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Introduction
In this paper, we present some analysis and conclusions on the interaction between traffic patterns and the DRX cycle configuration, and how this affects UE power consumption. By matching the DRX configuration to traffic arrival patterns, substantial power reductions can be achieved.

DRX Cycle power consumption analysis
RAN1#95 has agreed a set of reference scenarios for evaluating DRX performance analysis [1]. 

	

	Traffic model 1 –FTP/Video
	Traffic model 2 - Instant messaging
	Traffic model 3 -VoIP

	Model
	FTP model 3
	FTP model 3
	As defined in R1-070674.
Assume max two packets bundled.

	Packet size
	0.5 Mbytes
	0.1 Mbytes
	

	Mean inter-arrival time
	200 ms
	2 sec
	

	DRX setting
	Period = 160 ms
Inactivity timer = [100] ms
OnDuration timer 8ms (FR1), 4ms (FR2)
	Period = 320 ms
Inactivity timer = 80 ms
OnDuration timer 10ms (FR1), 5ms (FR2)
	Period = 40 ms
Inactivity timer = 10 ms
OnDuration timer 4ms (FR1), 2ms (FR2)


Table 1 - Reference scenarios for DRX performance analysis
A previous study [2] compared energy consumption in DRX cycles with and without data using the agreed power model and a simplified set of assumptions to evaluate the effects of changing bandwidth, MIMO configuration and cross-slot scheduling. This paper takes that analysis further and examines how data arrival statistics interact with the DRX cycle parameters to determine UE power consumption.

Each DRX cycle starts with the OnDuration timer, and if a DCI indicates that data is present before that expires then the Inactivity timer is triggered. Further data arriving before the Inactivity timer expires will cause it to retrigger. Continual retriggering would prevent a return to sleep, so it is clear that for good power saving the Inactivity timer setting should be smaller than the mean inter-arrival time, to reduce the probability of retriggering. This is the case for all three reference cycles.

Power savings from DRX are obtained by duty cycle reduction, so in a power-efficient configuration the sleep duration should exceed the wakeup duration (ideally by a large factor). This means that statistically most data will arrive during a sleep period and be buffered by the network until the start of the next DRX period.

For power consumption analysis it is necessary to know the distribution of DRX cycles where data is present, and where no data is present. The basic DRX cycle consists of the OnDuration timer expiry followed by zero or more overlapping periods in which the Inactivity timer is triggered. The last of these terminates when the Inactivity timer expires and is followed by a period of sleep until the start of the next DRX cycle. Retriggering can cause Inactivity timer expiry to be delayed beyond one DRX cycle, but in a power-efficient configuration this should be a rare occurrence. 

When calculating average power, there is a natural division into four types of DRX cycle.
· Type A – No data from previous sleep, no new data during OnDuration timer expiry
· Type B – No data from previous sleep, data arrives during OnDuration timer and triggers Inactivity timer
· Type C – Data from previous sleep triggers Inactivity timer, no new data arrives before expiry
· Type D - Data from previous sleep triggers Inactivity timer, new data retriggers Inactivity timer
These types are illustrated in Figure 1 below
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[bookmark: _Ref532984048][bookmark: _Ref533149156]Figure 1 - DRX cycle types for average power calculation

Wakeup and sleep durations for Type A and type C cycles are well defined by the DRX parameters, but for types B and D the sleep duration is variable, as determined by the triggering of the Inactivity timer.

The statistical distributions for the Inactivity timer duration and sleep duration are derived in Appendix A and can be used to calculate the relative proportions of A, B, C and D cycles. The calculations indicate clearly that data arriving during DRX sleep is the most common cause of inactivity timer triggering.

Observation 1 - DRX is only effective in reducing power consumption if sleep occupies a significant proportion of the DRX cycle. When a power-efficient DRX cycle is configured, most of the data for a UE will arrive at the network during DRX sleep, and must be buffered by the network until the start of the next DRX cycle.

