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1 
Introduction

In the RAN2#83bis meeting, the following working assumptions were agreed:

1. Separate DRX configurations should be supported for MeNB and SeNB.

2. Separate DRX operations (timers and active time) should be allowed for MeNB and SeNB.

Several benefits of separate DRX configuration has been discussed in [4] 

In RAN2#83bis meeting, it was decided to evaluate if it is beneficial to coordinate DRX configuration between the MeNB and SeNB for dual connectivity. 
In this contribution, we evaluate the benefits and challenges of coordinated DRX configuration between MeNB and SeNB.
2 
Discussion

The following sections contain the definition of DRX parameter coordination and the analysis of UE’s power consumption benefit by coordinating DRX parameters across different eNBs. The challenges in coordinating DRX have been highlighted in section 2.2. 

This section has the definition of coordinated DRX. It is assumed that the MeNB and SeNB are radio and sub frame synchronized. We define two type of coordination: (a) “loose” coordination and (b) “tight” coordination  
(a) Loose Coordination: Coordination of DRX parameters
To configure DRX, the eNB needs to specify the value of the following timers and parameters:

1. onDurationTimer

2. longDRX-Cycle
3. startOffset
4. shortDRX-Cycle
5. drxShortCycleTimer
6. drx-InactivityTimer
7. drx-RetransmissionTimer
We define “Loose co-ordination” as the co-ordination when the first four parameters in the list above are coordinated across the two eNBs. The first four parameters determine the non-dynamic PDCCH monitoring depending only on the onDurationTimer running status. The other parameters determine dynamic behaviour based on DL/UL activity.
By coordination of these parameters across the two eNBs, we mean a configuration where overlap of the DRX onDurationTimer running in the two eNBs is maximized. This could be achieved by choosing the cycle length in one eNB to be equal to or a multiple of the cycle length in the other and using the same cycle offset with respect to the cycle length. This is possible whenever MeNB and SeNB are radio frame and sub frame synchronized. One cycle length can be set to a multiple of the other when the eNBs carry independent bearers such as in U-plane architecture 1A [1] also possible in 3C[1]. Equal cycle lengths can be used when both the eNBs carry similar traffic. 
DRX configuration can optionally have a short cycle configured. In case if both eNBs have short cycles configured, the short cycles as well as long cycles across the two eNBs need to be coordinated. 
A UE may transition to short and long DRX with each eNB independently depending on the DL/UL activity in the corresponding eNBs. Long DRX-Cycle length is always a multiple of shortDRX-Cycle (until in Rel 11). As long as short and long DRX parameters of the two eNBs are co-ordinated, start of long DRX on time with one eNB will overlap with the start of short DRX on duration with another eNB. For many of the DRX cycle values configurable by RRC, this is automatically guaranteed.  Until release 10, short cycle lengths and long cycle lengths are either equal to 2x or 5*2x subframes, where x is a non-negative integer. Release 11 adds short cycle value of 4 subframes which still follows the rule and long cycle values of 60 and 70 subframes which do not follow the rule). If both the short cycle lengths and long cycle lengths are chosen from only 2x, coordination of DRX cycle is ensured. However, offsets need to be chosen to have the active times due to onDuration timer overlap. Similarly if all the cycle lengths are chosen from only 5*2x, coordination can be guaranteed. Choosing parameters from different sets requires careful selection to ensure coordination.
Figure 1 shows the sequence for DRX coordination. DRX parameter negotiation between the eNBs needs to happen only once till the DRX parameters are not changed or released by any of the eNBs or there is MeNB/SeNB handover. This negotiation between the eNBs does not need a low latency backhaul.
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Figure 1: Message sequence for DRX parameter coordination
(b) Tight Coordination: Coordination of DRX parameters: 

