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Introduction
The following agreements related to multi-TRP/multi-panel transmission were made in RAN1#95: 
Agreement

For multi-TRP/panel transmission, both multiple PDCCH and single PDCCH designs are supported in Rel-16

· Applies for eMBB
Agreement 
For multiple-PDCCH based multi-TRP/panel DL transmission, at least following enhancements can be studied for eMBB: 

· Multiple PDCCH enhancements/restrictions, including following 

· #1: PDSCH scheduling restriction/indication, e.g. 

· The number of layers per PDSCH and the maximal of layers across all coordination TRPs 

· no/partial/full PDSCH overlapping at T/F domains, considering 

· associated rate matching mechanism 

· the maximum number of overlapped PDSCH per BWP per symbol
· PDSCH mapping types 

· PDSCH scrambling 

· #2: Configurations and monitoring of multiple PDCCH, e.g. 

· CORESET/search space configurations (including configuration details) for multi-TRP reception 

· The number of BD/CCE for multi-TRP reception  

· Independent DCI (strive to reuse Rel-15 DCI format/field) or dependent DCI (e.g. two-step DCI) considering 

· Associated DCI format/fields

· Applicability to non-ideal backhaul and ideal backhaul 

· #3: PDCCH/PDSCH processing/preparation timing for supporting multiple PDCCH

· UL control enhancement 

· #4: UL ACK/NACK feedback for multiple TRP/panels, e.g. 

· separated A/N payload/DAI for PDSCH transmitted by different resources

· whether need to or how to handle intra-UE A/N and PUSCH overlapping at time domain 

· whether/how to do joint A/N payload considering the applicability of backhaul assumption 

· #5: CSI reporting enhancement for multiple TRP/panels, e.g. 

· CSI processing/timing, separated CSI reporting/reporting resources, and CSI multiplexing with A/N 

· Whether/how to use joint CSI reporting and associated reporting resource

· Whether and how to enhance HARQ, e.g.

· Increasing the number of HARQ

· Other enhancements are not excluded.
· Note that for the sake of discussion, the UE may assume that the UE may receive DL transmission from multiple TRP within a CP with single/multiple FFT windows. Companies are encouraged to clarify time/frequency synchronization assumptions for proposed multi-TRP/panel DL transmission.

· Note that CSI measurement enhancement for NCJT considering backhaul condition and semi-static network coordination are not excluded. Companies are encouraged to evaluate CSI measurement schemes in Ad-Hoc and RAN1#96. 

Agreement

Study for URLLC reliability/robustness enhancement with multi-TRP/panel/beam, including the case of ideal backhaul

· For PDSCH/PUSCH where the same TB is transmitted including

· #1: the number of TRP/panel/beams

· #2: Configuration/indication mechanism of TB repetition

· Other enhancements are not excluded.

· For PDCCH/PUCCH

· #1: the number of TRP/panel/beams

· #2: Repetition/Diversity of DCI/UCI
· Other enhancements are not excluded.
FFS: Non-ideal backhaul case
Single CW vs Multi CW (single DCI)

In this section we present SLS evaluation results comparing SCW and MCW schemes for multi-TRP transmission. In Table 1, we show throughput results for different combinations of offered loads and backhaul latencies for both multi-TRP and single-TRP transmissions in InH scenario. The simulation assumptions are presented in Table 3. Note that InH scenario is the primary environment where significant NC-JT gains can be harvested as shown in Table 2 and also observed in 36.741. Based on this we provide the following observation:

Observation 1: Comparing SCW and MCW transmission mechanisms in InH scenario, in most cases of 5%-tile and mean UPT across different (load, backhaul latency) MCW provides very little or no throughput benefits. 

