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Discussion and Decision

Introduction
Same basic motivation as stated in [2] applies also generally to LTE: E.g. that the LTE system should promote the subscribers’ desire for continuous connectivity, where the user stays connected over a long time span with only occasional active periods of data transmission/reception, and avoid frequent connection termination and re-establishment with its inherent overhead and delay. This is also reflected in [7]. As stated in [1,5,6], this calls for efficient mechanisms (e.g. concepts for discontinous reception and transmission, DRX and DTX) to save UE terminal power consumption while being “always on” 

As uplink scheduling grants are sent in downlink in LTE, it is expected that in LTE the UL_DTX can be applied independently from DL_DRX but DL_DRX is only applied if also UL_DTX is applied. This is similar as in [2]. As stated in ealier contribution [earlier paper], and as in [2], we expect the RRC to play an important part when the eNB configures the parameters for DRX and DTX in the UE.
Many different options and possible complexities for DRX/DTX exist and the best concept features a compromise among system efficiency and UE power consumption. The list of specific issues include (1) the flexibility and complexity of the DRX/DTX concept including parameters, (2) from which layers and network entities the DRX/DTX parameters can be controlled and signaled, and (3) how often DRX/DTX parameters need to be able to change. 
We start out with a simple reference DRX concept which is an RRC-layer only controlled semi-static DRX concept. We employ the simulation methodology from [1] in order to benchmark the relation among the user’s average packet throughput (for a web browsing user) versus the UE power consumption. In this contribution, we also make a simple comparison with the continous packet connectivity (CPC) concept from WCDMA/HSPA [2]. We show how decreased UE power consumption can be achieved by the adopting some basics from CPC scheme.
A Reference DRX Concept
To conduct basic baseline performance evaluation of DRX, we are considering a static DRX concept which is setup at the beginning of a packet call (or fixed over a long period of time). We will optimize the DRX parameters (see detailed description below) in order to obtain the best compromise between UE power saving and user throughput. In reality, such parameters could be semi-statically changed via higher layer signaling (e.g. RRC) according to the dynamics of the system and the link and thus a better performance than shown here could be achieved for certain services (e.g. web browsing with very large variations in packet size and reading times).
Our studied periodic DRX concept here is characterized by three different parameters (illustrated in Figure 1). Where possible, we map the parameters to the notation from [2] or re-use the notation:

1. DRX cycle or interval. I.e. what is time difference between two consecutive DRX periods. It determines the pattern by which the UE must listen to the allocation information in downlink. In [2] the parameter is denoted UE_DRX_cycle (in subframes).
2. DRX phase/offset. I.e. indication of when “first” DRX period starts. This would equal a DRX starting time. In [2] the offset of the pattern is controlled by a UE specific parameter denoted UE_DTX_DRX_Offset. In LTE the similar parameter could be named UE_DRX_Offset as UL scheduling grants are sent in DL in LTE.
3. DRX “on”-duration. I.e. specification of how long the UE remains awake when it wakes up in terms of subframes. We denote this parameter here by UE_DRX_on_duration (in subframes). This possibility is not specifically considered in [2] (except in a dynamic form by the CPC concept which however does not work well when scheduling operates under tight QoS constraints for multiple-users). 
Herein, we assume that the UE will remain awake until the pending HARQ retransmissions have been served; In line with [6] it is proposed that HARQ retransmissions are handled independently and outside of normal DRX cycle and “on”-duration. Additional power saving schemes between HARQ retransmsissions are it is left for implementation if allowed by the applied DRX; e.g. the UE may apply power saving between retransmissions if this makes sense from a power consumption perspective and is allowed by scheduling. The latter is simulated in this contribution.
The eNB has to take into account the times at which a UE can receive control and data in downlink (e.g. DRX patterns are known at the MAC layer).
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Figure 1. Illustration of the basic DRX concept including the three configuration parameters. When mask is high, UE is ready to receive/transmit data and decodes the allocation information. When mask is low, UE is sleeping.
Using the UE power saving model given in [1] and the arbitrary example parameter settings in the enclosed Appendices A and B, we have conducted simulations for a user with a 2 hour web browsing session. In this first set of simulations we only consider single-user issues; e.g. we have infinite scheduling flexibility in serving each user when it is optimum from a scheduler and power consumption perspective.  As we are not updating the DRX parameters during the session (as would be optimum but would call for an increase in RRC signaling) we expect suboptimum results. However, we have selected the best static settings for the parameters over the complete session by testing for a large set of available DRX parameters (e.g. brute-force search).
Performance results are given in Figure 2 showing the average web-page throughput (e.g. measured from user clicks a web link until the full page is downloaded; reading times excluded) versus the UE power consumption. For the red curve, we have used that the on-duration is always 1 TTI. For the black curve, we see a significant gain (25-35%) in throughput versus UE power consumption when being able to set the on-duration to values larger than 1 TTI. From these results, it is clear that there is a large value for the end-user to have the option to be awake for consecutive TTIs and then wait a bit longer until it is awake again. Hence, we propose this DRX parameter option should be included in the LTE DRX discussions. Further, with a longer on-duration the link adaptation and scheduling algorithms may produce more reliable results as the first channel quality indication (CQI) results start to come in. The latter effect is not included below where the CQI is assumed ideal.
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Figure 2. Results for static DRX when using the "on-duration" option in configuring DRX.

