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1. Introduction

Efficiency of the scheduling and rank selection procedures is among the most important aspects to ensure overall efficiency of the HSUPA MIMO mode operation. The HSUPA MIMO architecture currently being agreed in 3GPP  assumes independent transmission of the two TBs over the two spatial streams for rank-2 operation and transmission of a single TB over the primary spatial stream for rank-1 operation, which is equivalent to the closed-loop beamforming transmit diversity (CL-BFTD) mode. Hence, the Node B scheduler needs to mandate (or recommend) the transmission rank to the UE and provide the control information sufficient for the UE to select one or two E-TFCs to be used in the upcoming transmission.
The selected UL MIMO power control architecture with a single ILPC and a single OLPC loops operating over the primary spatial stream assumes application of the legacy scheduling procedure for the primary stream scheduling. In that case the E-TFC selection and transmit power control mechanisms operate jointly and the approach is further referred to as the power-based scheduling. The E-TFC selection procedure for the secondary stream explicitly takes into account the post-receiver SINR for the second stream and actually decouples the power control and the rate control over the second stream.
This paper briefly reviews the power-based scheduling approach and concludes (with further proof by simulations) that its performance is satisfactory when the transmission rank is fixed; however, when the transmission rank changes adaptively, the algorithm is essentially biased towards more frequent rank-2 selection. An explanation for such behavior is provided and then a modified power-based scheduling algorithm is introduced that is capable of solving the problem as demonstrated by the simulation results. In addition, the approach of having different β-factors design for rank-1 and rank-2 transmissions is considered and its performance relative to the power-based scheduling and modified power-based scheduling is evaluated.
2. Scheduling Algorithms
2.1. Power-based Scheduling

The agreed MIMO architecture includes transmission of two (for rank-2) or one (for rank-1) TB(s) independently over the two spatial channels. A scheduling and rank-selection algorithm has to simultaneously select the transmission rank and either two (for rank-2) or one (rank-1) E-TFCs (or equivalent transmission grants). As mentioned in the introduction, the power-based scheduling is a direct generalization of the legacy scheduling approach. The traditional scheduling procedure is applied to the primary spatial stream and the E-TFC is selected based on the transmission grant provided by the Node B.
The block-diagram of the power-based scheduling and rank selection algorithm is provided in Figure 1.
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Figure 1. Block-diagram of power-based scheduling and rank selection algorithm for HSUPA MIMO

According to the block diagram, retransmissions are considered first and, if happen, are done in compliance with the used MIMO H-ARQ protocol. When no retransmissions are expected, the scheduling is performed independently for rank-1 and rank-2 transmissions and the rank providing the maximum throughput is selected.

The rank-1 scheduling and the primary spatial channel scheduling for rank-2 use the legacy scheduling procedure as for the SIMO. This is possible because of the MIMO transmit power control implementation where one ILPC and one OLPC operate over the primary spatial stream. The E-TFC to be sent over the primary spatial channel for both rank-1 and rank-2 is selected to provide the maximum throughput and for the total predicted received power to be below the available received power budget. 

For the secondary stream of a rank-2 transmission, the scheduling approach is different and the following principles are applied:

· Transmit power used for the secondary stream is equal to the power of the primary stream;

· No fast power control ILPC / OLPC are applied for the secondary stream;

· Data rate adaptation is used for secondary stream meaning that the E-TFC is selected based on the post-receiver SINR of the secondary stream to provide the needed BLER performance;

The used procedure actually decouples data rate control and the transmit power control for the secondary spatial stream (that are coupled in SIMO, rank-1 HSUPA and rank-2 primary stream scheduling).