Observation 2 – Retriggering of the inactivity timer will reduce the time available for sleep. The inactivity timer setting should be short enough to ensure a low probability of retriggering, so that repeated retriggering does not regularly prevent sleep.



Traffic model 1 – FTP/Video
The basic Poisson statistics for the two timer components of the cycle are tabulated below.

	Mean period (ms)
	200
	
	
	

	DRX cycle (ms)
	160
	
	
	

	
	
	
	
	

	OnDuration Timer (ms)
	8
	
	Inactivity timer (ms)
	100

	λ (Timer/Mean Period)
	0.04
	
	λ (Timer/Mean Period)
	0.5

	Packets
	Probability (%)
	
	Packets
	Probability (%)

	0
	96.079%
	
	0
	60.653%

	1
	3.843%
	
	1
	30.327%

	2
	0.077%
	
	2
	7.582%

	3
	0.001%
	
	3
	1.264%

	 
	 
	
	4
	0.158%

	 
	 
	
	5
	0.016%

	 
	 
	
	6
	0.001%


[bookmark: _Ref532978729]Table 2 - Poisson statistics for Traffic model 1
In this configuration the DRX cycle has a similar duration to the mean packet arrival time, and Poisson statistics show that 55% of 160ms DRX cycles will see the arrival of 1 or more data packets. Most of these will be buffered by the network during DRX sleep and transmitted at the start of the next cycle, but there is a significant probability that additional packets will arrive during the Inactivity timer period, causing retriggering.
 
For both timers the most likely outcome is that no new data packets will arrive while the timers are running, but for the Inactivity timer there is a 39% probability of retriggering at least once, and in over 20% of cases when the Inactivity time is triggered (55% of all DRX cycles) it will remain active into the next DRX cycle (see Appendix A). This means that in 11% of DRX cycles it will not be possible for the UE to enter sleep
 
The Inactivity timer setting in this case is large in comparison to both the DRX cycle and the mean data arrival time, resulting in a high probability of retriggering and increased power consumption. In the 55% of cycles where data is present the UE will remain active for at least 100ms in 160ms. One TTI can carry 868584 bits of data [4], so 5 PDCCH+PDSCH TTIs (2.5ms) are needed to receive a 0.5MB packet, and this requires 750 (=300*2.5) energy units in the power model. The remaining 97.5ms of Inactivity timer expiry are PDCCH-only, and so require 9750 (=100*97.5) energy units, so user data reception accounts for less than 10% of the total energy consumption in the reference configuration.

A shorter Inactivity timer setting would increase the probability that the UE can enter sleep within each DRX cycle, giving a significant reduction in power consumption.

Based on simulations of the Traffic model 1 configuration [3], reducing the Inactivity timer setting from 100ms to 20ms would reduce the average power consumption for the reference configuration by 42% (from 52.33 model units to 30.30), and increase the average latency by 30% (from 59.71ms to 77.65ms)

Traffic model 2 – Instant messaging
The basic Poisson statistics for the two timer components of the cycle are tabulated below.

	Mean period (ms)
	2000
	
	
	

	DRX cycle (ms)
	320
	
	
	

	
	
	
	
	

	OnDuration Timer (ms)
	10
	
	Inactivity timer (ms)
	80

	λ (Timer/Mean Period)
	0.005
	
	λ (Timer/Mean Period)
	0.04

	Packets
	Probability (%)
	
	Packets
	Probability (%)

	0
	99.501%
	
	0
	96.079%

	1
	0.498%
	
	1
	3.843%

	2
	0.001%
	
	2
	0.077%

	 
	 
	
	3
	0.001%


Table 3 - Poisson statistics for Traffic model 2
The longer mean data arrival period means that the probability of more than one packet arriving during OnDuration timer or Inactivity timer expiry is now almost negligible. Most of the data arrives during DRX sleep periods, and only 14% of 320ms DRX periods will contain 1 or more data packets. The smaller packet size of  0.1Mbyte can be received in a single TTI (0.5ms), so average power consumption for this cycle will again be dominated by PDCCH-only monitoring during OnDuration and Inactivity timer expiry, with only a very small proportion resulting from transfer of user data.

