 1: Study cell activation by UE wake up signal, at least including design on UE WUS signal, configuration, procedure and etc. 
3. Spatial domain - dynamic antenna/port adatation
5G BSs with massive MIMO (mMIMO) can not only increase network capacity by multiplexing multiple data streams, but also significantly improve network coverage via beamforming. 
Meanwhile, mMIMO demands higher power consumption compared to the small number of antennas, since the PA module for transceiver modules may require more power consumption when the number of antenna elements and antenna ports are large. The power consumption of mMIMO is mainly depending on the number of “ON” antenna elements and antenna ports. 
However, the transmission capacity/coverage provided by mMIMO may be redundant in some time. For example, in the case of burst traffic, when the cell load is medium or low, there could be some “empty” slots where no data would be transmitted or received. And in these cases, the traffic requirements can be satisfied by using only a subset of BS antenna/transceiver modules. Therefore, BS can intentionally mute some sets of the BS antenna/transceiver modules for power saving. As shown in Fig. 3, an example of TRX muting is provided by deactivating some subsets of antenna/transceiver modules
[bookmark: _Ref102134012]Observation 1: Muting subset of BS antenna/transceiver modules can achieve power saving for BS.


[bookmark: Fig2][bookmark: _Ref101857756][bookmark: _Ref101857596]Fig. 3: Illustration of muting part of the antennas on a panel
The granularity and the duration of muting can have different impacts on the effectiveness of network energy savings. For example, dynamically reducing the number of logical ports will be more energy efficient than dynamically muting part of the antenna elements. The reason is that reducing some logical ports means that the corresponding RF channels are also turned off, thus the energy of the corresponding RF channels can be saved. While if only a few antenna elements are turned off and the logic ports are not changed, the power consumption will not change significantly. 
For better explanation, Fig. 4 gives the architecture of hybrid beamforming in mMIMO. As shown in the Fig. 4, the signal processing of MIMO is composed of the analog domain (called TxRU virtualization) and the digital domain (called port virtualization) to reduce the number of required RF chains. The  data streams are mapped to the inputs of the  TxRUs via port virtualization, which is equivalent to digital precoder. The outputs of the TxRUs are then mapped to the  antenna units via TxRU virtualization, which controls the side lobes of the transmit signal by analog phase shifters at each antenna unit. In terms of TxRU virtualization, Fig. 5 gives the detailed example of the mapping from TxRU to antenna elements. This architecture is just one of the TXRU virtualizations and it can also be called fully-connected structure (FCS). In FCS, each TXRU is connected to each antenna unit by a mapping of phase shifters. From Fig. 5, it is easy to understand that turning off part of the antenna elements will not affect the number of TxRUs at work and thus cannot save the energy of the corresponding RF channels. Therefore, the dynamic shutdown mechanism in spatial domain also needs to identify which granularities are applicable and which are not, and which granularities of shutdown need to be prioritized for energy saving.


      
	[bookmark: _Ref101943308]Fig. 4: Hybrid beamforming in MIMO
	[bookmark: _Ref101943327]Fig. 5: Mapping from TXRU to antenna element


To achieve the dynamic adaptation of port/panel/antenna for BS, one question is how fast can BS switch on/off antenna modules. Depending on the muting antenna modules, the transition of different number of antenna modules could be different.
In fact, it has been implemented practically in BS to shut down some TRX chains in a semi-static way, but this way is in a millisecond or second level. The semi-static way may incur high latency, high signaling overhead, and cannot match real-time services well which could lead to unnecessary power consumption. Therefore, the dynamic shutdown in the millisecond or symbol level in spatial domain needs to be considered to achieve better power saving performance.
In Rel-15/16/17, the measurement resources or spatial domain info are semi-statically configured by RRC or indicated by MAC CE. The legacy mechanisms may result in coarse adaptation granularity due to long latency and high signaling overhead caused by per UE notification. And the semi-static port/panel/antenna adaptation cannot match the dynamically changing traffic load well. So, a more dynamic, more fine-grained and more efficient mechanism is needed for dynamic port/panel/antenna adaptation. 
