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Introduction
System information transmission/acquisition is an important radio protocol procedure. In RAN2 #93bis, our contribution [1] discussed the issues in reusing the LTE approach (i.e. periodic broadcast of all system information) in NR system. It was shown that broadcasting multiple system information blocks using the LTE approach leads to significant system overhead and poor energy efficiency. In the email discussion [2] some companies expressed views to quantitatively analyse the pain/gain for the “On-demand provisioning of System Information” concept. In this contribution we present some quantitative analysis on the signalling overhead and power consumption aspects of on-demand SI delivery mechanism.
Discussion
In our contribution [1] we have provided preliminary overhead analysis of broadcasting system information in beamforming system However, the analysis in [1] was based on a very simple model which does not take into account mobility aspects, different cell sizes, SI request upon mobility, number of users per cell and other dynamic conditions. In order to get a better picture of the signalling cost in both the approaches, these additional aspects need to be considered. 
Overhead analysis with additional aspects 
As shown in Table 1, we now consider different cell sizes, users with different speeds and different user densities. Some of the parameters for deployment scenarios depicted in Table 1 are taken from TR 38.913. 
Table 1 Mobility/User density parameters for different deployment scenarios
	Deployment Scenario - Parameters
	M1: Dense Urban
	M2: Rural
	M3: Urban Macro
	M4: Dense Urban High Ud
	M5: Urban Macro High Ud

	Cell Size (R in meters)
	100
	866
	250
	100
	250

	Active users
	20
	20
	20
	314
	1960

	User speed 1 (in KM/h)
	3
	3
	3
	3
	3

	User speed 2 (in KM/h)
	30
	120
	30
	30
	30

	% of users with UE speed 1
	80%
	50%
	80%
	100%
	100%

	% of users with UE speed 2
	20%
	50%
	20%
	0%
	0%



The simple model in [1] is extended to take into account the parameters depicted in Table 1. The total number of users in a cell is derived based on the number of active users shown in Table 1 and assuming an activity factor of 1%. For deployment scenarios M4 and M5 total number of 31400 users/cell and 196000 users/cell respectively corresponds to worst case user density of 10^6 users/sq.km which means 1 user/sq.m. It can be argued that such worst case user density of one user/sq.m would correspond to stationary user i.e. MTC kind of device. However, we still consider UE speed of 3 Km/hr for each user in such worst case user density. Deployment scenarios M4 and M5 are extreme cases which may not be realistic but considered just for the sake of completeness.
Table 2 Number of cell change per hr for different UE speeds
	Deployment Scenario - Parameters
	M1: Dense Urban
	M2: Rural
	M3: Urban Macro
	M4: Dense Urban High Ud
	M5: Urban Macro High Ud

	Total no of users in a cell
	2000
	2000
	2000
	31400
	196000

	# users with UE speed 1
	1600
	1000
	1600
	31400
	196000

	# users with UE speed 2
	400
	1000
	400
	0
	0

	# cell changes/hr - UE speed 1
	15
	1.732 
	6.000 
	15
	6.000 

	# cell changes/hr - UE speed 2
	150
	69.284 
	60.000 
	150
	60.000 



As discussed in the email discussion [2] the triggers to request SI not only depends on user activity but also on other conditions like UE power ON, UE not having a valid stored SI, request for SI specific to some service/feature UE supports etc. Therefore the assumed user activity of 1% is not an influential parameter in the analysis but the total number of users in a cell is important considering the different trigger for SI request. In the analysis we assume that the acquired SI is applicable/valid for one or more cells and upon moving out of the coverage of validity area UE needs to request new SI. A typical UE implementation stores the acquired SI. So on acquiring new SI after moving to new coverage area if the UE subsequently moves back to old coverage area then actually there is no need to re-acquire SI for old coverage area because UE has already stored the SI applicable for that old coverage area previously unless network has updated the SI. However, such aspects are difficult to model. So for simplicity we assume that UE always request SI on moving to new area wherein the SI validity area can be one or more cells and considered as variable parameter for the analysis. 
In the email discussion [2] majority of the companies agreed that it is network decision to trigger UE initiated requests for SI delivery. Therefore in the analysis we try to figure out the breakeven point where SI delivery with “on-demand” approach can be applied based on two variable factors:
1. Number of users in a cell as a variable parameter to simulate load 
2. Number of cells in SI validity area as a variable parameter 
We intend to derive the number of SI request per sq.km per second which would result in those many number of SI responses which could be either transmitted in unicast manner or broadcast manner. For simplicity we assume unicast (i.e. UE dedicated) manner. In beamforming system if SI response is transmitted in unicast manner then there is no need to apply beam sweeping operation. Network can transmit the UE-dedicated SI response on the downlink beam corresponding to the uplink beam on which network received the SI request assuming reciprocity. If SI response is transmitted in broadcast manner then beam sweeping operation can be applied which would increase the signalling overhead on one hand but reduce the number of SI request because other UEs interested in the SI can acquire through broadcast. Again such detailed aspects are difficult to model so we simply assume SI response with unicast manner. Following equations show how to derive the number of SI request per sq.km per second. 
	Total # of cell change/sec = [∑ (cell changes/hr * number of user)]/3600 


