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1. Introduction

OFDM with pulse shaping (OFDM/OQAM) is stated as an alternative to conventional OFDM in Section 7.1.1.1.2 of the technical report TR25.814 [1]. The purpose of this text proposal is to add description of another candidate for the enhanced modulation scheme for OFDMA. 
Originally, OFDM does not expect frequency diversity effect, but in reality, it obtains the frequency diversity effect by use of FEC (Forward Error Correction). This means that, even in distributed mode, the higher the channel coding rate is, the lower the frequency diversity effect becomes. To compensate this weak point, the rotational code-multiplexed OFDM (R-OFDM) was proposed in [2]. The R-OFDM is compatible with conventional OFDM by selecting the appropriate rotation angle of modulation signal. Therefore, there is no impact to the conventional OFDM receiver. 
The R-OFDM with conventional receiver such as minimum mean square error combiner (MMSEC) or maximum likelihood demodulator (MLD) provides better link performance than the conventional OFDM especially for higher channel coding rate [3]. The R-OFDM with advanced receiver such as iterative detection scheme provides further improvements over the normal OFDM [4] - [7]. 

Section 2 provides the text proposal to add a new paragraph in 7.1.1.1.2 and a relevant new Sub-Section 7.1.1.1.2.3 to describe the rotational code-multiplexer which shall be one of the enhanced modulation schemes for OFDM. 
For the support of this text proposal, the physical layer simulation results of R-OFDM performance are given in Appendix A and the complexity evaluation of R-OFDM receivers are given in Appendix B. 
2. 
Text Proposal (Section 7.1.1.1.2 in TR 25.814)
----------------------------------------- Start of Text Proposal -----------------------------------------------------

7.1.1.1.2
Enhanced modulation scheme 

As an alternative to conventional OFDM, OFDM with pulse shaping (OFDM/OQAM) should be studied. 
Rotational code-multiplexed OFDM (R-OFDM), which is compatible with conventional OFDM by selecting the appropriate rotation angle of modulation signal, is another candidate for the enhanced modulation scheme. 
7.1.1.1.2.3
R-OFDM transmission scheme
Figure 7.1.1.1.2.3-1 depicts the block diagram of R-OFDM with ML-DEM (Maximum Likelihood Demodulator) where QPSK modulation and 2 dimensional code-multiplexing is assumed. In this figure, RCM stands for the Rotational Code-Multiplexer. The marks of “A” and “B” mean modulation symbols, and “X” and “Y” indicate sub-carrier symbols. 
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Figure 7.1.1.1.2.3-1: R-OFDM with ML-DEM
In the RCM, modulation symbols, A and B, are converted into sub-carrier symbols X and Y, as follows. 
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(7.1.1.1.2.3-1)

where 1 is a rotation angle. If 1 = 0, then the signal becomes the same as that of the normal OFDM without code-multiplexing. On the other hand, when 1 = π/4, the transmission performance is equivalent to that of Walsh code-multiplexed OFDM. QPSK symbol consists of I-phase component bit and Q-phase component bit. In this explanation, I-phase bits are paid attention without loss of generality. Let the I-phase bit of modulation symbol A be “a”, and that of symbol B be “b”. Then, the signal constellation constructed by I-phase channels on F1 and F2 is as shown in Figure 7.1.1.1.2.3-2. 
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Figure 7.1.1.1.2.3-2: Signal Constellation at Transmitter Side
By adjusting the rotation angle, optimum correlation is obtained between modulation symbols A and B, which produces the best frequency diversity gain. The R-OFDM with conventional receiver such as minimum mean square error combiner (MMSEC) or ML-DEM improves the link level performance of the conventional OFDM especially for the higher channel coding rate. The R-OFDM with advanced receiver such as iterative detection scheme provides further improvements to the normal OFDM. Note that the rotational matrix can be expanded to higher dimensions as follows. 
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(7.1.1.1.2.3-2)

