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1 Introduction

NR system with the support of wide carrier bandwidths and with requirements of high mobility and low latency set new challenges for energy efficiency of the user device. 
The mobility in RRC_IDLE and RRC_CONNECTED in LTE are based on the periodic measurements of downlink reference signal power over the signal bandwidth. The reachability of the RRC_IDLE UE is obtained by regularly monitoring paging and the time to perform measurements and monitor paging may or may not coincide. 
If applied in NR, the downlink measurements over wide signal bandwidth increase the power consumption in the user equipment. Especially, in small cell network scenarios the support of mobility would increase the frequency of downlink measurements. 
This paper considers as a possible alternative the use of uplink signals for UE mobility tracking in order to improve energy efficient mobility in NR. An evaluation of the impact on energy efficiency is included.
2 Approach to energy conserved operation

In previous meetings, there have been several documents proposing UE tracking based on uplink measurements. In our understanding these proposals are fundamentally similar: The UE makes some regular transmissions that can be used for uplink measurement in the network, which then maintains knowledge of the UE’s position and radio conditions e.g. to decide the serving node(s) based on measuring the uplink transmission.  These proposals have been discussed mainly for reducing handover signalling but, when analysed, they can also offer significant power saving especially for a UE with a low activity cycle. In this document, we consider how to incorporate them in a low activity “Energy Conserved Operation” (ECO) mode.

When the UE is in ECO mode, it should operate with reduced activity, such as a long DRX cycle. To maintain reachability it still needs to monitor downlink, e.g. paging occasions or a scheduling channel of some kind. To avoid flood paging and also the need for connected-style handover signalling, the UE sends an uplink “beacon” used to track it. The format of such a beacon would need to be discussed in RAN1, for this paper we just assume that it allows the network to recognise the UE based on the beacon. The power analysis in section 3 makes some basic assumptions about its transmission requirements.
The network might want the UE to send a beacon more or less frequently than the DRX period, e.g. the network might determine the UE direction of movement and velocity, and configure beacon transmission to be more frequent for a fast moving UE or for a UE close to a network boundary where reconfiguration would be needed. A reasonable baseline could be that the beacon is transmitted with the same periodicity as DRX, since the network anyway cannot change the UE configuration or behaviour until the next DRX occasion.
The beacon configuration is assumed to be provided by the network. It could be changed even while in the ECO mode, either by PHY, L2, or RRC signalling.  For the simulation in this paper, we assume that the configuration is by low layer (e.g. PHY) signalling that requires only a short downlink activity period for reception.
Assuming that the UE may never have received any signal from the TRP that it sends to, the timing advance may not be adjusted for every TP. Therefore, this scheme may be best suited to synchronised deployments. However the exact sync tolerance is not fixed, it could be possible to use a beacon approach between TRPs that differ by more than the CP length, if the network is willing to allocate resources carefully to keep out-of-sync beacons from causing interference towards other, non beacon transmissions.  E.g. the beacons could be concentrated in frequency, so that they interfere only with each other. We don’t explore these sync needs in detail in this paper, however.

The UE behaviour is similar to UMTS idle mode or LTE RRC_IDLE, but with uplink transmission instead of downlink measurements, and with keeping some context in the gNB/UE (at least to know the UE’s beacon radio resources configuration).  In the next section, we evaluate the power performance of this approach, as compared to LTE RRC_IDLE.

3 Power consumption evaluation for ECO mode
Target of this chapter is to evaluate the power consumption of the UE in ECO mode in NR as compared to idle mode, i.e. the two possible operation modes where the UE is not continuously exchanging data with the network. Two scenarios have been considered: Cell reselection based on DL UE measurements where the UE is known with the accuracy of a tracking area consisting of several Transmission and Reception Points (TRPs) and mobility tracking based on UL beacons where the UE is known with a finer accuracy. In both cases the UE has the following activities to perform:
· Measurement reception or beacon transmission

· Possible updates to beacon configuration

· Paging reception

· Downlink synchronisation at each wakeup

In the 1st case, the UE reads periodically the synchronisation signal and keeps the synchronisation with the serving cell. The time spent for the synchronisation is 8 sub-frames and synchronisation is assumed to valid for 500 ms, similarly as in the power consumption model described in [3]. The paging channel will be read every DRX cycle. For the cell reselection purposes UE measures neighbour cell reference signal received power in each DRX cycle. The time needed for DL neighbour measurements is 1.875 ms, 3.75 ms, 7.5 ms and 15 ms for DRX cycles of 160 ms, 320 ms, 640 ms and 1280 ms keeping the total time spent for the measurements independent of the DRX cycle. This assumption could be optimistic since a short DRX cycle might correlate with smaller cells and require more frequent measurements. The measurements are assumed to take place at two evenly spaced occasions (based on RAN4 requirements [6], e.g. section 4.2.2.3 which requires at least two measurement occasions for intra-frequency E-UTRAN cells).
In the 2nd case, the synchronisation is assumed to be same as with the 1st case. The UE sends uplink beacon once in every DRX cycle for the UE tracking and exact positioning. UL beacon uses one symbol per sub-frame. Again DL is monitored to receive data (e.g. via paging or similar) or control (e.g. to change the beacon configuration) but there are no downlink measurements.

The UE power model used in this paper is described in more detail in [5]. The power model components considered in the model are shown in the figure below. 
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Figure 1. Components used in the UE power consumption model: 1: sleep power, 2: modem active power, 3: modem ramp-up and ramp-down power, 4: active reception and 5: active transmission.
Notice that the receiving and transmission power values are deltas over the baseline of the modem active power, they are not the total power draw of the UE at these times.

The parameters used in the comparison evaluation are shown in the table below. This table shows typical values which are considered to be used for comparison purposes. 
Table 1. Parameters used in the idle mode power consumption evaluation

	Common parameters 

	Symbol length 
	67 μs 
	

	Bandwidth 
	20 and 200 MHz 
	

	Sub-frame duration 
	1 ms 
	

	DRX cycle 
	160, 320, 640, 1280 ms 
	

	Sleep power 
	10 mW 
	

	Rx power 
	140 and 420 mW
	For active 1-RX reception for 20 MHz and 200 MHz bandwidths 

	Cellular subsystem active power 
	327 and 3270 mW 
	BB-IC active power for 20 MHz and 200 MHz bandwidth 

	Cellular subsystem ramp up/down time 
	10 / 5 ms 
	

	Minimum active time 
	3 ms 
	Minimum active time for a transceiver 

	Tx power 
	1000 mW 
	Note this is the power draw from the battery, not the over the air transmit power!  This power consumption could be considered typical at an output power of ~20 dBm.

	Synchronization time 
	1.6 ms, 4.8 ms, 8 ms 
	Average time for synchronization per DRX cycle: 8 subframes for sync. per 500 ms (based on the analysis in [3]) for different DRX cycle lengths

	Assumptions on UL beacons 

	At least one UL beacon per DRX cycle 

	Beacon duration 
	1 symbol 
	Duration of the beacon transmission 

	DL control
	2 symbols 
	Duration of the DL control (used for beacon control)

	DL control periodicity
	1 control transmission per DRX cycle

	Assumptions on mobility based on DL UE measurements 

	Paging 
	One paging occasion per DRX cycle, paging repetition 1, paging occasion duration 2 symbols 

	Measurement duration 
	1.875, 3.75, 7.5 and 15 ms 
	Time for the idle mode DL neighbor measurements, depending on DRX cycle length. 


The UE could need to wake up from sleep mode for several types of events:

· Beacon transmission [for mobility tracking based on uplink beacon]

· Paging occasion [for cell reselection case]
· Measurement occasion [for cell reselection]

· Monitoring of DL control/data for beacon [for mobility tracking based on uplink beacon]

· Sync

These wakeups have been generally assumed independent, except for sync which is assumed to occur in conjunction with other wakeup triggers. Typically, each event is shorter than the minimum wakeup time of 3 ms, so the power consumption is relatively insensitive to the exact length of events (e.g. 3 or 4 symbols for a control region, vs. the assumed 2 symbols) as the baseband is running at “active” power consumption for the whole 3 ms.

