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1
Introduction
During the RAN#58 meeting the new Study Item on Further enhancements to Enhanced Uplink [1] has been approved [2]. The Study Item proposal contains a list of identified areas on which the studies should focus. This contribution aims at describing the basics of technology addressing the 1st point in [1]:

Enabling high user bitrates in a mixed-traffic scenario by means of, e.g., a more efficient method of confining high-RoT operation to dedicated secondary carriers 

It is recognized that the time division multiplexing (TDM) operation can bring significant gains in HSUPA system. The existing Serving Grant signalling procedure is limited in a way that it cannot facilitate efficient TDM operation. In this document the limitation of the existing grant signalling scheme is described and solutions improving grant signalling are described. Proposed modification has been evaluated by the system level simulations. A comprehensive set of system level simulation results is a part of this document. 
2
TDM operation in HSUPA
Enabling high user bitrates requires ensuring good SINR conditions. The separation of users in the time domain is one way to obtain this target. The TDM operation refers to a situation in which one selected UE in a given cell consumes most of the Noise Rise over Thermal Noise (RoT) resources by transmitting with high data rate for a short period of time (several TTIs – several tens/hundreds of TTIs) while at the same time other UEs either stop their transmission or their transmission consumes significantly less resources. The system level gains coming from the TDM operation were presented to 3GPP in [3]. The highest gains are observed with high UE densities and when using high RoT targets. Presented gains will not be achievable in the network without an efficient way of signalling the constantly changing Serving Grants for the users being scheduled in the TDM manner. In the next section the limitation of the current grant signalling approach is described. 
2.1
Signalling of the Serving Grant 
The scheduling in HSUPA is based on the Scheduling Grant which imposes the E-DPDCH/DPCCH power ratio for a given UE. Grants are sent to UEs over the E-AGCH channel (absolute value of the grant is sent to a given UE) or over the  E-RGCH channel (relative grants, information on whether the current grant should be increased or decreased). Since E-RGCH carries only gradual grant updates and the TDM scheduling requires more dramatic changes, the focus will be on the E-AGCH channel.

The TDM scheduling can be realized in the currently working system, however the signalling overhead is significant. To begin the TDM operation all but one UE in a cell have to receive the ZERO-grant command.  It is assumed that in the TDM mode the Node B has to nominate one UE which will transmit for the next period, while the UE transmitting in the previous period has to be informed that it has to stop the transmission. For that 2 commands have to be issued:

1. E-AGCH with either ZERO, INACTIVE or very low Absolute Grant Value addressing the UE transmitting in the previous period

2. E-AGCH with Absolute Grant Value for a UE nominated to transmit in the next period.
The signalling message flow required to perform the TDM operation is presented in Figure 1. 
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Figure 1.  Grant signalling for the TDM operation.

The main disadvantage of this approach is that after sending the ZERO-grant to currently transmitting UE one TTI is lost (no UE transmitting with a high bitrate in the next TTI) before the next UE receives and applies new absolute grant. This reduces gains coming from the TDM scheduling. Reversing steps 1 and 2 would lead to a situation where two UEs transmit simultaneously with high grants for at least one TTI before one of them receives and applies the ZERO-grant. This would cause very high interference for both transmissions and also to the neighbouring cells. 
2.3
Time-limited Grants

