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1 Introduction

We demonstrate the potential gains in device power consumption in LTE, especially when DRX cycles are extended beyond the current SFN range, i.e., longer than 10.24 seconds [1]. This contribution is an updated version of our previous work [2]. We present a power consumption model and analyse the UE power consumption with respect to model parameters and the interarrival time of the uplink traffic. In contributions, such as [4] and [5], companies have identified that the UEs may need to check if they have the correct system information after waking up from a DRX sleep cycle which exceeds the SFN range. In this work, we address this issue and explain the power consumption model used in detail.
Our purpose is to address the technology potential of extending DRX cycles beyond 10.24 seconds from power consumption standpoint.
2 Discussion
We would like to stress that the power consumption analysis for future MTC devices should not rely on the power parameters measurable or specified for current LTE modem hardware. Our intention is to show the technology potential for reducing power consumption, especially for future MTC devices. Therefore, the results in this paper are presented on a relative scale. Our baseline is the battery lifetime of devices with 10.24 s DRX cycles. Results are provided as relative lifetime (a multiplier) compared to the baseline.
2.1 Hardware model

We assume the UE has hardware components and LTE radio modem optimized specifically for MTC. In, for example, [3] and [4], it has been assumed that the power consumption ratio of sleep and active mode is around 1:100 (i.e., the UE spends 1 unit in sleep mode and 100 units in active mode). We believe this assumption is based on current LTE modem design for smartphones. For studying the technology potential of extended DRX cycles we believe we should use values optimized for machine to machine communications and also take into the account the potential technology advances in the future. We assume that such devices can use a “deep sleep mode” similar to the one presented in [3] and think that the model given below captures these aspects. 
1.  RX branch, power consumption 100 mW when turned on.
2.  TX branch, power consumption 50 mW when the UE is transmitting. 
a. Power amplifier, low power mode (5 dBm), power consumption 70 mW.
b. Power amplifier, high power mode (20 dBm), power consumption 500 mW. This value is assumed in the rest of this paper. 
3.  Accurate clock capable of keeping synchronization to the air interface, power consumption 10 mW. The accurate clock is activated when the UE is in DRX active mode or getting in synchronization with the network, and always when TX or RX branches are on. 
4. Low power 32 kHz crystal powered clock, power consumption 0.03 mW. The low power clock is on all the time and covers the total consumed power when the UE is in sleeping mode, including possible leakage current.
Proposal 1 For studying the technology potential and possible gains in power consumption with extended DRX cycles, RAN2 should consider using a hardware model similar to the one in the paper. 

2.2 System model
2.2.1 Traffic model
We consider UE initiated traffic with periodic paging from the network. The device sends 1 kB data packet every 768 s. We assume a throughput of 160 kbit/s for the uplink data. We do not explicitly model downlink transmission (such as application level ACKs). Such traffic would increase the time UE spends having its RX circuit switched on, therefore increasing the absolute power consumption. 
2.2.2 Device states
The device can be in three different states. Note that the low power clock is always on. 
1. Active state, where the RX branches and the accurate clock are on. This state is used for synchronization, SI acquisition, receiving paging and in general when the UE is listening, receiving and processing data. 
2. Transmission state, where the RX branches, TX branch and the accurate clock are on. This state is used for sending uplink data. 

3. Sleep state. For all other times. 
2.2.3 State model
We assume a simple model where the UE follows (extended) DRX cycles in between uplink transmissions. There is no downlink traffic and the uplink traffic is with an interarrival time (IAT) of 768 seconds. We will also study the effect of different IATs later in Section 3.
It should be noted that our model is a simplified version of reality and we do not take into account, for example, probability of HARQ or ARQ retransmissions or all of the details of the DRX mechanism. Further, we assume a futuristic scenario where the device and traffic use suitable application protocols for MTC (such as CoAP over UDP) and the device is optimized for this type of communication. This means that the scenario is not directly comparable to how the current systems and smartphones would operate, but rather shows the future technology potential of extended DRX cycles.
The modelled UE follows (extended) DRX cycles and uses the presented traffic model. We assume that the UE is in RRC_CONNECTED mode, thus no explicit signalling related to RRC state transitions is presented below. 