Figure 2 shows the power consumption comparison with DL and UL based scenarios
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Figure 2. Power Consumption for UL-based and DL-based UE measurement with 20 MHz bandwidth.

It can be seen that the power consumption sleep mode is the dominant when the DRX cycle = 1280 ms and near-dominant at 640 ms. With a shorter DRX cycle the dominant parts are the modem up/down power and the active power i.e. switching the cellular subsystem on, keeping it active and switching it off. It can be also seen that the beacon transmission has insignificant contribution to the total power consumption. 
This result is not intuitive, but it reflects the short duration of the beacon transmission, as compared to the longer accumulation windows required for downlink measurement. The importance of the ramp-up/-down times is also very large; because the model requires significant time (though less than a typical real LTE modem) to ramp from sleep up to full active, frequent on/off cycles as seen in the short DRX cases, overwhelm the power consumption effect of the actual transmission and reception.

Finally, the minimum 3 ms active time means that only the actual Tx and Rx power, not the active power, can be reduced by shortening individual events such as control regions or beacon durations.

Figure 3 shows the power consumption with 200 MHz bandwidth. It can be seen that with wide bandwidth the modem active mode power consumption together with ramp-up/down powers are the most relevant. This is mainly due to assumption that the cellular system active power (mainly BB-IC) grows linearly with the needed bandwidth and being 10 times higher than with 20 MHz bandwidth.
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Figure 3. Power consumption for UL-based mobility and for DL-based mobility with 200 MHz bandwidth.

4 Beacon transmitter
It can be seen from Figure 2 and Figure 3 that the power consumption can be very high when the DRX cycle is short both for DL and UL based tracking, primarily due to the ramp-up/-down power consumption and the need to keep the power-hungry baseband active. Instead of using the baseband transceiver exclusively, the UE could be equipped with a dedicated beacon transmitter (Figure 4), used only for sending uplink beacons.  This would allow using a DTX cycle shorter than the paging DRX used by the baseband.  The beacon transmitter itself can be a relatively inexpensive component, e.g. requiring no receive paths, little or no coding/modulation capability, etc.
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Figure 4. Beacon Tx module used to transmit beacon sequences indicated on the right.
The beacon transmitter can be optimised for better power performance in the specific scenario of beacon transmission.  See Table 2, which shows a plausible set of parameters characterizing a beacon transmitter. While the main transceiver is equipped with capability of up to 10 Gbps transmission with many Tx/Rx chains the beacon Tx is designed for low data rate and low latencies. It may also be confined to narrowband transmission (depending of course on the physical layer design of the beacon signal).

Table 2. Beacon TX characteristics used in the evaluations
	Sleep power 
	1  mW 
	

	Cellular subsystem active power 
	16.35 mW
	BB-IC active power for 1 MHz bandwidth 

	Cellular subsystem ramp up/down time 
	1/ 0.5 ms 
	Low latency

	Minimum active time 
	3 ms 
	Minimum active time for a transceiver 

	Tx power 
	1000 mW 
	


Figure 5 and Figure 6 show the power consumption for DL-based and for UL beacon transmitter based UE tracking with 20 MHz and 200 MHz bandwidths using the parameter values shown in Table 2 for the beacon transmitter. In the case of UL beacon transmitter, the DRX value is used for the paging cycle and the beacon transmitter sends one beacon per DRX cycle.  The dramatic benefit of the separate beacon transmitter is obvious.  
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Figure 5. Power consumption for DL-based and for UL beacon transmitter based UE tracking with 20 MHz bandwidth
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Figure 6. Power consumption for DL-based and UL beacon transmitter based UE tracking with 200 MHz bandwidth
Finally, since the lighter burden beacon transmitter would allow more frequent transmission, Figure 7 shows the effect of transmitting the beacon at a constant cycle of 20 ms, i.e. from 8 to 64 times as frequent as the paging occasions.  There is no visible difference from Figure 5, because the increased transmission impact is negligible compared to other sources of power usage, and the additional ramp-up/-down power consumption is swamped by the much larger ramp-up/-down impact of the cellular baseband transceiver.
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Figure 7 Power consumption for DL-based and UL-based, with UL beacon transmitter with 20 MHz bandwidth and beacon Tx cycle of 20 ms
5 Discussion
This paper discusses the power efficiency aspects of two different scenarios for mobility in NR: DL measurement based and UL tracking based. The DL measurement based approach evaluated here is considered to follow the LTE based approach. In idle mode the UE measures the serving cell and neighbouring cells and makes the reselection based on those measurements. The length and timing of the measurement needed for cell re-selection is implementation specific and is dependent on the number of the neighbouring cells and their relative timing, but bounded below by the RAN4 performance requirements. Depending on the measurement algorithm the time needed for continuous measurement varies. The power consumption of the downlink pilot based idle mode measurements is dependent on the measurement bandwidth and the measurement time. 
NR is supposed to support 1Tbps/km2 area capacity leading to Ultra Dense networks together with wide bandwidths and many transmission antennas. At the same time the latency requirements will increase the need of using short cycles for Discontinuous Reception and Reception (DRX/DTX) both in idle and connected modes. Also the requirement for user mobility is seen to be highly important supporting new services for vehicular users. 

The increased number of neighbouring TRPs, wide bandwidths, many transmission and reception antennas and short DRX cycles together with high mobility requirements will all lead to increased power consumption in mobile devices and reduced power efficiency. In order to satisfy the new requirements of NR in addition to the requirement of UE energy efficiency, legacy mobility paradigm may not work and new ways to handle user mobility need to be introduced. This paper evaluates the power consumption of both legacy DL based scheme and UL beacon based user tracking scheme and it shows that UL beacon based scheme solves the challenges but without more power consumption compared to legacy DL based scheme.
The uplink tracking approach is similar to that suggested by several companies for NR: the UE sends UL tracking sequence periodically, and network tracks UE based on the UL tracking sequence detection. The periodicity of UL tracking sequence sending can be configurable, e.g. based on the UE mobility or service characteristics, network deployment scenario, and so on.
From the terminal power consumption point of view there are several improvements when using the uplink based scheme. Measurement will be carried out by the network which is also responsible for the main functionalities related to the mobility. Especially with wide bandwidths the power consumption in the mobile receiver reduces the power efficiency of the DL based scheme. The high number of TRPs to be measured together with high number of transmission antennas in NB would lead to increased downlink measurement time and increased energy needed for the cell-reselection in idle mode, and for handover in connected mode. Transmission of the uplink beacon takes only a short time, e.g. one symbol which reduces the power consumption. The power consumption of the mobile transmission is almost independent on the bandwidth leading to increased energy efficiency. 
However, it can be seen from the evaluations described in the previous Chapters that the PC components of the sleep state and the modem ramp-up/-down states are significant especially with long DRX cycles and low bandwidths. These components are independent of the mobility scheme. These aspects cannot really be addressed in standardisation and need to be pursued by manufacturers.
6 Observations
Observation 1: Frequent DL measurements for supporting user mobility would decrease the energy efficiency of NR especially with wide bandwidths.
Observation 2: DL based mobility would lead to decreased power efficiency especially with small cell networks with medium/high mobility.
Observation 3: Uplink based mobility schemes using uplink tracking sequence will in most of the cases improve the power efficiency.
Observation 4: Transmission of uplink beacons has low impact on overall power consumption of the modem.
Observation 5: The increased overall time needed for control channel reception would decrease the energy efficiency of the NR terminal.
7 Proposal
-
Proposal: UL-based UE tracking should be considered as an energy efficient way to handle mobility for energy conserved operation mode in NR.
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Idle mode beacon vs meas NT