Where the summation is over users with different UE speeds
	# of SI request per cell per sec = (Total # of cell change/sec)/ Number of cells in SI validity area



The dedicated cost for SI response can be calculated as follows:
	Dedicated cost (bits/s/sq.km) = X2 bits *# of SI response/sq.km/s*repetition factor


where the # of SI response/sq.km/s is based on #of SI request per cell per sec * # of cells per sq.km. Repetition factor is considered for HARQ re-transmissions for SI Response.
The equivalent cost for on demand approach also depends on how many bits are periodically broadcasted in minimum SI. For e.g. we assume total SI bits i.e. X1+X2 = 528 bits out of which minimum SI i.e. X1 =100 bits while SI response i.e. X2 = 428 bits. If the minimum SI is drastically reduced then there is an impact on the equivalent cost. We have considered this aspect where minimum SI is a variable parameter with values 40 bits and 100 bits. However total SI bits acquired by the UE with either of the approaches are 528 is considered constant. The minimum SI (X1 bits) broadcast repetition in Table 3 is assumed 16 considering DL beam sweeping factor of 4 and repetition factor of 4. The repetition factor for SI response (X2 bits) in Table 3 is assumed 4 considering maximum HARQ re-transmission factor of 4. In practise HARQ re-transmissions typically occur for 10% of time, so repetition factor smaller than 4 can be considered but we assume worst case. There is no beam sweeping applied to the SI-response.
Table 3 All broadcast cost Vs On-demand cost [N= 4 cells in SI validity area]
	 Deployment Scenario - Parameters
	M1: Dense Urban
	M2: Rural
	M3: Urban Macro
	M4: Dense Urban High Ud
	M5: Urban Macro High Ud

	# SI requests per cell per/sec
	5.833 
	4.932 
	2.333 
	32.708 
	81.667 

	# of SI requests per sq.km/sec
	185.775 
	2.094 
	11.890 
	1041.667 
	416.136 

	# of Minimum SI bits (X1)
	100/40 
	100/40 
	100/40 
	100/40 
	100/40 

	Min SI broadcast period in ms
	40.000 
	40.000 
	40.000 
	40.000 
	40.000 

	Min SI broadcast repetition 
	16.000 
	16.000 
	16.000 
	16.000 
	16.000 

	A. Broadcast cost for Min SI [Kbits/s/sq km]
	1273.88/  509.55 
	16.98/     6.79 
	203.82/ 81.53
	1273.88/  509.55 
	203.82/ 81.53 

	#of SI responses per sq.km/s
	185.775 
	2.094 
	11.890 
	398.089 
	63.694 

	Response SI bits (X2)
	428/488 
	428/488 
	428/488 
	428/488 
	428/488 

	Repetition factor for X2
	4.000 
	4.000 
	4.000 
	4.000 
	4.000 

	B. Dedicated cost for Response SI [Kbits/s/sq km]
	318.04/  362.63 
	3.58/       4.08 
	20.35/   23.20
	1783.33/  2033.33 
	712.42/ 812.29 

	Equi. Cost for on-demand: A+ B [Kbits/s/sq km]
	1591.93/  872.18 
	20.57/   10.88
	224.17/  104.73 
	3057.21/ 2542.88 
	916.24/ 893.82

	[bookmark: _GoBack]Cost of ALL Broadcast  approach [Kbits/s/sq km]
	2535.03 
	33.80 
	405.60
	2535.03
	405.60