Different solutions for providing efficient TDM operation are considered. One of them being time-limited grants proposed in [4]. This approach assumes introduction of a new parameter – grant duration. A UE after receiving such a grant would use it as a Serving Grant for a number of TTIs defined by the grant duration parameter and then change the Serving Grant to zero. This requires a completely new grant signalling channel that would allow transmitting both Absolute Grant value and the associated grant duration parameter. The new grant signalling channel could have a structure of the existing E-AGCH and additionally carry new information required for the novel rate adaptation mechanism proposed in [5]. As explained in [3] and [5] TDM scheduling and the novel rate adaptation mechanism are complementary features that bring maximum gains when combined together. Therefore, joint signalling of the parameters required by the two features should be considered. 
While time-limited grants solve the problem of NodeB having to send the ZERO grant before switching TDM operation to the next UE this approach still has some flaws. When a UE is assigned with a time-limited grant and the serving NodeB wants to void the transmission of this UE or lower the grant significantly before the grant expires additional signalling needs to be send the same as for the legacy case. In this respect the solution presented in the next section – Grant Detection provides much more flexibility to the NodeB scheduler. 
2.2
Grant Detection
Grant Detection is an alternative TDM grant signalling mechanism introduced in [6]. In HSUPA all active UEs monitor the E-AGCH channel. When a transmission occurs each UE tries to decode the grant message by performing a CRC check with its E-RNTI. If a UE successfully decodes the grant it starts the grant update procedure. It is proposed that all other TDM UEs who receive an E-AGCH transmission which is not intended for them (the CRC check fails) automatically set their Serving Grants to zero. This way a single E-AGCH command would provide an absolute grant for one UE and at the same time “silence” other UEs in the cell. The mentioned E-AGCH channel for TDM UEs could be transmitted using dedicated OVSF code. This would ensure that grant signalling to legacy UEs would not interfere with the described approach.  The proposed solution saves signalling overhead as only one signalling message is needed every scheduling period. It also solves the problem of lost TTI between steps 1 and 2 in the Figure 2. The solution doesn’t require new signalling channel design. Instead, the legacy E-AGCH channel can be used.  
Simulation results presented in [6] show that a reliable detection of the E-AGCH transmission dedicated to another UE is possible without knowledge of the E-RNTI of that UE. The missed detection probability is ten times lower than the probability of not decoding E-AGCH correctly. It means that the proposed mechanism can work with a very high reliability. 
3
Simulation Assumptions

The simulation scenario intended for evaluation of the improved rate adaptation is assumed in the present document for evaluation of different TDM options. A full list of simulation assumptions is provided in [7]. The results of TDM scheduling evaluation are obtained assuming only the power-based scheduling approach (novel rate adaptation mechanism is not a part of this document). The baseline case of CDM scheduling, the TDM scheduling supported by the legacy system (with the existing limitations of signalling) and the TDM scheduling with the proposed Grant Detection technique are evaluated. 

For the CDM scheduling all UEs transmit the DPCCH, E-DPCCH and E-DPDCH channels every TTI and the total RoT budget is equally divided between different UEs. For the TDM scheduling, only a single UE in each sector in the same TTI is selected for the data transmission and transmits the DPCCH, E-DPCCH and E-DPDCH channels. All other UEs transmit only the DPCCH channel. I.e., the selected UE occupies practically the whole available RoT budget. A UE scheduled for the data transmission is randomly re-selected among all associated UEs once per the scheduling period of 1, 5 or 10 TTIs. The UE re-selections are performed in different sectors asynchronously. OLPC is frozen while a UE is not scheduled.

For the legacy TDM case an empty TTI (when no UE in the current sector transmit E-DPCCH and E-DPDCH) is included before each new UE scheduled in the considered sector. This is included to model one TTI being lost for absolute grant transmission in a legacy system as described in section 2.1. of this document.  For the case of Grant Detection empty TTIs do not exist and UEs are scheduled continuously. 
A summary of system level simulation assumptions for the deployment model and assumptions of the system operation are provided in Table 1 and Table 2 respectively.

Table 1. Deployment model simulation assumptions

	Parameter
	Value

	Deployment scenario
	3GPP Macrocell

	Cell layout
	Wrap-around hexagonal grid, 

19 sites with 3 sectors per site 

	Inter-site distance [m]
	500

	Path loss and shadow fading models
	3GPP

	Node B antenna pattern
	Parabolic

	Node B antenna gain (bore sight) [dBi]
	17

	Node B antenna pattern azimuth width
	70º

	Node B antenna pattern elevation width
	10º

	Node B antenna tilt angle
	10º

	Node B antenna FTB [dB]
	25

	UE antenna pattern
	Omnidirectional

	UE antenna gain [dBi]
	0

	Penetration loss [dB]
	10

	Maximum UE TX power [dBm]
	23

	NodeB noise figure [dB]
	3

	Thermal noise PSD [dBm/Hz]
	-174

	Minimum distance between UT and serving cell [m]
	25

	Carrier frequency [GHz]
	2.0

	Channel model profile
	Ped A, Veh A

	Correlation between the antennas
	0

	User mobility model
	Doppler spectrum

	Users speed [km/h]
	3.0; 30.0

	User distribution
	Randomly and uniformly distributed over the area

	Interference modeling
	Explicitly modeled interference, given percentage of the strong interferes are modeled with taking into account their temporal and spatial correlation properties, less powerful interferers are modeled by equivalent AWGN noise

