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1 Introduction
In the last RAN2#95bis meeting the documents on the benefits of UL measurement based mobility for RRC_INACTIVE state, [1] and [2], were discussed. In [3] a list of issues was collected 
The current document clarifies the issues raised during the discussion of [1]-[3] and provides further details.
2 Discussion
In [1], we have discussed a possibility for UL-based mobility in RRC_INACTIVE, relying on the following principles:

-
The UE maintains downlink sync as usual; uplink sync is assumed within some tolerance;

-
The UE monitors paging or a DL signal on its regular POs;

-
The UE transmits an uplink reference signal;
-
E.g. based on some configuration given by the network;
-
Signal configuration e.g. signature/code allows the network to identify the UE at least within the region;
-
The UE does not make any neighbour cell measurement;

-
The network measures the UE at various TRPs and determines which one(s) best serve the UE;

-
The network may transmit an ACK to acknowledge reception of the UE uplink reference signal, or paging, or some downlink control information, e.g. to update the UE configuration.

In our understanding, these principles are common to the description in [2].
We expect the following gains of UL-based mobility as compared to cell reselection:

-
reduced UE power consumption (see [4]), thanks to the omission of neighbour cell measurements;

-
large reduction of paging load, paging could even be a dedicated beam formed message to the UE;

-
reduced overhead for DL RS transmission, without impact to UE mobility.
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Figure 1 (figure 2 in [4]): UE power consumption for UL-based mobility vs. DL-based (reselection) with 20 MHz bandwidth
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Figure 2 (figure 2 in [1]): DL data transmission for DL and UL based tracking.
DL tracking. The PSS/SSS signalling was included in the analysis, but not the phase reference signals. This includes paging and RACH in case of DL data arrival. It was assumed that the UE returns to the inactive state after a timer expires. If a new DL packet arrives before that time, UE will remain in RRC connected state.

UL tracking option A. This is according to Figure 2 (right side). LTE PSS/SSS signals were assumed to be broadcast and used for time synchronization similarly to the DL tracking case (and included in the analysis). The UE remains in the power saving state continuously regardless of the incoming DL packet rate. It was assumed that mobile users (10% of all users; moving 30 km/h) beacon at each DRX cycle. The static users beaconed once per second.

UL tracking option B. This option is otherwise similar to option A, but here it was assumed that the narrowband UL beacon allowed the downlink physical control channel for DCI to be beamformed, as discussed below. The DL transmissions were assumed to occur at every DRX cycle for each user with a beam that covered 10% of the TRP serving area. This can be considered as a very conservative assumption, so the practical performance can be assumed to be better. In addition, the PSS/SSS was only sent with a 50ms interval, instead of the 5ms in LTE.

[image: image4.png]Signalingl load [RE/s/TRP]

100000
90000
80000
70000
60000
50000
40000
30000
20000
10000

0

DL vs. UL tracking

v

¥

Mﬁ—‘*

0.05 0.5 5

Incoming data rate [msg/s/user]

50

—#—DL-Tr-A
—B-ULTr-A
——ULTr-B





Figure 3 (figure 3 in [1]) : Signalling load of different mobility tracking options.

Although the incoming data rate in Figure 3 could be seen as high, we do see a need to investigate the efficiency of the system at these rates. Investigations of the behavior of applications commonly used in the smart phones of today show that some applications can have a very high intensity of communication packets, even when the application is running in the background. In [5] for example, it was shown that for the Skype VoIP application there is a packet every 0.5 seconds on average. It is easy to imagine that more applications will be cloud based in the future, where the background signaling will be frequent, and with tens of concurrently ongoing background applications in the UE rapidly adding up to significantly higher packet transmission rates than what has been the case for today’s systems. To allow for UEs to save power using RRC_INACTIVE even in these cases seems important and should also be studied.
2.1 Further discussion on UE power consumption 

As discussed in [2], when waking up from DRX, a moving UE could rather frequently have lost the cell where it was previously camped on, triggering a full search, which would significantly increase the power consumption.