		Common DRX cycle parameters

		DRX cycle 		160		320		640		1280		ms				Bandwidth		RF-IC power (Rx)		BB-IC power

		Symbol length		66.70		66.70		66.70		67.00		usec				20		140		327		mW

		Bandwidth		200.00		200.00		200.00		200.00		MHz				200		420		3270		mW

		Sub-frame duration		1.00		1.00		1.00		1.00		ms

		Symbols per subframe (rounded)		15.00		15.00		15.00		15.00

		Symbols per ms (rounded)		15.00		15.00		15.00		15.00

		Common transceiver model parameters (same parameters used for LTE and 5G; single baseband)

		Ps		10.00		10.00		10.00		10.00		mW		Sleep power (in LTE >20 mW)

		Prx		420.00		420.00		420.00		420.00		mW		Active reception (ADC+filters+mixers+…) dependent on the bandwidth (20 MHz: 250 mW, 200 MHz 650 mW)

		P_tx		1000.00		1000.00		1000.00		1000.00		mW		Beacon transmit power draw (NOT TX POWER), with full modem output power ~20 dBm

		Pcs		3270.28		3270.28		3270.28		3270.28		mW		Active power baseline draw (BB subsystem basic PC); note Prx and P_tx are deltas over this value

		Tu		10000.00		10000.00		10000.00		10000.00		usec		Ramp-up time (BB ramp up, in LTE  20 ms)

		Td		5000.00		5000.00		5000.00		5000.00		usec		Ramp-down time

		Ta,min		3.00		3.00		3.00		3.00		ms		Minimum active time of the transceiver

		Tsync		2.56		5.12		8.00		8.00		ms		Time for synchronisation, per DRX cycle (from 3GPP TR 36.843 V12.0.1 (2014-03))



		Beacon transceiver model parameters

		Ps,b		1.00		1.00		1.00		1.00		mW		Sleep power

		Pa,b		16.35		16.35		16.35		16.35		mW		Equal to BB active power for 1 MHz bandwidth

		Tu,b		1.00		1.00		1.00		1.00		ms		Why can this be so short?

		Td,b		0.50		0.50		0.50		0.50		ms		Why can this be so short?

		Ta,b,min		3.00		3.00		3.00		3.00		ms

		P_tx,b		1000.00		1000.00		1000.00		1000.00		mW		Beacon transmit power

		BEACON TOGGLE		0										Set to 1 to use separate beacon transmitter, 0 for common transceiver



		Paging parameters

		Paging repetition		1		1		1		1				Paging occasions per paging cycle

		Tpaging		2		2		2		2		symbols		Paging occasion duration, scheduling only

		Time for each synchronisation		1.6		1.6		1.6		1.6		ms		Magic number: "eight frames of 0.2 ms"



		BEACON based IDLE POWER (5G)

		Beacon parameters

		Trx		2693.40		5253.40		8133.40		8134.00		usec		Average receiver time for DL control (assuming self decodable in control region)

		T_SEQ		1.00		1.00		1.00		1.00		symbols		Beacon duration

		Beacon Tx cycle		160.00		320.00		640.00		1280.00		ms		Should divide DRX cycle

		Tx time per DRX cycle		66.67		66.67		66.67		66.67		usec

		Beacon control per DRX cycle		1.00		1.00		1.00		1.00				Because we don't necessarily listen to control at every beacon Tx (could combine wakeup with the paging occasion?)

		Paging time per DRX cycle		2.25		2.76		3.78		5.83		ms		Including sync time when needed

		Ta for beacon		0.00		0.00		0.00		0.00

		Ta for non-beacon		8.69		11.25		14.91		16.96

		Ta		8.69		11.25		14.91		16.96		ms		Active time of the modem per DRX cycle

		Beacon wakeups per DRX cycle		0.00		0.00		0.00		0.00

		Non-beacon wakeups per DRX cycle		3.00		3.00		3.00		3.00

		Wakeups per DRX cycle		3.00		3.00		3.00		3.00				Assumes all wakeup events are separate

		Up/down time per DRX cycle		45.00		45.00		45.00		45.00		ms



		Energy breakdown (one DRX cycle)

		receive		1131.23		2206.43		3416.03		3416.28		uJ

				1%		2%		3%		2%

		sleep		1063.07		2637.47		5800.85		12180.37		uJ

				1%		2%		4%		8%

		up/down		73581.39		73581.39		73581.39		73581.39		uJ

				71%		64%		56%		51%

		transmit		66.67		66.67		66.67		66.67		uJ

				0%		0%		0%		0%

		active		28429.89		36801.81		48775.41		55474.92		uJ

				27%		32%		37%		38%

		Total		104272.2376		115293.7646		131640.3511		144719.6209		uJ

		Average power		651.7015		360.2930		205.6880		113.0622		mW



		MEASUREMENT based IDLE POWER (loosely LTE based)

		Measurement parameters

		Nmeas		2		2		2		2				Measurement occasions per paging cycle

		Tmeas		1.875		3.75		7.5		15		ms		Measurement duration, assuming 15 ms measurement per 1280 ms clock time

		Idle mode derived parameters

		Wakeups per paging cycle		3		3		3		3				Assumes measurement and paging monitoring are separate

		Up/down time per DRX cycle		23		23		23		23		ms

		Trx		8.68		12.43		19.93		34.93		ms		Receiver active time per paging cycle + (average time for synchronisation = eight frames of 0.2 ms)

		Ta		9.00		10.77		18.27		33.27		ms		Modem active time



		Energy breakdown (one DRX cycle)

		receive		3647.00		5222.00		8372.00		14672.00		uJ

				3%		4%		6%		7%

		sleep		1288.17		2850.67		5975.67		12225.67		uJ

				1%		2%		4%		6%

		modem up/down		73581.39		73581.39		73581.39		73581.39		uJ

				68%		63%		50%		35%

		transmit		0.00		0.00		0.00		0.00		uJ

				0%		0%		0%		0%

		active		29432.56		35210.06		59737.19		108791.45		uJ

				27%		30%		40%		52%

		Total		107949.11		116864.11		147666.24		209270.50		uJ

		Average power		674.68		365.20		230.73		163.49		mW



		BEACON based IDLE POWER		104272.24		115293.76		131640.35		144719.62		uJ

		PAGING based IDLE POWER		107949.11		116864.11		147666.24		209270.50		uJ

		FIGURE OF MERIT		1.035		1.014		1.122		1.446



		SUMMARY

		DRX cycle 		160		320		640		1280

		Bandwidth		200		200		200		200

		PAGING based IDLE POWER

		receive		22.79		16.32		13.08		11.46

		sleep		8.05		8.91		9.34		9.55

		modem up/down		459.88		229.94		114.97		57.49

		transmit		0.00		0.00		0.00		0.00

		active		183.95		110.03		93.34		84.99

		BEACON based IDLE POWER

		receive		7.07		6.90		5.34		2.67

		sleep		6.64		8.24		9.06		9.52

		modem up/down		459.88		229.94		114.97		57.49

		transmit		0.42		0.21		0.10		0.05

		active		177.69		115.01		76.21		43.34

				160				320				640				1280

				DL based		UL based		DL based		UL based		DL based		UL based		DL based		UL based

		receive		22.79		7.07		16.32		6.90		13.08		5.34		11.46		2.67

		sleep		8.05		6.64		8.91		8.24		9.34		9.06		9.55		9.52

		modem up/down		459.88		459.88		229.94		229.94		114.97		114.97		57.49		57.49

		transmit		0.00		0.42		0.00		0.21		0.00		0.10		0.00		0.05

		active		183.95		177.69		110.03		115.01		93.34		76.21		84.99		43.34

		FoM		1.04				1.01				1.12				1.45







																		1000		100

																		3.2		0.32





P_TX in [mW]	-30	0	10	17	20	500	500	567.96905380745272	870.95035013273286	1247.6595918819805	Modem output power (dBm)