------------------------------------------ End of Text Proposal -----------------------------------------------------
A. Physical Layer Simulation Results of R-OFDM Performance
This appendix presents the PER (Packet Error Rate) performances of R-OFDM in terms of rotation angle, channel estimation and modulation order with same spectrum efficiency. 
A.1. Transmission and Reception Procedures of R-OFDM
Figure A.1 depicts the block diagram of R-OFDM with ML-DEM (Maximum Likelihood Demodulator) and NT (Normal Turbo) decoder, while Figure A.2 does for R-OFDM with MD-DEM (Multi-Dimensional Demodulator) and T2 (Twin Turbo) decoder. In those two figures, “A” and “B” mean modulation symbols, and so “X” and “Y” do sub-carrier symbols. Those symbols hold the following relation for two dimensional multiplexing [2]. 
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Figure A.1: R-OFDM with ML-DEM
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Figure A.2: R-OFDM with MD-DEM
In the same manner, we can expand the rotation dimension to fourth order. Let “C” and “D” be additional modulation symbols, and “Z” and “W” be additional sub-carrier symbols. Then, the relation between them is as follows. 
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A.2. Optimum Rotation Angle of R-OFDM

This section discusses the optimum rotation angle of R-OFDM with the aid of computer simulation. 
A.2.1. Simulation Assumptions

Simulation parameters are listed in Table A.1. In these simulations, the average Es/N0 (received symbol energy to noise power density ratio) is fixed to obtain a PER of approximately 1%, and the PER of R-OFDM is evaluated by changing its rotation angle from 0 to /4. Besides the R-OFDM with MD-DEM and T2 decoder, the R-OFDM with ML-DEM and NT decoder is also evaluated. The average Es/N0 used in thes simulations are listed in Table A.2 and Table A.3. 
Table A.1: Simulation Parameters
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Table A.2: Average Es/N0 for QPSK Modulation
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Table A.3: Average Es/N0 for 16QAM Modulation
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A.2.2. Simulation Results

Figure A.3 through Figure A.10 show the simulation results. In the case of ML-DEM and NT decoder, it is not necessary to rotate its constellation in low coding rates because frequency diversity gain due to channel coding is sufficiently large. On the contrary, the frequency diversity effect due to the constellation rotation becomes effective in high coding rates and improves the PER performance. In the case of MD-DEM and T2 decoder, since the signals on each dimension correlate with each other by the rotation, the likelihood estimation of the T2 decoder works well. Therefore, the higher rotation angle is required for MD-DEM and T2 decoder. 

Note that the optimum angle is not sensitive to its propagation channel because sufficiently random sub-carrier allocation relieves the dependence of propagation channel. Therefore, it can be said that the optimum rotation angle is determined by its modulation method and coding rate. 
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Figure A.3:
PER vs. Rotation Angle for ML-DEM and NT decoder (QPSK & R = 1/2)
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Figure A.4:
PER vs. Rotation Angle for MD-DEM and T2 decoder (QPSK & R = 1/2)
[image: image15.wmf]0.001

0.01

0.1

0

0.2

0.4

0.6

0.8

1

Single Rx-Antenna, TUx

Single Rx-Antenna, EQx

Dual Rx-Antennas, TUx

Dual Rx-Antennas, EQx

Pacet Error Rate

Rotation Angle [

p

/4]


Figure A.5:
PER vs. Rotation Angle for ML-DEM and NT decoder (QPSK & R = 3/4)
[image: image16.wmf]0.001

0.01

0.1

0

0.2

0.4

0.6

0.8

1

Single Rx-Antenna, TUx

Single Rx-Antenna, EQx

Dual Rx-Antennas, TUx

Dual Rx-Antennas, EQx

Pacet Error Rate

Rotation Angle [

p

/4]


Figure A.6:
PER vs. Rotation Angle for MD-DEM and T2 decoder (QPSK & R = 3/4)
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Figure A.7:
PER vs. Rotation Angle for ML-DEM and NT decoder (16QAM & R = 1/2)
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Figure A.8:
PER vs. Rotation Angle for MD-DEM and T2 decoder (16QAM & R = 1/2)
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Figure A.9:
PER vs. Rotation Angle for ML-DEM and NT decoder (16QAM & R = 3/4)
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Figure A.10:
PER vs. Rotation Angle for MD-DEM and T2 decoder (16QAM & R = 3/4)
A.3. PER Performance with Perfect and Actual Channel Estimations
This section presents the PER performances of R-OFDM with perfect and actual channel estimations. 
A.3.1. Simulation Assumptions