DRX Inactivity Concept
Compared to [2], LTE has an additional issue to consider since both uplink and downlink allocation is conducted and signalled in the downlink by the eNB. Hence, when making DTX/DRX dependent on e.g. activity, this is an important aspect to consider. In the following downlink DRX and uplink DTX are addressed separately.
DL DRX defines when the UE has to listen to DL control and data transmissions from the eNB. Even when configured the UE is not forced to receive discontinuously. In [2] the downlink DRX is made dependent on the activity by use of a specific parameter denoted Inactivity_Threshold_for_UE_DRX_cycle. The parameter denotes the number of subframes the UE has to continuously monitor the downlink allocation information after the subframe when it was last addressed. The LTE equivalent of Inactivity_Threshold_for_UE_DRX_cycle would be for UE to apply continuous scheduling information reception in DL for a given amount of subframes after last being addressed. It is easily understood that a smaller configured value of Inactivity_Threshold_for_UE_DRX_cycle improves the UE power consumption while a larger value increases the UE power consumption but on the other hand also increases the scheduling flexibility and possibly the system spectral efficiency when e.g. radio aware packet scheduling is conducted.
It may be discriminated whether the inactivity is measured from the last “first transmission” or if retransmissions also are taken into account. When keeping HARQ outside of the normal DRX schedule, the former may be sufficient and may improve the power consumption of the UE since it does not have to wait for an additional retransmission delay period before going back to sleep. Exact gains and system implications are still FFS.

In the following, we include such a “keep-awake” option and study the performance impact for the above-mentioned 2-hour web browsing user. As we assume full scheduling flexibility to improve the ratio between user throughput and power consumption, we will simulate setting the Inactivity_Threshold_for_UE_DRX_cycle = 1 subframe. Hence, the scheduler needs to keep the UE awake by scheduling it; otherwise it goes back to sleep and does not wake up until the next DRX cycle is over. 
Whether the scheme is used with or without signalling is FFS. One main advantage of the scheme could be that no explicit MAC or physical layer signalling is needed. The indication to keep the UE awake is simply whether it has been allocated within the last Inactivity_Threshold_for_UE_DRX_cycle subframes. On the other hand this no-signalling approach might have drawbacks in mixed traffic schenarios e.g. when having simultaneous VoIP and HTML traffic. This is addressed in [8]
In the simulations, we consider an error rate on the allocation information of 1% which thus puts the UE back to sleep prematurely. The performance results are given in Figure 3.
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Figure 3. Performance results for the considered DRX concepts. For the keep-awake concept, the on-duration is set to 1 TTI and the inactivity threshold is also 1 TTI.
As seen from the results in Figure 3, there is a significant gain in performance for the UE using the Inactivity_threshold ‘keep-awake’ method. Effectively, the UE can empty the eNB buffer every DRX period and thus the downlink performance is limited by the basic DRX cycle – in these simulation the basic DRX cycle is set to 100ms - (e.g. sets response delay from when user clicks a web-link) as well as TCP slow-start and object properties of the http traffic model [4].
On the comparison of on-duration and inactivity threshold parameters
Immediately, it appears that the on-duration parameter (e.g. UE_DRX_on_duration) and the Inactivity_threshold parameter (e.g. Inactivity_Threshold_for_UE_DRX_cycle) are very alike and serve a very similar purpose. However, we propose both parameters in the LTE concept for the following reasons:

· When masking e.g. CQI reports with the DRX/DTX settings, it is attractive to use e.g. the on-duration without having to specifically schedule the UE. This helps the multiplexing overhead in uplink (where orthogonal room for the CQI has to be reserved) as well as the performance of e.g. outer loop link adaptation algorithms that may be based on e.g. CQI reports.

· On-duration can be more accurately specified (e.g. using RRC acknowledgement there is no uncertainty) whereas using the Inactivity_threshold timer is prone to errors on the downlink allocation information. 
Hence, we believe that both parameters need be optimized together but that there may be additional (non-DRX) system aspects that make one approach more attractive than the other. This is further addressed in [8].

Conclusions

In order to find the best compromise between complexity and system as well as link performance, we need to provide system level assessment of candidates for DRX/DTX. We utilize here a baseline model for general discussion within 3GPP. We have proposed various single-link gain metrics to benchmark different DRX concepts. 
We propose to extend the basic LTE DRX discussion by introducing an additional parameter UE_DRX_on_duration (in subframes). The parameter provides additional performance due to (1) more accurate link adaptation and scheduling, (2) increased scheduler flexibility to conduct radio-aware scheduling, and (3) better http user throughput versus power consumption performance due to the nature of http traffic (e.g. long reading times and web-page size that cannot be scheduled in a single TTI). The parameter should be UE specific and configured via RRC. 
Further, we have demonstrated that a concept similar to the inactivity timer for the CPC concept in [2] works well under single-user LTE conditions and provides a large gain in user throughput versus power consumption performance. Hence, we propose that such a parameter, Inactivity_Threshold_for_UE_DRX_cycle, is adopted also in the LTE DRX/DTXconcept as Inactivity_threshold parameter.

While the two parameters (e.g. on-duration and inactivity_threshold timer) are very similar, we have identified a few reasons that justify the existence of both parameters in the network.
The presented study is not a comprehensive one and still there are open issues related to the coordination of uplink and downlink activity as well as the impact of extensive reading times (long and short DRX which is further addressed in [8]). Further, multi-user aspects need be considered before making final conclusions. However, it is expected that abovementioned parameter proposals, are suitable for a multi-user system as well as they provide simple tools for the network give more scheduling flexibility to the packet scheduler and keep UE’s in active RX/TX when needed.
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Appendix A: UE power saving model and parameters
In this section we reformulate the model proposed in [1] and further list the parameter values used for abovementioned simulations. The model is shown in Figure 4.. Here, we only consider the RF modem power consumption in downlink; e.g. DSP, micro-processor, display and other power consumption sources are not considered. Primarily, we identify three states of the UE: Active (where UE reads allocation information every TTI and is ready to transmit/receive upon scheduling), light sleep, and deep sleep. We have used two different types of “sleep” states since when DRX/DTX is longer; the UE may be able to power down more hardware than if the DRX/DTX period is shorter. For each of the three states, we have chosen arbitrary average power consumption when being in that state, which can be used as reference numbers if needed. For deep and light sleep, we denote this power consumption as PD and PL respectively. The active state has been divided into two different modes depending on whether the UE is receiving downlink data during that TTI (and thus needs to read the complete TTI information) or not. Those two modes are dented as PA+D and PA-D respectively. Further, as the transistion between some of the states cannot happen momentarily we have selected some transition times (and associated power consumption) among the different states of importance. This is considered by using separate parameters. E.g. the transition from deep sleep to light sleep is denoted by transition time DD2L and associated average power consumption during transition time being PD2L. The same is true for other state transitions. 
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Figure 4. Illustration of the used state model for UE power consumption pattern.