As further demonstrated in Section 3 by simulations, operation of the power-based scheduling is quite efficient when the transmission rank is fixed (either rank-1 or rank-2). However, for adaptive rank simulations, a strong bias towards more frequent selection of rank-2 transmissions was observed. The next Section 2.2 provides an explanation for the described behavior and illustrates that the power-based joint scheduling and rank selection approach does not always select the optimal transmission rank. A modification to the power-based scheduling and rank selection mechanism is further introduced in Section 2.3 for more effective rank switching. 
2.2. Limitations of Power-based Scheduling

This section aims to explain the rank selection deficiency for the power-based joint scheduling and rank selection algorithm considered previously. For a linear receiver (e.g. rake or LMMSE), the expression for the SINR at the equalizer output can be represented as a ratio of the useful post-receiver signal power Ppost-RX for the traffic channel to the sum of the self-interference power Iself and the noise and other UE interference power Inoise:
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The power-based scheduling approach makes an assumption that the post-receiver SINR grows proportionally with increase of the E-DPDCH transmit power and any deviations from this proportionality are expected to be compensated by the OLPC operation. It is known that Ppost-RX and Iself are proportional to the total transmitted PS while Inoise is not. Hence, for the SINR to grow proportionally to the E-DPDCH transmit power increase, inter-symbol and inter-stream interference Iself should be significantly below the noise and other UE interference. It is clear that this assumption will hold up to some level of the transmit power PS, since the PS increase will eventually bring the system to the self-interference limited mode when Iself >> Inoise. Another note is that the self-interference limited operation will start at lower transmit power for rank-2 MIMO than for rank-1 CL-BFTD because of higher interference between the spatial streams for rank-2.

To proceed with the explanation of the rank selection deficiency for the power-based scheduling, Figure 2 schematically depicts the power budget available to the scheduler for the cases of the system operating in the rank-1 and rank-2 states. Operation of the system in the rank-1 or rank-2 states means (assumes) that the corresponding transmission rank has been selected for several previous TTIs so that the ILPC and OLPC loops could converge after the latest rank switching. 
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Figure 2. Illustration of different DPCCH received powers for rank-1 and rank-2 transmissions and the corresponding power budgets to the RX Ec/No target

Figure 2 shows that DPCCH RX power level is higher for rank-2 that happens due to contributions of the two factors:
· Lower E-DPDCH post-receiver SINR requires higher DPCCH SIR target for the power-based scheduling;
· Achieving the same DPCCH SIR for rank-2 as in rank-1 may require increase of the DPCCH transmit power because of the increased inter-symbol and inter-stream interference
As described above, the rank selection is done by scheduling rank-1 and rank-2 transmissions and selecting the one with a higher throughput. Since the E-DPDCH post-receiver SINR is different for rank-1 and rank-2 transmissions, the scheduler will be biased to rank-2 because of the following reasons:

· The scheduler considers the same power budget for rank-1 and rank-2 transmissions;

· If the system is at the rank-1 state, a higher E-TFCs than can actually be supported at the target BLER level are selected for the rank-2 (since the rank-2 transmission will eventually require higher DPCCH power and the available budget should be decreased to select an E-TFC that would operate at the needed BLER target);

· If the system is at the rank-2 state, a lower power budget for the rank-1 is taken than can be supported by the system for the required BLER (the DPCCH is higher than actually needed for the CL-BFTD).

These considerations explain the bias of the power-based scheduling and rank selection observed in the simulation results.

2.3. Modified Power-based Scheduling

To compensate for the deficiency of the rank selection mechanism for the power-based joint scheduling and rank selection approach, a modification of the power-based scheduling algorithm is considered.

Close to optimal rank selection may be achieved by accounting for difference in the required DPCCH power setting between rank-1 and rank-2 so that power-based scheduling (with the account of that difference) could select E-TFCs that are operational with the required BLER level.

The block-diagram of the modified power-based scheduling algorithm is provided in Figure 3.
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Figure 3. Block-diagram of the modified power-based scheduling and rank selection algorithm for HSUPA MIMO

The main steps done by the modified power-based scheduling and rank selection algorithm are as follows:

· If the system is at the rank-1 state then:

· The scheduling of the rank-1 transmission is done using the standard power-based scheduling procedure without modifications.