Power consumption (mW)







receive	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	22.793749999999999	7.0701750000000008	16.318750000000001	6.8950874999999998	13.081250000000001	5.33754375	11.462500000000002	2.6689687500000003	sleep	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	8.0510416666666664	6.6441625000000002	8.9083333333333332	8.24208125	9.3369791666666657	9.0638322916666674	9.5513020833333329	9.5159114583333331	modem up/down	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	459.88368750000006	459.88368750000006	229.94184375000003	229.94184375000003	114.97092187500002	114.97092187500002	57.485460937500008	57.485460937500008	transmit	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	0	0.41666666666666669	0	0.20833333333333334	0	0.10416666666666667	0	5.2083333333333336E-2	active	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	183.95347500000003	177.68679328500005	110.03143041666667	115.00566864250001	93.339355833333343	76.21158403791668	84.993318541666682	43.339779364583343	UE Tracking method and DRX cycle (ms)
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Modeling modem active time, Ta

*Define DL percentage = pp, % and Frame duration =T,
*Sum of all downlink time = Tp ¢
+e.g. synchronization, paging, DL control, DL measurements
«Sum of all uplink time = Ty o
* e.g. beacon transmission
«Calculate needed no of frames in UL perspective: Ny,= Ty /(Te *(1- ppi%))
«Calculate needed no of frames in DL perspective: Np = Tyt /(Ts *Poi%)
*Define minimum time for active time e.g. 3 ms (HW limitation) T, yi,
* Ta = max(T, min, Tr *mMax(Ny,, Np,))
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receive	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	22.793749999999999	7.0701750000000008	16.318750000000001	6.8950874999999998	13.081250000000001	5.33754375	11.462500000000002	2.6689687500000003	sleep	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	8.0510416666666664	7.9375	8.9083333333333332	8.96875	9.3369791666666657	9.4721666666666664	9.5513020833333329	9.7200833333333332	modem up/down	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	459.88368750000006	306.58912968750008	229.94184375000003	153.29456484375004	114.97092187500002	76.647282421875019	57.485460937500008	38.32364121093751	transmit	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	0	0.41666666666666669	0	0.20833333333333334	0	0.10416666666666667	0	5.2083333333333336E-2	active	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	183.95347500000003	61.899619312500022	110.03143041666667	31.080609656250012	93.339355833333343	19.606351544791671	84.993318541666682	15.035637836458339	UE Tracking method and DRX cycle (ms)



Power consumption (mW)









Idle mode beacon vs meas NT



		Common DRX cycle parameters

		DRX cycle 		160		320		640		1280		ms				Bandwidth		RF-IC power (Rx)		BB-IC power

		Symbol length		66.70		66.70		66.70		67.00		usec				20		140		327		mW

		Bandwidth		200.00		200.00		200.00		200.00		MHz				200		420		3270		mW

		Sub-frame duration		1.00		1.00		1.00		1.00		ms

		Symbols per subframe (rounded)		15.00		15.00		15.00		15.00

		Symbols per ms (rounded)		15.00		15.00		15.00		15.00

		Common transceiver model parameters (same parameters used for LTE and 5G; single baseband)

		Ps		10.00		10.00		10.00		10.00		mW		Sleep power (in LTE >20 mW)

		Prx		420.00		420.00		420.00		420.00		mW		Active reception (ADC+filters+mixers+…) dependent on the bandwidth (20 MHz: 250 mW, 200 MHz 650 mW)

		P_tx		1000.00		1000.00		1000.00		1000.00		mW		Beacon transmit power draw (NOT TX POWER), with full modem output power ~20 dBm

		Pcs		3270.28		3270.28		3270.28		3270.28		mW		Active power baseline draw (BB subsystem basic PC); note Prx and P_tx are deltas over this value

		Tu		10000.00		10000.00		10000.00		10000.00		usec		Ramp-up time (BB ramp up, in LTE  20 ms)

		Td		5000.00		5000.00		5000.00		5000.00		usec		Ramp-down time

		Ta,min		3.00		3.00		3.00		3.00		ms		Minimum active time of the transceiver

		Tsync		2.56		5.12		8.00		8.00		ms		Time for synchronisation, per DRX cycle (from 3GPP TR 36.843 V12.0.1 (2014-03))



		Beacon transceiver model parameters

		Ps,b		1.00		1.00		1.00		1.00		mW		Sleep power

		Pa,b		16.35		16.35		16.35		16.35		mW		Equal to BB active power for 1 MHz bandwidth

		Tu,b		1.00		1.00		1.00		1.00		ms		Why can this be so short?

		Td,b		0.50		0.50		0.50		0.50		ms		Why can this be so short?

		Ta,b,min		3.00		3.00		3.00		3.00		ms

		P_tx,b		1000.00		1000.00		1000.00		1000.00		mW		Beacon transmit power

		BEACON TOGGLE		1										Set to 1 to use separate beacon transmitter, 0 for common transceiver



		Paging parameters

		Paging repetition		1		1		1		1				Paging occasions per paging cycle

		Tpaging		2		2		2		2		symbols		Paging occasion duration, scheduling only

		Time for each synchronisation		1.6		1.6		1.6		1.6		ms		Magic number: "eight frames of 0.2 ms"



		BEACON based IDLE POWER (5G)

		Beacon parameters

		Trx		2693.40		5253.40		8133.40		8134.00		usec		Average receiver time for DL control (assuming self decodable in control region)

		T_SEQ		1.00		1.00		1.00		1.00		symbols		Beacon duration

		Beacon Tx cycle		160.00		320.00		640.00		1280.00		ms		Should divide DRX cycle

		Tx time per DRX cycle		66.67		66.67		66.67		66.67		usec

		Beacon control per DRX cycle		1.00		1.00		1.00		1.00				Because we don't necessarily listen to control at every beacon Tx (could combine wakeup with the paging occasion?)

		Paging time per DRX cycle		2.25		2.76		3.78		5.83		ms		Including sync time when needed

		Ta for beacon		5.69		8.25		11.13		11.13

		Ta for non-beacon		3.00		3.00		3.78		5.83

		Ta		8.69		11.25		14.91		16.96		ms		Active time of the modem per DRX cycle

		Beacon wakeups per DRX cycle		1.00		1.00		1.00		1.00

		Non-beacon wakeups per DRX cycle		2.00		2.00		2.00		2.00

		Wakeups per DRX cycle		3.00		3.00		3.00		3.00				Assumes all wakeup events are separate

		Up/down time per DRX cycle		30.00		30.00		30.00		30.00		ms



		Energy breakdown (one DRX cycle)

		receive		1131.23		2206.43		3416.03		3416.28		uJ

				2%		3%		5%		4%

		sleep		1270.00		2870.00		6062.19		12441.71		uJ

				2%		4%		9%		15%

		up/down		49054.26		49054.26		49054.26		49054.26		uJ

				80%		76%		69%		58%

		transmit		66.67		66.67		66.67		66.67		uJ

				0%		0%		0%		0%

		active		9903.94		9945.80		12548.06		19245.62		uJ

				16%		16%		18%		23%

		Total		61426.0945		64143.1505		71147.2071		84224.5305		uJ

		Average power		383.9131		200.4473		111.1675		65.8004		mW



		MEASUREMENT based IDLE POWER (loosely LTE based)

		Measurement parameters

		Nmeas		2		2		2		2				Measurement occasions per paging cycle

		Tmeas		1.875		3.75		7.5		15		ms		Measurement duration, assuming 15 ms measurement per 1280 ms clock time

		Idle mode derived parameters

		Wakeups per paging cycle		3		3		3		3				Assumes measurement and paging monitoring are separate

		Up/down time per DRX cycle		23		23		23		23		ms

		Trx		8.68		12.43		19.93		34.93		ms		Receiver active time per paging cycle + (average time for synchronisation = eight frames of 0.2 ms)