By “tight” Coordination, we mean coordination of DRX activity states across the two eNBs for the same UE.
There are additional opportunities in terms of QoS improvements by sharing DRX states in one eNB with the other. When the UE is active on one eNB, the cost in terms of power consumption to do data transmission on the other eNB is low. With tighter coordination if the UE could be dynamically instructed to monitor the other eNB, it would have improved QoS and power consumption
The user plane architecture alternatives 3C [1] will require the MeNB, to relay traffic from the packet gateway server (P-GW) to the other eNB (also referred to as the SeNB). The backhaul latency between the MeNB and the SeNB can be as large as 60ms adding to the delay budget of these applications [5].  Accordingly the SeNB may need to schedule shorter DRX cycles to mitigate the effect of the delay suffered over the non-ideal backhaul between the MeNB and SeNB. However, shorter DRX cycles result in increased energy consumption at the UE negating the benefits of DRX. Since the MeNB is relaying data traffic to the SeNB, it is aware that the UE needs to wake up to receive traffic from the SeNB. The MeNB can take advantage of its knowledge of SeNB traffic to enable the UE to avoid unnecessary monitoring of the SeNB’s PDCCH.
One example for such tight coordination has been described below in Figure 2 where the UE is indicated separate DRX parameters for MeNB and SeNB, and the UE has long DRX with the SeNB. 
 [image: image2.png]@& @& 2o

\—Sepame DRX varame«ers for both eN554>‘

Data to be routed through SeNB

Long DRX on SeNB

!
I
———Notification to UE (to move from Long to Short DRX on SeNB }——————————»
I
I |
I I
| |
| Informs SeNB that UE has been notified——»|
i i

Forwards data to SeNB





Figure 2: Example of tight coordination 

Proposal 1: The benefits of “tight” DRX co-ordination between the MeNB and SeNB should be studied.
2.1
Benefits of coordinated DRX
UE’s power consumption is higher if DRX active time on both the eNBs is not coordinated for the following reasons:

1. Number of times the modem has to “warm-up” and “cool down” increases (if the DRX active time on the two eNBs are completely disjoint, it is the sum of the number of cycles in both the eNBs in a given period of time) 

· Warm-up may consists of powering up of HW components, SW context restore, timing acquisition, channel estimation, etc

· Cool Down may contain SW Context save , powering down of HW components, processing of the RF capture made during on time etc

· Even though the amount of RF processing is the same for coordinated or uncoordinated DRX settings, when the UE wakes up in disjoint periods corresponding to the two eNBs, it needs to spend extra time and energy for the warm-up and cool down of the modem, which could have been otherwise parallelized.
2. Baseband components of the modem are kept on for longer time 

· In a typical implementation, a UE may use two different radio subsystems to monitor two different eNBs for scenario 2 and 3 described in [1] and will use the same digital subsystem for baseband processing of signals received from two different eNBs. The energy consumed in baseband processing does not scale linearly with the number of eNB signals being processed.  There are modem blocks (such as memory ) other than the radio part that are required to be on whenever UE is monitoring PDCCH on any eNB, and the power consumptions from these blocks do not scale linearly with number of eNBs being monitored. For uncorrelated DRX the power consumption from these components can double and these blocks need to remain powered on whenever PDCCH has to be monitored on either of the eNBs   
Figure 3 shows that if the DRX configuration for the two eNBs is configured independently, then it is possible that the UE wakes up in disjoint periods to monitor the PDCCH from the two eNBs resulting in higher energy consumption.
The current vs time trace in Figure 3 is obtained experimentally from a reference device. It was verified that a few other commercially available devices have similar results. 
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Figure 3: Effect of DRX Coordination on UE’s power consumption

Assumptions:
· For simplicity, we have ignored power consumption from the Tx path in this analysis

· The analysis considers the power consumption only in the LTE modem.

