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In the approved Rel-15 NR WID [1], the objectiveness relating to NR-LTE coexistence is described as: 
-	NR-LTE co-existence mechanisms [RAN1, RAN2, RAN4];
-	Support co-existence of LTE UL and NR UL within the bandwidth of an LTE component carrier and co-existence of LTE DL and NR DL within the bandwidth of an LTE component carrier, and identify and specify at least one NR band/LTE-NR band combination for this operation.
-	Minimize impact to NR physical layer design to enable this co-existence.
-	No impact to the ability of legacy LTE devices to operate on the LTE carrier co-existing with NR
-	No implication that UE has to support simultaneous connection of NR and LTE in the bandwidth of an LTE component carrier
RAN4 further agrees to study the following band combinations for uplink sharing, where the lower frequency band is for FDD uplink only and the higher frequency band is for TDD downlink and uplink:
· 1710-1785MHz (UL)/3.3-4.2 GHz(DL&UL) 
· 832-862MHz (UL)/3.3-4.2 GHz(DL&UL) 
· 880-915MHz (UL)/3.3-4.2 GHz(DL&UL) 
· 703-748MHz (UL)/3.3-4.2 GHz(DL&UL)
The uplink coverage enhancement is considered one benefit for these band combinations with uplink sharing, due to the facts that the coupling loss in low-frequency band is generally smaller than that in high-frequency band, and that the UE has limited transmission power. 
Our earlier study, as given in [3], shows that the UL UPT performance of uplink sharing with 900MHz+3.5GHz band combination is similar to that of NR(@3.5GHz)+LTE(@900MHz) DC. This contribution gives our further performance evaluations for the comparison between NR SA@3.5GHz and uplink sharing at low frequency bands of 900MHz and 1750MHz. 
Analysis of uplink coverage
The uplink coverage is normally expressed in terms of cumulative density distribution of user perceived throughput (UPT). The UPT depends on many factors, among which at least the following are identified as frequency dependent and therefore could bring in the performance difference between low-frequency band and high-frequency band: 
· Pathloss: According to [4], the frequency-dependent terms in the pathloss modeling are given by  for RMa, UMa and UMi LoS, and  for UMi NLoS. 
· Penetration loss: Our analysis and simulations adopt the frequency dependent low-loss/high-loss models defined in [4]. The modeled mean losses at the interested frequencies are given in Table 1. 
	
	900MHz
	1750MHz
	3.5GHz

	Low-loss penetration mean (dB)
	10.5560
	11.5996
	12.6975

	High-loss penetration mean (dB)
	18.4961
	21.5684
	26.8498


[bookmark: _Ref489984320]Table 1 Penetration models at specific frequencies
While RMa has low-loss model only, there are two options given in [5] for the probabilities of low-loss model and high-loss model for UMa/UMi: 
· Option-1: 80% for low-loss and 20% for high-loss
· Option-2: 50% for low-loss and 50% for high-loss
Option-2 was used in RAN1’s channel model calibration, while Option-1 was proposed in [6] based on more realistic analysis of building market.  
Once combined together, the pathloss and penetration contribute to the frequency-dependent coupling loss difference (only the mean value) as shown in Table 2, based on indoor UE percentages assumed in [5]. For example, the averaged coupling loss difference between 1750MHz and 3.5G under UMa/UMi in Table 2 is calculated as following for 50-50 penetration loss model: 

	
	Difference between 900MHz and 3.5GHz
	Difference between 1750MHz and 3.5GHz

	UMa/UMi (assume 80% indoor UE with 50-50 low/high penetration loss)
	-15.9946 dB
	-8.5723 dB

	UMa/UMi (assume 80% indoor UE with 80-20 low/high penetration loss)
	-14.5037 dB
	-7.5683 dB

