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1 Introduction

This document reports R-OFDM [1] performances in terms of rotation angle, actual channel estimation and comparison with multi-level modulation, considering the simulation assumptions defined in [2]. 
2 Optimum Rotation Angle
2.1 Simulation Assumptions
Figure 1 depicts the block diagram of R-OFDM with ML-DEM (Maximum Likelihood Demodulator), while Figure 2 does for R-OFDM with MD-DEM (Multi-Dimensional Demodulator) and 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 [1].
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Figure 1: R-OFDM with ML-DEM.
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Figure 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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(3)
Simulation parameters are listed in Table 1.
Table 1: Simulation Parameters
[image: image6.emf]Transmission BW 10.0 MHz

Sampling frequency (= W) 15.36 MHz

Sampling rate t

s

 (= 1 / W)

0.0651 

m

sec.

FFT Size (= N

FFT

)

1024

OFDM symbol duration (= N

FFT

t

s

)

66.7 

m

sec.

# of CP (= N

CP

)

(Short / Long CP)

73 or 74 / 256

CP duration (= N

CP

t

s

)

(Short / Long CP)

4.75 or 4.82 μsec. / 16.7 μsec.

# of OFDM symbols per sub-frame

(Short / Long CP)

1 Pilot + 6 Data / 1 Pilot + 5 Data

Sub-frame duration

500 

m

sec.

# of occupied sub-carriers 601

# of occupied sub-carriers per user 200 (QPSK), 100 (16QAM)

# of pilot sub-carriers 300

# of info.bits per sub-frame (incl. tail bits)

(Short / Long CP)

1200 / 1000 (R  = 1/2),

1800 / 1500 (R  = 3/4)

Channel coding Turbo code (K = 4)

Coding rate (= R ) 1/2, 3/4

Decoding algorithm Max Log-MAP / 8 iterations

Modulation QPSK, 16QAM

Rotation dimension (= D ) 2, 4

Rotation angle for rotational OFDM

q

1

 = 

q

2

 = 0.0 ~ 1.0 

p

/4

Channel model

C.3.3 (Typical Urban) of  f

D

 = 56 Hz,

C.3.4 of  f

D

 = 56 Hz

# of receiving antennas 1, 2

Channel estimation Perfect


2.2 Simulation Results
Figures 3 through 10 are simulation results.
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Figure 3: PER vs. Rotation Angle for ML-DEM (QPSK R=1/2)
Figure 4: PER vs. Rotation Angle for MD-DEM (QPSK R=1/2)
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Figure 5: PER vs. Rotation Angle for ML-DEM (QPSK R=3/4)
Figure 6: PER vs. Rotation Angle for MD-DEM (QPSK R=3/4)
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Figure 7: PER vs. Rotation Angle for ML-DEM (16QAM R=1/2)

Figure 8: PER vs. Rotation Angle for MD-DEM (16QAM R=1/2)
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Figure 9: PER vs. Rotation Angle for ML-DEM (16QAM R=3/4)
Figure 10: PER vs. Rotation Angle for MD-DEM (16QAM R=3/4)

3 With Actual Channel Estimation
3.1 Simulation Assumptions
In this section, R-OFDM is evaluated with actual channel estimation. Basic configuration is the same as in previous section 2.1, except for actual channel estimation. Pilot symbols appear every seven OFDM symbols on half sub-carriers, as shown in Figure 11. For channel estimation, an averaging interpolation is adopted with two pilot symbols both on time and frequency domain.
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Figure 11: Pilot Symbol Layout
Table 2: Simulation Parameters
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CP
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73 or 74

CP duration (= N

CP
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Sub-frame duration

500 
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# of pilot sub-carriers 300
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Channel coding Turbo code (K  = 4)

Coding rate (= R ) 1/2, 3/4

Decoding algorithm Max Log-MAP / 8 iterations

Modulation QPSK, 16QAM

Rotation dimension (= D ) 2, 4
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q

1
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q

2

 = 0.0 ~ 1.0 
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Channel model

C.3.3 (Typical Urban) of  f

D

 = 56 Hz

# of receiving antennas 1, 2

Channel estimation Perfect, Actual


3.2 Simulation Results
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Figure 12: PER performance with QPSK (ideal channel estimation).
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Figure 13: PER performance with QPSK (averaging channel estimation).
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Figure 14: PER performance with 16QAM (ideal channel estimation).
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Figure 15: PER performance with 16QAM (averaging channel estimation).
4 Multi-level Modulation with Lower Coding Rate
4.1 Simulation Assumptions
Table 3: Simulation Parameters
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m

sec.

FFT Size (= N

FFT
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FFT

t
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m
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# of CP (= N
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)
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CP duration (= N

CP

t

s

)
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Sub-frame duration

500 

m
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# of occupied sub-carriers per user 200

# of pilot sub-carriers 300

# of info.bits per sub-frame (incl. tail bits) 1600

Channel coding Turbo code (K  = 4)

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

Decoding algorithm Max Log-MAP / 8 iterations

Modulation QPSK, 16QAM

Rotation dimension (= D ) 2, 4

Rotation angle for rotational OFDM

q
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 = 

q

2

 = 0.0 ~ 1.0 

p

/4

Channel model

C.3.3 (Typical Urban) of  f

D

 = 56 Hz

# of receiving antennas 1, 2

Channel estimation Perfect


4.2 Simulation Results
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Figure 16: PER performance with single antenna branch.
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Figure 17: PER performance with dual antenna branches.

5 Conclusion

In this contribution, we presented the performance of R-OFDM in terms of rotation angle, actual channel estimation and comparison with multi-level modulation. It is obvious that the dominant factors for the best rotation angle are modulation scheme and coding rate, though the receiver’s configuration or channel models also affect it very little. For QPSK with 3/4 coding rate, rotation angle of 0.7/4 around seems appropriate for all configurations in this contribution. We also demonstrated that with actual channel estimation, R-OFDM still has the advantage against the conventional OFDM. Finally, we compared the different modulation schemes with equal spectrum efficiency, which are 2/3-encoded QPSK and 1/3-encoded 16QAM. In this case, R-OFDM and/or twin turbo decoder improve the FER performance.
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