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Introduction
[bookmark: _Hlk510705081]RAN#95 approved a New SID “Study on XR Enhancements for NR” [1].

In this contribution we present our views on power saving enhancements for C-DRX and PDCCH monitoring adaptation schemes to better support XR services.
[bookmark: _Ref118716522]C-DRX enhancements
In RAN1#109e enhancements to C-DRX were discussed and following agreement was made:
	Agreement
For power saving study of Rel-18 XR SI, CDRX enhancements to evaluate in this study item are to be selected from the following:
· High priority Issue 1-1: Alignment between CDRX and XR traffic for resolving the mismatch between CDRX cycle and XR traffic periodicity for each flow
· High priority Issue 1-2: C-DRX enhancements to handle jitter
· Medium priority Issue 1-3: CDRX enhancements for multiple XR traffic flows [Note 2]
· Low priority Issue 1-4: CDRX enhancements to adjust to variable burst sizes and frame rate
· Note: Some companies think the adjustment for variable burst sizes can be realized by existing spec already
· Low priority Issue 1-5: low latency handling 
· Low priority Issue 1-6: SFN wraparound mismatch (if handled in RAN1)
FFS: how the solutions or the combination of the solutions can handle all the identified issues.
Note 1: Other considerations are not precluded
Note 2: It can also be adopted for addressing issue 1-1
Note 3: Companies are encouraged to clarify or provide more details of the proposed solutions, for addressing concerns from the group.
Additional details can be found in R1-2205411.




In RAN1#110bis enhancements to C-DRX were discussed and following agreement was made:

	Agreement
For enhancement of CDRX to align with XR traffic periodicity (i.e., Issue 1-1)
· Prioritize semi-static solutions
· FFS: Whether dynamic solutions will be also needed





Capacity loss for XR services is caused by delayed transmissions that extend beyond the PDB. Periodicity mismatch between the integer DRX cycle and non-integer XR traffic introduces a drift between the two periods. This drift accumulates over time and cause the XR traffic to drift away DRX OnDuration. If an XR frame arrives after the end of the OnDuration, the network must schedule the transmission in the next DRX cycle. This introduces an extra-delay that may result in the delivery of the frame after the PDB. Assuming perfect knowledge of first XR frame arrival, fixed XR traffic framerate, and no other source of delay (e.g., scheduling delay due to retransmission of other UEs and queuing at gNB due to high load), the drift can be controlled using (semi) static solutions like periodic realignment or a pattern for multiple durations of the DRX cycle. Unfortunately, the beginning of the transmission of XR traffic is not known in advance and depends on many connection set-up procedures spanning multiple layers (from PHY and MAC layer association up to application layer connection setup). Additionally, when traffic load increases additional and not fully predictable latency (e.g., scheduling and queuing) delays the expected window of frame arrivals, hence making the window dynamic. This means that the expected XR frame arrivals window changes over time and semi-static DRX reconfigurations become less effective. PDCCH monitoring adaptation schemes becomes less effective as well since the XR frame arrivals window moves towards the end or even beyond the OnDuration of the DRX cycle, thus reducing the opportunities to skip PDCCH monitoring occasions. 
Dynamic solutions based on L1/L2 signalling can work in combination with semi-static solutions to address these problems. Specifically, after the first XR frame dynamic corrections to the StartOffset of the DRX cycle can be performed until the learning of the XR frame arrivals window reaches a given accuracy. This prevents potential frame losses. Once the frame arrival process is learnt, dynamic corrections stop and static solutions like periodic reconfiguration can be used to compensate the drift due to the periodicity mismatch. If during the XR connection, the frame arrival process deviates from the learned model, dynamic solution can quickly take over the static solution to minimize or prevent frame losses.
Observation 1: Semi-static solutions cannot fully solve the XR and DRX periodicity mismatch as in the beginning of the connection is not fully known in advance and in the presence of additional sources of unpredictable delay like scheduling and queuing.
Observation 2: Dynamic solutions based on L1/L2 signalling can work in combination with semi-static solutions to cope with problems highlighted in Observation 1 until the frame arrival process is learned at the beginning of the connection or updated during the XR session.
We further observe that dynamic solutions enable additional flexibility in the reconfiguration of the DRX parameters. For example, they can control the OnDuraiton in addition to the startOffset to further reduce UE power consumption with negligible impact on XR capacity. Additionally, if the frame arrival process deviates from the learned model, reconfiguration of the static solution can be performed using the dynamic approach.
Observation 3: Dynamic solutions enable additional flexibility in the reconfiguration of the DRX parameters. For example, they can control the OnDuraiton in addition to the startOffset to further reduce UE power consumption with negligible impact on XR capacity.