	RMa (assume 50% indoor UE, all low loss penetration)
	-12.8673 dB
	-6.5696 dB


[bookmark: _Ref490186959]Table 2 Frequency-dependent coupling loss difference (only the mean)
· Duplex mode: The 3.5GHz band is TDD and the 900M/1.8G Hz band is FDD. In general, there is one more reason for UE in TDD mode to retain its pending packet in the transmission buffer – to wait for the coming up of uplink subframe or slot when the current subframe or slot is for downlink. On the other hand, the scheduler working on 900M/1.8G Hz FDD band may also put uplink packets, especially the ones for bad geometry UEs, on hold in the buffer due to the competition with good geometry UEs. Such competition is generally less severe on 3.5GHz band that can have much larger bandwidth. 
· Antenna techniques: Due to shorter wavelength, the transmission on 3.5GHz can use more advanced antenna setting. For example, 
· On gNB side, compared to (M, N, P, Mg, Ng)=(8,1,2,1,1) 2Rx on 900MHz and (8,2,2,1,1) 4Rx on 1750MHz, the antenna configuration of (8,8,2,1,1) 64Rx on 3.5GHz can obtain some gains to compensate the coupling loss difference. The Figure 1 shows a relative CDF gap for received SINRs (after applying MIMO matrix), given the same carrier frequency (3.5GHz) and the same bandwidth (100MHz) but different receiving antenna configurations (64Rx vs. 4Rx). The antenna gain shown in Figure 1 reflects not only the Rx beamforming gain, but also the interference suppression gain achieved by massive MIMO making the FTP file transmission succeed faster and therefore reducing the system-wide traffic loads.  
[image: ]
[bookmark: _Ref490241722]Figure 1 Antenna gain based on the same carrier frequency and BW
· One UE side, it is feasible to have 4 transmission antenna ports on 3.5GHz.   
· System bandwidth:  While the bandwidth on 900MHz/1750MHz available to each operator can generally range between 10~45MHz, the bandwidth on 3.5GHz can be optimized to 100MHz. This not only offers some blockage compensation to the shortage of uplink transmission time intervals on 3.5GHz TDD, but also leads to less intercell interference because the cell-edge packets get less chance to cross-cell collide on the same resources in a wider bandwidth. 
Evaluations
Our evaluation intention is to find the uplink performance in case the lower frequency carrier is used to provide an alternative uplink for the UEs on higher frequency carrier, when the UE has bad uplink geometry.  Therefore, the evaluations include and compare three NR standalone cases: 
· Case 1: The simulation contains 3.5GHz TDD uplink only. All UEs have their uplink served on 3.5GHz. 
· Case 2: The simulation contains 900MHz FDD uplink and 3.5GHz TDD uplink, where the first 80% UEs in the descending order of RSRP are served on 3.5GHz and the remaining 20% UEs are served on 900MHz. 
· Case 3: The simulation contains 1.8GHz FDD uplink and 3.5GHz TDD uplink, where the first 80% UEs in the descending order of RSRP are served on 3.5GHz and the remaining 20% UEs are served on 1.8GHz. 
The simulations in both Case 2 and Case 3 assume no LTE UEs on the 900MHz/1.8GHz. In addition, the simulations do not apply any restrictions on uplink transmissions due to 2nd-order and 4th-order harmonics. 
The frequency-dependent factors that may impact uplink performance as shown in section 2 are adopted in the simulation as following, with the other evaluation assumptions given in Appendix I.  
· The pathloss and penetration are simulated according to [4][5], where 50-50 low/high penetration loss probabilities are adopted. 
· A TDD ratio of 4(DL):1(UL) is assumed on 3.5GHz in all three cases. 
· The system bandwidths and gNB receiving antenna configurations are set differently per frequency carrier: 
	
	3.5GHz
	1.8GHz
	900MHz

	System bandwidth
	100MHz
	25MHz
	10MHz

	gNB receiving antenna (M,N,P,Mg,Ng)
	(8,8,2,1,1), 64Rx (dV=0.5λ)
	(8,2,2,1,1), 4Rx (dV=0.5λ)
	(8,1,2,1,1), 2Rx (dV=0.5λ)


Table 3 BW and antenna setting per frequency in evaluation
The evaluation results are shown in Table 4 for the 5%-ile, 50%-ile, 95%-ile and mean UPT. 
	Simulation cases
	5% (Mbps)
	50% (Mbps)
	95% (Mbps)
	Mean (Mbps)
	RU(%)