Another aspect is that, when a cell is made large by operating multiple TRPs together, the quality of a multi-TRP signal will be very good is a rather wide area but can drop sharply on a small distance at the cell edge. If, in order to save power, the UE are provided via SI with a threshold on serving cell quality above which the UE does not need to do neighbour cell measurements for cell reselection evaluation, at the cell edge, the signal may drop so quickly that even with low or moderate mobility, a UE could move out of the serving cell without any neighbour cell measurement allowing for reselection of the new cell. From this perspective, it seems rather difficult to use a similar mechanism like for LTE, i.e. in a dense network area, if cell reselection is used, all UEs in a cell may have to do neighbour cell measurements, as they cannot distinguish cell centre from cell edge.
Observation: In a dense network area with multiple TRPs operated as a single cell, if cell reselection is used, all UEs in a cell may have to do neighbour cell measurements, as they cannot distinguish cell centre from cell edge.

2.2 Signalling for mobility 
2.2.1 Intra-gNB inter-TRP mobility 

When the UE moves between TRPs under the same gNB it is assumed that the network can handle the mobility without L3 signaling once configured. The UE transmits UL reference signals as often as the network configures it, using the assigned UE ID (mapped into a particular PHY sequence/code), time and frequency resources. The measurements of the reference signal received power, either raw or with appropriate average/filtering, are reported to the gNB. Depending on the density of TRPs in the area the gNB defines which TRPs are configured to receive the UL reference signal. In some cases all TRPs under the control of the gNB are configured to receive the UL reference signal, while in other cases the gNB configures the TRPs within the expected vicinity of the UE. This will reduce the search space for the TRPs to determine which UE has sent the UL reference signal.  
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Figure 1: Intra-gNB mobility signalling
2.2.2 Inter-gNB mobility
When a UE moves between TRPs that belongs to different gNBs on the same frequency in RRC_INACTIVE state, the UL based mobility can potentially handle this without RRC reconfiguration. Since the UE ID is defined by each gNB the source gNB will send a limited information about the currently used UE ID and if there is no collision in the target gNB the UE could maintain its ID and continue on without any reconfiguration. If the UE ID or UL resources are being used in the target gNB an RRC reconfiguration is sent to the UE. In case the source gNB is handling multiple TRPs, it can determine through UL reference signal measurements that the UE is approaching another gNB and proactively send the information about the UE to that target gNB. When a TRP reports a UE to the gNB that the received UL reference signal is below a certain level for a consecutive number of occasions it can be removed from the list (this list contains the set of IDs/sequences/codes against which the TRP needs to correlate in order to identify the UL reference signal).
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Figure 1: Inter-gNB mobility signalling including RRC reconfiguration
Step 1: UE sends the UL RS according the configuration of source gNB.

Step 2: Source gNB sends a request for measurement including the UE ID used for the UE.

Step 3: The target gNB acknowledges the measurement request including the and potentially suggest a new UE ID to be used in case of risk for collision of IDs.

Step 4: UE sends the UL RS according the configuration of source gNB.

Step 5: Optional. Source gNB sends the information about the new UE ID, transmission resources and timers to be used.

Step 6: UE sends the gap UL RS according the (new) configuration of source gNB.

Step 7: UE sends the gap UL RS according the (new) configuration of source gNB.

Step 8: The target gNB informs the source gNB when the UE has been detected,

Step 9: UE sends the UL RS according the (new) configuration of source gNB.

Step 10: Source gNB forwards the complete UE context.

Step 11: Target gNB confirms the reception of the UE context.

Step 12: UE sends the UL RS according the (new) configuration of source gNB.

Step 13: UE sends the UL RS according the (new) configuration of source gNB.

NOTE: The order of the steps of the UL RS transmissions (step 1, 4, 6, 7, 9, 12 and 13) are not critical to the mobility performance and are added for completeness.

2.2.3 Inter-frequency handover

In case the UE moves between TRPs using different carrier frequencies the UE would have to make itself measureable on the target frequency. As in traditional DL based mobility the source gNB will have to provide the UE with measurement gaps, but instead of measuring, the UE can transmit UL reference signals as configured in the measurement configuration message after synchronizing with the target gNB. Once the target gNB has received the UL reference signals at a quality that is deemed as high enough, the target gNB will send a message back to the source gNB that can determine when a switch to the new gNB shall be effective. The UE context needs to be moved to the target gNB in advance and at a predefined time the UE switches and starts to transmit UL reference signals on the new carrier.
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Figure 2: Inter-frequency mobility
Step 1: UE sends the UL RS according the configuration of source gNB.