· The primary stream E-TFC for rank-2 is selected as to maximally utilize the available RoT budget but calculated from the modified (virtual) DPCCH level that is assumed to be present if the system would be making rank-2 transmissions during the last several TTIs. The estimation of the virtual DPCCH level of the opposite rank is done taking into account the post-receiver SINR predictions.
· The secondary stream E-TFC is selected using the standard procedure as described above.
· The predicted throughputs of the rank-1 and rank-2 hypotheses are compared and the transmission rank providing the maximum throughput is selected.
· If the system is at the rank-2 state, 
· The standard (non-modified) power-based procedure is applied for scheduling the rank-2 hypothesis.
· For the rank-1 hypothesis, the virtual rank-1 DPCCH level is estimated (similarly to the above description) and the power-based scheduling is applied relative to that virtual DPCCH power level to select the rank-1 E-TFC.

· The maximum throughput hypothesis (rank-1 or rank-2) is scheduled for transmission.

As it can be seen from the provided algorithm description, the main difference from the non-modified scheme is in the adjustment of the DPCCH power level for the scheduling purposes at rank switching. It should be noted that no adjustment of the actual DPCCH transmit power is performed. After application of the scheduled parameters to the UE transmission, convergence to the assumed DPCCH level is done by ILPC and OLPC operation. 
2.4. Different β-factors Design for Rank-1/Rank-2 MIMO

As an alternative to the modified power-based scheduling approach, the post-receiver SINR difference at the primary traffic channel for rank-1 and rank-2 can be taken into account at the β-factors design [1]. The SINR degradation at rank-2 can be compensated by increasing the (ed-factors of the E-TFC for rank-2 relative to the (ed-factors of the same E-TFC for rank-1. Then, with the corresponding adjustment of the (ed-factors, the power-based scheduling should be providing improved rank selection performance using the standard scheduling procedure. The block diagram of such scheduling algorithm is provided in Figure 4. 
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Figure 4. Block-diagram of power-based scheduling and rank selection algorithm for HSUPA MIMO

To evaluate effectiveness of such approach, the simulations were done with constant differences ( between (ed coefficients for rank-2 and rank-1. Those differences were not changed (adapted) during the simulation and were the same for all the E-TFC of the simulated E-TFC set. The differences ( equal to -1, 0, 1, 2, 3 dB were considered. The case of ( = 0 corresponds to the unmodified power-based scheduling algorithm (as described in Section 2.1) and the case of ( = -1 dB actually prioritizes rank-2 and was used to demonstrate that such difference would actually lead to performance degradation as expected.
3. Simulation Results

3.1. Simulation Assumptions
Table 1 presents the simulation assumptions used in the analysis. 

Table 1. Simulation assumptions

	Parameter
	Value

	Physical channels
	DPCCH, S-DPCCH, E-DPCCH, S-E-DPCCH, E-DPDCH, S-E-DPDCH.

	T2TP
	(10 dB (depending on the E-TFC)

	E-DCH TTI [ms]
	2

	Modulation
	16QAM for TBS ( 8105, QPSK otherwise

	TBS [bits]
	Variable 120 – 22995 bits

	Number of physical data channels and spreading factor
	2xSF2+2xSF4

	Number of H-ARQ processes
	8

	H-ARQ operating point
	10% BLER after 1 attempt

	Channel encoder
	3GPP Release 6 Turbo Encoder

	Turbo decoder
	Max Log MAP

	Number of iterations for turbo decoder
	8

	DPCCH slot format
	1 (8 Pilot, 2 TPC)