Table A.4 lists the simulation parameters. In the case of the actual channel estimation, the pilot sub-carriers appear every six sub-carriers in the 1st OFDM symbol in the sub-frame, as shown in Figure A.11. Firstly, two pilot sub-carrier conveyed by different OFDM symbols are averaged, and the primal estimated channel characteristic is obtained. Then, linear interpolation in frequency domain is performed on the two primary estimated channel characteristics, and the final estimated channel characteristic is obtained. The optimum rotation angles obtained in the previous section are used in the both channel estimation cases. In the dual receiving antennas case, the squared distances between the demodulated signal and transmitted signal candidates are calculated at each branch, and then combined. 

Table A.4: Simulation Parameters
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Figure A.11: Pilot Sub-Carrier Allocation
A.3.2. Simulation Results

Figure A.12 and Figure A.13 show the QPSK PER performances with perfect and actual channel estimations, respectively. When the coding rate is 3/4, the R-OFDM shows better PER performance than that of the conventional OFDM regardless of its decoding scheme. By applying the T2 decoder to the R-OFDM, the R-OFDM becomes better than the conventional OFDM even with the coding rate of 1/2. In the case of dual receiving antennas, although the frequency selectivity is mitigated by the receiving diversity, the frequency diversity gain due to RCM can be still confirmed. 

By adopting the actual channel estimation instead of the perfect estimation, the PER performances of all cases become worse. However, it is verifyed that the R-OFDM is same as or superior to the conventional OFDM. 
Figure A.14 and Figure A.15 show the PER performances for 16QAM. Although the improvements of the R-OFDM scheme compared to the conventional OFDM are relatively small, the PER performance of the R-OFDM still shows better result than that of the conventional OFDM. 

Finally, all figures show the R-OFDM with MD-DEM and T2 decoder provides the best PER performance. 
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Figure A.12: QPSK PER Performances with Perfect Channel Estimation
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Figure A.13: QPSK PER Performances with Actual Channel Estimation
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Figure A.14: 16QAM PER Performances with Perfect Channel Estimation
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Figure A.15: 16QAM PER Performances with Actual Channel Estimation
A.4. PER Performances of Different Modulation Order with Same Spectrum Efficiency
High modulation order with low coding rate achieves the same spectrum efficiency as that of low modulation order with high coding rate. This section compares the PER performances of QPSK and 16QAM under the same spectrum efficiency. 

A.4.1. Simulation Assumptions
Table A.5 lists the simulation parameters. The PER performance of QPSK with a coding rate of 2/3 and that of 16QAM with a coding rate of 1/3 are compared. Both combinations of modulation and coding rate achieve the same spectrum efficiency of 1.33 bps/Hz. 
Table A.5: Simulation Parameters

[image: image27.emf]Transmission BW 10.0 MHz

Sampling frequency (= W) 15.36 MHz

Sampling rate t
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FFT Size (= N

FFT

) 1024

OFDM symbol duration (= N

FFT
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# of CP (= N

CP

) 73 or 74

CP duration (= N

CP

t

s

) 4.75 or 4.82 μsec.

# of OFDM symbols per sub-frame 1 Pilot + 6 Data

Sub-frame duration 500 

m

sec.

# of occupied sub-carriers 601

# of occupied sub-carriers per user 200

# of info.bits per packet (incl. tail bits) 1600

Channel coding Turbo code (K = 4)

Coding rate (= R) 2/3 (QPSK), 1/3 (16QAM)

Decoding algorithm Max Log-MAP with 8 iterations

Modulation QPSK, 16QAM

Rotation dimension (= D) 2 (16QAM), 4 (QPSK)

Rotation angle for rotational OFDM

q

1

 = 

q

2

 = 0.0 ~ 1.0 

p

/4

Multi-path model Typical Urban (TUx) with 6 Rayleigh paths

Maximum Doppler frequency 56 Hz

# of receiving antennas 1, 2

Channel estimation Perfect.