· Power consumption in different modem states and time for warm-up and cool down is different in different UE design. We have used results from lab experiments on a few commercially available UEs to come up with indicative values captured in Table 1
· Warm-up from the low power state to the state when the UE can monitor PDCCH on one eNB or both the eNBs is almost same

· Cool down from the state when the UE can monitor PDCCH on one or both the eNBs to the low power state is almost same

· Typically, a UE implementation may have multiple low power states, for simplicity of analysis we have considered two low power states :

· LOW_POWER_STATE_2: Minimum power state

· LOW_POWER_STATE_1: Intermediate power state

· The UE enters a LOW_POWER_STATE_1 or LOW_POWER_STATE_2 depending on the sleep time available where the power consumption in LOW_POWER_STATE_1 is higher than in LOW_POWER_STATE_2. The UE also takes less time to enter and come out of LOW_POWER_STATE_1 compared to LOW_POWER_STATE_2
· Warm-up time is the time required by the UE to switch from LOW_POWER_STATE_1 or LOW_POWER_STATE_2 to “ON and Rx from 1 eNB” or “ON and Rx from 2 eNBs”. The time depends only on the low power state and not on the ON state

· Average warm-up current is the average current drawn by the UE during the warm-up time.

· Cool-down time is the time required by the UE to switch from “ON and Rx from 1 eNB” or “ON and Rx from 2 eNBs” to LOW_POWER_STATE_1 or LOW_POWER_STATE_2. The time depends only on the low power state and not on the ON state

· Average cool-down current is the average current drawn by the UE during the cool-down time.

Table 1: Power states of a UE

	POWER  STATE
	Average Warm-up current (mA) 
	Warm-up time (ms)
	Average Cool-down current (mA)
	Cool-down time (ms)
	Average Current in the state (mA)

	LOW_POWER_STATE_1 (Intermediate LPM state)
	100
	2
	100
	2
	75

	LOW_POWER_STATE_2
( Deep Sleep state)
	50
	10
	50
	10
	2

	ON_STATE_1 (Rx from 1 eNB)
	NA
	NA
	NA
	NA
	120

	ON_STATE_2 (Rx from 2 eNBs)
	NA
	NA
	NA
	NA
	180


In Table 2 and Table 3, the increase in power consumption with uncoordinated DRX with respect to coordinated DRX has been studied for certain DRX combinations.
Table 2 captures combination of certain DRX parameters settings on two eNBs, and shows how power consumption at the UE increases when the DRX active times do not overlap and Table 3 shows a few examples of DRX combinations if traffic is split between two eNBs based on different traffic types.
Table 2: Coordinated DRX Examples based on only DRX configurations
	eNB 1
	eNB 2
	% power consumption increase (for no overlap case wrt to complete overlap case )

	Long DRX Cycle length (ms)
	On time per Long DRX Cycle (ms)
	Long DRX Cycle length (ms)
	On time per Long DRX Cycle (ms)
	

	40
	4
	80
	4
	36.86

	40
	1
	80
	1
	42.97

	80
	1
	80
	1
	78.70

	80
	10
	80
	10
	54.17

	256
	8
	512
	8
	27.19

	160
	20
	1280
	20
	7.13

	128
	28
	2560
	3
	1.31

	20
	1
	20
	1
	9.82


The following different traffic types have been considered along with suitable DRX cycle lengths and on durations for each:

1. Voice: Typical packet arrival frequency for voice packets is once every 20 ms. The DRX on duration in absence of DL/UL SPS would be long enough to allow for monitoring PDCCH for DL/UL and receiving PDSCH followed by transmitting HARQ ACK and PUSCH followed by receiving PHICH. The on duration timer therefore is 8 ms. On duration timer of 1 ms could be used with PUSCH/PHICH happening outside active time. But since the gap between these activities is only 3 ms, the UE may not be able to save much power in any case. Silence suppression is not assumed. Inactivity timer is 0 ms.

2. Video streaming: Reference [2] analyses the nature of Video traffic from Youtube/Netflix on various browsers. Typical video traffic pattern is characterized by an initial buffering phase followed by and on-off cycle in the steady state. The length of the cycle and the on time depends on the browser, video content provider (Youtube/Netflix) and the video resolution. As an example, we consider continuous 2.5 MB of video data to be downloaded every 60 seconds in the steady state. If the downlink speed of 20 Mbps is assumed, this translates to 1 second of continuous activity every 60 seconds. For this traffic, onDurationTimer of 1 ms and a cycle length of 2.56 seconds can be used. The active time can get extended based on any DL activity every ~23 DRX cycles. Inactivity timer is 1 ms.

