
IEEE C80216m-09_0057

	Project
	IEEE 802.16 Broadband Wireless Access Working Group <http://ieee802.org/16>

	Title
	Performance Comparison of 802.16m DL Open Loop Single User MIMO

	Date Submitted
	2009-01-04

	Source(s)
	Senjie Zhang, Guangjie Li, Shanshan Zheng, Feng Zhou, Hongming Zheng, Yang-Seok Choi

Intel Corporation

	E-mail: Guangjie.li@intel.com


	Re:
	The TGm Call for Contributions and Comments 802.16m-08/052

	Abstract
	Performance Comparison of 802.16m DL Open Loop Single User MIMO Candidates

	Purpose
	Discuss and adopt in 16m

	Notice
	This document does not represent the agreed views of the IEEE 802.16 Working Group or any of its subgroups. It represents only the views of the participants listed in the “Source(s)” field above. It is offered as a basis for discussion. It is not binding on the contributor(s), who reserve(s) the right to add, amend or withdraw material contained herein.

	Release
	The contributor grants a free, irrevocable license to the IEEE to incorporate material contained in this contribution, and any modifications thereof, in the creation of an IEEE Standards publication; to copyright in the IEEE’s name any IEEE Standards publication even though it may include portions of this contribution; and at the IEEE’s sole discretion to permit others to reproduce in whole or in part the resulting IEEE Standards publication. The contributor also acknowledges and accepts that this contribution may be made public by IEEE 802.16.

	Patent Policy
	The contributor is familiar with the IEEE-SA Patent Policy and Procedures:

<http://standards.ieee.org/guides/bylaws/sect6-7.html#6> and <http://standards.ieee.org/guides/opman/sect6.html#6.3>.

Further information is located at <http://standards.ieee.org/board/pat/pat-material.html> and <http://standards.ieee.org/board/pat>.


Performance Comparison of 802.16m DL Open Loop Single User MIMO
Senjie Zhang, Guangjie Li, Shanshan Zheng, Feng Zhou
 Hongming Zheng, Yang-Seok Choi
Intel Corporation
1. Introduction

This contribution is to provide a comparative evaluation for 802.16m DL OLSU-MIMO.

Because of the good performance and low complexity, RBF should be adopted in 802.16m for DL OLSU-MIMO.
2. Candidates for 802.16m DL Open Loop Single User MIMO scheme

The following candidates are being discussed in 802.16m.
· 2-Tx rate-1: SFBC

· 2-Tx Rate-2: SM

· 4-Tx Rate-1
· Intel SFBC+RBF with 16e V(4,2,6) codebook

· LGE SFBC+RBF with 16e V(4,4,6) codebook column 1~2

· Nortel SFBC+AH

· 4-Tx Rate-2

· Intel SM+RBF with 16e V(4,2,6) codebook

· LGE SM+RBF with 16e V(4,4,6) codebook column 1~2

· Samsung SM+PC with 2-bit DFT codebook

· Huawei-Nortel D-SFBC+AH

· Nortel-Sequans SM+AH

· 4-Tx Rate-3

· Intel SM+RBF with 16e V(4,3,6) codebook

· LGE SM+RBF with 16e V(4,4,6) codebook column 1~3

· Huawei SFBC+SM+SH

· Nortel SM+AH

· 4-Tx Rate-4

· Intel-LGE SM+RBF with 16e V(4,4,6) codebook

Note that the newly-designed 802.16m codebook should be considered for RBF.
The detail descriptions of the candidates above are listed in table-1 and 2.
Table-1: Details of proposed schemes (all schemes map the output of the MIMO encoder to 2 tones)