	Channel estimation
	Ideal

	Inner loop power control
	On

	Outer loop power control
	On

	TPI selection
	Testing of all hypotheses to maximize the primary stream SINR

	TPI feedback delay
	3 slots

	TPI error rate
	No errors, ideal feedback

	TPI update frequency
	3 slots

	Scheduler delay
	4 slots

	Delay for marginal loop
	4 slots

	Margin loop 

	1 dB ( (1 – BLER_target),
1 dB ( BLER_target

	Propagation Channel
	PA3, VA3, uncorrelated channel realizations between the transmit and receive antennas; correlated channel realizations with the correlation coefficients 0.3, 0.7

	NodeB Receiver Type
	LMMSE, 2RX antennas


Parameters of the E-TFC set used for simulations are shown in Table 2. The shown ed coefficients do not include the difference ( that may be applied for rank-2 in the different β-factors design method.
ec is selected as to provide the T2TP ratio 10 dB at the meeting the condition that ec is not below c. 

Table 2. E-TFC set parameters 

	Data rate, kbps
	TBS, bits
	Modu​-
lation
	SNR Es/No for ideal 
	20log10(ed/c)
	20log10(ec/c)

	
	
	
	
	
	

	60.0
	120
	QPSK
	-14.75
	0.31
	0

	796.5
	1593
	QPSK
	-4.70
	10.36
	7.42

	1428.0
	2856
	QPSK
	-2.15
	12.91
	10.31

	2456.5
	4913
	QPSK
	0.35
	15.41
	12.98

	3429.5
	6859
	QPSK
	2.52
	17.58
	15.24

	4052.5
	8105
	16QAM
	4.16
	19.22
	16.92

	4992.5
	9985
	16QAM
	5.57
	20.63
	18.35

	5658.0
	11316
	16QAM
	6.57
	21.63
	19.36

	7899.0
	15798
	16QAM
	9.52
	24.58
	22.34

	9731.0
	19462
	16QAM
	12.11
	27.17
	24.94

	11497.5
	22995
	16QAM
	18.67
	33.73
	31.51


3.2. Simulation Results for Comparison of Power-Based Scheduling and Modified Power-Based Scheduling

This section presents the simulation results generated to illustrate performance of the legacy power-based scheduling and rank selection and the modified power-based scheduling algorithms. The algorithms are evaluated using link-level simulations with adaptive data rate (E-TFC) selection. The Ped A 3 km/h and Veh A 3 km/h channel models and the cases of uncorrelated channel realizations between the transmit and receive antennas and the correlated realizations with the correlation coefficients of 0.3 and 0.7 are considered.
3.2.1. No Correlation between Channel Realizations for Different TX and RX Antennas

Table 3. Throughput and rank-1/rank-2 distributions for the power-based, modified power-based, fixed rank-2, and fixed rank-1 scheduling for different target RX Ec/No in the Ped A 3 km/h channel model, no correlation between channel realizations for different antennas

	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2834
	98/2
	5130
	85/15
	8605
	59/41
	12800
	16/84
	15805
	5/95

	Power-based
	2451
	9/91
	4989
	5/95
	8276
	2/98
	12788
	1/99
	15661
	1/99

	Fixed rank-2
	2329
	-
	5009
	-
	8153
	-
	12818
	-
	15609
	-

	Fixed rank-1
	2816
	-
	5029
	-
	8041
	-
	9671
	-
	10245
	-


Table 4. Throughput and rank-1/rank-2 distributions for the power-based, modified power-based, fixed rank-2, and fixed rank-1 scheduling for different target RX Ec/No in the Veh A 3 km/h channel model, no correlation between channel realizations for different antennas

	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2638
	99/1
	4671
	94/6
	7423
	51/49
	10886
	24/76
	14823
	4/96