		Ta		9.00		10.77		18.27		33.27		ms		Modem active time



		Energy breakdown (one DRX cycle)

		receive		3647.00		5222.00		8372.00		14672.00		uJ

				3%		4%		6%		7%

		sleep		1288.17		2850.67		5975.67		12225.67		uJ

				1%		2%		4%		6%

		modem up/down		73581.39		73581.39		73581.39		73581.39		uJ

				68%		63%		50%		35%

		transmit		0.00		0.00		0.00		0.00		uJ

				0%		0%		0%		0%

		active		29432.56		35210.06		59737.19		108791.45		uJ

				27%		30%		40%		52%

		Total		107949.11		116864.11		147666.24		209270.50		uJ

		Average power		674.68		365.20		230.73		163.49		mW



		BEACON based IDLE POWER		61426.09		64143.15		71147.21		84224.53		uJ

		PAGING based IDLE POWER		107949.11		116864.11		147666.24		209270.50		uJ

		FIGURE OF MERIT		1.757		1.822		2.076		2.485



		SUMMARY

		DRX cycle 		160		320		640		1280

		Bandwidth		200		200		200		200

		PAGING based IDLE POWER

		receive		22.79		16.32		13.08		11.46

		sleep		8.05		8.91		9.34		9.55

		modem up/down		459.88		229.94		114.97		57.49

		transmit		0.00		0.00		0.00		0.00

		active		183.95		110.03		93.34		84.99

		BEACON based IDLE POWER

		receive		7.07		6.90		5.34		2.67

		sleep		7.94		8.97		9.47		9.72

		modem up/down		306.59		153.29		76.65		38.32

		transmit		0.42		0.21		0.10		0.05

		active		61.90		31.08		19.61		15.04

				160				320				640				1280

				DL based		UL based		DL based		UL based		DL based		UL based		DL based		UL based

		receive		22.79		7.07		16.32		6.90		13.08		5.34		11.46		2.67

		sleep		8.05		7.94		8.91		8.97		9.34		9.47		9.55		9.72

		modem up/down		459.88		306.59		229.94		153.29		114.97		76.65		57.49		38.32

		transmit		0.00		0.42		0.00		0.21		0.00		0.10		0.00		0.05

		active		183.95		61.90		110.03		31.08		93.34		19.61		84.99		15.04

		FoM		1.76				1.82				2.08				2.48







																		1000		100

																		3.2		0.32





P_TX in [mW]	-30	0	10	17	20	500	500	567.96905380745272	870.95035013273286	1247.6595918819805	Modem output power (dBm)



Power consumption (mW)







receive	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	22.793749999999999	7.0701750000000008	16.318750000000001	6.8950874999999998	13.081250000000001	5.33754375	11.462500000000002	2.6689687500000003	sleep	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	8.0510416666666664	7.9375	8.9083333333333332	8.96875	9.3369791666666657	9.4721666666666664	9.5513020833333329	9.7200833333333332	modem up/down	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	459.88368750000006	306.58912968750008	229.94184375000003	153.29456484375004	114.97092187500002	76.647282421875019	57.485460937500008	38.32364121093751	transmit	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	0	0.41666666666666669	0	0.20833333333333334	0	0.10416666666666667	0	5.2083333333333336E-2	active	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	183.95347500000003	61.899619312500022	110.03143041666667	31.080609656250012	93.339355833333343	19.606351544791671	84.993318541666682	15.035637836458339	UE Tracking method and DRX cycle (ms)
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Modeling modem active time, Ta

*Define DL percentage = pp, % and Frame duration =T,
*Sum of all downlink time = Tp ¢
+e.g. synchronization, paging, DL control, DL measurements
«Sum of all uplink time = Ty o
* e.g. beacon transmission
«Calculate needed no of frames in UL perspective: Ny,= Ty /(Te *(1- ppi%))
«Calculate needed no of frames in DL perspective: Np = Tyt /(Ts *Poi%)
*Define minimum time for active time e.g. 3 ms (HW limitation) T, yi,
* Ta = max(T, min, Tr *mMax(Ny,, Np,))
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receive	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	7.5979166666666673	2.356725	5.4395833333333332	2.2983625000000001	4.3604166666666666	1.7791812499999999	3.8208333333333337	0.88965625000000004	sleep	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	8.0510416666666664	7.9375	8.9083333333333332	8.96875	9.3369791666666657	9.4721666666666664	9.5513020833333329	9.7200833333333332	modem up/down	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	45.988368750000006	30.658950000000004	22.994184375000003	15.329493750000001	11.497092187500002	7.6647656250000011	5.7485460937500008	3.8324015625000003	transmit	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	0	5.2083333333333336E-2	0	1.3020833333333334E-2	0	3.2552083333333335E-3	0	8.1380208333333337E-4	active	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	18.395347500000003	8.8595143125	11.003143041666666	5.786807156250001	9.333935583333334	4.5924757497916673	8.499331854166666	4.0457409789583334	UE Tracking method and DRX cycle (ms)
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Idle mode beacon vs meas NT



		Common DRX cycle parameters

		DRX cycle 		160		320		640		1280		ms				Bandwidth		RF-IC power (Rx)		BB-IC power

		Symbol length		66.70		66.70		66.70		67.00		usec				20		140		327		mW

		Bandwidth		20.00		20.00		20.00		20.00		MHz				200		420		3270		mW

		Sub-frame duration		1.00		1.00		1.00		1.00		ms

		Symbols per subframe (rounded)		15.00		15.00		15.00		15.00

		Symbols per ms (rounded)		15.00		15.00		15.00		15.00

		Common transceiver model parameters (same parameters used for LTE and 5G; single baseband)

		Ps		10.00		10.00		10.00		10.00		mW		Sleep power (in LTE >20 mW)

		Prx		140.00		140.00		140.00		140.00		mW		Active reception (ADC+filters+mixers+…) dependent on the bandwidth (20 MHz: 250 mW, 200 MHz 650 mW)

		P_tx		1000.00		1000.00		1000.00		1000.00		mW		Beacon transmit power draw (NOT TX POWER), with full modem output power ~20 dBm

		Pcs		327.03		327.03		327.03		327.03		mW		Active power baseline draw (BB subsystem basic PC); note Prx and P_tx are deltas over this value

		Tu		10000.00		10000.00		10000.00		10000.00		usec		Ramp-up time (BB ramp up, in LTE  20 ms)

		Td		5000.00		5000.00		5000.00		5000.00		usec		Ramp-down time

		Ta,min		3.00		3.00		3.00		3.00		ms		Minimum active time of the transceiver

		Tsync		2.56		5.12		8.00		8.00		ms		Time for synchronisation, per DRX cycle (from 3GPP TR 36.843 V12.0.1 (2014-03))



		Beacon transceiver model parameters

		Ps,b		1.00		1.00		1.00		1.00		mW		Sleep power

		Pa,b		16.35		16.35		16.35		16.35		mW		Equal to BB active power for 1 MHz bandwidth

		Tu,b		1.00		1.00		1.00		1.00		ms		Why can this be so short?

		Td,b		0.50		0.50		0.50		0.50		ms		Why can this be so short?

		Ta,b,min		3.00		3.00		3.00		3.00		ms

		P_tx,b		1000.00		1000.00		1000.00		1000.00		mW		Beacon transmit power

		BEACON TOGGLE		1										Set to 1 to use separate beacon transmitter, 0 for common transceiver



		Paging parameters

		Paging repetition		1		1		1		1				Paging occasions per paging cycle

		Tpaging		2		2		2		2		symbols		Paging occasion duration, scheduling only

		Time for each synchronisation		1.6		1.6		1.6		1.6		ms		Magic number: "eight frames of 0.2 ms"



		BEACON based IDLE POWER (5G)

		Beacon parameters

		Trx		2693.40		5253.40		8133.40		8134.00		usec		Average receiver time for DL control (assuming self decodable in control region)

		T_SEQ		1.00		1.00		1.00		1.00		symbols		Beacon duration

		Beacon Tx cycle		20.00		20.00		20.00		20.00		ms		Should divide DRX cycle

		Tx time per DRX cycle		8.33		4.17		2.08		1.04		usec

		Beacon control per DRX cycle		1.00		1.00		1.00		1.00				Because we don't necessarily listen to control at every beacon Tx (could combine wakeup with the paging occasion?)