Note that MCW transmission mechanism simulated here is in conjunction with multi-CQI feedback allowing some benefits due to large differences in per-layer SINRs. However, as is well known, SCW CQI is much more robust to channel and interference fluctuation for SCW that provides significantly better link adaptation performance.
Table 1: Multi-TRP SCW vs MCW SLS performance in InH scenario

	Scenario
	5% UPT
	Avg UPT
	5% UPT
	Avg UPT
	5% UPT
	Avg UPT
	5% UPT 
	Avg UPT

	FTP traffic load
	RU ~5%
	RU ~15%
	RU~25%
	RU~40%

	0-BH delay, MCW
	33.63
(100%)
	77.57
(100%)
	20.75 
(100%)
	63.92
(100%)
	12.14
(100%)
	49.87
(100%)
	6.65
(100%)
	36.15
(100%)

	0-BH delay, SCW
	34.44
(102%)
	77.47
(100%)
	21.7
(105%)
	64.34
(101%)
	13.98
(115%)
	51.43
(103%)
	8.38
(126%)
	39.33
(109%)

	2ms BH delay, MCW
	31.93
(100%)
	76.99
(100%)
	19.47
(100%)
	62.81
(100%)
	11.38
(100%)
	48.28
(100%)
	6.17
(100%)
	34.14
(100%)

	2ms BH delay, SCW
	32.67
(102%)
	76.86
(100%)
	20.41
(105%)
	63.16
(101%)
	12.98
(114%)
	49.93
(103%)
	7.83
(127%)
	37.66
(110%)

	5ms-BH delay, MCW
	30.29
(100%)
	76.21
(100%)
	18.33
(100%)
	61.32
(100%)
	10.67
(100%)
	46.44
(100%)
	5.61
(100%)
	32.04
(100%)

	5ms-BH delay, SCW
	30.31
(100%)
	76.12
(100%)
	19.1
(104%)
	61.92
(101%)
	12.16
(114%)
	48.18
(104%)
	7.38
(132%)
	35.87
(112%)

	single point, MCW
	28.47

(100%)
	52.83

(100%)
	19.53

(100%)
	46.82

(100%)
	11.97

(100%)
	39.15

(100%)
	6.27

(100%)
	30.65

(100%)

	single point, SCW
	28.38

(100%)
	51.28

(97%)
	20.16

(103%)
	46.11

(98%)
	13.48

(113%)
	39.65

(101%)
	8.11

(129%)
	32.74

(107%)


Table 2: Multi-TRP gain over Single-TRP in InH scenario (SCW)

	Scenario
	5% UPT
	Avg UPT
	5% UPT
	Avg UPT
	5% UPT
	Avg UPT
	5% UPT
	Avg UPT

	FTP traffic load
	RU ~6%
	RU ~15%
	RU~25%
	RU~40%

	Single TRP
	28.38
(100%)
	51.28
(100%)
	20.16
(100%)
	46.11
(100%)
	13.48
(100%)
	39.65
(100%)
	8.11
(100%)
	32.74
(100%)

	Multi-TRP, 0-BH delay, SCW
	34.44
(121%)
	77.47
(151%)
	21.7
(108%)
	64.34
(140%)
	13.98
(104%)
	51.43
(130%)
	8.38
(103%)
	39.33
(120%)

	Multi-TRP, 2ms-BH delay, SCW
	32.67
(115%)
	76.86
(150%)
	20.41
(101%)
	63.16
(137%)
	12.98

(96%)
	49.93
(126%)
	7.83

(97%)
	37.66
(115%)

	Multi-TRP, 5ms-BH delay, SCW
	30.31
(107%)
	76.12
(148%)
	19.1

(95%)
	61.92
(134%)
	12.16

(90%)
	48.18
(122%)
	7.38

(91%)
	35.87
(110%)


Table 3: SLS assumptions

	Parameters
	Values

	Scenario
	Indoor hotspot

	Carrier frequency
	4 GHz

	Channel model
	TR38.901/36.873

	TP antenna configuration
	2 ports: (M, N, P, Mg, Ng) = (1,1,2,1,1)
for 4GHz

	UE antenna configuration
	4Rx Port: (Baseline)

(M,N,P,Mg,Ng,Mp,Np) = =(1,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5)λ for 4GHz

	Coordination assumptions
	Centralized scheduler (SU-MIMO, Proportional Fair)

	Backhaul
	o
Ideal backhaul: 0ms

o
Non-ideal backhaul: 2ms, 5ms 

	Receiver
	MMSE IRC, Practical channel estimation and feedback model

	Traffic
	FTP traffic model 1 with packet size 0.5Mbytes

	Bandwidth/SCS
	10MHz BW and 15kHz SCS, FR1

	CQI
	Wideband, up to 2 TRPs in UE’s measurement set

	CSI feedback periodicity
	5 ms


PDSCH scheduling restriction/indication (multi-DCI)
PDSCH overlap in time:
An important aspect to consider for multi-DCI based NC-JT PDSCH transmission is the extent of flexibility that is allowed in NC-JT PDSCH resource allocation. In this section we consider different time-domain overlap options for NC-JT PDSCH.