	Power-based
	2301
	15/85
	4692
	5/95
	7550
	1/99
	11363
	1/99
	15009
	1/99

	Fixed rank-2
	2061
	-
	4595
	-
	7542
	-
	11335
	-
	14977
	-

	Fixed rank-1
	2611
	-
	4686
	-
	7130
	-
	9293
	-
	9881
	-


The rank-1/rank-2 distributions provided in Table 3 and Table 4 demonstrate that the non-modified algorithm selects rank-2 in more than 85% cases for all RX Ec/No targets. Such behavior is considered to be biased relative to the optimal performance where most of the transmissions are expected to be done at rank-1 for low RX Ec/No. The modification of the scheduling and rank selection algorithm makes the rank distribution to be more close to what is expected to be an optimal distribution with 98-99% rank-1 transmissions for RX Ec/No = 0 dB and then gradually increasing the fraction of rank-2 transmissions with the RX Ec/No target growth up to 95-96% of rank-2 for the maximum considered RX Ec/No of 20 dB.
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Figure 5. Throughput for MIMO (fixed rank-2 and adaptive rank) modified and non-modified scheduling and rank selection algorithms and for CL-BFTD (fixed rank-1) for different target RX Ec/No in the Ped A 3 km/h channel model, no correlation between channel realizations for different antennas

The Ped A 3 km/h results shown in Figure 5 demonstrate that the throughput of the modified rank selection algorithm is above the fixed rank-1 results and the non-modified algorithm (that is very close to the fixed rank-2 performance) for all the RX Ec/No range. The maximum gain from the modified adaptive scheme is achieved at RX Ec/No = 10 dB and it is equal to approximately 5% relative the non-modified algorithm.
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Figure 6. Throughput for MIMO (fixed rank-2 and adaptive rank) modified and non-modified scheduling and rank selection algorithms and for CL-BFTD (fixed rank-1) for different target RX Ec/No in the Veh A 3 km/h channel model, no correlation between channel realizations for different antennas

For the Veh A 3 km/h channel model, the modified algorithm can be seen to be superior to the non-modified approach for low RX Ec/No but has some small degradation to the non-modified approach for high RX Ec/No range. 

3.2.2. Correlation between Channel Realizations for Different TX and RX Antennas Equal to 0.3

Table 5. Throughput and rank-1/rank-2 distributions for the power-based, modified power-based, fixed rank-2, and fixed rank-1 scheduling for different target RX Ec/No in the Ped A 3 km/h channel model, a correlation coefficient between the antennas is 0.3

	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2814
	98/2
	5192
	73/27
	8441
	63/37
	12355
	20/80
	15441
	6/94

	Power-based
	2408
	8/92
	4773
	5/95
	7747
	2/98
	11957
	1/99
	15044
	1/99

	Fixed rank-2
	2228
	-
	4879
	-
	7960
	-
	12301
	-
	15489
	-

	Fixed rank-1
	2790
	-
	5021
	-
	7981
	-
	9660
	-
	10235
	-


Table 6. Throughput and rank-1/rank-2 distributions for MIMO power-based, modified power-based, fixed rank-2, and fixed rank-1 scheduling for different target RX Ec/No in the Ved A 3 km/h channel model, a correlation coefficient between the antennas is 0.3

	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2590
	99/1
	4611
	96/4
	7251
	58/42
	10721
	30/70
	14475
	4/96

	Power-based
	2231
	12/88
	4499
	5/95
	7272
	1/99
	10929
	1/99
	14579
	1/99

	Fixed rank-2
	2040
	-
	4446
	-
	7280
	-
	10925
	-
	14598
	-

	Fixed rank-1
	2579
	-
	4629
	-
	7042
	-
	9255
	-
	9842
	-
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Figure 7. Throughput for MIMO (fixed rank-2 and adaptive rank) modified and non-modified scheduling and rank selection algorithms and for CL-BFTD (fixed rank-1) for different target RX Ec/No in the Ped A 3 km/h channel model, a correlation coefficient between the antennas is 0.3
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Figure 8. Throughput for MIMO (fixed rank-2 and adaptive rank) modified and non-modified scheduling and rank selection algorithms and for CL-BFTD (fixed rank-1) for different target RX Ec/No in the Veh A 3 km/h channel model, a correlation coefficient between the antennas is 0.3