		Paging time per DRX cycle		2.25		2.76		3.78		5.83		ms		Including sync time when needed

		Ta for beacon		26.69		53.25		104.13		200.13

		Ta for non-beacon		3.00		3.00		3.78		5.83

		Ta		29.69		56.25		107.91		205.96		ms		Active time of the modem per DRX cycle

		Beacon wakeups per DRX cycle		8.00		16.00		32.00		64.00

		Non-beacon wakeups per DRX cycle		2.00		2.00		2.00		2.00

		Wakeups per DRX cycle		10.00		18.00		34.00		66.00				Assumes all wakeup events are separate

		Up/down time per DRX cycle		30.01		30.02		30.05		30.10		ms



		Energy breakdown (one DRX cycle)

		receive		377.08		735.48		1138.68		1138.76		uJ

				5%		7%		8%		5%

		sleep		1270.00		2870.00		6062.19		12441.71		uJ

				16%		28%		40%		53%

		up/down		4905.43		4905.44		4905.45		4905.47		uJ

				61%		47%		33%		21%

		transmit		8.33		4.17		2.08		1.04		uJ

				0%		0%		0%		0%

		active		1417.52		1851.78		2939.18		5178.55		uJ

				18%		18%		20%		22%

		Total		7978.3636		10366.8590		15047.5805		23665.5308		uJ

		Average power		49.8648		32.3964		23.5118		18.4887		mW



		MEASUREMENT based IDLE POWER (loosely LTE based)

		Measurement parameters

		Nmeas		2		2		2		2				Measurement occasions per paging cycle

		Tmeas		1.875		3.75		7.5		15		ms		Measurement duration, assuming 15 ms measurement per 1280 ms clock time

		Idle mode derived parameters

		Wakeups per paging cycle		3		3		3		3				Assumes measurement and paging monitoring are separate

		Up/down time per DRX cycle		23		23		23		23		ms

		Trx		8.68		12.43		19.93		34.93		ms		Receiver active time per paging cycle + (average time for synchronisation = eight frames of 0.2 ms)

		Ta		9.00		10.77		18.27		33.27		ms		Modem active time



		Energy breakdown (one DRX cycle)

		receive		1215.67		1740.67		2790.67		4890.67		uJ

				9%		11%		13%		14%

		sleep		1288.17		2850.67		5975.67		12225.67		uJ

				10%		18%		27%		35%

		modem up/down		7358.14		7358.14		7358.14		7358.14		uJ

				57%		48%		33%		21%

		transmit		0.00		0.00		0.00		0.00		uJ

				0%		0%		0%		0%

		active		2943.26		3521.01		5973.72		10879.14		uJ

				23%		23%		27%		31%

		Total		12805.23		15470.48		22098.19		35353.62		uJ

		Average power		80.03		48.35		34.53		27.62		mW



		BEACON based IDLE POWER		7978.36		10366.86		15047.58		23665.53		uJ

		PAGING based IDLE POWER		12805.23		15470.48		22098.19		35353.62		uJ

		FIGURE OF MERIT		1.605		1.492		1.469		1.494



		SUMMARY

		DRX cycle 		160		320		640		1280

		Bandwidth		20		20		20		20

		PAGING based IDLE POWER

		receive		7.60		5.44		4.36		3.82

		sleep		8.05		8.91		9.34		9.55

		modem up/down		45.99		22.99		11.50		5.75

		transmit		0.00		0.00		0.00		0.00

		active		18.40		11.00		9.33		8.50

		BEACON based IDLE POWER

		receive		2.36		2.30		1.78		0.89

		sleep		7.94		8.97		9.47		9.72

		modem up/down		30.66		15.33		7.66		3.83

		transmit		0.05		0.01		0.00		0.00

		active		8.86		5.79		4.59		4.05

				160				320				640				1280

				DL based		UL based		DL based		UL based		DL based		UL based		DL based		UL based

		receive		7.60		2.36		5.44		2.30		4.36		1.78		3.82		0.89

		sleep		8.05		7.94		8.91		8.97		9.34		9.47		9.55		9.72

		modem up/down		45.99		30.66		22.99		15.33		11.50		7.66		5.75		3.83

		transmit		0.00		0.05		0.00		0.01		0.00		0.00		0.00		0.00

		active		18.40		8.86		11.00		5.79		9.33		4.59		8.50		4.05

		FoM		1.60				1.49				1.47				1.49







																		1000		100

																		3.2		0.32
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Modeling modem active time, Ta

*Define DL percentage = pp, % and Frame duration =T,
*Sum of all downlink time = Tp ¢
+e.g. synchronization, paging, DL control, DL measurements
«Sum of all uplink time = Ty o
* e.g. beacon transmission
«Calculate needed no of frames in UL perspective: Ny,= Ty /(Te *(1- ppi%))
«Calculate needed no of frames in DL perspective: Np = Tyt /(Ts *Poi%)
*Define minimum time for active time e.g. 3 ms (HW limitation) T, yi,
* Ta = max(T, min, Tr *mMax(Ny,, Np,))
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Idle mode beacon vs meas NT



		Common DRX cycle parameters

		DRX cycle 		160		320		640		1280		ms				Bandwidth		RF-IC power (Rx)		BB-IC power

		Symbol length		66.70		66.70		66.70		67.00		usec				20		140		327		mW

		Bandwidth		20.00		20.00		20.00		20.00		MHz				200		420		3270		mW

		Sub-frame duration		1.00		1.00		1.00		1.00		ms

		Symbols per subframe (rounded)		15.00		15.00		15.00		15.00

		Symbols per ms (rounded)		15.00		15.00		15.00		15.00

		Common transceiver model parameters (same parameters used for LTE and 5G; single baseband)

		Ps		10.00		10.00		10.00		10.00		mW		Sleep power (in LTE >20 mW)

		Prx		140.00		140.00		140.00		140.00		mW		Active reception (ADC+filters+mixers+…) dependent on the bandwidth (20 MHz: 250 mW, 200 MHz 650 mW)

		P_tx		1000.00		1000.00		1000.00		1000.00		mW		Beacon transmit power draw (NOT TX POWER), with full modem output power ~20 dBm

		Pcs		327.03		327.03		327.03		327.03		mW		Active power baseline draw (BB subsystem basic PC); note Prx and P_tx are deltas over this value

		Tu		10000.00		10000.00		10000.00		10000.00		usec		Ramp-up time (BB ramp up, in LTE  20 ms)

		Td		5000.00		5000.00		5000.00		5000.00		usec		Ramp-down time

		Ta,min		3.00		3.00		3.00		3.00		ms		Minimum active time of the transceiver

		Tsync		2.56		5.12		8.00		8.00		ms		Time for synchronisation, per DRX cycle (from 3GPP TR 36.843 V12.0.1 (2014-03))



		Beacon transceiver model parameters

		Ps,b		1.00		1.00		1.00		1.00		mW		Sleep power

		Pa,b		16.35		16.35		16.35		16.35		mW		Equal to BB active power for 1 MHz bandwidth

		Tu,b		1.00		1.00		1.00		1.00		ms		Why can this be so short?

		Td,b		0.50		0.50		0.50		0.50		ms		Why can this be so short?

