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Introduction
The WI for Network Energy Saving was approved in RAN#98-e [1]. One of its objectives is to specify solutions for cell DTX and cell DRX, which has been approved for 3GPP Rel-18:
	2. [bookmark: _Hlk89917254]Specify enhancement on cell DTX/DRX mechanism including the alignment of cell DTX/DRX and UE DRX in RRC_CONNECTED mode, and inter-node information exchange on cell DTX/DRX [RAN2, RAN1, RAN3]
· Note: No change for SSB transmission due to cell DTX/DRX.
· Note: The impact to IDLE/INACTIVE UEs due to the above enhancement should be avoided.




This contribution discusses aspects of L1 signaling with focus on the design of new DCI format and discusses the need for improving data reliability during Cell DTX/DRX operation.
Design of DCI 2_X for activation and de-activation of Cell  DTX/DRX
In RAN1#113 [5] there was an agreement to design a new DCI format, dubbed DCI 2_X for the moment, to facilitate the activation and de-activation of Cell DTX/DRX. 
	Agreement
For the group common L1 signaling using PDCCH for cell DTX/DRX activation and deactivation
· Alt 2) Based on new DCI format 2_X
· DCI size budget is not increased
· Number of required BDs is not increased
· FFS: PDCCH monitoring configuration for the new DCI format is identical to PDCCH monitoring configuration for DCI format 2_6 if the UE monitors both DCI formats
· FFS: New RNTI is used



The new DCI format 2_X should be designed in a way which enables forward compatibility with possible future enhancements. At least one enhancement deserves special attention and it could be already considered into the design: multiple Cell DTX/DRX configurations.
In the LS from RAN2 [3] it was only requested to design signalling for activating or de-activating a single configuration. Nonetheless, there seems to be substantial support for having multiple Cell DTX/DRX configurations and in fact “If multiple Cell DTX/DRX patterns are to be supported” was noted as an FFS on RAN1#112-bis-e [2] and the topic is being also discussed in RAN2. This means that multiple Cell DTX/DRX configurations will surely be further discussed and eventually it may also be agreed in this or future releases. Instead of re-designing DCI 2_X from scratch at the point in time, RAN1 should consider now a DCI 2_X design which minimizes overhead regardless of whether a single or multiple Cell DTX/DRX patterns are to be supported. 
Proposal 1: RAN1 should consider a DCI 2_X design, which minimizes overhead regardless of whether a single or multiple Cell DTX/DRX pattern(s) are to be supported to avoid future re-design.
A simple design for a single configuration would typically assign a single bit to decide whether Cell DTX/DRX is activated (e.g. bit 1) or de-activated (e.g. bit 0). It is possible to achieve the same overhead with a design extensible to multiple configurations. Namely, consider the following field definition to be included in DCI 2_X:
· Configuration ID, n bits as indicated by higher layers. The configuration ID with all zeroes de-activates Cell DTX/DRX. When the UE receives a configuration ID with other values other than all zeroes,
· If Cell DTX/DRX is not yet activated the UE activates the corresponding configuration
· If Cell DTX/DRX is already activated and the configuration ID is different than the previously configured ID, the UE switches to the corresponding Cell DTX/DRX configuration.  
· If the same configuration ID is received again or the ID is not configured the UE should maintain the current configuration. 
When n=1, this definition has the same overhead as the single configuration solution (1 bit) and even the same meaning (bit 1 activates, bit 0 de-activates) but the definition of the field is valid no matter how many Cell DTX/DRX configurations are present. As an example, if n=2 the configuration ID can take 4 values: 00, 01, 10 and 11. 00 de-activates Cell DTX/DRX. 01, 10 and 11 can be assigned to different Cell DTX/DRX configurations. If e.g. the UE is using the configuration assigned to 01 and receives a DCI 2_X with 10 configuration ID it will switch the configuration to 10. 
Proposal 2: DCI 2_X could add the following configuration ID field:
· Configuration ID, n bits as indicated by higher layers. The configuration ID with all zeroes de-activates Cell DTX/DRX. When the UE receives a configuration ID with other values other than all zeroes:
· If Cell DTX/DRX is not yet activated the UE activates the corresponding configuration.
· If Cell DTX/DRX is already activated and the configuration ID is different than the previously configured ID the UE switches to the corresponding Cell DTX/DRX configuration.  
· If the same configuration ID is received again or the ID is not configured the UE should maintain the current configuration. 
Another important aspect to consider on the design on DCI 2_X is that the same activation or de-activation messages may be sent multiple times. There are 2 reasons why this may be done. One is to improve the reliability. If a UE misses the first DCI it may decode the second instance of the DCI. Another reason to do that is because different UEs may only decode PDCCH at different points in time, e.g., because they have different C-DRX on-duration. Consequently, a DCI 2_X may be sent multiple times to indicate a change of configuration in a certain point in time. For this reason, it is important that DCI 2_X includes a time offset between the time the DCI 2_X is received and the point in time where the configuration change (activation, de-activation or configuration switch) should really be made effective.  This process is illustrated for a case of 2 UEs below.
[image: ]
Figure 1 – DCI 2_X for Cell DTX/DRX activation and de-activation should include an offset, so that the Cell DTX/DRX configuration can be consistently applied at a certain point in time even when multiple DCI 2_X messages are sent (e.g. for different UEs) 