If latency requirements permit, increasing the DRX cycle to 1.28s would reduce the number of wakeups by a factor of 4. This would mean that 47% of the longer DRX cycles would now carry new data (compared to 14% for the reference configuration), but further duty cycle reductions would be available from reducing the Inactivity timer and OnDuration timer settings.
Simulation results for the Traffic model 2 configuration [3] indicate that increasing the DRX cycle from 320ms to 1280ms and reducing the Inactivity timer setting from 80ms to 20ms would reduce average power consumption in the reference configuration by 70% (from 10.89 model units to 3.26). The longer DRX cycle gives a large (323%) increase in average latency, from 148.04ms to 626.43ms.

Observation 3 – When packet sizes are small, the energy consumption in a DRX cycle due to PDCCH-only monitoring during inactivity timer expiry can be substantially greater than the energy consumption from PDSCH data transfer


Matching the DRX cycle to data traffic
From the preceding examples it is clear that the relationship between the DRX settings and the data traffic statistics can have a significant effect on UE power consumption. A DRX cycle that is significantly shorter than the mean data arrival time will mean many unnecessary wakeups for PDCCH-only monitoring. If the Inactivity timer setting is large in relation to the mean data arrival time the UE will spend much of its time awake monitoring PDCCH, resulting in increased power consumption. If the OnDuration timer is too long in relation to scheduling delays this will restrict the duty cycle reduction that can be achieved using DRX, limiting opportunities for power reduction during periods of low data activity.

Data traffic patterns also vary for different types of application, and users can have multiple applications running concurrently. The DRX cycle chosen must satisfy the requirements of all applications.

If Poisson statistics govern the data distribution for the individual applications, the combined distribution is also Poisson, with the λ parameter for the combined distribution being the sum of the λ parameters for the individual distributions (see Appendix A). If the individual mean inter-arrival times are T1, T2, T3…, the combined mean is therefore 1/ (1/T1+1/T2+1/T3+…).

With this simplifying assumption, it is possible to align the DRX cycle parameters to the combined distribution 
Long DRX cycle duration setting
The DRX cycle that delivers best power consumption will not deliver best latency, and vice-versa. In this discussion it is assumed that power reduction is the priority, and that latency of a similar order to the mean inter-arrival time delivers acceptable performance.

If the long DRX cycle is much shorter than the mean inter-arrival time, there will be many cycles in which no data is received, and average power consumption will be dominated by PDCCH-only reception during OnDuration timer expiry. In this case UE power consumption can be reduced by increasing the duration of the DRX cycle to bring it closer to the mean inter-arrival time.

If the DRX cycle is greater than the mean inter-arrival time, the majority of DRX cycles will carry user data, and the wakeup duration will be extended by the Inactivity timer expiry. A longer DRX cycle will always deliver lower power consumption, but there is usually a practical upper limit on the DRX cycle which is set by latency or synchronisation/reporting requirements, and increasing the DRX cycle significantly beyond the mean inter-arrival time also increases the capacity required for data buffering in the network, which is undesirable.

The OnDuration timer determines power consumption when no data is present, and the Inactivity timer performs the same function when a cycle contains data. The relative settings of these two timers are discussed in subsequent sections, but a DRX cycle that can adapt to changes in data patterns should be configured so that there is a balance between OnDuration and Inactivity timer dominated DRX cycles.
An equal balance between data and non-data cycles occurs when the probability of new data arriving in a DRX cycle is 50%, and this corresponds to a DRX cycle duration of ln2 (=0.693) * the mean inter-arrival time. Table 4 below shows how the probability of new data varies with the DRX cycle duration.