	Traffic model
	Full buffer


Table 2. System operation assumptions

	Parameter
	Value

	Transmission modes
	SIMO

	Link-to-system mapping interface
	Effective SINR based

	E-DCH TTI [ms]
	2

	Modulation
	QPSK, 16-QAM

	T2TP [dB]
	10

	Channel estimation
	Ideal

	Pilot SIR estimation
	Ideal

	Node B receiver
	LMMSE with RX diversity

	Number of TX antennas
	1

	Number of RX antennas
	2

	Soft handover
	Disabled

	Softer handover
	Enabled

	ILPC delay [slots]
	2

	ILPC period [slots]
	1

	ILPC step size [dB]
	±1

	OLPC delay [TTI]
	8

	Target BLER
	10% after the 1st transmission attempt

	H-ARQ approach
	Chase combining

	Target RoT [dB]
	6; 15

	Target DPCCH pre-receiver SIR (for E-DPDCH gain factors design) for the baseline scheduling [dB]
	-16

	Scheduler
	CDM and TDM Round-robin power-based

	Scheduling period [TTI]
	1, 5 and 10


4
Simulation results

4.1 
PA3 Channel

4.1.1 
RoT of 6 dB
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Figure 1. Average UE throughput vs. average sector throughput, Ped A, 3km/h channel model, RoT 6dB
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Figure 2. Average UE throughput gain of Grant Detection over legacy TDM scheduling, Ped A, 3km/h channel model, RoT 6dB
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Figure 3. Average UE throughput gain of TDM (with Grant Detection) over CDM, Pad A, 3km/h channel model, RoT 6dB
Table 3. Average UE throughput [kbps] results for Ped A 3km/h, Rot 6dB - summary 

	
	Scheduling period 
	UEs per sector
	0.0175
	0.25
	1
	4
	10

	CDM
	
	
	5461
	4344
	2295
	497
	90

	TDM
	1 TTI
	Legacy
	5463
	4189
	1996
	446
	162

	
	
	Grant Detection
	5463
	4232
	2168
	552
	201

	
	
	Grant Detection gain
	0.0%
	1.0%
	8.6%
	23.7%
	24.4%

	
	
	TDM gain over CDM
	0.0%
	-2.6%
	-5.5%
	11.0%
	123.7%

	TDM
	5 TTIs
	Legacy
	5463
	4267
	2206
	561
	179

	
	
	Grant Detection
	5463
	4267
	2259
	596
	199

	
	
	Grant Detection gain
	0.0%
	0.0%
	2.4%
	6.2%
	11.4%

	
	
	TDM gain over CDM
	0.0%
	-1.8%
	-1.6%
	19.9%
	121.0%

	TDM
	10 TTIs
	Legacy
	5463
	4301
	2266
	605
	194

	
	
	Grant Detection
	5463
	4348
	2289
	629
	205

	
	
	Grant Detection gain
	0.0%
	1.1%
	1.0%
	3.9%
	5.9%

	
	
	TDM gain over CDM
	0.0%
	0.1%
	-0.3%
	26.6%
	127.9%
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Figure 4. CDF of RoT, Ped A, 3km/h channel model, RoT 6dB, 0.0175 users per sector
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Figure 5. CDF of RoT, Ped A, 3km/h channel model, RoT 6dB, 1 user per sector
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Figure 6. CDF of RoT, Ped A, 3km/h channel model, RoT 6dB, 10 users per sector
4.1.2 
RoT of 15 dB
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Figure 7. Average UE throughput vs. average sector throughput, Ped A, 3km/h channel model, RoT 15dB
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Figure 8. Average UE throughput gain of Grant Detection over legacy TDM scheduling, Ped A, 3km/h channel model, RoT 15dB
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Figure 9. Average UE throughput gain of TDM (with Grant Detection) over CDM, Pad A, 3km/h channel model, RoT 15dB
Table 4. Average UE throughput [kbps] results for Ped A 3km/h, Rot 15dB - summary 