To fully enable the configuration and dynamic adjustment of DRX parameters according to the traffic pattern, a faster method to adapt the C-DRX configuration is proposed. It is proposed to adopt L1/L2 signalling method to quickly adapt the applied C-DRX parameters based on RRC pre-configured values such as DRX long cycle, OnDuration, and InactivityTime, etc. With the proposed scheme, Adaptive DRX (ADRX), the best parameters for the CDRX configuration can be applied/taken in to use by using auxiliary information like traffic awareness, network status and radio conditions. While standards currently allow quickly change the UE behavior e.g., via MAC CEs, the parameter values of the configuration are fixed and changing them requires RRC reconfiguration. In this contribution, we have evaluated two ADRX versions that require minimal L1/L2 signalling and use simple method to determine the need of adaptation:
1. Dynamic L1/L2 adjustment of StartOffset: in this version only StartOffset is dynamically adapted by the network. StartOffset for the next DRX cycle is set to  if , where  is the frame arrival time,  is the expected frame arrival time (i.e., the central point of the jitter range), S is a fixed time shift, and  a threshold which can be set to half the jitter range. 
2. Dynamic L1/L2 adjustment of LongCycle, OnDuration, InactivityTime: LongCycle, OnDuration, InactivityTime are scaled down by the same multiplier X if a frame is delivered beyond the PDB.

To compare static and dynamic solutions, we randomly select the beginning of the XR connection for each UE after its connection to the cell and we compare the following power saving schemes:
· ON: UEs are “always ON” (i.e., any power saving scheme disabled). This is the baseline used in [2].
· CDRX(16,8,8): baseline for R16/17 power saving features. The CDRX cycle is configured using the following parameters {DRX LongCycle, OnDuration, InactivityTime} = {16, 8, 8}.
· Cyclic Pattern [LongCycle={16,17,17}, Onduration=8, InactivityTimer=8]: CDRX with cyclic pattern for LongCycle={16,17,17}. LongCycle is selected in round robin, while OnDuration and Inactivity Time are both set to 8ms like the baseline CDRX. This is the baseline for static solutions.
· ADRX 1 [CDRX(16,8,8) + Dynamic L1/L2 adjustment of StartOffset]: Adaptive DRX based on dynamic L1/L2 signalling on top of CDRX(16,8,8). This scheme dynamically adapts only the StartOffset until frame arrivals are within [-4;+4]ms from the learnt center-point. To this end, we set  = 4ms and S = ─4ms. All other parameters remain fixed.
· ADRX 2 [CDRX(LongCycle,8,8) + LongCycle={16,17,17} + Dynamic L1/L2 adjustment of StartOffset]: Adaptive DRX based on dynamic L1/L2 signalling on top of CDRX Pattern. This scheme dynamically adapts only the StartOffset until frame arrivals are within [-4;+4]ms from the learnt center-point (i.e., we set  = 4ms and S = ─4ms), while LongCycle is selected in round robin in {16,17,17} . All other parameters remain fixed.
· ADRX 3 [CDRX(X*16,X*8,X*8) + Dynamic L1/L2 X={1/2,1/4,1}]: Adaptive DRX based on dynamic L1/L2 signalling on top of CDRX(16,8,8). This scheme dynamically adapts all parameters of the DRX configuration using a simple multiplier to scale down the values if frame delivery time approaches a threshold set equal to 10ms.