In setting default parameters, we have converted anticipated delays (which may be very short for some transitions) to a TTI resolution since our simulator operates at that resolution. To retain accurate simulation, we have scaled the associated powers accordingly. As getting accurate absolute numbers for typical parameter values is virtually impossible at this stage, we have given some reference numbers based on best guesses and given them relative to the “Active with data rx” state in Figure 4. Fortunately, the main conclusions seem to be less dependent on the actual parameter values as long as the state diagram model and parameters remain within the same order of magnitude. The parameters are given in Table 1.
Table 1. Default simulation parameters for UE power consumption model.

	Parameter
	Label/value
	Default value

	Absolute power consumption in “Active with data rx” state. Arbitrarily set to get some absolute numbers on the graphs.
	PA+D
	500 mW

	Relative power consumption in “Active with no data rx” state.
	PA-D/PA+D
	0.50

	Relative power consumption in “Deep sleep” state.
	PD/PA+D
	0.00

	Relative power consumption in “Light sleep” state.
	PL/PA+D
	0.02

	Relative power consumption while changing from “Deep sleep” to “Light sleep” state.
	PA-D/PA+D
	0.00

	Duration of transition from “Deep sleep” to “Light sleep” state.
	DD2L
	1 TTI

	Relative power consumption while changing from “Light sleep” to “Light sleep” state.
	PA-D/PA+D
	0.08

	Duration of transition from “Light sleep” to “Active with (no) data rx” state.
	DD2L
	1 TTI

	Duration of transition when going to sleep modes.
	DA2L ,DA2D
	0 TTI


Appendix B: Simulation and assumptions
In this first set of simulations we have a single-user active in the cell (e.g. other users are non existent or do not transmit/receive at the same time instance). This corresponds to having infinite scheduling flexibility in serving each user when it is optimum from a power consumption perspective. The simulation parameters are shown in Table 2. 
Table 2. Simulation parameters.

	Parameter
	Value

	Environment
	Typical Urban profile (TU), 3 km/h

	System bandwidth
	5 MHz

	Interference level, G-factor
	0 dB, AWGN

	Receiver
	1x2 MRC, ideal channel estimation

	Link adaptation
	Full bandwidth transmission with modulation and coding selected instantaneously for average BLEP of 10%. Outer loop link adaptation compensation is conducted to ensure tight compliance with BLEP.

	HARQ and scheduling
	Retransmissions have priority over new transmissions. We assume minimum delay between transmission and retransmission to be 6 TTIs.  Retransmissions are conducted even though UE is in DRX and power consumption is tracked.

	Power consumption
	See earlier model in Figure 4 and parameters in Table 1.

	Traffic model
	3GPP http web-browsing model with TCP slow-start (RTT is 100 ms) [4]. No TCP time-outs were triggered.

	Duration of packet session
	2 hours

	DRX schemes
	Static DRX and DRX including use of UE_drx_on_duration and Inactivity_threshold

	DRX parameter settings (static DRX)
	Case one with fixed UE_DRX_on_duration equal to 2 subframes (1 TTI) and separate case where UE_DRX_on_duration is optimized for each power consumption value in order to optimize user throughput.

	DRX parameter settings (using UE_drx_on_duration and Inactivity_threshold)
	Inactivity_Threshold_for_UE_DRX_cycle = 1 TTI. Static DRX parameters optimized to increase user throughput for each power consumption value.

	L1 control reliability (allocation information)
	1% error rate (e.g. UE misses allocation).

	RRC signaling
	100% reliability and transmission/acknowledgement delay of 20 ms (until eNB sends configuration message until both eNB and eUE can apply new settings).