	
	Scheduling period 
	UEs per sector
	0.0175
	0.25
	1
	4
	10

	CDM
	
	
	9974
	7838
	3284
	456
	110

	TDM
	1 TTI
	Legacy
	9982
	7353
	2987
	609
	226

	
	
	Grant Detection
	9982
	7586
	3211
	676
	242

	
	
	Grant Detection gain
	0.0%
	3.2%
	7.5%
	10.9%
	6.7%

	
	
	TDM gain over CDM
	0.1%
	-3.2%
	-2.2%
	48.3%
	118.9%

	TDM
	5 TTIs
	Legacy
	9982
	7675
	3383
	699
	224

	
	
	Grant Detection
	9984
	7692
	3421
	721
	230

	
	
	Grant Detection gain
	0.0%
	0.2%
	1.1%
	3.1%
	2.9%

	
	
	TDM gain over CDM
	0.1%
	-1.9%
	4.2%
	58.3%
	108.7%

	TDM
	10 TTIs
	Legacy
	9984
	7737
	3504
	768
	229

	
	
	Grant Detection
	9982
	7855
	3527
	769
	229

	
	
	Grant Detection gain
	0.0%
	1.5%
	0.7%
	0.2%
	-0.1%

	
	
	TDM gain over CDM
	0.1%
	0.2%
	7.4%
	68.8%
	107.1%
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Figure 10. CDF of RoT, Ped A, 3km/h channel model, RoT 15dB, 0.0175 users per sector
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Figure 11. CDF of RoT, Ped A, 3km/h channel model, RoT 15dB, 1 user per sector
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Figure 12. CDF of RoT, Ped A, 3km/h channel model, RoT 15dB, 10 users per sector
5
Discussion

Presented simulation results prove substantial gains coming from the TDM scheduling especially with modified scheduling grant signalling approach. The average throughput gains of the presented Grant Detection mechanism over TDM operation with legacy signalling vary from 2-40% depending on the scheduling period, RoT and the channel model. The gains are higher for shorter scheduling periods as in this case inefficiency of the legacy grant signalling mechanism leads to many underutilized TTIs. 

The throughput gains of the TDM (assuming Grant Detection) over the CDM approach vary from  4-130% depending mostly on a number of UEs per sector but also on the RoT and channel model. Obviously gains are present only for higher UE densities. In case of one or less UEs per sector the TDM operation is not needed as there is only one UE transmitting at the time. 
The RoT distribution curves for the TDM operation prove good stability of the system. For the short scheduling periods the Grant Detection approach results in much steeper RoT CDF than the legacy approach. For all RoT targets and scheduling periods the Grant Detection approach ensures the lowest variation in the RoT distribution. 
It is expected that the throughput gains would be even higher if TDM approach was combined with the novel rate adaptation mechanism described in [5].
Simulation results for the Veh A 3km/h and 30km/h channel models can be found in the annex to this document.
6
Conclusion
In this document the motivation for changing the Serving Grant update procedure in HSUPA has been given as well as the simulation results showing potential of the proposed modification. The system level simulation results show very high throughput gains resulting from the proposed Grant Detection approach and TDM operation. 

Proposal:  Consider the Grant Detection approach for enabling high user bitrates in a mixed-traffic scenario.
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Annex A: Remaining simulations results
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Figure 13. Average UE throughput vs. average sector throughput, Veh A, 3km/h channel model, RoT 6dB
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Figure 14. Average UE throughput gain of Grant Detection over legacy TDM scheduling, Veh A, 3km/h channel model, RoT 6dB
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Figure 15. Average UE throughput gain of TDM (with Grant Detection) over CDM, Veh A, 3km/h channel model, RoT 6dB
Table 5. Average UE throughput [kbps] results for Veh A 3km/h, Rot 6dB - summary 

	
	Scheduling period 
	UEs per sector
	0.0175
	0.25
	1
	4
	10

	CDM
	
	
	4851
	3959
	2254
	545
	135

	TDM
	1 TTI
	Legacy
	4851
	3789
	1942
	470
	165

	
	
	Grant Detection
	4851
	3908
	2171
	628
	230

	
	
	Grant Detection gain
	0.0%
	3.1%
	11.8%
	33.6%
	39.7%

	
	