Step 2: Source gNB sends a request for measurement including the UE ID used for the UE.

Step 3: The target gNB acknowledges the measurement request including the and potentially suggest a new UE ID to be used in case of risk for collision of IDs.

Step 4: UE sends the UL RS according the configuration of source gNB.

Step 5: Source gNB sends the information about the UL RS gap, including information about UE ID, transmission resources and timers.

Step 6: UE sends the gap UL RS according the configuration of source gNB.

Step 7: The target gNB informs the source gNB when the UE has been detected,

Step 8: sends the UL RS according the previous configuration of source gNB.

Step 9: Source gNB forwards the complete UE context, including the time for the switch to the target gNB.
Step 10: Target gNB confirms the reception of the UE context.

Step 11: UE sends the UL RS according the configuration of source gNB.

Step 12: UE sends the RRC reconfiguration information to the UE, including the time for the switch.

Step 13: UE sends the UL RS according the configuration of source gNB.

Step 14: After the time has expired, UE sends the UL RS according the configuration of target gNB.

2.2.4 Combined use of UL and DL based mobility

In case the target gNB do not support UL based mobility, the UE would be configured by the source gNB to initiate DL based mobility, where the UE measures the neighbour gNBs and determine the cell to camp on. The UE could stay in RRC_INACTIVE state in the DL based mobility area, but there is a need for configuring the UE with the necessary information about the area and notify the network. Having gNBs with different mobility paradigms will not be sharing the same area and therefore there is anyway a need to let the network know that the UE has changed area. 
For mobility in the opposite direction the UE will send a notification to the gNB when entering an area with UL based mobility, and the UE can be configured to initiate UL based mobility.

2.3 DRX and DTX separation
UEs in RRC_INACTIVE state will have the context maintained in the UE, the G-UTRAN and CN. This implies that the QoS for the ongoing DRBs will be maintained during the RRC_INACTIVE state. In order to save as much power as possible in the UE, it would be beneficial if the RRC_INACTIVE state could be invoked as often as possible without deteriorating the service quality. However, to enable the UE to go to sleep, the defined DRX period needs to be configured to meet the latency requirements. 

We have further shown in [1] that a tight network control of the best serving TRP for the specific UE can reduce the need for paging signalling and also reduce the latency of packets in DL. To have the network prepared for any data traffic will then increase the periods when the UE can sleep, since the additional delay from paging procedure can be removed. The need to track the UE on a TRP level will put higher requirements on the UL reference signal rate, i.e. the UE will sometimes have to transmit UL reference signals more often than it needs to wake up for receiving control information or data. 
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Figure 4: UL measurement based mobility procedure
In Figure 1 we have shown an example of the procedure where the UE transmits UL reference signals more often than receiving control signalling. The UE would not have to wake up the whole baseband part for the UL reference signal. 
2.4 Synchronization requirements

The UL based mobility assumes that the TRPs in the vicinity of the UE are synchronized to each other in such a manner that they can all receive the UL reference signal from the UE, i.e. within the cyclic prefix. The need for synchronization accuracy for UL based mobility is the same as for the TDD system, where UL and DL transmissions are separated in time to avoid interference between directions (UL-to-DL and DL-to-UL interference).

Another aspect that should be considered is the spatial separation of areas for synchronization. A TRP in an area will only have to be well synchronized with the TRPs in the vicinity, but does not have to be synchronized with all the TRPs in the whole network. This is illustrated in Figure 2, where the colour of the background is indicating level of synchronization. The two circles indicate to separate regions where relative synchronization is maintained although not synchronized between the areas.
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Figure 5: Synchronization requirements are local

2.5 UL tracking reference signal design

The UL reference signal is a narrowband signalling from the UE. The design target is to allow the network to detect the mobility of the UE, such that UE will not have to perform measurements and thereby reduce the power consumption during temporary pauses in data traffic. The ID given to the UE by the network can be translated into a unique sequence . This sequence shall have good cross-correlation properties, similar to the RACH procedure in LTE which is using Zadoff-Chu sequences, such that misdetections are minimized. 