· Full overlap of PDSCH: from a UE perspective, full-overlap (in time) of PDSCH resources allows a UE behavior very similar to Rel-15 in terms of PDSCH-DMRS processing, interference estimation and demodulation. This, however, from a NW point of view would introduce certain inefficiency due to requirement of coordination/restriction in terms of scheduling PDSCH starting positions and durations. 
· No overlap of PDSCH: there is no NC-JT in this case and this implies some form of semi-static resource partitioning between the 2 TRPs at the NW

· Partial overlap of PDSCH: this provides scheduling flexibility but it also presents challenges in terms of demodulation at the UE. For example in Figure 1, on the left hand-side, a single front loaded DMRS is configured for the two TRPs. In this case, the interference estimation post DMRS channel estimation may not reflect the interference on both the overlapped and the non-overlapped portions of the first PDSCH. In the right hand side of Figure 1, when an additional DMRS is configured for TRP 1, it provides a more robust option at the UE for interference estimation for demodulation purposes. However, since interference on the first and the second DMRS symbols can be different, selecting an appropriate channel estimation filter for DMRS may need optimization.
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Figure 1: Overlap of two PDSCHs transmitted from two TRPs partially in time
DMRS port multiplexing:

In case of multi-DCI transmission, DMRS port multiplexing is an important aspect which should be addressed in order to minimize impact to Rel-15 UE implementations as well as to provide scheduling flexibility. To this end the following principles may be considered:

•
It is not desirable to assign PDSCH and DMRS on the same RE (both FR1 and FR2)
•
It is desirable to assign orthogonal DMRS ports to a UE (although non-orthogonal ports may occur in orthogonal physical resources). 

•
DMRS ports from the same TRP should occupy the same CDM group. In addition, DMRS ports from two TRPs should be in orthogonal resources.
Based on the above principles we believe some semi-static coordination is required between the 2 TRPs. In addition, it is much easier to avoid DMRS and PDSCH collision with the same type of PDSCH for NC-JT (Type A + Type A or Type B + Type B).

Observation 2: Partial overlap of PDSCH (in time) for NC-JT can introduce more complexity at the UE. NC-JT with the same type of PDSCH (Type A+ Type A or Type B + Type B) may be considered at first for NC-JT. 
Configurations and monitoring of multiple PDCCH (multi-DCI)
The ability of configuring multiple CORESETs to a UE in a fully or partially overlapping fashion that is already possible in Rel-15 can be leveraged for multi-DCI transmission. Further, PDCCH monitoring candidates may be non-overlapping or may be partially or fully overlapping with each other which is also suitable for multi-DCI transmission. 
For the purposes of multi-DCI reception, it is essential to consider the existing limits on #CORESETs, #SSs, #BDs and #CCEs per BWP or per slot/serving cell. For the purposes of CA, these limits linearly increase until 4 CCs. However, considering that the benefit and applicability of NC-JT is not comparable to CA, it is not envisioned that these limits will be doubled for 2 TRP reception on a given CC. Therefore further discussion is needed on placing limits on #CORESETs, #SSs, #BDs and #CCEs per BWP or per slot/serving cell for multi-DCI NC-JT reception.

Observation 3: Doubling of limits (e.g. #CORESETs, #SSs, #BDs and #CCEs) due to 2 TRPs as in CA is not expected for multi-DCI NC-JT reception.
In terms of PDCCH monitoring patterns, it is beneficial to consider multi-DCI transmission to be aligned with Rel-15 UE capabilities. In terms of PDCCH processing complexity reduction methods for multi-DCI reception, several options have been proposed in prior meetings including 2-stage or 2-level DCI, reducing possible aggregation levels etc. We believe the starting point of PDCCH processing complexity reduction methods should be the framework and limits on #BDs and #CCEs.