		Ta,b,min		3.00		3.00		3.00		3.00		ms

		P_tx,b		1000.00		1000.00		1000.00		1000.00		mW		Beacon transmit power

		BEACON TOGGLE		1										Set to 1 to use separate beacon transmitter, 0 for common transceiver



		Paging parameters

		Paging repetition		1		1		1		1				Paging occasions per paging cycle

		Tpaging		2		2		2		2		symbols		Paging occasion duration, scheduling only

		Time for each synchronisation		1.6		1.6		1.6		1.6		ms		Magic number: "eight frames of 0.2 ms"



		BEACON based IDLE POWER (5G)

		Beacon parameters

		Trx		2693.40		5253.40		8133.40		8134.00		usec		Average receiver time for DL control (assuming self decodable in control region)

		T_SEQ		1.00		1.00		1.00		1.00		symbols		Beacon duration

		Beacon Tx cycle		160.00		320.00		640.00		1280.00		ms		Should divide DRX cycle

		Tx time per DRX cycle		66.67		66.67		66.67		66.67		usec

		Beacon control per DRX cycle		1.00		1.00		1.00		1.00				Because we don't necessarily listen to control at every beacon Tx (could combine wakeup with the paging occasion?)

		Paging time per DRX cycle		2.25		2.76		3.78		5.83		ms		Including sync time when needed

		Ta for beacon		5.69		8.25		11.13		11.13

		Ta for non-beacon		3.00		3.00		3.78		5.83

		Ta		8.69		11.25		14.91		16.96		ms		Active time of the modem per DRX cycle

		Beacon wakeups per DRX cycle		1.00		1.00		1.00		1.00

		Non-beacon wakeups per DRX cycle		2.00		2.00		2.00		2.00

		Wakeups per DRX cycle		3.00		3.00		3.00		3.00				Assumes all wakeup events are separate

		Up/down time per DRX cycle		30.00		30.00		30.00		30.00		ms



		Energy breakdown (one DRX cycle)

		receive		377.08		735.48		1138.68		1138.76		uJ

				5%		8%		8%		6%

		sleep		1270.00		2870.00		6062.19		12441.71		uJ

				17%		30%		45%		60%

		up/down		4905.43		4905.43		4905.43		4905.43		uJ

				64%		51%		36%		24%

		transmit		66.67		66.67		66.67		66.67		uJ

				1%		1%		0%		0%

		active		1074.17		1116.03		1418.63		2088.40		uJ

				14%		12%		10%		10%

		Total		7693.3417		9693.5977		13591.5906		20640.9585		uJ

		Average power		48.0834		30.2925		21.2369		16.1257		mW



		MEASUREMENT based IDLE POWER (loosely LTE based)

		Measurement parameters

		Nmeas		2		2		2		2				Measurement occasions per paging cycle

		Tmeas		1.875		3.75		7.5		15		ms		Measurement duration, assuming 15 ms measurement per 1280 ms clock time

		Idle mode derived parameters

		Wakeups per paging cycle		3		3		3		3				Assumes measurement and paging monitoring are separate

		Up/down time per DRX cycle		23		23		23		23		ms

		Trx		8.68		12.43		19.93		34.93		ms		Receiver active time per paging cycle + (average time for synchronisation = eight frames of 0.2 ms)

		Ta		9.00		10.77		18.27		33.27		ms		Modem active time



		Energy breakdown (one DRX cycle)

		receive		1215.67		1740.67		2790.67		4890.67		uJ

				9%		11%		13%		14%

		sleep		1288.17		2850.67		5975.67		12225.67		uJ

				10%		18%		27%		35%

		modem up/down		7358.14		7358.14		7358.14		7358.14		uJ

				57%		48%		33%		21%

		transmit		0.00		0.00		0.00		0.00		uJ

				0%		0%		0%		0%

		active		2943.26		3521.01		5973.72		10879.14		uJ

				23%		23%		27%		31%

		Total		12805.23		15470.48		22098.19		35353.62		uJ

		Average power		80.03		48.35		34.53		27.62		mW



		BEACON based IDLE POWER		7693.34		9693.60		13591.59		20640.96		uJ

		PAGING based IDLE POWER		12805.23		15470.48		22098.19		35353.62		uJ

		FIGURE OF MERIT		1.664		1.596		1.626		1.713



		SUMMARY

		DRX cycle 		160		320		640		1280

		Bandwidth		20		20		20		20

		PAGING based IDLE POWER

		receive		7.60		5.44		4.36		3.82

		sleep		8.05		8.91		9.34		9.55

		modem up/down		45.99		22.99		11.50		5.75

		transmit		0.00		0.00		0.00		0.00

		active		18.40		11.00		9.33		8.50

		BEACON based IDLE POWER

		receive		2.36		2.30		1.78		0.89

		sleep		7.94		8.97		9.47		9.72

		modem up/down		30.66		15.33		7.66		3.83

		transmit		0.42		0.21		0.10		0.05

		active		6.71		3.49		2.22		1.63

				160				320				640				1280

				DL based		UL based		DL based		UL based		DL based		UL based		DL based		UL based

		receive		7.60		2.36		5.44		2.30		4.36		1.78		3.82		0.89

		sleep		8.05		7.94		8.91		8.97		9.34		9.47		9.55		9.72

		modem up/down		45.99		30.66		22.99		15.33		11.50		7.66		5.75		3.83

		transmit		0.00		0.42		0.00		0.21		0.00		0.10		0.00		0.05

		active		18.40		6.71		11.00		3.49		9.33		2.22		8.50		1.63

		FoM		1.66				1.60				1.63				1.71







																		1000		100

																		3.2		0.32
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Power consumption (mW)
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Modeling modem active time, Ta

*Define DL percentage = pp, % and Frame duration =T,
*Sum of all downlink time = Tp ¢
+e.g. synchronization, paging, DL control, DL measurements
«Sum of all uplink time = Ty o
* e.g. beacon transmission
«Calculate needed no of frames in UL perspective: Ny,= Ty /(Te *(1- ppi%))
«Calculate needed no of frames in DL perspective: Np = Tyt /(Ts *Poi%)
*Define minimum time for active time e.g. 3 ms (HW limitation) T, yi,
* Ta = max(T, min, Tr *mMax(Ny,, Np,))
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Idle mode beacon vs meas NT



		Common DRX cycle parameters

		DRX cycle 		160		320		640		1280		ms				Bandwidth		RF-IC power (Rx)		BB-IC power

		Symbol length		66.70		66.70		66.70		67.00		usec				20		140		327		mW

		Bandwidth		20.00		20.00		20.00		20.00		MHz				200		420		3270		mW

		Sub-frame duration		1.00		1.00		1.00		1.00		ms

		Symbols per subframe (rounded)		15.00		15.00		15.00		15.00

		Symbols per ms (rounded)		15.00		15.00		15.00		15.00

		Common transceiver model parameters (same parameters used for LTE and 5G; single baseband)

		Ps		10.00		10.00		10.00		10.00		mW		Sleep power (in LTE >20 mW)

		Prx		140.00		140.00		140.00		140.00		mW		Active reception (ADC+filters+mixers+…) dependent on the bandwidth (20 MHz: 250 mW, 200 MHz 650 mW)

		P_tx		1000.00		1000.00		1000.00		1000.00		mW		Beacon transmit power draw (NOT TX POWER), with full modem output power ~20 dBm

		Pcs		327.03		327.03		327.03		327.03		mW		Active power baseline draw (BB subsystem basic PC); note Prx and P_tx are deltas over this value

		Tu		10000.00		10000.00		10000.00		10000.00		usec		Ramp-up time (BB ramp up, in LTE  20 ms)

		Td		5000.00		5000.00		5000.00		5000.00		usec		Ramp-down time

		Ta,min		3.00		3.00		3.00		3.00		ms		Minimum active time of the transceiver

		Tsync		2.56		5.12		8.00		8.00		ms		Time for synchronisation, per DRX cycle (from 3GPP TR 36.843 V12.0.1 (2014-03))



		Beacon transceiver model parameters

		Ps,b		1.00		1.00		1.00		1.00		mW		Sleep power

		Pa,b		16.35		16.35		16.35		16.35		mW		Equal to BB active power for 1 MHz bandwidth

		Tu,b		1.00		1.00		1.00		1.00		ms		Why can this be so short?