	DRX cycle / Mean inter-arrival time (=λ)
	Probability of new data in 1 DRX period

	0.105
	10%

	0.357
	30%

	0.693
	50%

	1.204
	70%

	2.303
	90%


[bookmark: _Ref534795773]Table 4 - Probability of new data as a function of DRX cycle duration

The DRX cycle duration is quantised so an exact setting is not possible, but to keep the balance between data and non-data cycles within a 2:1 range, the DRX cycle should be between 0.4 times and 1 times the mean inter-arrival time, with a target of 0.7x mean inter-arrival. For the reference examples Traffic model 1 (200ms inter-arrival) would be unchanged at 160ms, while in Traffic model 2 (2000ms inter-arrival) the DRX period could be increased to 1280ms if latency permits. The DRX cycle for Traffic model 3 (VoIP) is determined by the speech packet timing.

In practice precise data statistics will not be available to either the network or the UE, but the UE has better visibility of the set of applications that it runs, and could accumulate statistics on each of these during normal operation to provide a DRX recommendation to the network that would give the best match to its application requirements. These requirements include maximum acceptable latency and periodic background link management activities, and these may set an upper limit on the DRX cycle duration that can be applied. This is discussed further in section 3.6

Observation 4 – Analysis of data traffic statistics can identify an optimum setting for DRX cycle duration but the optimum setting can be overridden by latency requirements or the need for periodic background activities.

Observation 5 – Data traffic patterns and latency requirements can vary for different applications
OnDuration timer setting
In the analysis presented here it is assumed that data which arrives during DRX sleep is transmitted to the UE immediately at the start of its DRX cycle, and that this will trigger the Inactivity timer. This is a reasonable assumption if the network is lightly loaded, but in a congested network with limited scheduling resources immediate transmission may not always be possible. The OnDuration timer setting should be long enough to ensure that at least one transport block can be transmitted before it expires. There is no requirement to make it longer than this, as the first transport block will trigger the Inactivity timer and subsequent transport blocks will be transmitted while the Inactivity timer is running.

Any UE recommendation for the OnDuration timer setting would always be “as short as possible”, because this minimises power consumption in DRX cycles where no data is present. UE assistance for this parameter should not be necessary, as the network does not need additional information from the UE to  configure the minimum OnDuration timer setting that meets its scheduler requirements.

Observation 6 – The OnDuration timer setting can be configured by the network based on its scheduling capability and current levels of network congestion. UE involvement is not needed for this setting.

Proposal 1 – To ensure good power consumption in periods of low data traffic, the OnDuration timer setting should be no more than [5%] of the DRX cycle period
Inactivity timer setting
The key feature of Poisson distributed data is that packet arrival times are uncorrelated, and so the arrival of 1 data packet does not imply that further packets are expected. The Inactivity timer setting in this case should be sufficient to ensure that if multiple packets are present from the previous DRX sleep, the UE will \remain awake for long enough to receive all outstanding packets. An Inactivity timer setting similar to the OnDuration timer or slightly longer will ensure that no packets are missed, and will allow the UE to return to sleep quickly when data transfer is complete.

When traffic patterns are characterised by bursts of activity with multiple packets arriving closely spaced in time, an Inactivity timer setting that is too short can result in part of a burst being delayed until the next DRX cycle, leading  to poor response times. Alternative configurations can give better responsivity while maintaining efficient power usage.

Non-Poisson data traffic
Not all application data is Poisson distributed. In web browsing scenarios there is a correlation between user activity and data arrival, and different components of a web page can experience different delays, resulting in a burst of data packets spread out over time. A similar situation can occur during file transfer or data streaming, when individual data fragments travel across the network using different routes. 

For these scenarios Poisson statistics no longer apply, because there is now a short-term correlation between packet arrival times, and the mean packet arrival time changes locally within the burst. The delay spread means that gaps in the burst can allow a short Inactivity timer to expire before the burst transfer is complete. For this type of traffic a longer Inactivity timer setting will allow the burst transfer to complete in one DRX cycle, improving latency and reducing buffering requirements at the gNB. When setting the long DRX cycle for such cases, it will be more appropriate to base this on the mean inter-arrival time for bursts rather than for individual packets.