Shutdown of some components in spatial domain may have impact on the UEs. The reason is that the shutdown of antenna modules could generate additional delays because of the time required for the activation and de-activation of transceiver modules. In addition, the signaling overhead resulting from frequent changes of the network state is also very significant. To further reduce signaling overhead, group-common L1 signaling can be considered, which will greatly reduce the signaling overhead caused by per UE notification.
Secondly, dynamic shutdown will lead to the degradation of RSRP of some reference signals (e.g., CSI-RS, SSB), which may lead to BFR/RLF, etc. Likewise, the decrease in beam energy means a reduction in coverage, which is very unfriendly to cell edge users. What’s more, the RACH process will also be affected, as UEs may not find eligible SSBs for RACH. Thus, the reference signal (e.g., CSI-RS, SSB) related enhancements can be considered to facilitate faster antenna/port/panel adaptation while maintaining good performance and using less resource overhead. 
In addition, dynamic shutdown will lead to power back-off and variable changes of channel state, which will lead to inaccurate CSI tracking. For inaccurate CSI tracking and untimely reporting caused by TRX muting, some possible methods can be studied and CSI measurement/feedback can be enhanced to improve the accuracy of CSI measurement and feedback.
Considering the above negative impacts brought by the dynamic shutdown mechanism, we need to study the potential enhanced techniques to support dynamic port/panel/antenna adaptation. It also should be noted that time/frequency/spatial/power domain enhancements are not isolated, different enhancements may involve multiple domains and may require multiple domains jointly for network energy saving enhancements.
[bookmark: _Ref102134117]Proposal 2: Study dynamic port/panel/antenna adaptation for network power saving, including
· Group-common L1 signaling to enable faster antenna/port/panel adaptation and lower signaling overhead
· CSI measurement/report enhancement to facilitate fast antenna/port/panel adaptation with good performance and less resource overhead
4. Time domain - common signal period adaptation
To allow longer sleep periods in 3GPP LTE, the use of the multicast-broadcast single-frequency network (MBSFN) frame was proposed, which is a technology introduced to enable mobile television broadcasting, characterized by the need of less frequent signalling. To standardise such technology, the 3GPP evaluated in both the sleep ratio  and the sleep duration. The results showed that, in the FeMBMS/unicast-mixed mode, a BS could stay in energy saving mode for up to 4 ms, which leads to an 80% sleep ratio. Importantly, with the MBSFN-dedicated mode, a BS could sleep even further up to 39 ms, which results into a 93.75% sleep ratio [3]. 
In contrast to 3GPP LTE, 3GPP NR is characterized by a user/data-specific signalling instead of a cell-specific one —the lean carrier, such as reference common signals with different periods. Similar functionality with less frequent signaling in LTE, this lean carrier design enables both larger sleep ratios and longer sleeping duration, whose particular values depend on the SCS, the number of SSBs per SS burst set, and the periodicity. Meanwhile, more BS hardware components can be switched off within the sleeping duration which saved more BS energy [4].  
Similarly, in network energy saving project, the introduction or use of longer-period common signals can effectively save transmission power on the network side. Meawhile, it can also increase the probability of the BS entering the sleep modes. Thus saving the power consumption of the BS. However, the increasing common signal period would bring some issues, such as the time and complexity of UE blind detection in initial access procedure and UE mearusument. Considering the pros and cons of the increasing common signal period, we suggest to furthur study this problem. 
[bookmark: _Ref102134124]Proposal 3: Study the impact on SSB detection and RRM/RLM measurement with increased common signal period for network energy saving. 
5. Frequency domain - anchor carrier
Multi-carrier operation is a typical case in 5G NR network deployment to enhance the network capacity. However, larger bandwidth operation may result in more network energy consumption. Thus reduction of network energy consumption in multi-carrier operation case needs to be studied.