		Td,b		0.50		0.50		0.50		0.50		ms		Why can this be so short?

		Ta,b,min		3.00		3.00		3.00		3.00		ms

		P_tx,b		1000.00		1000.00		1000.00		1000.00		mW		Beacon transmit power

		BEACON TOGGLE		0										Set to 1 to use separate beacon transmitter, 0 for common transceiver



		Paging parameters

		Paging repetition		1		1		1		1				Paging occasions per paging cycle

		Tpaging		2		2		2		2		symbols		Paging occasion duration, scheduling only

		Time for each synchronisation		1.6		1.6		1.6		1.6		ms		Magic number: "eight frames of 0.2 ms"



		BEACON based IDLE POWER (5G)

		Beacon parameters

		Trx		2693.40		5253.40		8133.40		8134.00		usec		Average receiver time for DL control (assuming self decodable in control region)

		T_SEQ		1.00		1.00		1.00		1.00		symbols		Beacon duration

		Beacon Tx cycle		160.00		320.00		640.00		1280.00		ms		Should divide DRX cycle

		Tx time per DRX cycle		66.67		66.67		66.67		66.67		usec

		Beacon control per DRX cycle		1.00		1.00		1.00		1.00				Because we don't necessarily listen to control at every beacon Tx (could combine wakeup with the paging occasion?)

		Paging time per DRX cycle		2.25		2.76		3.78		5.83		ms		Including sync time when needed

		Ta for beacon		0.00		0.00		0.00		0.00

		Ta for non-beacon		8.69		11.25		14.91		16.96

		Ta		8.69		11.25		14.91		16.96		ms		Active time of the modem per DRX cycle

		Beacon wakeups per DRX cycle		0.00		0.00		0.00		0.00

		Non-beacon wakeups per DRX cycle		3.00		3.00		3.00		3.00

		Wakeups per DRX cycle		3.00		3.00		3.00		3.00				Assumes all wakeup events are separate

		Up/down time per DRX cycle		45.00		45.00		45.00		45.00		ms



		Energy breakdown (one DRX cycle)

		receive		377.08		735.48		1138.68		1138.76		uJ

				3%		5%		6%		4%

		sleep		1063.07		2637.47		5800.85		12180.37		uJ

				9%		18%		30%		46%

		up/down		7358.14		7358.14		7358.14		7358.14		uJ

				63%		51%		38%		28%

		transmit		66.67		66.67		66.67		66.67		uJ

				1%		0%		0%		0%

		active		2842.99		3680.18		4877.54		5547.49		uJ

				24%		25%		25%		21%

		Total		11707.9364		14477.9291		19241.8757		26291.4241		uJ

		Average power		73.1746		45.2435		30.0654		20.5402		mW



		MEASUREMENT based IDLE POWER (loosely LTE based)

		Measurement parameters

		Nmeas		2		2		2		2				Measurement occasions per paging cycle

		Tmeas		1.875		3.75		7.5		15		ms		Measurement duration, assuming 15 ms measurement per 1280 ms clock time

		Idle mode derived parameters

		Wakeups per paging cycle		3		3		3		3				Assumes measurement and paging monitoring are separate

		Up/down time per DRX cycle		23		23		23		23		ms

		Trx		8.68		12.43		19.93		34.93		ms		Receiver active time per paging cycle + (average time for synchronisation = eight frames of 0.2 ms)

		Ta		9.00		10.77		18.27		33.27		ms		Modem active time



		Energy breakdown (one DRX cycle)

		receive		1215.67		1740.67		2790.67		4890.67		uJ

				9%		11%		13%		14%

		sleep		1288.17		2850.67		5975.67		12225.67		uJ

				10%		18%		27%		35%

		modem up/down		7358.14		7358.14		7358.14		7358.14		uJ

				57%		48%		33%		21%

		transmit		0.00		0.00		0.00		0.00		uJ

				0%		0%		0%		0%

		active		2943.26		3521.01		5973.72		10879.14		uJ

				23%		23%		27%		31%

		Total		12805.23		15470.48		22098.19		35353.62		uJ

		Average power		80.03		48.35		34.53		27.62		mW



		BEACON based IDLE POWER		11707.94		14477.93		19241.88		26291.42		uJ

		PAGING based IDLE POWER		12805.23		15470.48		22098.19		35353.62		uJ

		FIGURE OF MERIT		1.094		1.069		1.148		1.345



		SUMMARY

		DRX cycle 		160		320		640		1280

		Bandwidth		20		20		20		20

		PAGING based IDLE POWER

		receive		7.60		5.44		4.36		3.82

		sleep		8.05		8.91		9.34		9.55

		modem up/down		45.99		22.99		11.50		5.75

		transmit		0.00		0.00		0.00		0.00

		active		18.40		11.00		9.33		8.50

		BEACON based IDLE POWER

		receive		2.36		2.30		1.78		0.89

		sleep		6.64		8.24		9.06		9.52

		modem up/down		45.99		22.99		11.50		5.75

		transmit		0.42		0.21		0.10		0.05

		active		17.77		11.50		7.62		4.33

				160				320				640				1280

				DL based		UL based		DL based		UL based		DL based		UL based		DL based		UL based

		receive		7.60		2.36		5.44		2.30		4.36		1.78		3.82		0.89

		sleep		8.05		6.64		8.91		8.24		9.34		9.06		9.55		9.52

		modem up/down		45.99		45.99		22.99		22.99		11.50		11.50		5.75		5.75

		transmit		0.00		0.42		0.00		0.21		0.00		0.10		0.00		0.05

		active		18.40		17.77		11.00		11.50		9.33		7.62		8.50		4.33

		FoM		1.09				1.07				1.15				1.34







																		1000		100

																		3.2		0.32





P_TX in [mW]	-30	0	10	17	20	500	500	567.96905380745272	870.95035013273286	1247.6595918819805	Modem output power (dBm)



Power consumption (mW)







receive	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	7.5979166666666673	2.356725	5.4395833333333332	2.2983625000000001	4.3604166666666666	1.7791812499999999	3.8208333333333337	0.88965625000000004	sleep	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	8.0510416666666664	6.6441625000000002	8.9083333333333332	8.24208125	9.3369791666666657	9.0638322916666674	9.5513020833333329	9.5159114583333331	modem up/down	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	45.988368750000006	45.988368750000006	22.994184375000003	22.994184375000003	11.497092187500002	11.497092187500002	5.7485460937500008	5.7485460937500008	transmit	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	0	0.41666666666666669	0	0.20833333333333334	0	0.10416666666666667	0	5.2083333333333336E-2	active	DL based	UL based	DL based	UL based	DL based	UL based	DL based	UL based	160	320	640	1280	18.395347500000003	17.768679328500003	11.003143041666666	11.500566864250001	9.333935583333334	7.621158403791668	8.499331854166666	4.333977936458334	UE Tracking method and DRX cycle (ms)
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Modeling modem active time, Ta

*Define DL percentage = pp, % and Frame duration =T,
*Sum of all downlink time = Tp ¢
+e.g. synchronization, paging, DL control, DL measurements
«Sum of all uplink time = Ty o
* e.g. beacon transmission
«Calculate needed no of frames in UL perspective: Ny,= Ty /(Te *(1- ppi%))
«Calculate needed no of frames in DL perspective: Np = Tyt /(Ts *Poi%)
*Define minimum time for active time e.g. 3 ms (HW limitation) T, yi,
* Ta = max(T, min, Tr *mMax(Ny,, Np,))
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