Observation 7 – If data arrival times are uncorrelated, no advantage is gained by extending the inactivity timer setting beyond what is necessary to ensure that any outstanding packets from the previous sleep can be sent and received in the current DRX cycle. Since the same network scheduler controls all packets, this will normally imply an inactivity timer setting similar to the OnDuration timer.

Observation 8 – If data arrival times are correlated (bursty traffic), the inactivity timer setting should be long enough to span any gaps within a burst. This will reduce effective latency by ensuring that bursts arriving during the active part of a DRX cycle can be captured in their entirety before the cycle terminates.

Proposal 2 – To minimise the probability that repeated retriggering will prevent sleep in a DRX cycle, the inactivity timer setting should be no more than [10%] of the DRX cycle duration.

Power saving using the short DRX cycle
If the Inactivity timer duration is increased to handle burst data traffic as described in the previous section, this will cause an increase in average power consumption because the UE will spend less time asleep in those DRX cycles where data is present. If data bursts are of short duration this power increase will be small, and can be justified by the improved performance that results. However, if the burst duration causes the Inactivity timer to run for a significant proportion of the long DRX cycle this will increase power consumption. Lower power consumption can be obtained by configuring a short DRX cycle that matches the expected duration of a data burst, and using a short Inactivity timer setting.

Observation 9 – If the expected duration of a traffic burst occupies a significant proportion of the long DRX cycle that is configured, power can be saved by configuring a short DRX cycle with a short inactivity timer setting (similar to the OnDuration timer). The short cycle length should extend beyond the expected duration of the burst.
Overheating mitigation
In periods of intense data activity (for example, transferring large files in a lightly loaded network), the Inactivity timer will be continually retriggered so that sleep is not possible. If this scenario persists for long periods, there is a risk that the UE will begin to overheat, and must then reduce its power consumption in order to maintain operation within a safe operating temperature range.

One possible method of achieving this is to limit the active period within each DRX cycle. Under current specifications the Inactivity timer can retrigger indefinitely, so the only method of achieving this would be to set the Inactivity timer to zero, and use the OnDuration timer setting to control the active duty cycle. However, this would enforce a fixed duty cycle even when no data was present

A preferable alternative would be to add a configurable limit to the active DRX period. The limit would be applied following a UE request for overtemperature assistance, and would terminate the DRX cycle at the limiting time if this occurred before Inactivity timer expiry.

Proposal 3 – A configurable limit  on the maximum active period in a DRX cycle should be considered by RAN1 as a mechanism for limiting UE power consumption in cases where overheating assistance is requested. 

[bookmark: _Ref534896991]UE assistance for DRX configuration
The ideal DRX configuration is a compromise between highest performance (low latency and rapid response) and lowest power consumption (longer battery life), and this includes an element of user preference which can also be application-dependent – a latency which is acceptable for downloading a software update may severely limit performance in an interactive gaming application. Matching the DRX cycle to the user requirement therefore requires some form of UE assistance.

The method for providing an assistance recommendation is clearly implementation dependent, but is likely to include some of the following elements.

The UE is aware of which applications are active at any time, and therefore has an advantage over the network when gathering traffic statistics. Since data packets are routed to individual applications the UE can, given sufficient time, estimate the mean inter-arrival time for each individual application by accumulating the number of packets received in each DRX period when that application is active. It can also, by histogramming the packet counts, estimate whether Poisson statistics provide an adequate description of the data traffic, or whether a burst-based model would be preferable. By combining this information with user preferences it can generate a preferred DRX cycle for each application as described in the previous analysis. New or updated applications would be assigned a default initial configuration while statistical data was being collected.
When multiple applications are running, the preferred DRX cycles can be combined to give a preferred cycle that meets the most demanding requirements
· The long DRX cycle with the shortest period is selected
· The OnDuration timer is configured by the network
· If no applications require a short DRX cycle, the longest of the Inactivity timer settings is selected
· If there are multiple applications with a short DRX cycle, the shortest cycle duration is selected, and ShortCycleTimer is adjusted to match the duration of the longest timer in the preferred set. If this is not possible (ShortCycleTimer > 16), the ShortCycle is increased until the longest timer requirement can be met.