Proposal 3: DCI 2_X should consider including a time offset to indicate the point in time after receiving the message at which the new configuration is to become effective. 

Data reliability and retransmissions with Cell DTX/DRX activated 
Cell DTX and Cell DRX in essence provide a planned time where the gNB can put a certain cell to sleep. By having such a planned time the gNB may be able to achieve a deeper sleep state. For example, instead of just performing microsleep opportunistically on every symbol without traffic, the gNB may be able to plan a longer period where further circuitry is turned off and achieve light sleep. A practical and pragmatic gNB implementation will most likely try to achieve this goal while minimizing impact on user experience. In fact, most operators may strive for a Cell DTX/DRX operation with zero perceived impact. 
One essential aspect for guaranteeing user experience and associated performance parameters (delay, throughput, etc) is the handling of retransmissions. A timely successful transmission is essential not only to fulfil the QoS demands of different flows but also to have a reasonable performance of more delay tolerant traffic. High delays and jitter can for example disrupt TCP flows due to the “TCP-ACK clock” or cause RLC retransmissions, which will waste capacity and increase the energy consumption. As Cell DTX/DRX will increase delays by imposing restrictions during the inactive time, it is essential to understand if those restrictions have performance impact or not. This is particularly true for pending HARQ retransmissions. In fact, so far RAN2 is agreeing on different behaviour for initial transmissions and HARQ retransmissions. 
In RAN2#121-bis-e [6] the following agreement was done for initial transmissions:
Agreements
10. The understanding for the gNB scheduling behaviour for new transmissions during Cell DTX non-active period is that the gNB does not schedule UE-specific dynamic grants/assignments, even if the UE is in C-DRX Active Time.   UE doesn’t monitor PDCCH for dynamic grants/assignments for new transmissions during Cell DTX non-active period, even if the UE is in C-DRX Active time.   FFS how to deal with any exceptions (e.g. SR if agreed and RACH).  
FFS how to deal with retransmissions
   
And in RAN2#122 [7] a first working assumption regarding retransmissions was stated:
Agreements:
3	Working assumption:  When the retransmission timer is running (if C-DRX is configured), the UE is expected to monitor PDCCH, like in legacy.  It is up to the network whether it schedules retransmissions out of the Cell DTX active period, i.e., when the DRX retransmission timer is running, the UE should monitor PDCCH regardless of the Cell DTX. 

It is very understandable that retransmissions need to be given high priority and that an already initiated transmission should be finished timely. Nonetheless, the combination of the agreement in RAN2#121-bis-e (very restrictive for new transmissions) with the working assumption of RAN2#122 (permissive for retransmissions) can lead to an awkward situation: no new transmissions are possible (leading to increased delay), but at the same time the gNB is actually not saving energy as desired, because it is quite often awake to retransmit or listen to retransmissions. The following analysis shows when that is the case and how the situation can be improved or circumvented altogether.
Because retransmissions are so important, a practical and pragmatic gNB implementation may consider a longer sleep only if there are no pending DL transmissions, including any pending re-transmissions. This leads to the question: when can a gNB safely apply a longer sleep without any pending retransmissions? Clearly, a gNB can only know if there will be pending retransmissions when it receives the HARQ feedback. For that reason, the HARQ-RTT plays an important role in the extra consumption when retransmissions are needed. 
Let us consider a TDD scenario, which is critical from HARQ feedback point of view because the HARQ-RTT is ultimately limited by the TDD period. For example, consider the TDD configuration suggested for simulations in TR 38.864 Set 2: 2.5 ms TDD period (on a 30 kHz subcarrier spacing) with a DDDSU frame structure and 10D:2G:2U on S slot. A downlink transmission can be done on the first slot, but the HARQ feedback can only come on S or U slots. Even if all initial transmissions are done on the first D slot and there is no other traffic at all, the gNB cannot safely decide to sleep longer because: 1) it needs to be awake to receive HARQ feedback at S/U slots and 2) it does not know if  retransmission is needed after that. Even worse, every retransmission will cause this issue to be extended by a further TDD period.   This is illustrated on the figures below which compare the energy consumption in a Cell DTX/DRX cycle with no retransmissions and 1 or 2 retransmissions.  
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[bookmark: _Ref142379308]Figure 2 – Energy consumption in a Cell DTX/DRX cycle when there is no retransmission.
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[bookmark: _Ref142379311]Figure 3 - Energy consumption in a Cell DTX/DRX cycle when there is 1 retransmission.
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[bookmark: _Ref142379315]Figure 4 - Energy consumption in a Cell DTX/DRX cycle when there are 2 retransmissions.

