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1	Introduction
The general guidelines for system information delivery procedure in NR have been highlighted in [1]. In principle, the System Information (SI) is split into Minimum SI that is broadcasted periodically and Other SI containing the remaining SI that could be transmitted to the UE on-demand either in a broadcast or dedicated manner [2]. The Minimum SI contains at least the essential information for initial access and consists of the Master Information Block (MIB) which is assumed to have a different periodicity than the remaining part of the Minimum SI, denoted in this paper by xSI.
The benefits and disadvantages of on-demand SI delivery approach have been discussed in [3] and evaluated against the approach where all SI is periodically broadcasted as in LTE. In particular, different methodologies have been proposed to evaluate the performance of both approaches along with the assumptions and metrics. In this contribution, we first explain our evaluation methodology for comparing the performance of on-demand SI delivery approach against periodic broadcast of all SI. Then, we present results comparing the performance of on-demand SI delivery approach against the periodic broadcast of all SI with respect to downlink overhead. 
2	Evaluation Methodology
This section describes the methodology used to evaluate the performance of three SI delivery approaches which are all configurable using the common SI delivery procedure proposed in [2]. The three SI delivery approaches are described as follows:
1. Periodic broadcast of all SI: MIB, xSI and the Other SI that are all periodically broadcasted.
2. On-demand delivery of Other SI by unicast: The MIB and xSI is broadcasted periodically whereas the Other SI is acquired on-demand using unicast transmission.
3. On-demand delivery of Other SI by broadcast: The MIB and xSI is broadcasted periodically whereas the Other SI is acquired on-demand using broadcast transmission.
For clarification, the three SI delivery approaches are illustrated in Fig. 1.
[image: ]
Figure 1: The three SI delivery approaches that are configurable using the common SI delivery procedure proposed in [2] 
The Minimum SI, which is composed of MIB and xSI, is broadcasted periodically in all approaches. Moreover, xSI is assumed to be transmitted in one SI message. The same assumption applies for the Other SI which is transmitted using one SI message that is different from that used for xSI.
The parameters indicating the size, periodicity, repetition and the number of resources required for broadcast transmission of MIB, xSI and Other SI for one repetition are shown in Table 1. 
Table 1: Parameters indicating the size, periodicity, repetition and the number of resources required for broadcast transmission of MIB, xSI and Other SI
	
	Size
	Periodicity [s]
	Repetition
	Resources for broadcast transmission

	MIB
	S1
	T1
	M1
	R1

	xSI
	S2
	T2
	M2
	R2

	Other SI
	S3
	T3
	M3
	R3



Assuming that the same MCS and code rate are used in the broadcast transmission of all types of SI, R2 and R3 can be expressed as a function of R1 as follows:


The number of resources required by each SI delivery approach is explained in the following.
2.1 Periodic Broadcast of all SI
For T3> T2 and T3 >T1 which holds true in LTE, the number of resources N1 required to broadcast periodically all SI (1st approach) within T3 time interval can be computed as


Using Eq. (1), N1 can be re-written as 




2.2 On-Demand Delivery of Other SI by Unicast
To compute the number of resources required for on-demand delivery of Other SI, let λ be the rate when the UEs trigger the on-demand delivery of Other SI, expressed by number of UEs per second (# of UE/s). The value of λ depends on many factors such as the cell size, user density and speed, rate of cell change, etc.
Moreover, let γ ≤ 1 be the fraction of resources required for a unicast transmission compared to a broadcast transmission as proposed by [4], however excluding the impact of HARQ re-transmission which is accounted separately by another factor denoted by HARQ_f  ≥ 1.  The value of γ depends on the number of directions covered by beam sweeping in broadcast, the MCS and code rates used in broadcast and unicast transmissions, the number of pilots associated with each transmission, etc. The higher the carrier frequency, the lower γ is. 
The number of resources N2 required for on-demand delivery of Other SI by unicast (2nd approach) within T3 time interval can be computed now as


Using Eq. (1), N2 can be re-written as 


2.3 On-Demand Delivery of Other SI by Broadcast
In the third approach, the Other SI is delivered by on-demand using broadcast transmission if there is at least one UE requesting the Other SI within the T3 time interval. Assuming that the probability of having k UEs requesting the Other SI follows the Poisson distribution, the probability that at least one UE requests the Other SI within T3 time interval can be computed as


Accordingly, the number of resources N3 required for on-demand delivery of Other SI by broadcast (3rd approach) within T3 time interval can be computed now as 