1. UE wakes-up from sleep state and synchronizes with the system. This takes 10 ms in our model. (Active state)
2. UE needs to be sure it has the correct system information. 80 ms for reading SIB1. We do not consider what will happen if the UE does not have correct system information at this point. (Active state)
3. UE either

a. waits for paging message/searches PDCCH, 10 ms (includes DRX on duration time) (Active state) or

b. if there is uplink data in the buffer (once every IAT), the UE sends the data, which would take 50 ms with our assumptions (Transmission state).
i. NOTE: although not explicitly modelled, the uplink transmission time can be seen to include the time for receiving HARQ/ARQ feedback. 
4. UE goes to sleep state (Sleep state). Continue from 1 after one DRX cycle.

Other traffic models, or procedures we have not modelled, can be taken into account by increasing the time UE spends when transmitting and/or receiving data. For example, if we want to model idle to connected mode transitions, we could add an extra 100 ms for UE to keep its receiver open (active state), and some time for the UE to send uplink signalling and RRC messages (transmission state).  We can model attach/detach, SI acquisition or cell (re)selection procedures in a similar way. The exact procedure is not important as the result of any such procedure would be to extend the time UE spends listening to the air interface. We will give an example of the effect of increased reception time in the next section. 
Likewise, it could be possible to optimize the procedures with regards to the time the UE spends in active state. For example, obtaining the system information does not require the UE to have its receiver on during 80 subframes, i.e., it does not need to be in the active state all the time, leading to lower power consumption.
3 Results
Note that the actual savings will depend on the implementation of the MTC UEs and the results herein are indicative and to show the technology potential. The results are given relative to battery lifetime with 10.24 s DRX cycle. 
3.1 Base scenario comparisons
First we compare our base scenario described in Section 2 to a scenario where we have additional 150 ms reception time. This additional 150 ms could, for example, refer to the case where UE performs cell selection every time it wakes up from the sleep mode, or a model of idle to connected mode transitions where the UE has reception on for 100 ms and transmits 10 ms (if the ratio of TX:RX power consumption is 5:1). Figure 1 compares the relative battery lifetime compared to DRX cycle of 10.24 s with each of these scenarios. Clearly, if we add extra reception time to every wake-up event of the UE, the relative gains of extending the DRX cycle length will be larger (similarly, if the time the device keeps its RX circuitry on per one DRX cycle is shorter as assumed, the resulting relative gains will be relatively lower). 
As an additional case, we shorten the 80 ms needed for obtaining the system information to 12 subframes during which the UE needs to be awake (active) leaving 68 subframes for sleeping (accurate clock remains on). This is plotted as “optimized SI acquisition” in Figure 1. 
When comparing the absolute battery lifetimes, assuming an off-the-shelf AAA battery with capacity of 6.5 kJ, a UE according to the base scenario with 10.24 s DRX cycle would have a lifetime of 65 days. In the added RX scenario the battery would last approximately 30 days. For the optimized SI acquisition case the lifetime would be nearly 160 days of operation.
We also note that there is potential for significant power consumption gains, suggesting that it is beneficial to extend the DRX cycles beyond the current SFN range (in both idle and connected modes). This applies to all three covered cases. 
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Figure 1: Comparison of the base scenario described in Section 2 to the scenario with additional 150 ms reception time. The absolute lifetimes at 10.24s cycle would be 65 days for the base scenario, 30 days for the added RX case and 160 days for the optimized case. 
Observation 1 If the times used for reception (synchronization, SI acquisition or added reception after uplink traffic) are increased, the relative gains will be larger for longer DRX cycles.
3.2 Comparison to legacy behaviour

If we consider the current LTE specifications, which limit the maximum DRX cycle to 2.56 seconds, then the absolute lifetimes obtained will be lower compared to the possibilities with the extended cycles. However, depending on the model and the assumptions made, it is possible that either there would be no significant gains achievable by extending the DRX cycles from 2.56 s to 10.24 s, or that there actually is notable increase in the power consumption when going over the 10.24 s boundary. One reason for this is the need for the UE to keep up-to-date with the system information, which would require the UE to check for the validity of its current system information possibly several times during the modification period. Also, if the UE would not check the SI validity and sleeps more than 10.24 s, it could be assumed that the UE needs to read SI when waking up, causing the power consumption to increase for cycles over 10.24 s compared to cycles less than 10.24 s. Thus, it is possible that the power consumption would be higher for DRX cycles up to tens of seconds to minute compared to DRX cycles just under 10.24 seconds, if we assume legacy procedures without any optimizations for extended DRX cycles. 