An important difference between the RACH procedure and the UL reference signal is that the UL reference signal will be transmitted in a predefined resource, which means that the likelihood of collisions are decreased. 
The physical resources allocated to a UE for transmitting these UL reference signals are reallocated only when interference from another UE with similar physical resource allocation is imminent. Such a situation can be detected since the network keeps track of the UEs’ positions.

The UL reference signal (UL RS) is designed following a set of defined criteria in both the time domain and frequency domain. In [4] we have provided the fundamental design aspects of Zadoff-Chu sequences to be used for the UL RS and is briefly introduced here. 
Figure  summarizes the used parameters and illustrates the partition of the tracking sequence channel (TSCH) into several tracking sequence resource blocks (TSRBs). Note, for example, that within a given TSCH bandwidth (BTSCH) larger sequence bandwidths achieve larger sequence spaces but then the orthogonal number of TSRBs is reduced.
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Figure 6: Reference Signal Resource dimensioning.

As an example, we use the parameters in Table 1 to plot the number of orthogonal sequences per TSRB in Figure 7. The number of orthogonal sequences grows with the sequence duration TSEQ and with the sequence bandwidth BSEQ. For both trends there seems to be some saturation point after which the number of orthogonal sequences grows slowly. Note that Figure 7 reflects on the number of orthogonal sequences supported per TSRB. If frequency multiplexing should be used over a bandwidth including several TSRBs, then the number of orthogonal sequences would grow linearly.
Table 1 Parameters for numerical evaluation of orthogonal sequence number.

	Subcarrier spacing
	15 kHz

	Subframe duration
	0.5 ms

	Delay spread (τDS)
	0.3 μs

	Symbols per subframe
	7

	Symbol duration (Ts)
	66.66 μs

	Sequence Duration (TSEQ)
	1Ts=66.66 μs
	2Ts=133.33 μs
	3Ts = 200 μs

	UL tracking range (r)
	367 m
	719 m
	1 km
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Figure 7 Number of orthogonal sequences per TSRB (number of allowed sequence cyclic shifts) against sequence bandwidth BSEQ
2.5.1 Analysis on the number of supported users

We are interested in knowing how many users we can support per unit area for a set of ISD and for 1% resource overhead (definition is provided in the Appendix). We will further assume that only orthogonal sequences can be used. We assume 100 MHz total bandwidth and 90% of the users stationary transmitting UL RS at 1 signal/user/s. Mobile users will transmit UL RS at a rate of 10 signals/user/s.

Figure 8 shows the supported density of users against the sequence bandwidth, for different sequence durations and different ISDs. The number of supported users (density) decreases when increasing the sequence duration (TSEQ). This is due to the fact that, for a fixed overhead, increasing the time resources for sequences causes a reduction in the UL tracking opportunities to comply with the aforementioned overhead. Also, the number of supported users (density) decreases with the sequence bandwidth since the number of orthogonal resources created by this cannot compensate the reduction in frequency multiplexed resource blocks for tracking.
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(c) ISD = 200
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	Figure 8 Supported user density against sequence bandwidth for different sequence lengths and ISDs.


In the case of an event where a large mass of people are gathered, such as a stadium or a concert the mobility among the users will be reduced. We can in such cases reduce the UL reference signal rate per user. Figure 9 shows the same results as Figure 8, but without any mobile users, i.e. all users transmit UL reference signals at 1 signal/user/s.  
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(c) ISD = 200
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	Figure 9 Supported user density against sequence bandwidth for different sequence lengths and ISDs.


More information about the analysis is provided in the Appendix.
2.5.2 Required UL reference signal rate evaluation

The signalling rate related to changing the ID will surely depend on many factors such as the UE speed, deployment characteristics (e.g. ISD), available number of sequences, the density of users, etc. UL reference signal measurement accuracy will depend on how often the UL reference signal is being transmitted. We provide some simple calculations in order to grasp the required UL reference signal rates.

For the purpose of TRP selection, we must ensure that the UE transmits UL reference signals often enough so that measurements over these UL reference signals provide reliable information on which is the best TRP to communicate with this UE. The definition of “best TRP” is left FFS.