Using Eq. (1), N3 can be re-written as 


2.4 Evaluation Metric
To compare the performance of the three aforementioned SI delivery approaches, the percentage of downlink signalling overhead, expressed as a ratio between the number of required resources, i.e., N1, N2 or N3, to the total number of available resources can be used as an evaluation metric [5]. However, RAN1 has not yet made any progress on the physical layer assumptions for NR, e.g., subcarrier spacing, number of pilot symbols, MCS, code rate, the total number resources of available resources cannot be computed. For this reason, it might be useful to consider the efficiency metric proposed in [4], which is defined as the ratio between the number of resources N1 required by periodic broadcast of all SI to the number of resources N2 or N3 required for on-demand delivery of Other SI by unicast or broadcast, respectively, i.e., efficiency = N1/N2 or N1/N3. As such, if the efficiency ratio is higher than 1 there is a gain from on-demand delivery of Other SI approach compared to periodic broadcast of all SI. 
3	Performance Evaluation
In this section, the performance of the three approaches for SI delivery that are explained in Section 2 is evaluated for different input parameters. 
3.1 Assumptions on Size, Periodicity and Repetition of SI
To evaluate the efficiency metric described in Section 2.4, reasonable values for the parameters of Table 1 have to be assumed. In this contribution, we set these values based on LTE specifications for SI delivery. 
· The size of the MIB S1 is set to 24 bits with a periodicity T1 of 40 ms and M1 = 4 repetitions. 
· The xSI is assumed to contain the relevant information of SIB 1, SIB 2 and SIB 14 for initial cell-access [2][4]  in some quantized form using e.g., an index pointing to some default configuration saved in UE [2]. The size S2 of xSI is set to 100 bits as proposed by [6]. The periodicity T2 and repetition M2 of xSI are assumed to be the same as those used for SIB 1 in LTE which are 80 ms and 4, respectively.
· The Other SI contains the rest of the information other than what is included in MIB and xSI. As such, it can be computed by deriving the total size of all SI and subtracting from it the size of MIB, SIB 1, SIB 2 and SIB 14 which are already considered in xSI. The total size of all SI excluding MIB has been estimated in [5] to be equal to 811 octets or 6488 bits under the assumption that all optional fields are present and the size of the list is set to 1 for simplicity. The total size of SIB 1, SIB 2 and SIB 14 is 175 octets or 1400 bits. As a result, the size S3 of Other SI can be set to 6488 – 1400 bits = 5088 bits. The repetition M3 of Other SI is set to 1 as in [5] whereas the periodicity T3 of Other SI is swept from 80 ms to 5120 ms, corresponding to the periodicity values that can be configured in LTE for SI messages. It is important to sweep the periodicity T3 of Other SI since it can have a significant impact on the performance results as shown in Section 3.2.
The assumed values for the size, transmission periodicity and repetition of MIB, xSI and Other SI are summarized in Table 2. 
Table 2: Values for the parameters indicating the size, transmission periodicity and repetition for broadcast transmission of MIB, xSI and Other SI
	
	Size [bits]
	Periodicity [s]
	Repetition

	MIB
	S1 = 24 
	T1 = 0.04
	M1 = 4

	xSI
	S2 =100 
	T2 = 0.08
	M2 = 4

	Other SI
	S3 = 5088
	T3 = [0.08-5.12]
	M3= 1





3.2 Performance Results
Fig. 2 shows the efficiency metric (ratio N1/N2 or N1/N3) as a function of the rate λ of UEs triggering the request of Other SI per second for 1) on-demand delivery of Other SI by unicast (ODU) and 2) on-demand delivery of Other SI by broadcast (ODB) with time interval T3 as a parameter. The average number HARQ_f of HARQ re-transmissions required for unicast is set to 1.5 and γ capturing the fraction of resources required by a unicast transmission compared to broadcast is swept from 1/256 to 1/3. This ballpark range of γ values captures the fact that the number of beams used in broadcast transmission via beam sweeping can be very high e.g. 256 for NR system operating at very high carrier frequencies and very small e.g. 3 for low carrier frequencies.
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Figure 2: Efficiency ratio as a function of the rate λ of UEs triggering the request of Other SI per second for 1) On-demand delivery approach of Other SI by unicast (ODU) and 2) On-demand delivery approach of Other SI by broadcast (ODB) with time interval T3 as a parameter
First, it is shown in Fig. 2 that the smaller γ, the higher the efficiency of ODU is for a fixed λ. In other words, the higher the carrier frequency, the more attractive ODU becomes compared to periodic broadcast of all SI since the signalling overhead for broadcast transmission becomes higher compared to unicast.
Observation 1: The gain of on-demand delivery of Other SI by unicast (ODU) increases when the fraction of resources required by unicast compared to broadcast transmission decreases which holds true for higher carrier frequencies. 
Second, it is shown that the gains of on-demand SI delivery approaches (both ODU and ODB) become smaller for higher periodicity T3 of Other SI. This is because the Other SI would be broadcasted less often for higher T3 periodicity which lessens the impact and cost of transmitting the Other SI compared to Minimum SI composed of MIB and xSI. 
Observation 2: The gains of on-demand SI delivery approaches become smaller if Other SI is delivered less frequently (larger intervals in between deliveries of other SI).
Third, it is shown that ODU and ODB outperform periodic broadcast of all SI for small and moderate values of λ. This is because the Other SI is requested less often resulting in a reduction in signalling overhead.
Observation 3: The on-demand SI delivery approaches outperform periodic broadcast of all SI for small and moderate rate of requests for SI in the cell (requests from fewer users).
For very high values of λ, the periodic broadcast of all SI can outperform ODU with γ < 1/112 depending on the value of T3. 
Observation 4: Periodic broadcast of all SI can outperform on-demand delivery of Other SI by unicast depending on the fraction of resources required by unicast compared to broadcast transmission and the periodicity of Other SI.
Fourth, it is shown in Fig. 2 that ODB outperforms or has the same performance as the periodic broadcast of all SI, irrespective of λ and T3.  This is because in the worst case ODB would broadcast the Other SI in each T3 period which can happen only for the high values of λ.
Observation 5: The on-demand delivery of Other SI by broadcast (ODB) outperforms or has the same performance as the periodic broadcast of all SI, irrespective of the rate of users requesting SI and periodicity of the Other SI.
On the other hand, ODU has the same performance as ODB for very small λ ≤ 10-2 and can significantly outperform ODB depending on the values of λ and T3. For T3 that is less than 80 or 160 ms, ODU has the same performance or outperforms ODB for all values of λ and γ. This shows a clear benefit for having ODU approach. 
Observation 6: The on-demand delivery of Other SI by unicast can significantly outperform the on-demand delivery by broadcast depending on the rate of users requesting SI and periodicity of the Other SI when Other SI is broadcast on-demand.