A.4.2. Simulation Results

Figure A.16 and Figure A.17 show the PER performance comparisons with single receiving antenna and dual receiving antennas, respectively. For the conventional OFDM, the PER performance of 16QAM is superior to that of QPSK because the formar can obtain the frequency diversity effect due to channel coding even if Eb/N0 of 16QAM is worse than that of QPSK. On the other hand, the R-OFDM can mitigate the performane difference caused by the modulation scheme because the PER of QPSK can be improved by the frequency diversity gain due to RCM, especially in the case of the dual receiving antennas. 
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Figure A.16: PER Performances with Single Receiving Antenna
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Figure A.17: PER Performances with Dual Receiving Antennas

A.5. Conclusion

In this appendix, we presented the performance of R-OFDM in terms of rotation angle, actual channel estimation and modulation order with same spectrum efficiency. It is obvious that the dominant factors for the best rotation angle are modulation scheme and coding rate, although the receiver’s configuration or channel models also hardly affect it. For QPSK with 3/4 coding rate, rotation angle of 0.7 /4 around seems appropriate for all configurations. 
We then evaluated the R-OFDM PER performance with not only perfect channel estimation but also actual estimation, and it is found that the R-OFDM still has the advantage over the conventional OFDM even with the actual estimation. 
Finally, we compared the different modulation schemes with same spectrum efficiency, which are 2/3-encoded QPSK and 1/3-encoded 16QAM. The results indicate that R-OFDM and/or Twin Turbo decoder improve the PER performance of the conventional OFDM. 

B. Complexity Evaluation of Various R-OFDM Receivers
This appendix analyzes the amount of baseband signal processing of various R-OFDM receivers discussed in [2] and [3]. Four configurations are provided for comparison. 
· Conventional OFDM with Normal Turbo (NT) decoder

· R-OFDM (Rotational-OFDM) with MMSEC (Minimum Mean Squared Error Combining) and NT decoder
· R-OFDM with MLD (Maximum Likelihood Demodulator) and NT decoder
· R-OFDM with MDD (Multi-Dimensional Demodulator) and Twin Turbo (T2) decoder

The baseband signal processing consists of three major components on receiver side, which are channel estimator, the demodulator and the decoder. Each analysis is described in corresponding section in this appendix, as listed in Table B.1. 
Table B.1: Related Sections for Baseband Component
	Component

Configurations
	Channel Estimator
	Demodulator
	Decoder

	OFDM + NT
	Section B.1
	Section B.2
	Section B.6

	R-OFDM + MMSEC + NT
	Section B.1
	Section B.3
	Section B.6

	R-OFDM + MLD + NT
	Section B.1
	Section B.4
	Section B.6

	R-OFDM + MDD + T2
	Section B.1
	Section B.5
	Section B.7


The complex conjugate operation is assumed to be neglected because it is realized by the sign conversion on imaginary part. This contribution uses following parameters.

· 
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· 
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Number of bits in one rotation symbol
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Number of states in Turbo code (= 2K-1 where K is constraint length)
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Number of iteration in Turbo decoding
Note that the complex multiplication is divided into 2 real additions and 4 real multiplications, and an absolution of a complex number is 1 real addition and 2 real multiplications. 

B.1. Channel Estimator

The block diagram of channel estimation is shown in Figure B.1. 
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Figure B.1: Block Diagram of Channel Estimation
B.1.1. FFT

The computation of 
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 complex multiplications. In case of 1024 sub-carriers per OFDM symbol, the computation of FFT includes 
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B.1.2. Channel estimation

The received pilot signal 
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 is multiplied to the complex conjugate value of the transmitting pilot signal 
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In (B.1)

 the computation includes 2 additions and 4 multiplications. In case of 600 pilot sub-carriers, the computation of channel estimation includes 
[Addition]
1,200

[Multiplication]
2,400

B.2. Demodulator for OFDM

The block diagram of OFDM demodulator is shown in Figure B.2. 
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Figure B.2: Block Diagram of OFDM Demodulator
B.2.1. FFT

In a short CP format, 6 data OFDM symbols are multiplexed in each sub-frame. The computation of the FFT data symbols includes 
[Addition]
184,320

[Multiplication]
122,880

B.2.2. Fading Compensator

The amplitude change and the phase rotation are compensated by the fading factors. The fading factors are compensated as follows. 