We first present the results for XR capacity, measured in terms of ratio of satisfied UEs, with the above mentioned power saving schemes. Figure 1(a) and (b) show the ratio of satisfied UEs for CG service as a function of the number of UEs per cell. We can observe that when UEs are “Always ON” (i.e., DRX is disabled), the ratio of satisfied UEs remains above 90% for up to 6 and 5 UEs/cell for 15ms PDB and 10ms PDB, respectively. When CDRX is enabled with the configuration {16, 8, 8}, the ratio of satisfied UEs drops steeply with only up to ~4 satisfied UEs/cell for 15ms PDB and zero satisfied UEs for 10ms PDB. Similarly, we observe that Cyclic Pattern show performance similar to CDRX since the delayed frame delivery is mainly due to imperfect knowledge of frame arrival time during PDU Session Set-up when DRX parameters are set-up.
In contrast, dynamic signalling of StartOffset adopted both in ADRX 1 and ADRX 2 helps mitigating the loss of capacity loss especially in the case of AR/VR services where up to 3 UEs/cell can be served. We can observe that dynamic signalling on top of semi-static solution lie Cyclic Pattern permit to quickly reconfigure semi-static solution that are not optimally configured due to the absence of knowledge of the beginning of the XR connection (see curves Cyclic Pattern and ADRX 2 in the figures). If we further allow the adaptation of multiple DRX parameters through dynamic signalling as in ADRX 3, the capacity loss can be further minimized and up to 4 UEs/cell running VR/AR applications can be served.
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(a) CG in FR1 at 30Mbps with X=99% and 15ms PDB
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(b) AR/VR in FR1 at 30Mbps with X=99% and 10ms PDB


[bookmark: _Ref118623464]Figure 1 – Comparative evaluation of static vs. dynamic approaches for non-integer periodicity. DL capacity for CG and AR/VR traffic (Video Single-Stream) in Indoor Hotspot deployment (FR1) with X=99% of frames received within PDB and cells evenly loaded.

Observation 4: In the absence of knowledge about the beginning of XR traffic arrivals (i.e., the central point of the jitter range) and high traffic load, semi-static solutions cannot be optimally configured and suffers high capacity loss.
Observation 5: Dynamic signalling of StartOffset working on top of semi-static solutions like Cyclic Pattern for DRX Long Cycle helps mitigating capacity loss.
Figure 2 shows the power saving gain measured with respect to the baseline case (i.e., UEs “Always ON”) as a function of the number of UEs/cell, as indicated in [2]. As expected, ADRX 1 does not show any gain with respect to CDRX(16,8,8) since the same DRX parameters are used and only the startOffset is changed to minimize capacity loss. Small differences are caused by the different activation of Inactivity Timer between CDRX(16,8,8) and ADRX 1 since CDRX(16,8,8) and ADRX schemes have fixed and dynamic StartOffset, respectively. When we allow the change of other parameters like in ADRX 3, we can observe an additional gain of 5%-7% in terms of power saving with respect to CDRX.

[image: ]
[bookmark: _Ref118724381]Figure 2 – Comparative evaluation of static vs. dynamic approaches for non-integer periodicity. Power saving gain for CG and AR/VR traffic (Video Single-Stream) in Indoor Hotspot deployment (FR1) with X=99% of frames received within PDB and cells evenly loaded. Power saving gain should be ignored when there is no user that is satisfied (i.e., XR capacity is zero).

Observation 6: Solutions based on L1/L2 dynamic signalling shows similar power saving gain as (semi) static solutions if only StartOffset is reconfigured.
Observation 7: Solutions based on L1/L2 dynamic signalling shows higher power saving gain than (semi) static solutions if multiple DRX parameters are reconfigured.
Proposal 1: For enhancement of CDRX to align with XR traffic periodicity (i.e., Issue 1-1), we propose to consider auxiliary L1/L2 signalling to dynamically adapt DRX parameters in addition to semi-static solution to better align XR traffic and C-DRX operation.

Table 1 and Table 2 summarize the performance of the comparative evaluation of semi-static and dynamic solutions for solving the periodicity mismatch between XR and DRX when the beginning of XR traffic is now known.