	TDM gain over CDM
	0.0%
	-1.3%
	-3.7%
	15.2%
	70.9%

	TDM
	5 TTIs
	Legacy
	4851
	3838
	2135
	581
	186

	
	
	Grant Detection
	4851
	3921
	2205
	663
	229

	
	
	Grant Detection gain
	0.0%
	2.2%
	3.3%
	14.1%
	23.7%

	
	
	TDM gain over CDM
	0.0%
	-1.0%
	-2.2%
	21.7%
	70.6%

	TDM
	10 TTIs
	Legacy
	4851
	3920
	2227
	644
	214

	
	
	Grant Detection
	4851
	3942
	2246
	672
	231

	
	
	Grant Detection gain
	0.0%
	0.6%
	0.9%
	4.3%
	7.9%

	
	
	TDM gain over CDM
	0.0%
	-0.4%
	-0.4%
	23.2%
	71.8%
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Figure 16. CDF of RoT, Veh A, 3km/h channel model, RoT 6dB, 0.0175 users per sector
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Figure 17. CDF of RoT, Veh A, 3km/h channel model, RoT 6dB, 1 user per sector
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Figure 18. CDF of RoT, Veh A, 3km/h channel model, RoT 6dB, 10 users per sector
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Figure 19. Average UE throughput vs. average sector throughput, Veh A, 3km/h channel model, RoT 15dB
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Figure 20. Average UE throughput gain of Grant Detection over legacy TDM scheduling, Veh A, 3km/h channel model, RoT 15dB
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Figure 21. Average UE throughput gain of TDM (with Grant Detection) over CDM, Veh A, 3km/h channel model, RoT 15dB
Table 6. Average UE throughput [kbps] results for Veh A 3km/h, Rot 15dB - summary 

	
	Scheduling period 
	UEs per sector
	0.0175
	0.25
	1
	4
	10

	CDM
	
	
	9646
	7486
	3343
	476
	167

	TDM
	1 TTI
	Legacy
	9646
	7114
	3055
	642
	226

	
	
	Grant Detection
	9646
	7317
	3236
	754
	264

	
	
	Grant Detection gain
	0.0%
	2.9%
	5.9%
	17.4%
	16.5%

	
	
	TDM gain over CDM
	0.0%
	-2.3%
	-3.2%
	58.3%
	57.7%

	TDM
	5 TTIs
	Legacy
	9646
	7302
	3224
	732
	235

	
	
	Grant Detection
	9646
	7408
	3436
	791
	255

	
	
	Grant Detection gain
	0.0%
	1.5%
	6.6%
	8.0%
	8.6%

	
	
	TDM gain over CDM
	0.0%
	-1.0%
	2.8%
	65.9%
	52.6%

	TDM
	10 TTIs
	Legacy
	9646
	7337
	3412
	801
	250

	
	
	Grant Detection
	9646
	7452
	3491
	830
	246

	
	
	Grant Detection gain
	0.0%
	1.6%
	2.3%
	3.6%
	-1.7%

	
	
	TDM gain over CDM
	0.0%
	-0.5%
	4.4%
	74.2%
	47.1%
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Figure 22. CDF of RoT, Veh A, 3km/h channel model, RoT 15dB, 0.0175 users per sector
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Figure 23. CDF of RoT, Veh A, 3km/h channel model, RoT 15dB, 1 user per sector
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Figure 24. CDF of RoT, Veh A, 3km/h channel model, RoT 15dB, 10 users per sector
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Figure 25. Average UE throughput vs. average sector throughput, Veh A, 30km/h channel model, RoT 6dB
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Figure 26. Average UE throughput gain of Grant Detection over legacy TDM scheduling, Veh A, 30km/h channel model, RoT 6dB
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Figure 27. Average UE throughput gain of TDM (with Grant Detection) over CDM, Veh A, 30km/h channel model, RoT 6dB
Table 7. Average UE throughput [kbps] results for Veh A 30km/h, Rot 6dB - summary 

	
	Scheduling period 
	UEs per sector
	0.0175
	0.25
	1
	4
	10

	CDM
	
	
	4181
	3421
	1896
	416
	87

	TDM
	1 TTI
	Legacy
	4181
	3252
	1659
	439
	159

	
	