	
	Precoder W applied to physical antennas (
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, WS is the codeword with index s of IEEE 802.16e V(4,2,6) codebook. Here s is the index of PRU. If the number of PRU is larger than the codebook size, the codeword is cycling used.
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, WS is the codeword with index s of IEEE 802.16e V(4,2,6) codebook. Here s is the index of PRU. If the number of PRU is larger than the codebook size, the codeword is cycling used.
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, WS is the codeword with index s of IEEE 802.16e V(4,3,6) codebook. Here s is the index of PRU. If the number of PRU is larger than the codebook size, the codeword is cycling used.
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, WS is the codeword with index s of IEEE 802.16e V(4,4,6) codebook. Here s is the index of PRU. If the number of PRU is larger than the codebook size, the codeword is cycling used.
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, WS is first two columns of rate-4 IEEE 802.16e 6bit codebook’s S’s indexed Codebook Matrix. Here S is also index of physical subband (1 subband = 4PRU).
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, WS is first two columns of rate-4 IEEE 802.16e 6bit codebook’s S’s indexed Codebook Matrix. Here S is also index of physical subband (1 subband = 4PRU).
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, WS is first three columns of rate-4 IEEE 802.16e 6bit codebook’s S’s indexed Codebook Matrix. Here S is also index of physical subband (1 subband = 4PRU).
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, WS is first four columns of rate-4 IEEE 802.16e 6bit codebook’s S’s indexed Codebook Matrix. Here S is also index of physical subband (1 subband = 4PRU).
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SM + PC

All rates

(precoder cycling)
	4 precoders with large chordal distance from Samsung’s 4-bit DFT-based codebook
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Table-2: Details of operation of proposed schemes
	
	Pilot type in 

- tone-based DRU

- PRU-based DRU
	Precoder period

(freq)
	Precoder period

(time)

	Huawei 

SFBC + AH

SFBC + SM + AH
	Non-precoded pilots

- common

- common
	
	

	Intel

Random BeamForming
	Precoded pilots

- Pattern A for rate 1 and 2
- First 3 pilot streams of Pattern B for rate 3
- Pattern B for rate 4
	1 PRU
	Constant

	LG

Precoder cycling
	Precoded pilots

In case of tone based DRU 

- Pattern A for rate 1 and 2

- Pattern B for rate 3 and 4

In case of PRU based DRU or LRU

- Pattern A for rate 1 and 2

- First 3 pilot streams of Pattern B for rate 3

- Pattern B for rate 4
	4 PRU
	Constant

	Nortel

SFBC + AH

D-SFBC + AH
	Non-precoded pilots

- common

- common
	2 tones
	1 tone

	Nortel

SM + AH
	Non-precoded pilots

- common

- common
	The precoder cycling must be done in the both frequency and time directions. 



	Samsung

Precoder cycling
	Precoded pilots

- shared

- dedicated
	1 PRU
	Constant


3. Simulation assumptions

The simulation assumptions are listed in table-3.
Table-3: OL SU MIMO LLS Assumptions

	OFDM parameters
	10 MHz (1024 subcarriers), 6 OFDM symbols per subframe, 48 PRUs per subframe

	Data burst size
	· PRU-based LDRU

· 4 RUs distributed over 48 PRUs

· Paired-tone-based LDRU

· Case A mandatory (4 RUs): subcarriers distributed over 24 distributed PRUs

· Case B optional (4 RUs): subcarriers distributed over 8 distributed PRUs.

	Permutation
	Tone based LDRU and PRU based LDRU

	AoD
	-60 : 60, random select for each snapshot
No constraint in uncorrelated channel

	Number of Antennas
	4 transmitter, 2 receiver [4Tx, 2Rx] (for rates 1 and 2)

4 transmitter, 4 receiver [4Tx, 4Rx] (for rate 3)

	Antenna configuration
	ULA: 4 lambda

	Angular spread
	3 degree

	Modulation/Coding
	QPSK 1/2, 16QAM 1/2 with LTE FEC. 8 Turbo decoding iterations

	Channel model
	1. Uncorrelated (mandatory with first priority)
· Modified Veh A (eITU-VehA) 30 km/h and 120km/h
· Modified Ped B (eITU-PedB) 3 km/h

2. Semi-correlated (4 lambda 3 degree) 

· Modified Veh A (eITU-VehA) 30 km/h and 120km/h
· Modified Ped B (eITU-PedB) 3 km/h

Modified Ped B and Veh A are defined in section 3.2.9 of IEEE 802.16m-08/004r3.