[bookmark: _Ref118646132]Table 1 – Evaluation of enhanced ADRX enhancement for {Indoor Hotspot, CG, DL Only, 30Mbps, FR1}. Option 1: PS gain computed with All UEs.
	Power Saving Scheme
	Power Saving Gain (PSG) compared to ‘Always ON’
	#satisfied UEs per cell with PS / #satisfied UEs per cell w/o PS
	Capacity with PS
[#satisfied UEs/cell with PS]
	Percentage of satisfied UEs per cell with PS at #satisfied UEs cell w/o PS

	
	Baseline
	
	
	

	
	Mean PS gain
	
	
	

	Always ON
	-
	5.4 / 6
	6
	90%

	CDRX(16,8,8)
	13.3%
	3.6 / 6
	4
	60%

	Cyclic Pattern
{16,17,17}
	16%
	2.4 / 6
	3
	40%

	ADRX 1
	15%
	3.7 / 6
	4
	62%

	ADRX 2
	15%
	3.7 / 6
	4
	62%

	ADRX 3
	19%
	4.5 / 6
	5
	75%



[bookmark: _Ref118646134]Table 2 – Evaluation of enhanced ADRX enhancement for {Indoor Hotspot, AR/VR, DL Only, 30Mbps, FR1}. Option 1: PS gain computed with All UEs
	Power Saving Scheme
	Power Saving Gain (PSG) compared to ‘Always ON’
	#satisfied UEs per cell with PS / #satisfied UEs per cell w/o PS
	Capacity with PS
[#satisfied UEs/cell with PS]
	Percentage of satisfied UEs per cell with PS at #satisfied UEs cell w/o PS

	
	Baseline
	
	
	

	
	Mean PS gain
	
	
	

	Always ON
	-
	4.7 / 5
	5
	95%

	CDRX(16,8,8)
	-
	0 / 5
	0
	0%

	Cyclic Pattern
{16,17,17}
	-
	0 / 5
	0
	0%

	ADRX 1
	15%
	1.25 / 5
	3
	25%

	ADRX 2
	15%
	1.25 / 5
	3
	25%

	ADRX 3
	19%
	3.75 / 5
	4
	70%



[bookmark: _Hlk110499952]
PDCCH monitoring adaptation enhancements
In RAN1#109e enhancements to C-DRX were discussed and following agreement was made:
	Agreement
For power saving study of Rel-18 XR SI, PDCCH monitoring enhancements to evaluate in this study item are to be selected from the following
· Low priority Issue 2-1: Alignment between PDCCH monitoring and XR traffic to resolve the mismatch between PDCCH monitoring periodicity and XR traffic periodicity. 
· Note: some companies think Rel-17 PDCCH monitoring adaptation can solve issue 2-1 or achieve similar intended outcome
· Note: Solutions proposed for Issue 2-1 and those proposed for Issue 1-1 are motivated by the same issue, namely non-integer XR traffic periodicity. It is to be studied how they compare in in terms of power saving gain and capacity, (a) solutions proposed for Issue 1-1; (b) solutions proposed for Issue 2-1.
· Low priority Issue 2-2: XR-dedicated PDCCH monitoring window to supplement CDRX for multi-flow traffic. 
· Note: some companies think Rel-17 PDCCH monitoring adaptation can solve issue 2-2 or achieve similar intended outcome
· Note: Solutions proposed for Issue 2-2 and those proposed for Issue 1-3 are motivated by the same issue, namely multiple XR traffic flows. It is to be studied how they compare in in terms of power saving gain and capacity, (a) solutions proposed for Issue 1-3; (b) solutions proposed for Issue 2-2.
· High priority Issue 2-3: Enhancements to Rel-17 PDCCH monitoring adaptation. 
· Note: Discussion on some enhancements may depend on the outcome of Rel-17 PDCCH monitoring adaptation maintenance
· Note: The study on enhancement to R17 PDCCH monitoring adaptation should focus on the techniques that are used for addressing XR-specific issues, e.g., jitter
Note 1: Other considerations are not precluded
Note 2: Companies are encouraged to clarify or provide more details of the proposed solutions, for addressing concerns from the group.




