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1. Motivation
Energy consumption has become a key part of the operators’ OPEX. According to the report from GSMA [1], the energy cost on mobile networks accounts for ~23% of the total operator cost. Note that most of the energy consumption comes from RAN, with data centres and fibre transport accounting for a smaller share. As a result, many operators as well as vendors have proposed to optimize the mobile network for energy saving, e.g., [2]-[7].
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Figure 1 Components of the operator cost from GSMA [1]
2. Discussion 

Generally speaking, the power consumption of a radio access can be split into two parts: the dynamic part which is only consumed when data transmission/reception is ongoing, and the static part which is consumed all the time to maintain the necessary operation of the radio access devices, even when the data transmission/reception is not on-going. The static power consumption is also named as the power consumption in sleeping modes, and its value is related to the sleeping level, i.e., to what extent the radio access devices are turned off. Usually speaking, a deeper level of sleeping corresponds to a longer activation/inactivation duration, but with larger duration of ramp up/down. On the other hand, for the dynamic part, the power consumption can be reduced by optimizing some of the transceiver components, e.g., turn off some TRX chains if the traffic load is quite low, and even reduce the transmission time to zero if there is no active UEs. 
In this paper, the power consumption as well as the potential power saving methods are studied in two cases, i.e., the idle case in which there is no active UEs and the light-load case in which there is some traffic for transmission but the PRB utilization is relatively low. In these two cases, the transmission capacity is redundant and hence some energy saving methods, e.g., symbol muting and TRX chain turning off, can be employed to reduce the BS power consumption. However, the traffic changes greatly on different TTIs and the transmission capacity also differs largely for different UEs. Hence if semi-static symbol muting and/or TRX chain turning off are employed at the BS in an implementation manner, the instantaneous transmission rate of some UEs’ data would be degraded, resulting in large access delay for idle UEs and reduced UE experience in connected mode. In addition, it can be expected that some potential UE assistance information can further help gNB to do energy saving while reducing the impact on UE experience. Hence it is preferable to adopt a dynamic adjustment on some transmission parameters based on some potential UE assistance information to maximize the power saving without greatly degrading the UE experience.
Observation 1: In idle and light-load cases, a dynamic power saving method, e.g., dynamically adjusting the transmission parameters based on some potential UE assistance information, can reduce the network power consumption while reducing the impact on UE experience.

2.1 Idle case
Ideally, there is no data transmission in idle case and hence the BS can be powered off to achieve zero power consumption. However, this is unrealistic since the BS must maintain some basic functions to timely turn back on to serve UEs with sudden access request and traffic. As a result, the BS can only go into a sleeping mode and the level of sleeping depends on the expected activation and response time for a sudden UE traffic transmission. Obviously, this leads to a trade-off between the saved power consumption and the impact on UE experience. 
Specifically, there is some always-on common signals and necessary transmissions in NR to guarantee the quick activation and response in idle case, including SSB, SIB1/OSI, paging, and PRACH reception. Among these transmissions, the SSB has a default period of 20ms for initial access [10] and due to this setting, the BS cannot go into any sleeping modes (usually, the sleeping mode corresponds to a period of at least one second). Besides, although SIB1/OSI and paging can be configured/scheduled flexibly by the gNB with an adaptive period, the period is often not too large in idle case to maintain a fast UE access/paging. An example of the overhead for common channel/signal is given in Table 1, where the maximum period for receiving SIB1 is 160 ms in idle case to guarantee a similar response time for SIB1/OSI with SSB detection, and average paging rate of 25% is assumed under the setting of paging frame (PF) and paging occasion (PO) configuration as given in the Appendix.  As a result, about 15% of the symbols are turned on for SSB/SIB1/paging transmission considering a C-band deployment with SCS of 30 kHz and 8 SSB beams. Note that as described in the appendix, with the increase of paging rate, a higher overhead can be expected.  
Table 1 Radio of active symbols for common signals assuming 7D : 1S : 2U frame structure
	
	FR1 @ 30kHz & 8 beam
	FR2 @ 120kHz & 64 beam

Pattern 1
	FR2 @ 120kHz & 64 beam

Pattern 3

	SSB 
	6.5%
	14.8%
	14.8%

	SIB1
	2.8%
	13%
	14.8%

	Paging
	5.6%
	13%
	14.8%

	Total
	14.9%
	40.8%
	14.8%

	Note 1: the detailed computation is given in Appendix. 

Note 2: paging/SIB1 may overlap with SSB in some cases and hence the total overhead is not the summarization of overheads for the three signals/channels.


Observation 2: In idle case, the BS cannot go into any sleeping mode and must be turned on every 20ms due to the transmission of SSB.

Observation 3: For SSB/SIB1/paging transmission in idle case, about 15% symbols must be turned on for FR1, and about 41% and 15% symbols must be turned on for FR2 with SSB multiplexing pattern 1 and 3 respectively.