Proposal 1: Consider PDCCH processing complexity reduction methods by re-visiting the limits on #BDs and #CCEs for multi-DCI reception. Multi-DCI transmission should be aligned with Rel-15 PDCCH monitoring capabilities.   
CSI (single and multi-DCI)
A UE with capability to receive downlink transmission from multiple panels simultaneously is expected to receive better throughput. In order to fully utilize the potential of multiple panels a gNB has to be aware that transmission on Tx beam-1 and Tx-beam-2 can be simultaneously received at the UE. This issue has already been considered in group based beam reporting of L1-RSRP in Rel-15. We note, however, that a UE equipped with multiple panels can often receive the same Tx-beam-1 on both panels with reasonable power. This information can be beneficial to the NW in order to determine whether to schedule a UE on one Tx beam or multiple Tx beam. In order to optimize CSI feedback for scheduling NC-JT transmission, it is natural to study multiple rank/PMI feedback from a UE corresponding to each TRP. This can improve accuracy since a UE is able to consider inter-TRP interference for CSI computation. In case of multiple PDSCH NC-JT transmission, multiple CQIs can also be considered.
Proposal 2: CSI feedback of multiple ranks, PMIs and potentially multiple CQIs can be studied for improving gains due to NC-JT transmission
RS and QCL enhancements (single DCI)
For multi-TRP operation, the UE may receive downlink DM-RS from multiple TRPs simultaneously. For operation in multi-TRP mode, the UE may receive a single DCI i.e., a single PDSCH from multiple TRPs or receive multiple DCIs from multiple TRPs. Therefore DMRS signalling design should account for both these use cases such that UE can efficiently estimate the channel.

Furthermore, to effectively signal DMRS ports to the UE, DMRS port groups should be defined such that ports within a DMRS port group share QCL properties. DMRS port groups can be semi-statically or dynamically configured. Ports from the same CDM group can be part of the same DMRS port group. An UE can be dynamically indicated with the assigned DMRS port groups through DCI based signalling.

For multi-TRP support, DMRS ports from different CDM groups can be scheduled to a UE when they belong to different DMRS port groups. 

Proposal 3: DMRS port groups can be considered for handling single DCI multi-TRP operation. 

For multi-TRP operation, a UE may receive downlink signal from multiple TRPs simultaneously. Those signals may be received from the same antenna panel or different antenna panels. For example, for FR1, a UE may only have a single panel, which could be omni-directional; for FR2, a UE may have multiple panels, which can target to different directions and downlink signals from different TRPs can be received from different panels. 

For multi-TRP operation, the phase noise from different TRPs could be different, as different TRPs may not share the same oscillator. Further the frequency offset between UE to different TRPs could be different. Hence a single port PT-RS may not be enough to track the phase shift from different links. More than 1 PT-RS ports should be supported for multi-TRP operation.

When more than 1 PT-RS ports is used, the association between a PT-RS port to a DMRS antenna port(s) group should be known by UE. Otherwise, UE may use an incorrect antenna port(s) group to receive the PT-RS so that it may not be able to track the phase shift for correct BPL.

Further, for multi-DCI case, each DCI can be used to schedule PDSCH from each TRP. To support phase tracking performance, the PT-RS from different TRP should be orthogonal, which is the same as DMRS ports from different TRP. Then one possible way is to schedule a 2 port PT-RS, include one ZP-PTRS port and one NZP-PTRS port.

Proposal 4: In order to track phase shifts from different links, for multi-TRP/panel operation, more than 1 PT-RS ports should be supported.

Beam management for multi-panel UE (single and multi-DCI)
In Rel-15, for PDSCH reception, a default spatial QCL assumption is applied if the scheduling offset between the PDSCH and the DCI is less than a certain threshold. The default QCL assumption follows the TCI state of the CORESET with the lowest ID in the latest slot in which one or more CORESETs are configured.

In the scenario of the multi-TRP multi-panel operation, the UE may receive data from different TRPs/panels. In this case, if the scheduling offset is smaller than a certain threshold, the UE may need to maintain multiple default beams since the UE has multiple communication links with different TRPs.