In RAN1#110 enhancements to C-DRX were discussed and following conclusions were made:

	Conclusion 
All the proposed PDCCH monitoring adaptation/reduction schemes including those for jitter handling need to be compared against the Rel-17 PDCCH monitoring adaptation which is to be used as performance reference.

Conclusion
RAN1 does not assume dynamic switch of different XR video data rates or frame rates for Rel-18 XR power saving study before further input is provided by SA.

For future meetings
Companies are encouraged to account the enhancement of CDRX to align with XR traffic periodicity in their further evaluations for XR power saving enhancements.

Conclusion: 
•	Companies are requested to use the Excel sheet attached with TR 38.838 in RP-213652 for recording the simulation results that are provided in their contributions.




In last meeting there was further discussion on the possibility of changing the UE behavior for PDCCH skipping so that if UE sends NACK, UE would not apply PDCCH skipping during the drx-RetransmissionTimerDL. It was discussed whether this would provide further power saving benefit by enabling of applying longer skipping duration (till end of active time). 
It practical operation, both UL and DL traffic would need to be accounted in the operation. In combination of UL traffic, such as pose information and also other information such as UL video frames, there would be need to have also PDCCH monitoring for possible scheduling of UL re-transmission(s). Therefore the configuration of re-transmission windows and RTT timers should be such that it would account both, scheduling of DL and UL re-transmissions. In terms of power efficient operation for the UE, it would be beneficial to ensure that these windows overlap so that additional power consumption (due to PDCCH monitoring) would be minimized. This overlap would be further enforced in TDD through UL and DL slots. Hence the PDCCH skipping configuration would need to account both DL and UL, and changing the UE behaviour to trigger PDCCH monitoring during the skipping duration in re-transmission window when NACK is sent, may not provide benefit in practise as possible UL re-transmission scheduling would need to be accounted. This would mean that in practice that PDCCH skipping duration configuration and in applied (indicated) skipping duration could not be extended over the re-transmission window. 
Observation 8: When bidirectional traffic is considered the benefit of changing the PDCCH skipping behaviour is not evident with practical configurations.

Conclusion
In this contribution we have discussed and evaluated various possible enhancements for R15/R15/R17 power saving schemes that may further help to improve the XR performance of 5G NR. 
In Section 2 we discussed about the C-DRX related enhancements and made following observations and proposal:
Observation 1: Semi-static solutions cannot fully solve the XR and DRX periodicity mismatch as in the beginning of the connection is not fully known in advance and in the presence of additional sources of unpredictable delay like scheduling and queuing.
Observation 2: Dynamic solutions based on L1/L2 signalling can work in combination with semi-static solutions to cope with problems highlighted in Observation 1 until the frame arrival process is learned at the beginning of the connection or updated during the XR session.
Observation 3: Dynamic solutions enable additional flexibility in the reconfiguration of the DRX parameters. For example, they can control the OnDuraiton in addition to the startOffset to further reduce UE power consumption with negligible impact on XR capacity.
Observation 4: In the absence of knowledge about the beginning of XR traffic arrivals (i.e., the central point of the jitter range) and high traffic load, semi-static solutions cannot be optimally configured and suffers high capacity loss.
Observation 5: Dynamic signalling of StartOffset working on top of semi-static solutions like Cyclic Pattern for DRX Long Cycle helps mitigating capacity loss.
Observation 6: Solutions based on L1/L2 dynamic signalling shows similar power saving gain as (semi) static solutions if only StartOffset is reconfigured.
Observation 7: Solutions based on L1/L2 dynamic signalling shows higher power saving gain than (semi) static solutions if multiple DRX parameters are reconfigured.
Proposal 1: For enhancement of CDRX to align with XR traffic periodicity (i.e., Issue 1-1), we propose to consider auxiliary L1/L2 signalling to dynamically adapt DRX parameters in addition to semi-static solution to better align XR traffic and C-DRX operation.

In Section 3 we discuss the PDCCH monitoring adaptation enhancement and make following observation:
Observation 8: When bidirectional traffic is considered the benefit of changing the PDCCH skipping behaviour is not evident with practical configurations.