[image: image49.wmf]2

()()

EnHn

=


 GOTOBUTTON ZEqnNum579055  \* MERGEFORMAT 

 GOTOBUTTON ZEqnNum579055  \* MERGEFORMAT  MACROBUTTON MTPlaceRef \* MERGEFORMAT (B.2)



[image: image50.wmf]*

()()/()

WnHnEn

=


 GOTOBUTTON ZEqnNum579055  \* MERGEFORMAT 

 GOTOBUTTON ZEqnNum579055  \* MERGEFORMAT  MACROBUTTON MTPlaceRef \* MERGEFORMAT (B.3)



[image: image51.wmf]()()()

rr

DnWnDn

=

%


 GOTOBUTTON ZEqnNum579055  \* MERGEFORMAT 

 GOTOBUTTON ZEqnNum579055  \* MERGEFORMAT  MACROBUTTON MTPlaceRef \* MERGEFORMAT (B.4)

In 
(B.4)

 the computation includes 2 additions and 4 multiplications. For (B.3)

 the computation includes no addition and 2 multiplications. In (B.2)

 the computation includes 1 addition and 2 multiplications. In  GOTOBUTTON ZEqnNum194928  \* MERGEFORMAT  repeating calculations, the computation of the Phase Rotation Compensator includes
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B.2.3. Channel Reliability Calculator

The channel reliability values are calculated by following 2-step procedure. 
· Calculating square distance

· Calculating likelihood

· Calculating symbol likelihood (for T2 decoder)
· Calculating log-likelihood ratio (for NT decoder)
Note that the channel reliability calculator estimates symbol likelihood for the T2 decoder although it estimates log-likelihood ratio for the NT decoder. 
B.2.3.1. Calculating Square Distance

The square distance is calculated from each base signal point. For each base signal point, the computation includes 3 additions and 2 multiplications. The calculation is repeated with the number of base signal points (2^
[image: image55.wmf]MOD

N

). The maximum number of 
[image: image56.wmf]n

 is 
[image: image57.wmf]d

N

. The computation of the square distance includes 
[Addition]

[image: image58.wmf]32

MOD

N

d

N

´´


[Multiplication]

[image: image59.wmf]22

MOD

N

d

N

´´


B.2.3.2. Calculating Symbol Likelihood (for T2 decoder)
In T2 decoder, the symbol likelihood is obtained by dividing the square distance with the signal power. The computation of the symbol likelihood includes 
[Addition]
0

[Multiplication]
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B.2.3.3. Calculating Log-Likelihood Ratio (for NT decoder)
In the turbo codes, the log-likelihood ratio is obtained from square distance. 
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Because the above calculation is repeated with the number of coded bits, the computation of log-likelihood ratio includes 
[Addition]
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B.3. Demodulator for R-OFDM with MMSEC

The block diagram of R-OFDM & MMSEC demodulator is shown in Figure B.3. 
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Figure B.3: Block Diagram of R-OFDM & MMSEC
B.3.1. FFT

Refer to Section B.2.1. 
B.3.2. MMSE Equalizer

The weight of MMSE is shown below. 
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In (B.8)

 the computation includes 2 additions and 4 multiplications. Consequently the computation for each sub-carrier includes 4 additions and 8 multiplications. Based on the number of sub-carriers, the computation includes (B.7)

 the computation includes 2 additions and 4 multiplications. Moreover, in 
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B.3.3. De-Spreader

Because de-spreading is realized by multiplications of the 
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B.3.4. De-Modulator

The demodulation includes following 3-step procedure. 
· Calculating signal amplitude
· Calculating noise power

· Calculating interference power

B.3.4.1. Calculating Signal Amplitudes

After MMSEC, the signal amplitudes are calculated as follows. 
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 is performed (B.9)

 the computation includes 2 additions and 7 multiplications.  GOTOBUTTON ZEqnNum700385  \* MERGEFORMAT  times in each spreading bandwidth. That leads 
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B.3.4.2. Calculating Noise Power

After MMSEC, the noise power is calculated as follows. 
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In 
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B.3.4.3. Calculating Interference Power

After MMSEC, the interference power is calculated as follows. 
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In right 
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B.3.5. Channel Reliability Calculator

The channel values are calculated by following 2-step procedure. 
· Calculating square distance