Observation 10 – When multiple active applications each have different preferences for DRX cycle setting, the preferred cycle parameters for each application can be combined to generate a single preferred cycle that meets the requirements of all the applications

Proposal 4 – If a UE can identify that a change in DRX cycle parameters would reduce its power consumption while still meeting its performance requirements, a UE assistance mechanism should be provided to allow it to signal its preferences.
Conclusions
In this submission the following observations and proposals are made

Observation 1 - DRX is only effective in reducing power consumption if sleep occupies a significant proportion of the DRX cycle. When a power-efficient DRX cycle is configured, most of the data for a UE will arrive at the network during DRX sleep, and must be buffered by the network until the start of the next DRX cycle.
Observation 2 – Retriggering of the inactivity timer will reduce the time available for sleep. The inactivity timer setting should be short enough to ensure a low probability of retriggering, so that repeated retriggering does not regularly prevent sleep.
Observation 3 – When packet sizes are small, the energy consumption in a DRX cycle due to PDCCH-only monitoring during inactivity timer expiry can be substantially greater than the energy consumption from PDSCH data transfer
Observation 4 – Analysis of data traffic statistics can identify an optimum setting for DRX cycle duration but the optimum setting can be overridden by latency requirements or the need for periodic background activities.
Observation 5 – Data traffic patterns and latency requirements can vary for different applications
Observation 6 – The OnDuration timer setting can be configured by the network based on its scheduling capability and current levels of network congestion. UE involvement is not needed for this setting.
Observation 7 – If data arrival times are uncorrelated, no advantage is gained by extending the inactivity timer setting beyond what is necessary to ensure that any outstanding packets from the previous sleep can be sent and received in the current DRX cycle. Since the same network scheduler controls all packets, this will normally imply an inactivity timer setting similar to the OnDuration timer.
Observation 8 – If data arrival times are correlated (bursty traffic), the inactivity timer setting should be long enough to span any gaps within a burst. This will reduce effective latency by ensuring that bursts arriving during the active part of a DRX cycle can be captured in their entirety before the cycle terminates
Observation 9 – If the expected duration of a traffic burst occupies a significant proportion of the long DRX cycle that is configured, power savings can be made by configuring a short DRX cycle with a short inactivity timer setting (similar to the OnDuration timer). The short cycle length should extend beyond the expected duration of the burst to ensure capture of the complete burst
Observation 10 – When multiple active applications each have different preferences for DRX cycle setting, the preferred cycle parameters for each application can be combined to generate a single preferred cycle that meets the requirements of all the applications

Proposal 1 – To ensure good power consumption in periods of low data traffic, the OnDuration timer setting should be no more than [5%] of the DRX cycle period
Proposal 2 – To minimise the probability that repeated retriggering will prevent sleep in a DRX cycle, the inactivity timer setting should be no more than [10%] of the DRX cycle duration.
Proposal 3 – A configurable limit  on the maximum active period in a DRX cycle should be considered by RAN1 as a mechanism for limiting UE power consumption in cases where overheating assistance is requested.
[bookmark: _GoBack]Proposal 4 – If a UE can identify that a change in DRX cycle parameters would reduce its power consumption while still meeting its performance requirements, a UE assistance mechanism should be provided to allow the UE to signal its preferences.
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[bookmark: _Ref533150243]– Derivation of cycle distributions
The expected duration of Inactivity timer active periods can be derived by modelling the probability of new data arrival during successive small increments of time. From Poisson statistics, if the mean inter-arrival time of packets is T, the probability that N packets will arrive in a time interval t is defined in terms of a parameter λ, equal to t/T, and is given by

P(N, λ) = λNe-λ/N!