We consider that the UE should transmit a number of NULtracking,TRP UL reference signals within each TRP coverage area [signals/TRP/user]. The average TRP coverage area dwell time assuming a circular TRP coverage with radius r can be expressed as tdwell = πr/2v [s/TRP] with r [m] the TRP coverage radius and v [m/s] the user speed. The resulting UL tracking rate can be then expressed as
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(1)

We may further assume that some required or target UL reference signal detection probability is given by p (e.g. p=0.99).  Then, the average number of UL reference signals to be sent (NULtracking,TRP) in order to have NULtrackingOK,TRP successfully received reference signals is given by NULtracking,TRP= NULtrackingOK,TRP/p (which follows from the negative binomial distribution). Then, replacing NULtracking,TRP in (1) we obtain
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(2)

The case NULtrackingOK,TRP =1 is the minimum so that at least the network knows the coarse location of the UE (i.e. which TRP should be used for paging/communication). However if some measurement averaging/filtering is needed, then we would require NULtrackingOK,TRP >1.

The following table provides some illustrative results on the required tracking signal rates, with the assumption that NULtracking,TRP = 5 and p = 0.9.

Table 2: RULtracking,TRP  in [signals/s/UE] as a function of velocity and cell radius
	
	r [m]

	v [km/h]
	100
	300
	1500

	3
	0.029
	0.010
	0.002

	30
	0.295
	0.098
	0.020

	60
	0.589
	0.196
	0.039

	120
	1.179
	0.393
	0.079


3 Conclusion

In this document we have tried to describe how the UL based mobility could be handled for RRC_INACTIVE and also addressed some of the concerns expressed during the RAN2#95bis meeting.
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5 Appendix
The UL reference signal (UL RS) is designed following a set of defined criteria in both the time domain and frequency domain. In [4] we provide the fundamental design aspects of Zadoff-Chu sequences to be used for the UL RS. In a nutshell, the sequence duration (TSEQ) will determine the range of the UL reference signal allowing reliable detection, and the sequence bandwidth (BSEQ) will determine the available sequence space (sequence length Nz, and number of root sequences |q|=Nz-1). From a resource point of view the UL RS will be transmitted over a tracking signal channel (TSCH) composed by a set of time-frequency resources named tracking signal resource blocks (TSRB). Over each TSRB, a number of non-orthogonal |q|=Nz-1 sequences can be simultaneously transmitted with a cross-correlation factor of 
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. In addition, time-shifting of a single root sequence provides with a number of orthogonal sequences given by αSEQ so that the sequence space can be increased to MSEQ= αSEQ ·|q| sequences per TSRB. Furthermore, having a number of frequency multiplexed TSRB over the tracking signal channel of bandwidth BTSCH linearly increases the number of available sequences. Figure 9 summarizes the aforementioned parameters and illustrates the partition of the TSCH into several TSRBs. Note, for example, that within a given TSCH bandwidth (BTSCH) larger sequence bandwidths achieve larger sequence spaces but then the orthogonal number of TSRBs is reduced.
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Figure 9. Reference Signal Resource dimensioning.

As an example, we use the parameters in Table 1 to plot the number of orthogonal sequences per TSRB in Figure 7. The number of orthogonal sequences grows with the sequence duration TSEQ and with the sequence bandwidth BSEQ. For both trends there seems to be some saturation point after which the number of orthogonal sequences grows slowly. Note that Figure 7 reflects on the number of orthogonal sequences supported per TSRB. If frequency multiplexing should be used over a bandwidth including several TSRBs, then the number of orthogonal sequences would grow linearly.
Table 2 Parameters for numerical evaluation of orthogonal sequence number.

	Subcarrier spacing
	15 kHz

	Subframe duration
	0.5 ms

	Delay spread (τDS)
	0.3 μs

	Symbols per subframe
	7

	Symbol duration (Ts)
	66.66 μs

	Sequence Duration (TSEQ)
	1Ts=66.66 μs
	2Ts=133.33 μs
	3Ts = 200 μs

	UL tracking range (r)
	367 m
	719 m
	1 km
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Figure 10 Number of orthogonal sequences per TSRB (number of allowed sequence cyclic shifts) against sequence bandwidth BSEQ
5.1.1 Analysis on the number of supported users

We are interested in knowing how many users we can support per unit area for a set of ISD of 50,100,200,500 meters and for 1% system overhead. We will further assume that only orthogonal sequences can be used. We assume 100 MHz total bandwidth and 90% of the users stationary transmitting UL RS at 1 signal/user/s. Mobile users will transmit UL RS at a rate of 10 signals/user/s.