References
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Appendix – Additional simulation results

1.1 Adaptive DRX (ADRX) with extended jitter range
In the following, we evaluate the performance of the proposed ADRX approach by considering the extended jitter statistical model where the jitter range is [-8, +8]ms and jitter STD is 5ms.

Static CDRX
We perform the system-level evaluation of the baseline CDRX case studies as a reference. The objective is to verify whether by taking into account the extended jitter range would affect the baseline performance results.
In our evaluation, we compare the following five static CDRX power saving schemes:
· ON: UEs are “always ON” (i.e., any power saving scheme disabled). This is the baseline used in [2].
· CDRX: baseline for R16/17 power saving features. The CDRX cycle is configured using the following parameters
· {DRX long cycle, OnDuration, InactivityTime} = {16, 8, 8};
· {DRX long cycle, OnDuration, InactivityTime} = {8, 4, 4};
· {DRX long cycle, OnDuration, InactivityTime} = {4, 2, 2};
· {DRX long cycle, OnDuration, InactivityTime} = {10, 8, 2};
· {DRX long cycle, OnDuration, InactivityTime} = {10, 5, 5};
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(a) CG in FR1 at 30Mbps with X=99% and 15ms PDB
	[image: ]
(b) AR/VR in FR1 at 30Mbps with X=99% and 10ms PDB


Figure 3 – DL capacity of static CDRX configurations for CG and AR/VR traffic (Video Single-Stream) in Indoor Hotspot deployment (FR1) with X=99% of frames received within PDB and cells evenly loaded.

We first present the results for XR capacity, measured in terms of ratio of satisfied UEs, with the above mentioned candidate CDRX schemes. Figure 3(a) and Figure 3(b) show the ratio of satisfied UEs for CG service as a function of the number of UEs per cell. Then we show the power saving gain measured with respect to the baseline case (i.e., UEs “Always ON”) as a function of the number of UEs/cell in Figure 4. As observed, the consistent performance results are obtained for both capacity and power saving as compared with the agreed jitter statistical model in 3GPP release-17.
[image: ]
Figure 4 – Power saving gain of static CDRX configurations for CG traffic (Video Single-Stream) in Indoor Hotspot deployment (FR1) with X=99% of frames received within PDB and cells evenly loaded. Power saving gain should be ignored when there is no user that is satisfied (i.e., XR capacity is zero).

ADRX 3
To illustrate the benefits of using ADRX 3 under the extended jitter range, we perform the system-level evaluation based on the same methodology as proposed in Section 1.1. Similarly, we firstly show the performance of capacity for CG service in Figure 5(a) and Figure 5(b), represented by the ratio of satisfied UEs as a function of the number of UEs per cell. Then we show the power saving gain measured with respect to the baseline case (i.e., UEs “Always ON”) as a function of the number of UEs/cell in Figure 6.
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(a) CG in FR1 at 30Mbps with X=99% and 15ms PDB
	[image: ]
(b) AR/VR in FR1 at 30Mbps with X=99% and 10ms PDB


Figure 5 – DL capacity of ADRX and CDRX configurations for CG and AR/VR traffic (Video Single-Stream) in Indoor Hotspot deployment (FR1) with X=99% of frames received within PDB and cells evenly loaded.

As observed, these simulation results show the superiority of the proposed ADRX 3 approach in terms of both capacity and power saving performance as compared with “Always On” and static CDRX method even when the jitter range is extended.
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Figure 6 – Power saving gain of ADRX and CDRX configurations for AR/VR traffic (Video Single-Stream) in Indoor Hotspot deployment (FR1) with X=99% of frames received within PDB and cells evenly loaded. Power saving gain should be ignored when there is no user that is satisfied (i.e., XR capacity is zero).


2 Appendix – Simulation settings 

In this Appendix, we summarize the main simulation settings used for evaluation.