· Calculating log-likelihood ratio

B.3.5.1. Calculating Square Distance

The square distance is calculated from each base signal point. The square distance is obtained by multiplying 
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 to the base signal point. For each base signal point, the computation includes 3 additions and 4 multiplications. The calculation is repeated with the number of the base signal points (2^
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B.3.5.2. Calculating Log-Likelihood Ratio

Based on following equation, the log-likelihood ratio is obtained from the symbol likelihood. 
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Because the above calculation is repeated with the number of the coded bits, the computation of the log-likelihood ratio includes 
[Addition]
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[Multiplication]
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B.4. Demodulator for R-OFDM with MLD

The block diagram of R-OFDM & MLD demodulator is shown in Figure B.4. 
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Figure B.4: Block Diagram of R-OFDM & MLD
B.4.1. FFT

Refer to Section B.2.1. 
B.4.2. Phase Rotation Compensator

Refer to Section B.2.2. 
B.4.3. MLD

MLD includes following 3-step procedure. 
· Generating base signal points

· Calculating symbol likelihood

· Calculating log-likelihood ratio

B.4.3.1. Generating Base Signal Points

Refer to Section B.2.3.1. 
B.4.3.2. Calculating Symbol Likelihood

Refer to Section B.2.3.2. 
B.4.3.3. Calculating Log-Likelihood Ratio

Based on following equation, the log-likelihood ratio is obtained from the symbol likelihood. 
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Because the above calculation is repeated with the number of the coded bits, the computation of log-likelihood ratio includes

[Addition]
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[Multiplication]
0
B.5. Demodulator for R-OFDM with MDD

The block diagram of R-OFDM & MDD demodulator is shown in Figure B.5. 
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Figure B.5: Block Diagram of R-OFDM & MDD
B.5.1. FFT

Refer to Section B.2.1. 
B.5.2. Phase Rotation Compensator

The phase rotation is compensated by the fading factors. The phase rotation is compensated as follows. 
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The computations are as follows: 1 addition and 2 multiplications in 
(B.19)

. In case of (B.18)

, and 2 additions and 4 multiplications in (B.17)

, no addition and 2 multiplications in  GOTOBUTTON ZEqnNum661013  \* MERGEFORMAT  repeating calculations, the computation of Phase Rotation Compensator includes 
[Addition]
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B.5.3. MDD

MDD includes following 2-step procedure. 
· Generating base signal points

· Calculating symbol likelihood

B.5.3.1. Generating Base Signal Points
There are 
[image: image137.wmf]2

bit

N

 base signal points in both I and Q components, and each base signal point expresses 
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 values. In this material, base signal point is defined as 
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). Because the phase rotation of the received signals is compensated by the Phase Rotation Compensator, base signal point is updated by multiplying the signal point to the channel gain. 


[image: image142.wmf]__

(,,)(,)(,)

tMDDtMDD

DkijHkjDij

=

%


 GOTOBUTTON ZEqnNum579055  \* MERGEFORMAT 

 GOTOBUTTON ZEqnNum579055  \* MERGEFORMAT  MACROBUTTON MTPlaceRef \* MERGEFORMAT (B.20)

where 
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. Consequently, the computation of generating base signal point includes 
[Addition]
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B.5.3.2. Calculating Symbol Likelihood

The symbol likelihood is calculated from the square distance between the received and base signal points for MDD, 
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The calculation inside 
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 includes 1 addition and 2 multiplications. The calculation inside 
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 is performed 
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 times. That leads 
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 includes 
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 and 
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 numbers. Because 2 received signal points of I and Q components are obtained from one multi-dimensional signal, the computation of the symbol likelihood includes 
[Addition]
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B.6. Normal Turbo decoder (NT decoder)

NT decoder includes following 5-step procedure. The explanation is based on rate 1/3 turbo decoding. 