	Channel estimation
	MMSE channel estimator (Wiener filter) is assumed, and the r.m.s. delay of channel model is assumed to be known. There’s no unbiased operation. No pilot boosting.
Single-PRU level CE (channel estimation shall be done within 1PRU)

	MIMO detector
	LMMSE (for all ranks)

MLD for SM with precoding with rank 2

MLD optional for D-STTD

	Scenarios
	Noise limited (mandatory LLS)


4. Performance comparison

For 2-Tx schemes, SDD (IEEE C802.16m-08/003r6) has adopted SFBC for rate-1 and SM for rate-2. For 4-Tx rate-4 schemes, there’s only one candidate. So no comparison are provided here.
For 4-Tx rate-1, rate-2 and rate-3 schemes, there’re several candidates. The comparative simulation results are shown in figure 1-12 of appendix A. Their organization is summarized in table-4.

Table-4: OL SU MIMO Simulation Results
	
	Uncorrelated
	Semi-correlated (4 lambda, 3 degree)

	
	VehA

30km/h
	PedB

3km/h
	VehA

120km/h
	VehA

30km/h
	PedB

3km/h
	VehA

120km/h

	Rate1
	Fig-1
	Fig-3
	Fig-5
	Fig-2
	Fig-4
	Fig-6

	Rate2
	Fig-7
	Fig-9
	Fig-11
	Fig-8
	Fig-10
	Fig-12

	Rate3
	Fig-13
	Fig-15
	Fig-17
	Fig-14
	Fig-16
	Fig-18


In each figure, the simulation results for Paired-tone-based LDRU Case A, Paired-tone-based LDRU Case B and PRU-based LDRU are separately shown in sub-figure (A), (B) and (C). Note that the pilot overhead is taken into account when calculating the goodput.

According to the simulation results, the comparison of OLSU-MIMO candidates is summarized in table-5. RBF-based schemes show its advantage from performance aspect.

Table-5: OL SU MIMO Performance Summary
	
	Uncorrelated
	Semi-correlated (4 lambda, 3 degree)

	Rate1
	SFBC+RBF (or named SFBC+PC - Precoder cycling) outperforms SFBC+AH in both Tone-based LDRU and PRU-based LDRU
	SFBC+RBF(PC) outperforms SFBC+AH in both Tone-based LDRU and PRU-based LDRU

	Rate2
	With MLD, SM+RBF(PC) outperforms DSFBC+AH and SM +AH (with MLD also) in Tone-based LDRU. In PRU-based LDRU, performance is almost same
	With MLD, SM+RBF(PC) outperforms DSFBC+AH and SM +AH (with MLD also) in both Tone- based LDRU and PRU-based LDRU

	Rate3
	SM+RBF(PC) outperforms SFBC+SM+AH and SM+AH in Tone-based LDRU. In PRU- based LDRU, performance is almost same
	SM+RBF(PC) outperforms SFBC+SM+AH and SM +AH in both Tone-based LDRU and PRU-based LDRU


5. Pilot overhead

RBF-based schemes show its advantage from pilot overhead aspect.

For RBF, dedicated (precoded) pilots are used, and the precoder changes with PRU. In tone-based LDRU, the users with rate-1 and 2 can not be mixed with the users with rate-3 and 4. However, since rate-3 and rate-4 users are not so much in system because they require 4-Rx antennas. Then TDM-type allocation can be used for rate-1&2, rate-3 and rate-4 users and pilot number can is adaptive to rate. The pilot overhead is summarized below.
· Rate 1: 5.5% (pure rank-1 RBF) or 11% (SFBC+RBF)

· Rate 2: 11%

· Rate 3: 11%

· Rate 4: 14.8%

For SFBC+AH, DSFBC+AH, SM+AH and SM+SFBC+AH, common pilots are used, and the precoder changes with subcarrier. So 4 pilot streams are required for rate-1 to 4. The pilot overhead is 14.8%. 