2.1 Indoor Hotspot (InH) scenario
The carrier frequency is set to 4 GHz and 30 GHz for FR1 and FR2, respectively. System bandwidth is assumed to be 100 MHz for FR1 and for FR2 to compare achievable system capacity when propagation and antenna configuration change. Time division duplexing (TDD) is configured according to the first option, thus using “DDDSU” as radio frame. The smallest schedulable radio resource is the physical radio blocks (PRBs) of 12 subcarriers, each is of 30 kHz and 120 kHz for FR1 and FR2, respectively. The TTI size is set to 14 OFDM symbols, with one control symbol, always placed at the start of each TTI. The asynchronous HARQ Chase combing is adopted with maximum 3 HARQ retransmission before a packet is dropped (i.e., marked with an infinite radio latency). The transmit power of gNBs is set as follows: 31dBm with 100MHz (24dBm per 20MHz) in FR1, and 24dBm with (23dBm per 80MHz) in FR2. Table 3 lists the main parameters of the Indoor Hotspot deployment that are considered in this study.

[bookmark: _Ref68041500]Table 3– Main parameters for Indoor Hotspot (InH) deployment 
	Parameter
	Value

	Layout
	· 120m x 50m, Single layer (indoor floor, open office)
· 12 cells/TRPs
· ISD: 20m

	Channel model
	InH

	Carrier frequency
	FR1: 4 GHz
	FR2: 30 GHz

	Subcarrier spacing
	FR1: 30 kHz
	FR2: 120 kHz

	System bandwidth
	FR1: 100 MHz
	FR2: 100 MHz

	BS height
	3 m

	UE height
	1.5 m

	BS noise figure
	FR1: 5 dB
	FR2: 7 dB

	UE noise figure
	FR1: 9 dB
	FR2: 13 dB

	BS receiver
	LMMSE-IRC

	UE receiver
	LMMSE-IRC

	Channel estimation
	Realistic (with ideal CSI)

	UE speed
	3 km/h

	MCS
	Up to 256QAM

	BS Tx power
	FR1: 31dBm (24dBm per 20MHz)
	FR2:  24 dBm (23dBm per 80MHz)

	UE Tx max power
	23 dBm

	TDD Frame structure
	DDDSU

	Cell Selection
	RSRP Slow Fading

	BS antenna configuration
	· Pattern: Ceiling-mount antenna radiation pattern
· Gain: 5 dBi
· Downtilt: 90°

	
	Configuration in FR1:
· 32 TxRU
· (M, N, P, Mg, Ng) = (4,4,2,1,1)
· (dH, dV) = (0.5, 0.5)λ
· (Mp, Np) = (4,4)


	Configuration in FR2:
· 2 TxRU
· (M, N, P, Mg, Ng) = (16, 8, 2,1,1)
· (dH, dV) = (0.5, 0.5) λ
· (Mp, Np) = (1,1)
Grid of Beams:
· Azimuth angles (degrees): 
{90, 90, 90, 112.5, 112.5, 112.5, 67.5, 67.5, 67.5, 140, 140, 140, 40, 40, 40}
· Elevation angles (degrees): 
{-30, 0, 30, -30, 0, 30, -30, 0, 30, -30, 0, 30, -30, 0, 30}

	UE antenna configuration
	· Pattern : Omni-directional,
· Gain : 0 dBi,
· Configuration :
2T/4R
(M, N, P, Mg, Ng) = (1,2,2,1,1) 
(dH, dV) = (0.5, 0)λ
(Mp, Np) = (1,2)
	· Pattern: UE radiation pattern model 1 (TR 38.901)
· Gain: 5 dBi
· Configuration (Option 1):
(M, N, P) = (1, 4, 2),
(dH, dV) = (0.5, 0)λ
(Mp, Np) = (1,1)
3 panels (left, right, top)