3. Web: OndurationTimer of 2 ms, short cycle length of 20 ms, long cycle length of 2560 ms and short cycle timer of 100 ms is assumed. Inactivity timer is 5 ms. The active time ratio of 0.011 yields an active time of ~28 ms every 2560 ms. (refer [3])

4. Gaming: OndurationTimer of 2 ms and long cycle length of 20 ms is assumed. Inactivity timer is 2 ms. An active time ratio of 0.15 results in an active time of 3 ms every 20 ms (refer [3]).

5. IM: OndurationTimer of 2 ms and long cycle length of 512 ms is assumed. Inactivity timer is 2 ms.  An active time ratio of 0.005 results in an active time of ~3 ms every 512 ms (refer [3])

Table 3: Coordinated DRX Examples based on traffic type
	DRX parameters
	

	eNB 1
	eNB 2
	

	Traffic Type
	OnDuration timer (ms)
	Long DRX Cycle length (ms)
	On time per Long DRX Cycle (ms)
	Traffic Type
	OnDuration timer (ms)
	Long DRX Cycle length (ms)
	On time per Long DRX Cycle (ms)
	% power consumption increase (for  no overlap case wrt to complete overlap case )

	Voice
	8
	20
	8
	Gaming
	2
	20
	3
	2.57

	IM
	2
	512
	3
	Web
	2
	2560
	28
	7.65

	IM
	2
	512
	3
	Video
	1
	2560
	1
	8.66

	Voice
	8
	20
	8
	Voice
	8
	20
	8
	11.48


Observation 1: UE’s power consumption is significantly lower with DRX parameter coordination

Observation 2: When activity time is small (compared to warm-up and cool down) time, DRX coordination gives higher percentage gain in power saving

Observation 3: If DRX cycle of one eNB is much shorter than the other eNB, DRX coordination does not give significant gain, as power consumption is dominated by activity on one eNB
Proposal 2: Benefits of “loose” DRX co-ordination between the MeNB and SeNB should be captured in the TR [1] 

2.2
Challenges to coordinate DRX
In this section, we identify the challenges in coordinating DRX parameters across different eNBs .
1. One MeNB might have to coordinate DRX parameters with several SeNBs, as different UEs connected to the MeNB shall link the eNB with different SeNBs, as shown in Figure 4.

2. To maximize overlap of active times in the two eNBs, the choice of DRX configuration to keep the longer cycle length a multiple of the smaller one puts restriction on DRX parameter selection. This can become suboptimal with respect to the traffic requirements.

3. As discussed in Section 2, there are additional restrictions on DRX parameter selection for coordinating long and short DRX cycles due to currently allowed cycle lengths (as in Release 11)
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Figure 4 MeNB-SeNB pairing
Observation 4: Scheduling limitation arising from DRX parameter coordination may degrade system performance
Proposal 3: The impact of the scheduling limitation arising out of co-ordination on system performance should be studied.
3
Conclusion

Observation 1: UE’s power consumption is significantly lower with DRX parameter coordination

Observation 2: When activity time is small (compared to warm-up and cool down) time, DRX coordination gives higher percentage gain in power saving.
Observation 3: If DRX cycle of one eNB is much shorter than the other eNB, DRX coordination does not give significant gain, as power consumption is dominated by activity on one eNB.
Observation 4: Scheduling limitation arising from DRX parameter coordination may degrade system throughput.
Proposal 1: The benefits of “tight” DRX co-ordination between the MeNB and SeNB should be studied.
Proposal 2: The benefits of “loose” DRX co-ordination between the MeNB and SeNB should be captured in the TR [1]. 
Proposal 3: The impact of the scheduling limitation arising out of co-ordination on system throughput should be studied.
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