So RBF saves 3% to 9% pilot overhead.
Another advantage of RBF is that the channel estimator design is consistent with CLSU-MIMO and MU-MIMO.

6. Receiver complexity
RBF-based schemes show its advantage from receiver complexity aspect.

For MMSE MIMO receiver, its complexity is o(M3) using the well-known square-root algorithm. SM+RBF requires 2x2 (M=2) matrix inversions for rate-2 and 3x3 (M=3) matrix inversions for rate-3 in MMSE receiver. While DSFBC+AH requires 4x4 (M=4) matrix inversion and SM+SFBC+AH requires 6x6 (M=6) matrix inversion. So the complexity of DSFBC+AH and SM+SFBC+AH is 8 times higher than SM+RBF.

For MLD receiver, Rate-2 SM+RBF require 2x2 MLD only so Brute-force MLD can be used because 2x2 MLD was implemented in 16e products. And using 2x2 MLD, rate-2 SM+RBF can be improved a lot. While DSFBC+AH requires 4x4 MLD so that Brute-force MLD has unpractical complexity and sub-optimal MLD should be used. Further more, DSFBC+AH obtains full diversity in transmitting side. Even with Brute-force MLD, the gain is small.

Overall, RBF has low complexity in MMSE/ MLD, and it is benefited from MLD.
Another advantage of RBF is that the receiver has unified structure for CLSU-MIMO and MU-MIMO.
7. Precoding matrices choice for RBF

OLSU-MIMO Precoding matrices are from a codebook.
Different codebook choice impacts the performance of OLSU-MIMO. Some codebook works well in both low correlation and high correlation, like 16e. Some codebook works well in a certain case, like DFT. DFT codebook leads to ~1.5dB performance loss in high correlation scenario because it creates sharp spatial beams for a few subcarriers and loss power in others, as the following figures shown.
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More similar results can be found in figure-8, 10 and 12, where DFT codebook (which is used in SM PC) leads to performance loss compared with 16e codebook (which is used in SM RBF).

We prefer to use unified codebook for both OLSU-MIMO and CL MIMO, with the constraints that the codebook should not have performance impact on OL SU MIMO. Again, the newly-designed 802.16m codebook should be considered and evaluated for RBF.
8. Conclusion
The proposed 802.16m OLSU-MIMO schemes are listed in table-6.

Table-6: OL SU MIMO Performance Summary
	
	Rate-1
	Rate-2
	Rate-3
	Rate-4

	2-Tx
	SFBC

Pure Rank-1 RBF is FFS
	SM
	N/A
	N/A

	4-Tx
	SFBC+RBF

Pure Rank-1 RBF is FFS
	SM+RBF
	SM+RBF
	SM+RBF


The advantages of RBF include:

· Good performance, compared with other schemes, RBF is better in most case

· Low complexity
· Its complexity is 1/8 of other schemes if MMSE receiver is used
· It can utilize low-order MLD and its performance can be improved by MLD receiver

· It has low pilot overhead (3% - 9%)

· Receiver architecture is consistent for both OL and CL MIMO.

For the precoding matrices choice for RBF, we prefer to use unified codebook for both OLSU-MIMO and CL MIMO, with the constraints that the precoding matrices selected from codebook should not have performance impact on OL SU MIMO. The newly-designed 802.16m codebook should be considered and evaluated for RBF.
9. SDD text proposal
[Change the table 4 at line 15 page 100 as the following]:
	NT
	Rate
	M
	NS
	NF

	2
	1
	1
	1
	1

	2
	1
	2
	2
	2

	4
	1
	1
	1
	1

	4
	1
	2
	2
	2

	8
	1
	1
	1
	1

	8
	1
	2
	2
	2

	2
	2
	2
	2
	1

	4
	2
	2
	2
	1

	[4]
	[2]
	[4]
	[4]
	[2]

	8
	2
	2
	2
	1

	[8]
	[2]
	[4]
	[4]
	[2]