To reduce the power consumption from SSB/SIB1/paging, there are some candidate methods, for example enlarging the transmission period of SSB/SIB1/paging. However, the access delay would be increased accordingly and thus some legacy UEs cannot access the cell timely. Therefore, the potential enhancements should take the access delay into account also. 
Observation 4: In idle case, the study of power saving, e.g., the optimization of SSB/SIB1/paging transmission, should take the cell access delay into account.

To reduce the impact on access delay, the multi-carrier operation scheme can be considered. That is, if more than one carrier is deployed in the same coverage area, the network can simplify the SSB/SIB1/paging transmission of one carrier (CC #2) to reduce the power consumption, and guarantee the basic coverage through another active cell (CC #1). However, if the SSB/SIB1/paging transmission on CC #2 is directly turned off and would be turned on by the network when the traffic load on CC #1 becomes large, some extra delay is caused by the activation process in the network. Moreover, the UE must perform some basic measurements before successfully accessing the network. By contrast, if CC #2 can transmit some simplified RS and CC #1 can help to broadcast some basic configuration information for the data cell, the UE then can quickly access CC #2 and the UE experience would not be degraded much.
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Figure 2 Simplified carrier access/wake-up in the multi-carrier scenario
Proposal 1: In idle case, study the possible methods to reduce the power consumption of SSB/SIB1/paging in the multi-carrier scenario without incurring too large carrier access delay.

Meanwhile, the SSB/SIB1/paging overhead in FR2 is much larger, and hence it is more critical to optimize the transmission in FR2. But different from the case in FR1, a more aggressive design can be considered for FR2 since fewer legacy UEs support FR2 and the FR2 carriers may be deployed for some dedicated use cases. The detailed analysis is given in our companion paper [9].
2.2 Light-load case

When the traffic is small and the resource utilization is low, the transmission capacity is redundant and hence some of the transceiver chains or components can be turned off. This phenomenon is more noticeable for cell-centre UEs when the packet size is small, as shown in figure below. Take the transceiver components as an example, we can turn off these components in a long period to achieve a deep sleeping and more power savings. However this would lead to a large activation delay and hence a much worse UE experience. For example, if parts of the transceiver chains are turned off semi-statically, the transmission rate of cell-edge UEs would be reduced greatly, maybe below some guaranteed rate of a certain service. Also, if the semi-static symbol turning on/off is carried out in a unit of frame, the data transmission delay is about 1/2 frame, nearly 5 ms, which would lead to severe degradation of UE perceived rate and even unacceptable for some URLLC services. 
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Figure 5 Different numbers of TRX chains are necessary for different UEs
By contrast, we can enable a fine-grained turning on/off for some components, e.g., in the unit of symbol or TTI, to avoid this performance loss. In practice, considering the buffer sizes of active UEs, their data rate requirements and the expected transmission capacity, the number of active TRX chains can be adjusted to match the UEs’ and service’s requirements and maximize the potential power savings without incurring large performance loss. 
Observation 5: The dynamic turning on/off method in the granularity of TTIs can be implemented in an adaptive manner to minimize the impact on UE experience.

Proposal 2: In light-load case, study the possible methods to enable dynamically adjusting the number of active TRX chains to maximize the power savings while minimizing the impact on UE experience.

Similarly, the transmit power level can be adjusted dynamically to make use of the transmission capacity and minimize the total power consumption. Specifically, the transmission capacity increases linearly with the bandwidth but logarithmically with the transmit power spectrum density (PSD), and hence it is preferable to transmit a given amount of data with a larger bandwidth and hence a much smaller PSD, to achieve a smaller total power consumption.

If the transmission parameters are adjusted in a dynamic manner for power saving, the expected transmission capacity would also change dynamically due to the fast varying effective channel as well as the fast varying intra-cell/inter-cell interference. As a result, an accurate link adaption becomes difficult and accordingly, the resource utilization becomes lower due to either more conservative resource allocation or larger decoding failure probability. How to solve this issue by using the current channel/interference measurement mechanism should be analysed first and if necessary, discuss potential measurement enhancements for this goal.
Proposal 3: In light-load case, study whether CSI measurement enhancements are needed to enable both dynamic adjustment of some of transmission parameters and accurate link adaption.

3. Conclusions
In this paper, the power consumption for BS as well as the possible methods to achieve power savings are discussed. The following observations and proposals are provided.
Observation 1: In idle and light-load cases, a dynamic power saving method, e.g., dynamically adjusting the transmission parameters based on some potential UE assistance information, can reduce the network power consumption while reducing the impact on UE experience.

Observation 2: In idle case, the BS cannot go into any sleeping mode and must be turned on every 20ms due to the transmission of SSB.

Observation 3: For SSB/SIB1/paging transmission in idle case, about 15% symbols must be turned on for FR1, and about 41% and 15% symbols must be turned on for FR2 with SSB multiplexing pattern 1 and 3 respectively.