Comparing Figure 2, Figure 3 and Figure 4 it can be easily inferred that each additional retransmission consumes not only extra power for the retransmission itself but it also prevents the cell to enter light sleep for a whole additional HARQ RTT, and in case of TDD a whole TDD period (For the first retransmission it may be slightly less due to alignment of on-duration and TDD period). The effect is very significant as in light sleep a gNB consumes less than half of microsleep.
Observation 1: Each additional retransmission consumes not only extra power of the retransmission itself but it also prevents the cell to enter light sleep for a whole additional HARQ RTT, in case of TDD a whole TDD period.
The impact can be calculated by comparing the energy consumption on the planned Cell DTX/DRX inactive period in case of no retransmissions to the case when there are retransmissions. First, when there is no retransmission, the complete inactive period is on light sleep and the total energy consumption for the inactive period can be calculated as:

Considering the settings as per TR 38.864 Set 1 category 1, P2=25, E2=90, and using the configuration of the example with Tinactive=17 ms inactive period the energy consumption is:

In contrast, if there are retransmissions we need to take into account the time for retransmission Tretx the time for the HARQ feedback of the retransmission Tfb and the extended time spent on microsleep Textra instead of light sleep (those timings are illustrated in Figure 3 and Figure 4):

As explained above and illustrated on Figure 3 and Figure 4 the extra time which the cell cannot sleep will amount for the remaining time until HARQ feedback in a first retransmission (2 ms on the example of Figure 3,   = 2 ms) and for further retransmissions a whole HARQ-RTT period (2.5 ms on the example of Figure 4,   = 4.5 ms).
If we take for example, Tretx = 0.071 ms (2 symbols at SCS of 30kHz) and Tfb = 0.0357 (1 symbol) we can calculate the extra consumption during inactive time as:


Recalling that without retransmissions the energy during inactive phase is 515, we can conclude that a single retransmission in this scenario increases the energy consumption on the planned Cell DTX inactive time by 15% and 2 retransmissions increase it by 33%. The effect would be even larger with larger TDD periods.
Observation 2: With 2.5 ms TDD period a single re-transmission increases the energy consumption on the planned Cell DTX inactive time by 15% and 2 retransmissions increase it by 33%. The effect would be even larger with larger TDD periods.
While the examples have focused on downlink traffic, the same is true for uplink traffic. The gNB can only safely enter Cell DTX and Cell DRX when there are no pending uplink re-transmissions. 
Since the extra energy consumption of each retransmission is very significant it is important to understand how often retransmissions occur. From a gNB point of view even a single pending re-transmission (be it downlink or uplink) is enough to prevent the cell to sleep for another HARQ-RTT. If we assume that transmissions to each UE are affected by errors independently (statistically independent random variables) it becomes straightforward to calculate the percentage of Cell DTX cycles which will be affected by extra retransmissions. Table 1 summarizes these probabilities for an initial BLER of 10%. 

[bookmark: _Ref127456593]Table 1: Frequency of HARQ retransmissions per Cell DTX/DRX cycle assuming an initial BLER of 10%
	Number of UEs served by a cell during on-duration
	Probability for no UE needing a HARQ retransmission
	Probability for extending 1 HARQ-RTT or more