The SI transmission cost is not in the context of how much system capacity is occupied by the system information cost. In most situations such cost may be low but network broadcasts the SI periodically even when majority of UEs have already acquired the required SI. This may result in poor network energy efficiency. Also, with beamforming periodic broadcast with beam sweeping on fixed beams causes scheduling restrictions and hence inefficient resource efficiency. Therefore, in Table 3 the overhead analysis compares the cost to deliver the same number of SI bits (i.e. 528 bits) to the UE by using the all broadcast approach and the on-demand approach for different deployment scenarios. It can be observed that the broadcast cost is independent of user density but changes according to the cell-size. However the on-demand cost is not only dependent on the user density but also on the cell-size. For the dense urban scenario with cell-size of R =100 m when the user density is changed from 2000 user/cell to 31400 user/cell the on-demand cost increases roughly 2-3 times depending on the number of SI bits transmitted in unicast manner. 
The signalling cost from Table 3 is normalized to the all broadcast costs and depicted in Figure 1 and Figure 2 for better readability. Figure 1 shows the normalized cost for delivering 528 SI bits with the all broadcast approach and the on-demand approach for the 5 deployment scenarios (M1 to M5) when the number of cells in the SI validity area is 4 cells. Figure 2 shows the same when the number of cells in the SI validity area is 2 cells. The blue bars show the cost when the minimum SI =100 bits from the 528 SI bits while the red bars show the cost when the minimum SI =40 bits. It can be observed for deployment scenarios M1 to M3 the on-demand cost is less than the all broadcast cost. Only in deployment scenarios M4 and M5 the on-demand cost becomes more than the all broadcast cost. However, as mentioned earlier the deployment scenarios M4 and M5 may not be realistic scenarios. When the number of cells in the SI-validity area decreases from 4 cells to 2 cells then as expected the number of SI requests will increase and hence the SI responses. As a consequence the on-demand cost increases if the SI validity area is small. 

Figure 1 Normalized Cost (SI validity area = 4 cells).

Figure 2 Normalized Cost (SI validity area = 2 cells).

Figure 3 Normalized overhead as function of number of cells
We now consider the dense urban deployment scenario M1 and vary the number of cells in the SI validity area from N =1 to 2, 4, 8 and 16. However the user density is kept constant at 2000 users per cell. The normalized cost with respect to the all broadcast cost is shown in Figure 3. It is intuitive that the on-demand cost will decrease if the number of cells within the SI-validity area increases simply because the number of SI requests will decrease. A UE upon acquiring SI through request-response mechanism upon performing cell re-selection to a neighbour cell which belongs to the SI validity area does not need to make a fresh request for new SI.
Following observations can be made from Figure 1, Figure 2 and Figure 3:
Observation#1: The all broadcast cost is independent of user density but changes according to the cell-size. However the on-demand cost is not only dependent on the user density but also on the cell-size.
Observation#2: The on-demand cost is less or comparable to the all broadcast cost in most deployments scenarios with different cell-sizes, user density and user mobility.
Observation#3: The on-demand cost decreases if the SI validity area for which SI has been explicitly requested is applicable for several cells.
We now consider the dense urban deployment scenario M1, where not only the number of cells in the SI validity area is varied as N = 4, 8 and 16 but the user density is also varied from 2000 to 20000 users per cell in steps of 2000. This is depicted in Figure 4 where the cost is shown in Kbits per sec per sq.km and not normalized with respect to the all broadcast cost. It can be observed from Figure 4 that at very high user density i.e. more than 12000 user per cell and when the SI validity area comprises N =4, the on-demand cost becomes larger than the all broadcast cost. If the SI validity area comprises N =8 or 16 cells then even at very high user density the on-demand cost is less or comparable with the all broadcast cost. 
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Figure 4 On-demand Cost as a function of user density and number of cells