Meanwhile, when determining the default spatial QCL assumption for PDSCH, the CORESETs from different TRPs or received by different UE antenna panels should be considered.
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Figure 2: Example of the default PDSCH beam with multi-TRP and multi-panel
As shown in the figure above, the UE is scheduled with PDSCH from TRP B with the scheduling offset less than the threshold. While in the latest slot in which CORESET(s) is configured, the TCI state of the CORESET with lowest ID (#1) is from TRP A. In this case, if the UE follows the TCI state of CORESET #1, it will result in failure of PDSCH reception. Thus the default spatial QCL assumption of PDSCH should be further discussed.

Proposal 5: For multi-TRP multi-panel operation, a UE should be able to maintain multiple default beams for PDSCH reception. And it should be further discussed on how to derive the default spatial QCL assumption for PDSCH if the scheduling offset is smaller than a certain threshold

PDSCH enhancements for reliability

Within the scope of multi-TRP WID, several mechanisms can be considered for improving reliability of PDSCH transmission targeting URLLC use case. The general idea is to transmit the same information bits from different TRPs and to increase reliability by soft-combining across different transmission instances. Several mechanisms have been proposed earlier in RAN1 and we consider the following schemes for performance evaluation in FR1:
· SFN (single frequency network): TRP 1 and TRP 2 are transmitting the same information that is combined over the air and received on the same DMRS port at the UE (1-layer) – this scheme is supported by NR Rel-15 specifications.
· SDM (spatial division multiplexing): The UE receives one MIMO layer from TRP 1 and another overlapping MIMO layer from TRP 2 on different DMRS ports. In simulations we consider different RVs (0, 3) from different TRPs in order to maximize performance that is soft-combined at the UE.
· FDM (frequency division multiplexing): The UE receives the same codeword (1 layer) on 1 DMRS port from both TRPs but on orthogonal PRBs - the PRBs assigned to the different TRPs are multiplexed in frequency.  

In all the cases above, the total time-frequency resources used for transmission is the same. We also model blockage by introducing a 10 dB loss with a probability of 5% for each link. 
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Figure 3: Equal power from TRP1 and TRP2, SFN ( Rel-15 specs (OTA combining), SDM ( RV0 (MIMO layer-1) and RV3 (MIMO layer-2) soft-combining, FDM ( partial CW from TRP1 and partial CW from TRP2 soft-combining.   
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Figure 4: 6dB power diff from TRP1 and TRP2, SFN ( Rel-15 specs (OTA combining), SDM ( RV0 (MIMO layer-1) and RV3 (MIMO layer-2) soft-combining, FDM ( partial CW from TRP1 and partial CW from TRP2 soft-combining.
From Figure 3 and Figure 4 we do not observe performance benefit from multi-TRP SDM and FDM schemes compared to SFN. However, there could be certain scenarios where this comparison is not applicable for example in FR2 with single antenna panel UE, in which case some TDM options for repetition may be applicable and such mechanisms are under discussion in eURLLC for PDSCH/PUSCH. 
	Parameters
	Values

	Carrier Frequency
	4 GHz

	Subcarrier Spacing for data
	15 kHz

	Data allocation/MCS
	QPSK 1/6, QPSK 1/2, 16 QAM 3/4, 8 PRB allocation

	Channel Model
	TRL-C model

-
delay spread =300ns

-
UE speed=3km/h

	Blocking
	Probability that any of the 2 links is blocked is 5%

Blocking is modelled by a 10 dB power loss 

	BS antenna configurations
	2Tx 

	UE antenna configurations
	2Rx

	Transmission scheme
	Precoder cycling

	MIMO mode
	1 port

	UE receiver type
	MRC, practical channel estimation


Observation 4: we do not observe performance benefit from multi-TRP SDM and FDM schemes compared to SFN method that can be supported in Rel-15. However in certain scenarios like in FR2 with single antenna panel UE, some TDM mechanism of Multi-TRP repetition may be applicable.
PDCCH enhancements for reliability

As in the case of PDSCH, several mechanisms have been proposed earlier in RAN1 in order to improve PDCCH link performance.
· SFN (single frequency network): TRP 1 and TRP 2 are transmitting the same PDCCH that is combined over the air and received on the same DMRS port at the UE – this scheme is supported by NR Rel-15 specifications.

· FDM w/ soft-combining (frequency division multiplexing): The UE is configured to receive the same PDCCH from both TRPs (on orthogonal resources) and performs soft-combining for PDCCH detection.  