The simulation results for the case of 0.3 correlation between the transmit and receive antennas can be seen to be in accordance with the results of the no correlation. The optimal performance is observed for the Ped A 3 km/h channel model and the almost optimal behavior with some degradation at high RX Ec/No for the Veh A 3 km/h channel.
3.2.3. Correlation between Channel Realizations for Different Antennas Equal to 0.7

Table 7. Throughput and rank-1/rank-2 distributions for MIMO power-based, modified power-based, fixed rank-2, and fixed rank-1 for different target RX Ec/No in the Ped A 3 km/h channel model, a correlation coefficient between the antennas is 0.7

	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2727
	95/5
	4914
	94/6
	7947
	85/18
	10496
	47/53
	12736
	22/78

	Power-based
	2216
	6/94
	4097
	5/95
	6283
	3/97
	9131
	2/98
	11978
	1/99

	Fixed rank-2
	2133
	-
	4095
	-
	6561
	-
	9821
	-
	12862
	-

	Fixed rank-1
	2716
	-
	4937
	-
	7833
	-
	9619
	-
	10200
	-


Table 8. Throughput and rank-1/rank-2 distributions for MIMO power-based, modified power-based, fixed rank-2, and fixed rank-1 for different target RX Ec/No in the Veh A 3 km/h channel model, a correlation coefficient between the antennas is 0.7

	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2441
	94/6
	4407
	98/2
	6730
	84/16
	9176
	69/31
	11710
	28/72

	Power-based
	1970
	7/93
	3711
	6/94
	5832
	3/97
	8421
	2/98
	11688
	1/99

	Fixed rank-2
	1863
	-
	3676
	-
	5878
	-
	8705
	-
	12029
	-

	Fixed rank-1
	2425
	-
	4392
	-
	6704
	-
	9008
	-
	9728
	-
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Figure 9. Throughput for MIMO (fixed rank-2 and adaptive rank) modified and non-modified scheduling and rank selection algorithms and for CL-BFTD (fixed rank-1) for different target RX Ec/No in the Ped A 3 km/h channel model, a correlation coefficient between the antennas is 0.7
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Figure 10. Throughput for MIMO (fixed rank-2 and adaptive rank) modified and non-modified scheduling and rank selection algorithms and for CL-BFTD (fixed rank-1) for different target RX Ec/No in the Veh A 3 km/h channel model, a correlation coefficient between the antennas is 0.7

The results for 0.7 correlation coefficient of the channel realizations demonstrate similar relationship between performance of different scheduling algorithms as for the two above cases and are even more illustrative demonstrating higher degradation of the power-based scheduling and a more distinct gain of the modified power-based scheduling algorithms.
3.3. Simulation Results for Different β-factors Design for Rank-1 / Rank-2

3.3.1. No Correlation between Channel Realizations for Different TX and RX Antennas

Table 9. Throughputs of the different β-factors design method for different target RX Ec/No for Ped A 3 km/h channel model, no correlation between channel realizations for different antennas

	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2834
	98/2
	5130
	85/15
	8605
	59/41
	12800
	16/84
	15805
	5/95

	Power-based 
(( = 0)
	2451
	9/91
	4989
	5/95
	8276
	2/98
	12788
	1/99
	15661
	1/99

	Power-based 
(( = 1)
	2684
	55/45
	5070
	26/74
	8248
	14/86
	12392
	3/97
	15686
	1/99

	Power-based 
(( = 2)
	2796
	96/4
	4981
	91/9
	7963
	31/69
	12594
	7/93
	15621
	2/98

	Power-based 
(( = 3)
	2806
	99/1
	4983
	96/4
	7702
	50/50
	12348
	15/85
	15671
	3/97

	Power-based 
(( = -1)
	2303
	0/100
	4991
	0/100
	8276
	0/100
	12802
	0/100
	15671
	0/100