UE Power Consumption analysis 
It is desired that ratio of Energy ConsumedDedicated/ Energy ConsumedBroadcast <= 1
Energy ConsumedDedicated/ Energy ConsumedBroadcast =  *  (See Appendix for details)
where N is number of cells in area A, E1 is energy consumed for one SI request and E2 is energy consumed for reading SI broadcast one time.
To avoid any negative impact of demand approach on UE energy consumption, 
N >=    or N >=   or N >= 1+ 
Note E2 is energy consumed for receiving broadcast SI. For receiving one SI message UE has to monitor number of subframes equal to Si-Window length. 
We assume based on [3]: a) TX Power = 3X W   b) RX Power = X W
Eprach = 3X mWsec and E2 = X mWsec* si-Window length
Case 1: SI-Window Length = 3 subframe, 
We can approximate E2 ~ Eprach. In this case if N >= 2 then there is no negative impact of demand approach on UE energy consumption. For N>2, UE will actually consume less energy.
Case 2: Larger SI-Window Length (e.g. > 10 subframes) 
Since E2 >>> Eprach; we can ignore Eprach/E2. In this case if N >= 1 then there is no negative impact of on demand on UE energy consumption. For N>1, UE will actually consume less energy.
Following observation can be made from above analysis:
Observation#4: There may be no negative impact on the UE power consumption for the on demand approach if the number of cell in SI validity is more than one.
Conclusion
We summarize the contribution with the following observations:  
Observation#1: The all broadcast cost is independent of user density but changes according to the cell-size. However the on-demand cost is not only dependent on the user density but also on the cell-size.
Observation#2: The on-demand cost is less or comparable to the all broadcast cost in most deployments scenarios with different cell-sizes, user density and user mobility.
Observation#3: The on-demand cost decreases if the SI validity area for which SI has been explicitly requested is applicable for several cells.
Observation#4: There may be no negative impact on the UE power consumption for the on demand approach if the number of cell in SI validity is more than one.
Based on the above observations we request RAN2 to discuss and agree on the following proposals:
Proposal#1: RAN2 is requested to capture the analysis on signalling cost and power consumption in the RAN2 TR.
Proposal#2: On demand SI delivery approach can be considered as a candidate solution for provisioning SI in NR.
Proposal#3: It is network decision to enable the on-demand approach so that UE can initiate SI request.
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Annex
UE Power Consumption
Energy Consumed in On Demand Approach:
Area over which SI received in dedicated manner is valid = A sq. km
Cell Radius = R km
Cell Area = 3.14 * R2 sq. km
UE speed = Y kmph
Time taken by UE to cross area ‘A’ = (diameter of cell * number of cells)/UE speed 
= 
SI requests per hour = 
Energy ConsumedDedicated =  where E1 is energy consumed for one SI request
Energy Consumed in Periodic Broadcast Approach
Time taken by UE to cross one cell = 
UE read SI broadcast every cell change. So time after which UE reads SI broadcast = 
# of times UE reads SI broadcast per hour = 
Energy ConsumedBroadcast =  where E2 is energy consumed for reading SI broadcast one time
Comparison
Energy ConsumedDedicated/ Energy ConsumedBroadcast =  =  
=  *  =  * 
where N is number of cells in area A

On-demand (X1=100bits)	M1	M2	M3	M4	M5	0.62797284450282642	0.60857988165680477	0.55270216962524654	1.2059888837607442	2.258989151873767	On-demand (X1=40 bits)	M1	M2	M3	M4	M5	0.34405115521315327	0.32189349112426041	0.25821005917159762	1.0030966102965251	2.2037105522682445	All Broadcast	M1	M2	M3	M4	M5	1	1	1	1	1	On-demand (X1=100bits)	M1	M2	M3	M4	M5	0.75343408164794889	0.71467455621301779	0.60288708086785003	1.9094653712184864	4.0154585798816571	On-demand (X1=40 bits)	M1	M2	M3	M4	M5	0.487102322260486	0.44289940828402374	0.31544625246548319	1.8051936268998789	4.2064176528599608	All Broadcast	M1	M2	M3	M4	M5	1	1	1	1	1	On-demand (X1=40 bits)	1	2	4	8	16	0.77319932998324947	0.48710217755443885	0.34405360134003349	0.27252931323283081	0.23676716917922946	All Broadcast	1	2	4	8	16	1	1	1	1	1	On Demand (N = 16)	2000	4000	6000	8000	10000	12000	14000	16000	18000	20000	22000	24000	600	690	781	872	962	1053	1144	1234	1325	1416	1506	1597	On Demand (N = 8)	2000	4000	6000	8000	10000	12000	14000	16000	18000	20000	22000	24000	690	872	1053	1234	1416	1597	1778	1960	2141	2322	2504	2685	On Demand (N = 4)	2000	4000	6000	8000	10000	12000	14000	16000	18000	20000	22000	24000	872	1234	1597	1960	2322	2685	3047	3410	3773	4135	4498	4861	Periodic Bcast	2000	4000	6000	8000	10000	12000	14000	16000	18000	20000	22000	24000	2535	2535	2535	2535	2535	2535	2535	2535	2535	2535	2535	2535	