For N=0, this reduces to P(0, λ) = e-λ, so the probability P(>0, λ) that some data will arrive is (1- e-λ). Using the series expansion for ex, this equates to

λ- λ2/2!+λ3/3!-λ4/4!+…..

so for small values of λ this probability is approximately equal to λ.

This analysis uses a 1ms increment, giving λ1ms=0.005 (P(>0, λ1ms) = 0.004988) for Traffic model 1, and λ1ms =0.0005 (P(>0, λ1ms) = 0.0004998) for Traffic model 2. For physical reasons it is not meaningful to use an increment smaller than 1 TTI. Poisson statistics are not applicable to Traffic model 3 – speech packets are sent every DRX period (40ms) when speech is active, and when it is inactive silence descriptors are sent every fourth DRX period (160ms).

 Inactivity timer expiry distribution
Whenever the Inactivity timer is triggered, there is a probability P(0, λINACT) that it will expire with no further data arriving. For any 1ms period there is a probability P(>0, λ1ms) * P(0, λINACT) that an unexpired timer will retrigger and then expire after tINACT with no further data following. The resulting distributions are illustrated below.


Figure 2 - Inactivity timer expiry distribution for Traffic models 1 and 2

The initial step in the distribution is due to the P(0, λINACT) probability that the Inactivity timer will expire at tINACT with no new data. The linear region from tINACT to 2tINACT is due to retriggering that occurs in the initial tINACT, and the subsequent distribution asymptotically approaches an inverse exponential characteristic.

For the Traffic model 2 case, the probability that retriggering will extend the Inactivity timer into the next DRX cycle is practically negligible, but for Traffic model 1 it is over 20%. This suggests that the reference Inactivity timer setting for Traffic model 1 is too long to provide good power consumption – for a high probability of sleep before the end of the DRX cycle, the Inactivity timer setting should generally be less than half the DRX cycle duration (and ideally much less) so that the linear ramp region of the distribution has terminated before the end of the cycle. It should also be short enough to ensure a low probability of new data arriving during the expiry time, to make repeated retriggering less likely.

 Sleep duration distribution
The probability of new data arriving during sleep depends on the sleep duration. For cycle types A and C the sleep duration is constant, but for cycle types B and D it is determined by the arrival time of the last data packet before the Inactivity timer expires. This can be modelled using the Inactivity timer distribution of the previous section, noting that sleep duration in most cases is given by

Sleep duration = (DRX cycle) – MAX ((OnDuration timer), ((Wakeup duration) MOD (DRX cycle)))

For a very small percentage of cases (<0.04% for Traffic model 1 and much lower for Traffic model 2), this calculation will not give the correct sleep duration. This happens when Inactivity timer expiry occurs during the OnDuration timer period of a subsequent DRX cycle, and new data then retriggers the Inactivity timer before the OnDuration timer expires. This does not have a significant effect on the sleep distribution, and has been ignored in this analysis.

The resulting sleep duration distribution is shown in Figure 3.

[bookmark: _Ref533081775]Type B

Figure 3 Sleep duration distribution for Traffic models 1 and 2
The more gradual step for the type B cycle arises because the Inactivity timer start time is uniformly distributed within the OnDuration timer period. The vertical step represents type C cycles, for which the sleep duration is (DRX cycle – Inactivity timer), and the remainder of the blue distribution corresponds to type D cycles. For the type A cycle the sleep duration is always (DRX cycle - OnDuration Timer), which is 152ms for Traffic model 1 and 310ms for Traffic model 2.


 Distribution of DRX cycle types
The two distributions just derived allow us to calculate the set of probabilities that the sleep period following each cycle type will, or will not provide new data for the next DRX cycle. For cycles A and C this simply involves calculating the probabilities P(0, λSleep) and P(>0, λSleep) for the fixed sleep duration, and for cycles with variable sleep duration the expected values for these probabilities are calculated based on the sleep distribution.