To investigate the impact of the number of HARQ re-transmissions on the performance of ODU, Fig. 3 shows the efficiency ratio for different HARQ_f values of 1, 1.5, 2, 3 and 4. The periodicity T3 of Other SI is set to a moderate value of 640 ms which is also used in [5].














Figure 3: Efficiency ratio as a function of the rate λ of UEs triggering the request of Other SI per second for 1) On-demand delivery approach of Other SI by unicast (ODU) and 2) On-demand delivery approach of Other SI by broadcast (ODB) with the number of re-transmissions HARQ_f as a parameter



It is shown in Fig. 3 that the impact of HARQ_f on ODU is minimal for low values of γ ≤ 1/56. This is because for small values of γ the fraction of resources required by unicast is already much lower than broadcast and additional HARQ re-transmissions do not degrade much the performance.
Observation 7: The impact of HARQ re-transmission is minimal on on-demand delivery of Other SI by unicast when the fraction of resources required for unicast is much lower than broadcast transmission which holds true for very high carrier frequencies.
Moreover, it is shown in Fig. 3 that ODB outperforms ODU irrespective of λ only for a very high value of γ = 1/3 and HARQ_f ≥ 3. 
Observation 8: The on-demand delivery of Other SI by broadcast can outperform the on-demand delivery by unicast only when the number of HARQ re-transmissions and the fraction of resources required for unicast compared to broadcast are very high.
Based on the evaluation results, it can be concluded that both ODU and ODB can reduce the downlink signalling overhead significantly depending on the operation point determined by e.g., λ, γ, T3 and HARQ_f. 
Proposal 1: Capture the proposed evaluation methodology and results in RAN2 TR. 
4	Conclusion
In this contribution, the performance of periodic broadcast of all SI and on-demand delivery of Other SI by unicast or broadcast has been evaluated. The following has been observed and proposed:
Observation 1: The gain of on-demand delivery of Other SI by unicast (ODU) increases when the fraction of resources required by unicast compared to broadcast transmission decreases which holds true for higher carrier frequencies.
Observation 2: The gains of on-demand SI delivery approaches become smaller if Other SI is delivered less frequently (larger intervals in between deliveries of other SI).
Observation 3: The on-demand SI delivery approaches outperform periodic broadcast of all SI for small and moderate rate of requests for SI in the cell (requests from fewer users).
Observation 4: Periodic broadcast of all SI can outperform on-demand delivery of Other SI by unicast depending on the fraction of resources required by unicast compared to broadcast transmission and the periodicity of Other SI.
Observation 5: The on-demand delivery of Other SI by broadcast (ODB) outperforms or has the same performance as the periodic broadcast of all SI, irrespective of the rate of users requesting SI and periodicity of the Other SI.
Observation 6: The on-demand delivery of Other SI by unicast can significantly outperform the on-demand delivery by broadcast depending on the rate of users requesting SI and periodicity of the Other SI when Other SI is broadcast on-demand.
Observation 7: The impact of HARQ re-transmission is minimal on on-demand delivery of Other SI by unicast when the fraction of resources required for unicast is much lower than broadcast transmission which holds true for very high carrier frequencies.
Observation 8: The on-demand delivery of Other SI by broadcast can outperform the on-demand delivery by unicast only when the number of HARQ re-transmissions and the fraction of resources required for unicast compared to broadcast are very high.
Proposal 1: Capture the proposed evaluation methodology and results in RAN2 TR.
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