	4
	3
	3
	3
	1

	[4]
	[3]
	[6]
	[4]
	[2]

	8
	3
	3
	3
	1

	[8]
	[3]
	[6]
	[4]
	[2]

	4
	4
	4
	4
	1

	8
	4
	4
	4
	1


[Change line 2~6 in page 101 as the following sentences]:
“W(k) is an NT ( NS matrix, where NT is the number of transmit antennas and NS is the numbers of streams. The matrix W(k) is selected from a predefined unitary codebook, and changes every u subcarriers, and/or v OFDM symbols. The matrix W(k) can be identity matrix for 2Tx rate-2 and 4Tx rate-4.  A codebook is a unitary codebook if each of its matrices consists of columns of a unitary matrix. [The detailed unitary codebook, and the parameter u and v are FFS. The CL SU MIMO and OL SU MIMO may use different unitary codebooks. The CL SU MIMO and OL SU MIMO shall use the same codebooks (or subset), with the constraints that the precoding matrices selected from codebook should not have performance impact on OL SU MIMO.]”
[Delete form line 8 to line 11 in page 101 as the following]:
For OL SU-MIMO, the following schemes are FFS:  4Tx rate-1 SFBC + Antenna hopping, 4Tx rate-2 Double SFBC + Antenna hopping, 4Tx rate-2 SM + Antenna hopping, 4Tx rate-3 SM + Antenna hopping, 4Tx rate-3 hybrid SM + SFBC + Antenna hopping.

8Tx rate 5 to 8 schemes are FFS.
Appendices A1: 4-Tx Rate-1, 4x2
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)

FIG-1: Rate-1 Performance Comparison in Uncorrelated eITU-VehA Channel, 30km/h

In this case, SFBC+RBF (PC) outperforms SFBC+AH in both Tone-based LDRU and PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-2: Rate-1 Performance Comparison in Semi-correlated (4 lambda, 3 degrees) eITU-VehA Channel, 30km/h

In this case, SFBC+RBF (PC) outperforms SFBC+AH in both Tone-based LDRU and PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-3: Rate-1 Performance Comparison in Uncorrelated eITU-PedB Channel, 3km/h

In this case, SFBC+RBF (PC) outperforms SFBC+AH in both Tone-based LDRU and PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-4: Rate-1 Performance Comparison in Semi-correlated (4 lambda, 3 degrees) eITU-PedB Channel, 3km/h

In this case, SFBC+RBF (PC) outperforms SFBC+AH in both Tone-based LDRU and PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
[image: image55.emf]-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 101112

10

-2

10

-1

10

0

SNR in dB

PER

Rate1 OLSU-MIMO comp - PER

Uncorrelated, eITU-VehA120, PRU-based LDRU

 

 

Intel SFBC RBF

LG SFBC RBF

Nortel SFBC AH

[image: image56.emf]-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

SNR in dB

Goodput in bps/hz

Rate1 OLSU-MIMO comp - Goodput

Uncorrelated, eITU-VehA120, PRU-based LDRU

 

 

Intel SFBC RBF

LG SFBC RBF

Nortel SFBC AH


(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-5: Rate-1 Performance Comparison in Uncorrelated eITU-VehA Channel, 120km/h

In this case, SFBC+RBF (PC) outperforms SFBC+AH in both Tone-based LDRU and PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-6: Rate-1 Performance Comparison in Semi-correlated (4 lambda, 3 degrees) eITU-VehA Channel, 120km/h

In this case, SFBC+RBF (PC) outperforms SFBC+AH in both Tone-based LDRU and PRU-based LDRU.
Appendices A2: 4-Tx Rate-2, 4x2
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)

FIG-7: Rate-2 Performance Comparison in Uncorrelated eITU-VehA Channel, 30km/h

In this case, SM+RBF outperforms DSFBC+AH and SM +AH in Tone-based LDRU and obtains same performance in PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
[image: image71.emf]0 1 2 3 4 5 6 7 8 9 10111213141516171819