	3.5G only
	1.01
	140.98
	298.07
	135.34
	37.24@3.5GHz

	3.5G+900M
	0.92
	143.94
	302.59
	138.08
	34.62@3.5GHz
45.14@900MHz

	3.5G+1.8G
	1.33
	145.05
	303.85
	140.52
	34.62@3.5GHz
12.11@1.8GHz


[bookmark: _Ref490247053]Table 4 UL UPT comparisons
The observations from Table 4 are: 
1) For the 50%-ile, 95%-ile and mean UPT, the more resources spent on the lower frequency SUL (0MHz -> 10MHz -> 25MHz), the higher the overall UPT. However, the UPT differences among three cases are quite small and can hardly justify the paid additional resources on top of 100MHz. 
2) For 5%-ile performance which reflects the cell-edge case, 
· All three cases have their cell-edge performances limited to the similar level. 
· Compared to 3.5G-only, using additional uplink at lower frequency band may or may not have positive gains, which highly depends on the system bandwidth and antenna configuration on the lower frequency carrier. This is to say, the gain (such as 1.33Mbps for 3.5G+1.8G) could be paid with relatively large resource cost in lower frequency band (such as 25MHz at 1.8GHz).  
The above simulation observations open rather different views than before on the band combination. More additional evaluations from different companies are welcome to refine the understanding.
Proposal-1: To have more evaluations across companies for the uplink performance with band combinations.  
It should be pointed out that, as shown in Appendix I, the traffic arrival rate is set to 1.5file/s, resulting in 6Mbps for arrival traffic volume per UE. This makes the cell-edge UE working in a status close to full-buffer, because their throughput is just approximately 1Mbps. This setting of traffic arrival rate is intentional for two purposes: 
· To have sufficiently large number of uplink transmissions from the cell edge UE to establish the stable cell-edge performance result;
· To push the resource utilization (RU) to a medium-to-high range, which is most-likely interested by operators.
If it is desired to have the medium-to-high RU but meanwhile to leave cell-edge UE not working in full buffer status, the FTP1 model can be used or the current FTP3 model needs modifications. 
It should be also pointed out that, the above evaluation results are based on several evaluation assumptions that are not in favor of 3.5G-only performance in the comparison. These assumption settings could be in the opposite way in the real deployment practice, for example, 
· Our evaluation assumes the harmonics issue has zero impact to the uplink scheduling, which is a theoretically ideal assumption for both 900M+3.5G case and 1.8G+3.5G case. 
· Our evaluation assumes the 50-50 ratio between low-loss penetration and high-loss penetration with high-loss model being more frequency dependent; but as mentioned earlier, 80-20 ratio is considered more reasonable. 
· Our evaluation assumes no LTE UE on lower frequency uplink. If otherwise, the corresponding UPT performances should be lower than what are shown in Table 4, because
· LTE UEs increase the resource competitions for NR UE on the same carrier. 
· LTE UEs increase the inter-cell interferences. 
Because the existence of LTE UEs may potentially lead to quite different uplink performance, RAN1 should differentiate the studies between SUL with LTE UE and SUL without LTE UE.  
Proposal-2: To differentiate between SUL with LTE UE and SUL without LTE UE.  
Conclusion
This contribution concludes with following observations and proposals: 
Observations: Among the uplinks on 3.5G-only, 3.5G+900M and 3.5G+1.8G,  the simulated UPT performances are summarized as following:
	Simulation cases
	5% (Mbps)
	50% (Mbps)
	95% (Mbps)
	Mean (Mbps)
	RU(%)

	3.5G only
	1.01
	140.98
	298.07
	135.34
	37.24@3.5GHz

	3.5G+900M
	0.92
	143.94
	302.59
	138.08
	34.62@3.5GHz
45.14@900MHz

	3.5G+1.8G
	1.33
	145.05
	303.85
	140.52
	34.62@3.5GHz
12.11@1.8GHz


1) For the 50%-ile, 95%-ile and the mean, the uplink UPTs among above three cases are quite close to each other, which hardly justifies the paid additional resources on lower frequency band. 
2) For 5%-ile performance, 
· All above three cases have their cell-edge performance limited to the similar level. 
· Compared to 3.5G-only, using additional uplink at lower frequency band may or may not have positive gains, which highly depends on the system bandwidth and antenna configuration on the lower frequency carrier. The gain could be paid with relatively large resource cost in lower frequency band.  
Proposal-1: To have more evaluations across companies for the uplink performance with band combinations.  
Proposal-2: To differentiate between SUL with LTE UE and SUL without LTE UE.  
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Appendix I Evaluation assumptions
	Carrier frequency 
	3.5GHz
	1.8GHz
	900MHz 

	Layout for nodes
	Single layer:
Macro layer: Hex. Grid
7 BSs with 21 cells

	Inter-BS distance
	ISD : 500m

	Minimum BS-UE (2D) distance
	Macro-to-UE: 35m

	System bandwidth
	100MHz
	25MHz
	10MHz

	Number of carriers
	1

	UE TX power 
	26dBm
	23dBm
	23dBm

	Channel model
	· Macro-to-UE: UMa 
· Macro-to-Macro: UMa (h_UE=25m)

	BS antenna
	(M,N,P,Mg,Ng)=(8,8,2,1,1), 64TXRU 
	(M,N,P,Mg,Ng)=(8,2,2,1,1) , 4TXRU 
	(M,N,P,Mg,Ng)=(8,1,2,1,1) , 2TXRU 

	BS antenna height: 
	Macro: 25m
Micro: 10m

	UE antenna
	Omni; 2Tx

	UE antenna height
	hUT=3(nfl-1)+1.5
nfl for outdoor UEs: 1
nfl for indoor UEs: nfl~uniform(1,Nfl), where Nfl~uniform(4,8) 

	BS antenna element gain
	5dBi

	Antenna gain of UE
	0 dBi

	UE distribution
	20 users per sector

	Cell selection criteria
	Cell selection is based on RSRP

	BS receiver
	MMSE-IRC

	UE receiver
	MMSE-IRC

	BS receiver noise figure
	5dB

	UE receiver noise figure
	9dB

	Traffic model 
	FTP3 traffic model with packet size 0.5Mbytes, lambda: {1.5}
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