Legacy multi-carrier operation case
Legacy case 1 is provided below as a normal deployment case, i.e. standalone operation for each carrier. Particularly, gNB transmits SSB, SIB1 and paging in each carrier while UE can perform RACH transmission in any carrier. Since different UEs may detect SSBs in different carriers according to its own implementation for cell search, they may use different carriers for initial access and operation. In this way, UE loads are distributed randomly in different carriers so that the network capacity (i.e. affordable number of UEs) is enhanced by this multi-carrier operation. However, the network energy consumption is large due to that always-on signalings (e.g. SSB and SIB1) are transmitted in all the carriers.
[image: ]
Fig. 6: Illustration of legacy case 1 – per carrier standalone operation
Legacy case 2 is provided below as a straight forward way to improve network energy consumption without spec impact, i.e. CA operation with one carrier as Pcell for all UEs. Particularly, gNB only transmits SIB1 and paging in Pcell only while UE can only perform RACH transmission in Pcell. Obviously, the benefit is network consumption reduction compared to legacy case 1 due to no transmission of SIB1 and paging in Scells. However, the load in the Pcell will be quite crowded since all UEs can only perform RACH transmission in the Pcell and each UE will be working at least before RRC connection in the Pcell. Thus the motivation of multi-carrier operation for capacity enhancement may be lost.
[image: ]
Fig. 7: Illustration of legacy case 1 – per carrier standalone operation
Anchor carrier concept
Anchor carrier concept is introduced to achieve both benefits of legacy case 1 (i.e. capacity enhancement) and legacy case 2 (i.e. network energy saving). Under anchor carrier concept, UE obtains system information for anchor carrier and necessary system information for non-anchor carriers in anchor carrier only. Then a UE may perform random access/data transmission/data reception in one or more of anchor carrier or non-anchor carriers. One example scenario is shown below: UE obtains SSB and SIB1 in anchor carrier and perform RACH transmission in one of anchor carrier and non-anchor carriers. In this way, there is no need to transmit SSB/SIB1/Paging in non-anchor carriers compared to legacy case 1. At the same time, UEs are distributed in different carriers for RACH transmission and further data operation, which solves the crowded problem as legacy case 2. For the design of anchor carrier concept, different types of UEs should be taken into account, i.e. initial access UEs, RRC idle UEs and RRC connected UEs.
[image: ]
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Fig. 8: Illustration of anchor carrier concept
[bookmark: _Ref102134127]Proposal 4: Study anchor carrier concept for network energy saving in frequency domain, including design and procedure for initial access UEs, RRC idle UEs and RRC connected UEs.
6. Power domain
For network energy saving, there are two possible directions: downlink power control and BS PA efficiency enhancement, which are discussed as follows.
Downlink power control
The idea of downlink power control is to adapt downlink transmission power in time domain due to scheduling of different UEs or channel varying. In this way, optimization of Tx power to meet the need could avoid redundant Tx power. Due to self-containing DM-RS for channel estimation, it seems that there is no problem for BS to have varying PDCCH/PDSCH transmission power from slot to slot by BS implementation. For SSB/CSI-RS transmission, the Tx power is indicated to UE by SIB1 or RRC signaling. Thus, the power of SSB/CSI-RS transmission can be changed semi-statically.
[bookmark: _Ref102134021]Observation 2: Dynamic or semit-static downlink power control for DL transmissions can be achieved by BS implementation without spec impact.
BS PA efficiency enhancement
According to current statistics, PA component consumes most of the energy at BS side, which is almost 50% with full load [3]. Therefore, how to improve the efficiency and save the power comsumption of PA is beneficial for network energy saving. Currently there are already several existing implementation-based mechanisms at BS side for PA efficiency enhancement, e.g. Envelop tracking (ET) and Digital Pre-distortion (DPD) as introduced below:
· Envelop tracking (ET)
[image: ]
Fig. 9: Illustration of ET concept
As the name indicates,ET employs a system whereby the amplitude envelope of the signal is tracked and utilised by the amplifier. From above figure, we can see that the ET can be totally accomplished by BS. An envelope tracking systems will take the envelope appearing at the input of the power amplifier and then use this to drive the power supply providing the line voltage for the RF power amplifier. This is modulated to ensure that it correctly tracks the amplitude of the signal.