	Scheduler
	SU-MIMO, Proportional Fairness

	CSI acquisition
	Periodic CQI on 2 ms period

	PHY processing delay
	PDSCH decoding: 6 OFDM symbols

	PDCCH overhead
	Modelled

	Target BLER
	10% for first transmission

	Max HARQ transmission
	3

	HARQ scheme
	Chase combining




2.2 Dense Urban (DU) Scenario
The carrier frequency is set to 4 GHz and 30GHz for FR1 and FR2, respectively. System bandwidth has been fixed to 100MHz for both FR1 and FR2 to compare achievable system capacity when propagation and antenna configuration change. Time division duplexing (TDD) is configured according to the first option, thus using “DDDSU” as radio frame. The smallest schedulable radio resource is the physical radio blocks (PRB) of 12 subcarriers, each of 30kHz and 120kHz for FR1 and FR2, respectively. The TTI size is set to 14 OFDM symbols, with one control symbol, always placed at the start of each TTI. The asynchronous HARQ Chase combing is adopted with maximum 3 HARQ retransmissions before a packet is dropped (i.e., marked with an infinite radio latency). The transmit power of gNBs is set to 51 dBm (i.e., 44dBm for 20MHz). Table 4 lists the main parameters of the Dense Urban deployment that are considered in this study.

[bookmark: _Ref68044134]Table 4– Main parameters for Dense Urban deployment
	Parameter
	Value

	Layout
	21 cells with wraparound (ISD: 200m)

	Channel model
	Uma

	Carrier frequency
	FR1: 4 GHz
	FR2: 30 GHz

	Subcarrier spacing
	FR1: 30 kHz
	FR2: 120 kHz

	System bandwidth 
	FR1: Option 1: 100 MHz
	FR2: Option 1: 100 MHz

	BS height
	25m

	UE height
	hUT = 3(nfl – 1) + 1.5

	
	Outdoor: nfl = 1
	Indoor:
· nfl ~ uniform(1,Nfl)
· Nfl ~ uniform(4,8)

	BS noise figure
	FR1: 5 dB
	FR2: 7 dB

	UE noise figure
	FR1: 9 dB
	FR2: 13 dB

	BS receiver
	MMSE-IRC

	UE receiver
	MMSE-IRC

	Channel estimation
	Realistic (with ideal CSI)

	UE speed
	3 km/h

	MCS
	Up to 256QAM

	BS Tx power
	44 dBm per 20 MHz
51 dBm per 100 MHz

	UE Tx max power
	FR1: 23 dBm
	FR2: 23 dBm, maximum EIRP 43 dBm

	TDD Frame structure 
	Option 1: DDDSU

	Mechanical Downtilt
	Baseline: 12 degrees

	Cell Selection
	RSRP Slow Fading

	BS antenna configuration
	3-sector antenna radiation pattern, 8 dBi

	
	FR1: 32TxRUs (M, N, P, Mg, Ng; Mp, Np) = (8,2,2,1,1,8,2), (dH, dV) = (0.5λ, 0.5λ)
	FR2: 2TxRUs (M, N, P, Mg, Ng; Mp, Np) = (4,8,2,2,2;1,1), (dH, dV) = (0.5λ, 0.5λ)
Grid of Beams
· Azimuth angles: {33.75, 56.25, 78.75, 101.25, 123.75, 146.25, 33.75, 56.25, 78.75, 101.25, 123.75, 146.25} degrees
· Elevation angles: {-12.5, -12.5, -12.5, -12.5, -12.5, -12.5, -57.5, -57.5, -57.5, -57.5, -57.5, -57.5} degrees

	UE antenna configuration
	FR1: Omni-directional, 0 dBi
	FR2: UE antenna radiation pattern model 1, 5dBi

	
	FR1: 2T/4R, (M, N, P, Mg, Ng; Mp, Np) = (1,2,2,1,1;1,2), (dH, dV) = (0.5λ, -N/Aλ)
	FR2: (M, N, P)=(1, 4, 2), 3 panels (left, right, top)
(Mp, Np)=(1, 1)

	Power control parameter
	Open loop, Alpha = 1, P0 = -106 dBm

	Scheduler
	SU-MIMO, Proportional Fairness

	CSI acquisition
	Periodic CQI on 2 ms period

	PHY processing delay
	PDSCH decoding: 6 OFDM symbols

	PDCCH overhead
	Modelled

	Target BLER
	10% for first transmission

	Max HARQ transmission
	3

	HARQ scheme
	Chase combining
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