For this analysis we assume a hexagonal grid deployment of TRPs, so that the area of a cell is given by
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, where dISD is the inter-site distance.

We consider a resource element (RE) as a symbol-subcarrier pair.
We may define the system overhead as the ratio between the rate of UL tracking REs over total RE rate, formally:
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where ηoverhead is the required overhead. The available UL tracking RE rate is given by

RTS= ηoverhead · RT [RE/s] 






















(7)

The total RE rate is given by:

[image: image27.wmf]SF

SF

symb

SC

T

T

N

N

R

/

´

=

 [RE/s] 





















(8)

· Where NSC is the total number of available subcarriers given a system bandwidth Bsys, a subcarrier spacing ∆fSC and a bandwidth efficiency 
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· TSF is the subframe duration [s].

The amount of REs used for each UL reference signal is (NSC,TS·Nsymb,TS) [RE/reference signal], where NSC,TS is the number of subcarriers devoted to an UL reference signal, and Nsymb,TS is the number of symbols used for the UL reference signal. Furthermore, αSEQ simultaneous reference signals can be transmitted without interference, so the amount of REs per reference signals is effectively divided by αSEQ, hence (NSC,TS·Nsymb,TS)/ αSEQ [RE/ reference signal].

Then, the UL reference rate (in [reference signals/s]) can be expressed as
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Where the dividing factor 1/NTRP reflects the fact that a given sequence must be received at NTRP TRPs, and hence full reuse of this sequence is not possible.

Assume, let’s say, two user groups with required UL reference signal rates of R1 [reference signals/s/user] and R2 [reference signals/s/user]. It must be fulfilled that
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where Nu,1 and Nu,2 are the number of users of group 1 and 2 respectively.

Defining the percentage of user group 1 as U= Nu,1 /( Nu,1 + Nu,2), and substituting in (7) we can write
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To obtain the maximum supported density of users, we divide 
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Figure 11 shows the supported density of users against the sequence bandwidth, for different sequence durations and different ISDs. Performance evaluation parameters are given in Table 3. The number of supported users (density) decreases when increasing the sequence duration (TSEQ). This is due to the fact that, for a fixed overhead, increasing the time resources for sequences causes a reduction in the UL tracking opportunities to comply with the aforementioned overhead. Also, the number of supported users (density) decreases with the sequence bandwidth since the number of orthogonal resources created by this cannot compensate the reduction in frequency multiplexed resource blocks for tracking.

Table 3: Parameters for number of supported analysis (mobility).
	Bandwidth
	100 MHz

	Target Bandwidth Efficiency
	90%

	Target UL tracking Overhead
	1%

	Num. Receiving TRPs/tracking signal
	3

	User group 1 target UL tracking rate
	10 reference signals/s

	User group 2 target UL tracking rate
	1 reference signals/s

	Percentage users group 1
	10%

	Subcarrier spacing
	15 kHz

	Subframe duration
	0.5 ms

	Delay spread (τDS) 
	 0.3 μs

	Symbols per subframe
	7

	Symbol duration (Ts)
	66.66 μs

	Sequence Duration (TSEQ)
	1Ts=66.66 μs
	2Ts=133.33 μs
	3Ts = 200 μs

	UL tracking range (r)
	367 m
	719 m
	1 km
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(c) ISD = 200
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(d) ISD=500 m

	Figure 11 Supported user density against sequence bandwidth for different sequence lengths and ISDs.


When the density of users increases, for example at outdoor concerts or in stadiums, the user velocities will decrease. In these cases the UL reference signal rate per user can be reduced. The used parameters are the same shown in Table 3, except that the all users belong to the user group 2. Figure 12 shows the same results as Figure 11, but now for the low mobility event scenario.
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	Figure 12 Supported user density against sequence bandwidth for different sequence lengths and ISDs.
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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		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)



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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