Table 10. Throughputs of the different β-factors design method for different target RX Ec/No for Veh A 3 km/h channel model, no correlation between channel realizations for different antennas

	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2638
	99/1
	4671
	94/6
	7423
	51/49
	10886
	24/76
	14823
	4/96

	Power-based 
(( = 0)
	2301
	15/85
	4692
	5/95
	7550
	1/99
	11363
	1/99
	15009
	1/99

	Power-based 
(( = 1)
	2493
	59/41
	4657
	23/77
	7548
	6/94
	11332
	1/91
	15020
	1/99

	Power-based 
(( = 2)
	2581
	93/7
	4499
	56/44
	7367
	17/83
	11219
	4/96
	14989
	1/99

	Power-based 
(( = 3)
	2590
	97/3
	4531
	76/24
	6919
	36/64
	10612
	17/83
	14957
	2/98

	Power-based
 (( = -1)
	2073
	0/100
	4612
	0/100
	7552
	0/100
	11336
	0/100
	15003
	0/100
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Figure 11. Throughputs of the different β-factors design method as a function of the target RX Ec/No for Ped A 3 km/h channel model, no correlation between channel realizations for different antennas
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Figure 12. Throughputs of the different β-factors design method as a function of the target RX Ec/No for Veh A 3 km/h channel model, no correlation between channel realizations for different antennas

3.3.2. Correlation between Channel Realizations for Different TX and RX Antennas Equal to 0.3

Table 11. Throughputs of the different β-factors design method for different target RX Ec/No for Ped A 3 km/h channel model, the correlation coefficient between the transmit and receive antennas is 0.3
	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2814
	98/2
	5192
	73/27
	8441
	63/37
	12355
	20/80
	15441
	6/94

	Power-based 
(( = 0)
	2408
	8/92
	4773
	5/95
	7747
	2/98
	11957
	1/99
	15044
	1/99

	Power-based 
(( = 1)
	2659
	57/43
	4940
	27/73
	7773
	16/84
	11984
	5/99
	15121
	1/99

	Power-based 
(( = 2)
	2751
	94/6
	4952
	63/37
	7698
	45/55
	12015
	9/91
	15041
	3/97

	Power-based 
(( = 3)
	2779
	99/1
	4942
	86/14
	7637
	55/45
	11636
	20/80
	15076
	4/96

	Power-based
 (( = -1)
	2272
	1/99
	4731
	1/99
	7670
	1/99
	11977
	0/100
	15074
	0/100


Table 12. Throughputs of the different β-factors design method for different target RX Ec/No for Veh A 3 km/h channel model, the correlation coefficient between the transmit and receive antennas is 0.3
	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2590
	99/1
	4611
	96/4
	7251
	58/42
	10721
	30/70
	14475
	4/96

	Power-based 
(( = 0)
	2231
	12/88
	4499
	5/95
	7272
	1/99
	10929
	1/99
	14579
	1/99

	Power-based 
(( = 1)
	2461
	59/41
	4467
	25/75
	7315
	9/91
	10854
	3/97
	14468
	1/99

	Power-based 
(( = 2)
	2564
	98/2
	4471
	63/37
	7138
	23/77
	10754
	7/93
	14494
	1/99

	Power-based 
(( = 3)
	2565
	99/1
	4480
	80/20
	6775
	45/55
	10130
	23/77
	14439
	3/97

	Power-based 
(( = -1)
	2041
	0/100
	4432
	1/99
	7268
	0/100
	10920
	0/100
	14533
	0/100
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Figure 13. Throughputs of the different β-factors design method as a function of the target RX Ec/No for Ped A 3 km/h channel model, a correlation coefficient between the antennas is 0.3
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Figure 14. Throughputs of the different β-factors design method as a function of the target RX Ec/No for Veh A 3 km/h channel model, a correlation coefficient between the antennas is 0.3
3.3.3. Correlation between Channel Realizations for Different TX and RX Antennas Equal to 0.7