10

-2

10

-1

10

0

SNR in dB

PER

Rate2 OLSU-MIMO comp - PER

Semi-correlated (4 lamb, 3 deg), eITU-VehA30, Tone-based LDRU Case B

 

 

Intel SM RBF

SM PC

DSFBC AH

SM AH

Intel SM RBF, ML

DSFBC AH, ML

SM AH, ML

[image: image72.emf]0 1 2 3 4 5 6 7 8 9 10 11121314 1516 1718 19

0

0.5

1

1.5

2

2.5

3

3.5

4

SNR in dB

Goodput in bps/hz

Rate2 OLSU-MIMO comp - Goodput

Semi-correlated (4 lamb, 3 deg), eITU-VehA30, Tone-based LDRU Case B

 

 

Intel SM RBF

SM PC

DSFBC AH

SM AH

Intel SM RBF, ML

DSFBC AH, ML

SM AH, ML


(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-8: Rate-2 Performance Comparison in Semi-correlated (4 lambda, 3 degrees) eITU-VehA Channel, 30km/h

In this case, SM+RBF outperforms DSFBC+AH and SM +AH with in both Tone-based and PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)

FIG-9: Rate-2 Performance Comparison in Uncorrelated eITU-PedB Channel, 3km/h

In this case, SM+RBF outperforms DSFBC+AH and SM +AH in Tone-based LDRU and obtains same performance in PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-10: Rate-2 Performance Comparison in Semi-correlated (4 lambda, 3 degrees) eITU-PedB Channel, 3km/h

In this case, SM+RBF outperforms DSFBC+AH and SM +AH with in both Tone-based and PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)

FIG-11: Rate-2 Performance Comparison in Uncorrelated eITU-VehA Channel, 120km/h

In this case, SM+RBF outperforms DSFBC+AH and SM +AH in Tone-based LDRU and obtains same performance in PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-12: Rate-2 Performance Comparison in Semi-correlated (4 lambda, 3 degrees) eITU-VehA Channel, 120km/h

In this case, SM+RBF outperforms DSFBC+AH and SM +AH with in both Tone-based and PRU-based LDRU.
Appendices A3: 4-Tx Rate-3, 4x4
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-13: Rate-3 Performance Comparison in Uncorrelated eITU-VehA Channel, 30km/h

In this case, SM+RBF outperforms SFBC+SM+AH and SM+AH in Tone-based LDRU and obtains same performance in PRU- based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-14: Rate-3 Performance Comparison in Semi-correlated (4 lambda, 3 degrees) eITU-VehA Channel, 30km/h

In this case, SM+RBF outperforms SFBC+SM+AH and SM +AH in both Tone-based and PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-15: Rate-3 Performance Comparison in Uncorrelated eITU-PedB Channel, 3km/h

In this case, SM+RBF outperforms SFBC+SM+AH and SM+AH in Tone-based LDRU and obtains same performance in PRU- based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-16: Rate-3 Performance Comparison in Semi-correlated (4 lambda, 3 degrees) eITU-PedB Channel, 3km/h

In this case, SM+RBF outperforms SFBC+SM+AH and SM +AH in both Tone-based and PRU-based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-17: Rate-3 Performance Comparison in Uncorrelated eITU-VehA Channel, 120km/h

In this case, SM+RBF outperforms SFBC+SM+AH and SM+AH in Tone-based LDRU and obtains same performance in PRU- based LDRU.
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(A) Paired-tone-based LDRU Case A (4 LDRUs distributed to 24 PRUs)
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(B) Paired-tone-based LDRU Case B (4 LDRUs distributed to 8 PRUs)
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(C) PRU-based LDRU (4 LDRUs distributed to 4 PRUs)
FIG-18: Rate-3 Performance Comparison in Semi-correlated (4 lambda, 3 degrees) eITU-VehA Channel, 120km/h

In this case, SM+RBF outperforms SFBC+SM+AH and SM +AH in both Tone-based and PRU-based LDRU.
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