· Calculating 
[image: image159.wmf]G


· Calculating 
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· Calculating 
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· Calculating 
[image: image162.wmf]l


· Calculating extrinsic values

B.6.1. Calculating 
The a priori values of the information bits are added to the channel values of the information and the parity bits (2 additions). Because 1/2 of them can be achieved by bit-shift, it is not counted to the computational complexity. 
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 is calculated by the operation as number of states 
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 number of turbo iterations 
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 2 for an information bit. The computation of 
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 includes 
[Addition]
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B.6.2. Calculating 
The calculation is the addition of
[image: image168.wmf]A

, which is the value just before the current value, with 
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 and the selection of the maximum values. There are 2 additions for a branch. Because 2 branches are combined to a state, the computation of 
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 includes 
[Addition]
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B.6.3. Calculating 
The calculation is the addition of two values of 
[image: image172.wmf]B

, which are the values following the current value, with 
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 and the selection of the maximum values. There are 3 additions for a branch. The computation of 
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 includes 
[Addition]
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B.6.4. Calculating 
· Addition of 
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, 
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 (information bit)
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· Selection of maximum values between 
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· Calculating LLR (addition, information bit)
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Consequently the computation of 
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 includes 
[Addition]
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B.6.5. Calculating Extrinsic Values

The channel values and the a priori values are subtracted from the a posteriori values (2 additions). By the condition that no operation of calculating the extrinsic values is processed by the latter decoder in the last iteration, the calculation is shown as number of turbo iteration 
[image: image185.wmf]´

 2 
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 1 for an information bit. The computation of the extrinsic values includes 
[Addition]
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B.7. Twin Turbo decoder (T2 decoder)

T2 decoder includes mainly following 3-step procedure. 
· Calculating channel values

· NT decoder
· Calculating a posteriori values of parity bits

Because there is no multiplying calculation in T2 decoder, in the following, only addition operation is considered. 
B.7.1. Calculating Channel Values

Channel values are calculated by following 2-step procedure. 
· Addition of a posteriori values of pair bits

· Calculating log-likelihood ratio

B.7.1.1. Addition of a Posteriori Values of Pair Bits

The a posteriori values of the pair bits are added to the symbol likelihood values. There are 
[image: image188.wmf]1
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 pair bits, and the number of the pair bits that are obtained from the a posteriori values of the previous decoder is as follows. 
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Moreover, for a bit with a value of either 0 or 1, same value can be achieved. For each symbol likelihood value, the number of the additions for a bit is 
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For each bit, there are 
[image: image191.wmf]2
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 symbol likelihood values available. There are 
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 bits. By the condition that no operation is processed by the previous decoder before the initial iteration, the computation of the a posteriori values of the pair bits includes 
[Addition]
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    : R-OFDM

In OFDM with 
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 , the computation includes 
[Addition]
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     : OFDM

B.7.1.2. Calculating Log-Likelihood Ratio

In T2 decoder, because the log-likelihood ratio values are calculated only by 2 
[image: image196.wmf]´

 number of iterations, it is enough to consider only the input bits to the component decoder. 
[Addition]
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     : R-OFDM

[Addition]
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     : OFDM

Refer to Section B.4.3.3 for details. 
B.7.2. NT decoder
Refer to Section B.6. 

B.7.3. Calculating a Posteriori Values of Parity Bits

The a posteriori values of the parity bits are calculated with the same method explained in Section B.6.4. The number of the parity bits is
[image: image199.wmf]/
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. By the condition that no operation of calculating the a posteriori values of the parity bits is processed by the latter decoder in the last iteration, the computation includes 
[Addition]
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B.8. Complexity Comparison
Based on the analysis in Sections B.1 through B.7, total computational complexity of OFDM w/ NT, OFDM w/ T2, R-OFDM & MLD w/ NT, R-OFDM & MDD w/ T2, and R-OFDM & MMSEC w/ NT is explained. In this investigation, complexity calculations were conducted by using the working assumptions for 10 MHz downlink parameters discussed in LTE. The calculation complexity ratio for addition and multiplication were assumed to be 1:10 [8]. 
Table B.2 summarizes the normalized total complexity of OFDM w/ NT, where dash (-) means more than 200%. 
Table B.2:
Total Computational Complexity for all Transmission Systems, Demodulation and Decoding (Normalized Complexity for OFDM w/ NT)
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B.9. Conclusion

This Appendix presents the complexity comparison between conventional OFDM receiver with normal turbo decoder and R-OFDM receivers with several types of demodulators, based on brute force way. From the complexity comparison results, R-OFDM & MDD with T2 decoder will have less complexity increase over the conventional OFDM with NT decoder as the coding rate becomes higher. 
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