	Grant Detection
	4181
	3346
	1886
	566
	214

	
	
	Grant Detection gain
	0.0%
	2.9%
	13.7%
	28.9%
	34.0%

	
	
	TDM gain over CDM
	0.0%
	-2.2%
	-0.6%
	36.1%
	146.6%

	TDM
	5 TTIs
	Legacy
	4181
	3360
	1833
	511
	172

	
	
	Grant Detection
	4181
	3376
	1887
	563
	198

	
	
	Grant Detection gain
	0.0%
	0.5%
	2.9%
	10.2%
	15.3%

	
	
	TDM gain over CDM
	0.0%
	-1.3%
	-0.5%
	35.2%
	128.4%

	TDM
	10 TTIs
	Legacy
	4181
	3390
	1829
	545
	178

	
	
	Grant Detection
	4238
	3421
	1877
	558
	194

	
	
	Grant Detection gain
	1.4%
	0.9%
	2.6%
	2.4%
	8.6%

	
	
	TDM gain over CDM
	1.4%
	0.0%
	-1.0%
	34.1%
	123.4%
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Figure 28. CDF of RoT, Veh A, 30km/h channel model, RoT 6dB, 0.0175 users per sector
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Figure 29. CDF of RoT, Veh A, 30km/h channel model, RoT 6dB, 1 user per sector
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Figure 30. CDF of RoT, Veh A, 30km/h channel model, RoT 6dB, 10 users per sector
2.2
RoT of 15 dB

[image: image32.emf]0 500 1000 1500 2000 2500 3000 3500

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Average sector throughput, kbps

Average user throughput, kbps

Veh A, 30 km/h channel model; RoT 15 dB

 

 

CDM

TDM, sched. period of 1 TTI, legacy

TDM, sched. period of 1 TTI, grant detection

TDM, sched. period of 5 TTIs, legacy

TDM, sched. period of 5 TTIs, grant detection

TDM, sched. period of 10 TTIs, legacy

TDM, sched. period of 10 TTIs, grant detection


Figure 31. Average UE throughput vs. average sector throughput, Veh A, 30km/h channel model, RoT 15dB
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Figure 32. Average UE throughput gain of Grant Detection over legacy TDM scheduling, Veh A, 30km/h channel model, RoT 15dB
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Figure 33. Average UE throughput gain of TDM (with Grant Detection) over CDM, Veh A, 30km/h channel model, RoT 15dB
Table 8. Average UE throughput [kbps] results for Veh A 30km/h, Rot 15dB - summary 

	
	Scheduling period 
	UEs per sector
	0.0175
	0.25
	1
	4
	10

	CDM
	
	
	9195
	6672
	2815
	462
	107

	TDM
	1 TTI
	Legacy
	9195
	6454
	2694
	627
	224

	
	
	Grant Detection
	9195
	6550
	2878
	719
	264

	
	
	Grant Detection gain
	0.0%
	1.5%
	6.8%
	14.6%
	18.1%

	
	
	TDM gain over CDM
	0.0%
	-1.8%
	2.3%
	55.4%
	147.4%

	TDM
	5 TTIs
	Legacy
	9195
	6490
	2905
	679
	227

	
	
	Grant Detection
	9195
	6629
	2945
	728
	242

	
	
	Grant Detection gain
	0.0%
	2.1%
	1.4%
	7.2%
	6.9%

	
	
	TDM gain over CDM
	0.0%
	-0.6%
	4.6%
	57.4%
	127.2%

	TDM
	10 TTIs
	Legacy
	9195
	6559
	2911
	719
	224

	
	
	Grant Detection
	9215
	6716
	3005
	726
	237

	
	
	Grant Detection gain
	0.2%
	2.4%
	3.2%
	1.0%
	6.1%

	
	
	TDM gain over CDM
	0.2%
	0.7%
	6.8%
	57.0%
	122.5%
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Figure 34. CDF of RoT, Veh A, 30km/h channel model, RoT 15dB, 0.0175 users per sector
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Figure 35. CDF of RoT, Veh A, 30km/h channel model, RoT 15dB, 1 user per sector
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Figure 36. CDF of RoT, Veh A, 30km/h channel model, RoT 15dB, 10 users per sector