In all the cases above, the total time-frequency resources used for PDCCH transmission is the same. In one case we also model blockage by introducing a 10 dB loss with a probability of 5% for each link.
	[image: image5.png]BLER

2x4 PDCCH, SFN,FDI

DL-C DS = 300ns, S/l = 0dB

10°%
—+—FDM, 2 TRP, 0 B dif]|
SFN, 2 TRP.0 dB it
e —e—iTRP
102
10
104
10%
10
46 a4 2 0 8 B “

SNR, dB




Figure 5: 0 dB power offset between TRPs, no blockage modelled
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Figure 6: 0 dB power offset between TRPs, blockage with 5% probability
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Figure 7: 6 dB power offset between TRPs, blockage with 5% probability
Observation 5: Similar to the PDSCH case, we do not observe performance benefit from multi-TRP FDM with soft-combining schemes of PDCCH transmission compared to SFN method that can be supported with Rel-15.
	Parameters
	Values

	Carrier Frequency
	4 GHz

	Subcarrier Spacing for data
	15 kHz

	TRPs
	2 TRPs, 0 dB power offset

	Data allocation/MCS
	QPSK 1/6, QPSK 1/2, 16 QAM 3/4, 8 PRB allocation

	Aggregation Level
	8

	Size of the REG bundle
	6

	PDCCH duration
	1 OFDM symbol

	PDCCH resource type
	Distributed 

	PDCCH transmission scheme
	Random precoder cycling over REG bundle, 2Tx codebook

	DMRS density
	1/4

	Channel Model
	TDL-C, DS = 300ns,  UE speed 3 km/h

	Link failure 
	No link failure or Random with 5% probability and 10dB power loss

	gNB antenna configuration
	2Tx

	UE antenna configuration
	4Rx

	Channel Estimation
	MMSE per REG bundle


Conclusions

Observation 1: Comparing SCW and MCW transmission mechanisms in InH scenario, in most cases of 5%-tile and mean UPT across different (load, backhaul latency) MCW provides very little or no throughput benefits. 

Observation 2: Partial overlap of PDSCH (in time) for NC-JT can introduce more complexity at the UE. NC-JT with the same type of PDSCH (Type A+ Type A or Type B + Type B) may be considered at first. 
Observation 3: Doubling of limits (e.g. #CORESETs, #SSs, #BDs and #CCEs) due to 2 TRPs as in CA is not expected for multi-DCI NC-JT reception.
Proposal 1: Consider PDCCH processing complexity reduction methods by re-visiting the limits on #BDs and #CCEs for multi-DCI reception. Multi-DCI transmission should be aligned with Rel-15 PDCCH monitoring capabilities.   
Proposal 2: CSI feedback of multiple ranks, PMIs and potentially multiple CQIs can be studied for improving gains due to NC-JT transmission
Proposal 3: DMRS port groups can be considered for handling single DCI multi-TRP operation. 

Proposal 4: To track phase shifts from different links, for multi-TRP/panel operation, more than 1 PT-RS ports should be supported.

Proposal 5: For multi-TRP multi-panel operation, the UE should maintain multiple default beams for PDSCH reception. And it should be further discussed on how to derive the default spatial QCL assumption for PDSCH if the scheduling offset is smaller than certain threshold

Observation 4: we do not observe performance benefit from multi-TRP SDM and FDM soft-combining schemes compared to SFN method that can be supported transparently. However in certain scenarios like in FR2 with single antenna panel UE, some TDM mechanism of Multi-TRP repetition may be applicable.
Observation 5: Similar to the PDSCH case, we do not observe performance benefit from multi-TRP FDM soft-combining schemes of PDCCH reception compared to SFN method that can be supported transparently.
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Multi- TRP Throughput CDFs
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Figure 8:UE Throughout CDFs at ~5% RU
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Figure 9: UE Throughout CDFs at ~15% RU
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Figure 10: UE Throughout CDFs at RU ~25%
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Figure 11: UE Throughout CDFs at RU ~40%


Note: Delay-case-0: 0 ms backhaul latency, Delay-case-1: 2 ms backhaul latency, Delay-case-2: 5 ms backhaul latency
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