	1
	90%
	10%

	2
	81%
	19%

	3
	72.9%
	27.1%

	4
	65.6%
	34.4%

	5
	59.0%
	41.0%

	10
	34.9%
	65.1%



It can be observed that even if the gNB is serving just a few UEs, the ability of a cell to be inactive as per cell DTX/DRX is severely impacted due the need for HARQ retransmissions. If HARQ retransmissions happen too often the desired energy savings of Cell DTX/DRX would not be achieved on the field. For example, for 5 served UEs in 41% of Cell DTX/DRX cycles there would be retransmissions impacting at least extra 15% energy consumption. Clearly, HARQ retransmissions deserve special treatment during Cell DTX/DRX and the number of HARQ retransmissions should be minimized to allow network energy savings. 
Observation 3: HARQ retransmissions deserve special treatment during Cell DTX/DRX and the number of HARQ retransmissions should be minimized to allow network energy savings.
Note that blindly selecting more robust MCSs to reduce retransmissions will not achieve enough energy savings. The energy consumption during active symbols is huge and the gNB should minimize the number of active symbols, otherwise more energy consumption follows. Instead, the gNB should calibrate the MCS selection very carefully to achieve a lower target BLER during Cell DTX/DRX with the minimal energy consumption. Table 2 shows the probabilities for having at least one HARQ retransmission when the initial BLER target is set to 1%. In contrast to the values seen on Table 1 the energy savings are much more significant because retransmissions occur relatively rarely. 
[bookmark: _Ref142481093]Table 2: Frequency of HARQ retransmissions per Cell DTX/DRX cycle assuming an initial BLER of 1%
	Number of UEs served by a cell during on-duration
	Probability for no UE needing a HARQ retransmission
	Probability for extending 1 HARQ-RTT or more

	1
	99%
	1%

	2
	98%
	2%

	3
	97%
	3%

	4
	96.1%
	3.9%

	5
	95.1%
	4.9%

	10
	90.4%
	9.6%



In order to really save energy, the activity of the cell should be most of the time limited to Cell DTX/DRX on-duration. In other words, there should be only a low probability that a cell cannot sleep for the whole inactive period (as in Table 2). This also means the gNB should strive to achieve the desired reliability already at the first transmission and that the delay budget for achieving the desired reliability is the Cell DTX/DRX on-duration. Note that, this is also a motivation for a special CQI table for URLLC (table 3 in section 5.2.2.1 of TS 38.214 [4]): that the desired reliability should be reached more quickly. The same applies to Cell DTX/DRX active period: the desired reliability should be achieved during the on-duration, not left for the inactive period. A new CQI table would help the gNB implementation to have precise feedback to achieve a better initial BLER target for Cell DTX/DRX, unleashing the full potential of the feature to achieve the desired energy savings.
Observation 4: In order to significantly save energy, the activity of the cell should be limited to Cell DTX/DRX on-duration.
Observation 5: Introducing a new CQI table (e.g. for 1% BLER) would help the gNB implementation to have precise feedback to achieve a better initial BLER target for Cell DTX/DRX.
Proposal 4: A new CQI table (e.g. for 1% BLER) is defined to help achieving higher reliability for initial transmissions when Cell DTX/DRX is activated.
Conclusions
In this contribution, we discussed some aspects of cell DTX/DRX for Network Energy Savings. The following observations and proposals have been made:

Observation 1: Each additional retransmission consumes not only extra power of the retransmission itself but it also prevents the cell to enter light sleep for a whole additional HARQ RTT, in case of TDD a whole TDD period.
Observation 2: With 2.5 ms TDD period a single re-transmission increases the energy consumption on the planned Cell DTX inactive time by 15% and 2 retransmissions increase it by 33%. The effect would be even larger with larger TDD periods.
Observation 3: HARQ retransmissions deserve special treatment during Cell DTX/DRX and the number of HARQ retransmissions should be minimized to allow network energy savings.
Observation 4: In order to significantly save energy, the activity of the cell should be limited to Cell DTX/DRX on-duration.
Observation 5: Introducing a new CQI table (e.g. for 1% BLER) would help the gNB implementation to have precise feedback to achieve a better initial BLER target for Cell DTX/DRX.
[bookmark: _GoBack]
Proposal 1: RAN1 should consider a DCI 2_X design, which minimizes overhead regardless of whether a single or multiple Cell DTX/DRX pattern(s) are to be supported to avoid future re-design.
Proposal 2: DCI 2_X could add the following configuration ID field:
· Configuration ID, n bits as indicated by higher layers. The configuration ID with all zeroes de-activates Cell DTX/DRX. When the UE receives a configuration ID with other values other than all zeroes:
· If Cell DTX/DRX is not yet activated the UE activates the corresponding configuration.
· If Cell DTX/DRX is already activated and the configuration ID is different than the previously configured ID the UE switches to the corresponding Cell DTX/DRX configuration.  
· If the same configuration ID is received again or the ID is not configured the UE should maintain the current configuration. 
Proposal 3: DCI 2_X should consider including a time offset to indicate the point in time after receiving the message at which the new configuration is to become effective. 
Proposal 4: A new CQI table (e.g. for 1% BLER) is defined to help achieving higher reliability for initial transmissions when Cell DTX/DRX is activated.
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