Observation 4: In idle case, the study of power saving, e.g., the optimization of SSB/SIB1/paging transmission, should take the cell access delay into account.

Observation 5: The dynamic turning on/off method in the granularity of TTIs can be implemented in an adaptive manner to minimize the impact on UE experience.

Proposal 1: In idle case, study the possible methods to reduce the power consumption of SSB/SIB1/paging in the multi-carrier scenario without incurring too large carrier access delay.

Proposal 2: In light-load case, study the possible methods to enable dynamically adjusting the number of active TRX chains to maximize the power savings while minimizing the impact on UE experience.

Proposal 3: In light-load case, study whether CSI measurement enhancements are needed to enable both dynamic adjustment of some of transmission parameters and accurate link adaption.
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5. Appendix

 5.1 Case 1 (FR1, 30 kHz, 8 beams)
System parameters 

· FR1 (3GHz-6GHz)  

· 30 kHz SCS, 8 beams
· TDD, UL-DL slot configuration is 7D:1S:2U and format for the S slot is 10D:2F:2U
· SSB period = 20ms, SIB1 period = 160ms
· SSB/CORESET multiplexing pattern = pattern 1
Note: Only 7 beams are transmitted in practice, as the SIB1 corresponding to the last beam (the 8th beam) is located in UL slot and thereby needs to be discarded, as shown in Fig. A1.

Total # of DL symbols
· Each frame contains 20 slots.

· Each frame contains 20*14*(0.7+0.1*10/14) = 216 DL symbols.
SSB 

· In each period (20ms), 7 SSBs are transmitted and each SSB consists of 4 symbols.  
(  
Ratio of active symbols for SSB = (7*4) / (216*2) = 6.5%.
SIB1

· PDCCH: In each period (160ms), 7 CORESET0 are transmitted and each CORESET0 consists of 1 symbol. 
· PDSCH: In each period (160ms), 7 SIB1 PDSCH are transmitted and each SIB1 PDSCH consists of 13 symbols. 

(     Ratio of active symbols for SIB1 = (7*1+7*13) / (216*16) = 2.8%.
Paging

· Assume a paging period of 128 frames, and a paging density of 1/2. That is, there is a paging frame (PF) every two frames. Besides, one paging occasion (PO) is assumed in one PF.

· Hence the total overhead for paging is 14*7/(2*216) = 22.6% considering a slot-based paging transmission and 7 beams are used for paging.

· Assuming the paging rate is 10%~50%, then the average overhead is about 2.3% ~ 11.3%.

Assuming the paging is TDMed with SSB and SIB1, the total overhead is about 6.5% +2.8% + 5.6% =14.9% for a paging rate of 25%, and ranges from 11.6%~20.6% for a paging rate of 10%~50%.
5.2 Case 2 (FR2, 120 kHz, 64 beams)
System parameters 

· FR2  

· 120kHz SCS, 64 beams
· TDD, UL-DL slot configuration is 7D:1S:2U and format for the S slot is 10D:2F:2U

· SSB period = 20ms, SIB1 period = 160ms

· SSB/CORESET multiplexing pattern = pattern 1 or pattern 3
Total # of DL symbols
· Each frame contains 80 slots.

· Each frame contains 80*14*(0.7+0.1*10/14) = 864 DL symbols.
SSB 

· In each period (20ms), 64 SSBs are transmitted and each SSB consists of 4 symbols.  
(  
Ratio of active symbols for SSB = (64*4) / (864*2) = 14.8%.
SIB1

· For multiplexing pattern 1, the overhead is about 64*14/(864*8) = 13% considering a slot-based SIB1 transmission

· For multiplexing pattern 3, SIB1 (including PDCCH and PDSCH) can be transmitted on the same symbols as the associated SSB, and the overhead is also 14.8%.

Paging
· Assume a paging period of 128 frames, and a paging density of 1/2. That is, there is a PF every two frames. Besides, one paging occasion (PO) is assumed in one PF.
· For multiplexing pattern 1, 

· Paging is assumed to be TDMed with SSB and SIB1, and a slot-based paging transmission is assumed. Then the total overhead for paging is 14*64/(2*864) = 51.9% considering 64 beams are used for paging.
· Assuming the paging rate is 10%~50%, then the average overhead is about 5.2% ~ 26%.
· For multiplexing pattern 3, 

· Paging is assumed to be FDMed with SSB and SIB1, and a mini-slot-based paging transmission is assumed. In such a case, the total overhead for paging is also 14.8%.
For multiplexing pattern 1, assuming the paging is TDMed with SSB and SIB1, and hence the total overhead is about 14.8% + 13% + 13% = 40.8% for paging rate of 25%, and ranges from 33%~53.8% for a paging rate of 10%~50%.

For multiplexing pattern 3, SIB1 and paging are FDMed with SSB, and hence the total overhead is 14.8%.