Table 13. Throughputs of the different β-factors design method for different target RX Ec/No for Ped A 3 km/h channel model, the correlation coefficient between the transmit and receive antennas is 0.7

	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2727
	95/5
	4914
	94/6
	7947
	85/18
	10496
	47/53
	12736
	22/78

	Power-based 
(( = 0)
	2216
	6/94
	4097
	5/95
	6283
	3/97
	9131
	2/98
	11978
	1/99

	Power-based 
(( = 1)
	2555
	53/47
	4436
	43/57
	6603
	23/77
	9248
	14/86
	12097
	7/93

	Power-based 
(( = 2)
	2695
	98/2
	4837
	91/9
	6991
	48/52
	9556
	25/75
	11959
	12/88

	Power-based 
(( = 3)
	2695
	99/1
	4885
	96/4
	7469
	79/21
	9353
	43/57
	12192
	17/83

	Power-based 
(( = -1)
	2149
	1/99
	4053
	1/99
	6192
	1/99
	9061
	0/100
	12220
	0/100


Table 14. Throughputs of the different β-factors design method for different target RX Ec/No for Veh A 3 km/h channel model, the correlation coefficient between the transmit and receive antennas is 0.7

	Target RX Ec/N0

	Mode
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %
	T-put, kbps
	r-1/r-2, %

	Modified power-based
	2441
	94/6
	4407
	98/2
	6730
	84/16
	9176
	69/31
	11710
	28/72

	Power-based 
(( = 0)
	1970
	7/93
	3711
	6/94
	5832
	3/97
	8421
	2/98
	11688
	1/99

	Power-based 
(( = 1)
	2269
	52/48
	4055
	47/53
	6031
	20/80
	8504
	13/87
	11568
	5/95

	Power-based 
(( = 2)
	2405
	96/4
	4367
	99/1
	6185
	45/55
	8410
	27/73
	11513
	10/90

	Power-based 
(( = 3)
	2421
	99/1
	4391
	99/1
	6346
	72/28
	8439
	44/56
	11260
	20/80

	Power-based 
(( = -1)
	1884
	0/100
	3652
	1/99
	5802
	0/100
	8479
	0/100
	11687
	1/99
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Figure 15. Throughputs of the different β-factors design method as a function of the target RX Ec/No for Ped A 3 km/h channel model, the correlation coefficient between the transmit and receive antennas is 0.7
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Figure 16. Throughputs of the different β-factors design method as a function of the target RX Ec/No for Veh A 3 km/h channel model, the correlation coefficient between the transmit and receive antennas is 0.7
The presented simulation results for the different β-factors design scheduling approach can be seen to be inferior to the modified power-based scheduling algorithm for most of the considered cases. Taking into account that additional control information signaling is required for the different β-factors design method and that the modified power-based scheduling does not need additional control signaling, more proof is needed for the different β-factors design approach to be considered for the final system design. It is recognized that adaptive and E-TFC specific adaptation of the β-factors difference ( can be used to improve the performance of the algorithm. Such results have not been presented in this document and are encouraged to be presented by the proponents of the approach. 
4. Conclusion
This paper considered several approaches to the MIMO scheduling and rank selection problem. The power-based scheduling approach that is direct generalization of the legacy scheduling principles was demonstrated to be not effective for adaptive rank operations and biased towards more frequent rank-2 selection. Then the modified power-based scheduling algorithm was proposed that is able to compensate the rank selection deficiency problem at a large extent but still not being fully optimal. The initial simulation results for different β-factors design scheduling approach have not demonstrated the performance gain over the modified power-based scheduling with fixed β-factors.
Based on the presented results, it has been concluded that no final recommendations can be made at this stage and that additional results are required to be considered to define the efficient scheduling and rank selection procedure to be defined in the specification.
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