However, there may be possibilities to reduce the effect of the SI related procedures, for example, by optimizing the UE implementation like in Figure 1 where we have introduced the “Optimized SI acquisition” results. 

Using the same parameters given in the previous section, with 1.28 seconds DRX cycle, the absolute lifetime of an MTC device would be around 42 days. Compared to this, the 10.24 second cycle with 65 days lifetime would be better. For the 1.28 second cycle there is no additional SI checking period, for the 10.24 we have the 80 ms period as above. Note that with optimized SI as above, we would reach 160 days, which is significantly better compared to the legacy behaviour. 

3.3 Effect of interarrival time

In Figure 2 we use the base scenario but vary the interarrival time from 60 s up to 7200 s (two hours). We see that longer IAT significantly increase the achievable gain. This would mean that even with hardware with higher consumption values (especially with higher sleep mode consumption) we would get noticeable gains even beyond 10.24 second DRX if the uplink traffic is infrequent.
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Figure 2: Results with different uplink data interarrival times (IAT).

Observation 2 Longer IAT results in better gains for longer DRX cycles. Especially for IATs in the range of several tens of minutes to hours, the resulting gains are substantial.

3.4 Effect of sleep and active state power consumption ratio

Finally we compare different ratios for sleep:active mode power consumption in Figure 3. Our model, presented in section 2, would correspond to approximately the ratio of 1:3000, which we would be achievable in a future MTC device. The figure shows that longer DRX cycles give larger battery life time gains the lower the power consumption in sleep mode. For a ratio of 1:100, i.e. for values corresponding to current smartphone modem power consumption, the extension beyond 10.24 seconds does not provide such high gains. The sleep mode power consumption would be clearly the key to high performing MTC devices and it is therefore reasonable to assume that UEs optimized for MTC would be able to minimize leakage currents and the power consumed in the sleep mode to obtain a lower ratio, in good accordance with our assumed model.
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Figure 3: Comparison of relative battery lifetime with different sleep:active mode power consumption ratios.
Based on the results we observe the following:

Observation 3 There is potential for significant power consumption reductions using DRX cycles beyond 10.24 seconds. 
Based on the results and observations it would be meaningful to allow DRX cycles longer than the current SFN range in order to effectively prolong the battery lifetime for MTC devices. This is even more important for MTC devices with long inter-arrival times and more active time, i.e. if the device has to perform cell (re)selection after every wake-up.

Proposal 2 Consider allowing maximum DRX cycle for MTC devices to be set to larger values than 10.24 seconds and work on the mechanisms to make this extension possible.
The baseline assumption has been that the UE is in RRC_CONNECTED state. However, similar gains can be observed in RRC_IDLE, and based on the discussion and results depicted in Figure 1 the relative gains can be larger when starting from RRC_IDLE.
Proposal 3 Consider extending the DRX cycles both in idle and connected modes by same amount as there is similar potential in power consumption savings from UE point of view. 

The presented model could be used for studying the power consumption gain for HSPA based systems as well, where the conclusions should be similar. The obvious difference is that the SFN range covers 40.96 seconds, and if that is chosen to be the reference scenario, then the gains would be visible when the DRX cycle would be a multiple of this SFN range. The state model for the radio connection in HSPA has more states compared to LTE, but similar reasoning using active, transmission and sleep state can be adapted to that model as well. 

4 Conclusion

We have made the following observations based on the presented power consumption model and parameters:
Observation 1
If the times used for reception (synchronization, SI acquisition or added reception after uplink traffic) are increased, the relative gains will be larger for longer DRX cycles.
Observation 2
Longer IAT results in better gains for longer DRX cycles. Especially for IATs in the range of several tens of minutes to hours, the resulting gains are substantial.
Observation 3
There is potential for significant power consumption reductions using DRX cycles beyond 10.24 seconds.


Based on the discussion in section 3 we propose the following:
Proposal 1
For studying the technology potential and possible gains in power consumption with extended DRX cycles, RAN2 should consider using a hardware model similar to the one in the paper.
Proposal 2
Consider allowing maximum DRX cycle for MTC devices to be set to larger values than 10.24 seconds and work on the mechanisms to make this extension possible.
Proposal 3
Consider extending the DRX cycles both in idle and connected modes by same amount as there is similar potential in power consumption savings from UE point of view.
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