These are listed in Table 3 below

	Traffic model 1

	Initial condition
	Cycle type
	Probability of occurrence

	Sleep duration (ms)
	Probability of no data in next cycle
	Probability of data in next cycle

	No data from previous sleep
	A
	96.1%
	152
	46.8%
	53.2%

	
	B
	3.9%
	Variable
	73.5%
	26.5%

	Data from previous sleep
	C
	60.7%
	60
	74.1%
	25.9%

	
	D
	39.3%
	Variable
	72.7%
	27.3%

	Traffic model 2

	No data from previous sleep
	A
	99.5%
	310
	85.6%
	14.4%

	
	B
	0.5%
	Variable
	88.6%
	11.4%

	Data from previous sleep
	C
	96.1%
	240
	88.7%
	11.3%

	
	D
	3.9%
	Variable
	88.7%
	11.3%


[bookmark: _Ref533082587]Table 5 - Transition probabilities for different DRX cycle types
These transition probabilities allow us to assign probabilities to the two initial conditions. Denoting the probability of no data from the previous sleep as X, the corresponding probability that there will be data is Y (X+Y=1). Starting with this distribution and applying the transition probabilities generates the following table for Traffic model 1

	Previous sleep
	New cycle wakeup
	New cycle sleep

	State
	Probability
	New data?
	Probability
	New data?
	Probability
	Initial state next cycle
	Probability

	No new data
	X
	No (A)
	X*96.1%
	No
	X*96.1%*46.8%
	No new data
	X*96.1%*46.8%+
X*3.9%*73.5%+
Y*60.7%*74.1%+
Y*39.3%*72.7%

	
	
	
	
	Yes
	X*96.1%*53.2%
	
	

	
	
	Yes (B)
	X*3.9%
	No
	X*3.9%*73.5%
	
	

	
	
	
	
	Yes
	X*3.9%*26.5%
	
	

	New data
	Y
	No (C)
	Y*60.7%
	No
	Y*60.7%*74.1%
	New data
	X*96.1%*53.2%+
X*3.9%*26.5%+
Y*60.7%*25.9%+
Y*39.3%*27.3%

	
	
	
	
	Yes
	Y*60.7%*25.9%
	
	

	
	
	Yes (D)
	Y*39.3%
	No
	Y*39.3%*72.7%
	
	

	
	
	
	
	Yes
	Y*39.3%*27.3%
	
	



The initial state probabilities for the next cycle should be the same as for the previous cycle, so after combining terms in the final column of the table we can write
X = X*47.8%+Y*73.5%
Y= X*52.2%+Y*26.5%

Since X+Y=1 we can solve to obtain the result XCycle1=58.5%, YCycle1=41.5%. The distribution of cycle types A, B, C and D for Cycle 1 is thus 
	Probability
	Calculation
	Result

	P(A, Cycle1)
	XTrafficModel1*96.1%
	56.2%

	P(B, Cycle1)
	XTrafficModel1*3.9%
	2.3%

	P(C, Cycle1)
	YTrafficModel1*60.7%
	25.2%

	P(D, Cycle1)
	YTrafficModel1*39.3%
	16.3%




A similar calculation for Traffic model 2 gives the result XCycle2=86.1%, YCycle2=13.9% giving the distribution 

	Probability
	Calculation
	Result

	P(A, Cycle2)
	XTrafficModel2*96.1%
	85.6%

	P(B, Cycle2)
	XTrafficModel2*3.9%
	0.4%

	P(C, Cycle2)
	YTrafficModel2*60.7%
	13.4%

	P(D, Cycle2)
	YTrafficModel2*39.3%
	0.5%




Inactivity timer expiry (Cycle 1)
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Cumulative distribution



Inactivity timer expiry (Cycle 2)
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Cumulative distribution



Sleep duration (Traffic model 1)
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Cumulative distibution



Sleep duration (Traffic model 2)
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Cumulative distribution