The essence of the ET is to vary the supply voltage in real time to meet the PA supply voltage needs. That is because the static power consumption of the PA is not related with the input signal, but to the power supply voltage. The higher the power supply voltage, the greater the static power consumption. Thus, when the static operating point of PA is adjusted with the change of the input signal, the working efficiency of the PA can be effectively improved.
Researches have shown that when using a fixed supply voltage, the average efficiency may be less than 25%. In contrast, by using ET technique, the average efficiency of the power amplifier can be improved by more than 50%, that is, doubling the efficiency and reducing the power amplifier loss by two-thirds.
· Digital Pre-distortion (DPD)
DPD is one of the most cost-effective linearization techniques. It features an excellent linearization capability, the ability to preserve overall efficiency, and it takes full advantage of advances in digital signal processors and A/D converters. The technique adds an expanding nonlinearity in the baseband that complements the compressing characteristic of the RF power amplifier [5] which can be accomplished by BS side.
[image: ]
Fig. 10: Illustration of DPD concept
DPD is a technique  to increase linearity or compensate for non-linearity in power amplifiers. A predistortion element is cascaded with the PA, which exhibits a comparable amount of distortion to the amplifier, but in the opposite function. Combining these two nonlinear distortion functions enables a highly linear, distortion-free system.
The challenge with digital predistortion is that the distortion (ie, nonlinear) characteristics of a PA vary with time, temperature, biasing, and differnt devices show different characterics. Therefore, while it is possible to design the correct predistortion algorithm for one device, it is impossible to do this for all device. To slove the above issue, it is better to use a feedback mechanism to sample the output signal and use it to correct the predistortion algorithm. From our perspective, feedback of this signal by BS is appropriate. If feedback of this signal by BS, like form the output of PA or TX antenna, since the network better knows the characteristics of PA, it can better perform DPD distortion processing. Moreover, feedback of this signa by BS only needs to be realized through the network side, thus avoiding the impact of standardization.
[bookmark: _Ref102134023]Observation 3: PA efficiency enhancement at BS side (e.g. ET and DPD) can be achieved by BS implementation without spec impact.
Besides, some UE-assisted PA efficiency enhancement techniques are proposed in [6], e.g. UE-assitant feedback to facilitate DPS, Digital Post Distortion at UE side. However, the benefits of these schemes need to be carelfully evaluated compared to the above-mentioned implementation schemes. Meanwhile, the issues brought by the above methods would also needs to be assessed, such as the increase in the complexity of UE implementation, UE power comsumption and specification impact. 
[bookmark: _Ref102134131]Proposal 5: Implementation based scheme should be baseline for evaluation of UE-assisted scheme for PA efficiency  enhancement at BS side. Besides, UE complexity, power consumption and spec impact should also be carefully assessed.
7. Conclusion
In this contribution, UE wake up signal, spatial domain, time domain, frequency domain and power domain issues are discussed and and have the following observations and proposals:
Proposal 1: Study cell activation by UE wake up signal, at least including design on UE WUS signal, configuration, procedure and etc.
Observation 1: Muting subset of BS antenna/transceiver modules can achieve power saving for BS. 
Proposal 2: Study dynamic port/panel/antenna adaptation for network power saving, including
· Group-common L1 signaling to enable faster antenna/port/panel adaptation and lower signaling overhead
· CSI measurement/report enhancement to facilitate fast antenna/port/panel adaptation with good performance and less resource overhead
Proposal 3: Study the impact on SSB detection and RRM/RLM measurement with increased common signal period for network energy saving.
Proposal 4: Study anchor carrier concept for network energy saving in frequency domain, including design and procedure for initial access UEs, RRC idle UEs and RRC connected UEs.
Observation 2: Dynamic or semit-static downlink power control for DL transmissions can be achieved by BS implementation without spec impact.
Observation 3: PA efficiency enhancement at BS side (e.g. ET and DPD) can be achieved by BS implementation without spec impact.
Proposal 5: Implementation based scheme should be baseline for evaluation of UE-assisted scheme for PA efficiency  enhancement at BS side. Besides, UE complexity, power consumption and spec impact should also be carefully assessed.
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