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1 Introduction

In [1] we emphasized the importance of techniques that improve the diversity performance of OFDM. OFDM effectively establishes a flat fading channel with an “OFDM”-specific correlation of the channel attenuations. Therefore, any diversity technique developed for improving performance over the flat fading channel has the potential of success when applied to OFDM. We illustrate in this contribution that the concept of modulation diversity [2]-[5], when combined with proper interleaving significantly improves the coded BER of the OFDM link and reduces the number of iterations in a turbo decoder.


In Section 2 we describe  the principles of modulation diversity and its realization within the context of OFDM physical channel mapping. Section 3 contains performance evaluation and Section 4 concludes the paper.
2 Modulation diversity

In flat fading channels, a diversity technique known as modulation diversity [2]-[5] provides diversity  gain without any bandwidth increase. This diversity gain is established by the use of

1. Rotation of  signal constellation

2. Orthogonalization of real and imaginary signal components (by a component interleaver).
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Fig. 1. Modulation diversity. Constellation with first order diversity (left) and constellation with second order diversity (right).

Fig. 1 illustrates the concept of modulation diversity. Consider the regular QPSK constellation (left) and the rotated version (right). Obviously, in a Gaussian channel, the performance of these constellations is identical. Moreover, in a Rayleigh fading channel, without any additional means, the performance would be identical. However, if, by proper interleaving of the components, fading of the I- and Q-components can be made uncorrelated, the rotated constellation exhibits order-2 diversity. 

In the regular square QPSK constellation the I- and Q-component carry one bit each. After rotating, however, both bits are carried by both components. The information is spread over the in-phase and quadrature components. Now, proper interleaving of the components (ideally de-correlating the fading process) will accomplish order-2 diversity because each bit is effectively transmitted over two independent flat fading channels.

The diversity order of a constellation is, by definition, the minimum Hamming distance between any two coordinate vectors of constellation points. Rotating a standard symbol constellation achieves higher order diversity. Although diversity is the most important parameter influencing the link performance, it is not the only one. In [4], the minimum product distance between any two points of the symbol constellation and the product kissing number (both defined and explained in [4]) are shown to be two other parameters. The particular best angle over which to rotate the constellation is therefore not obvious. Here, we rotate the QPSK constellation over 26.6o as in [2].

Simulations in Section 3 illustrate that the concept of modulation diversity also improves the performance of a turbo-coded system. In particular the modulation diversity (rotated constellation and component interleaving) improves the quality of the soft bit-metrics generated by the inner receiver. When fed with these improved metrics the iterative turbo-decoder generates decoded bits that have a lower bit-error rate compared to a system without modulation diversity. The gain can be up to 1-1.5 dB on the VA120 channel and it comes without any bandwidth or power penalty.


The realization of modulation diversity within the context of OFDM physical channel mapping, as shown in Fig. 2 [1], can be done in the following way:

1. The rotation of constellation symbols is performed as the first stage of mapping the constellation symbols into the OFDM units. Each OFDM unit is a group of constellation symbols to be mapped onto a sub-band, a subset of OFDM subcarriers.
2. The orthogonalization of real and imaginary signal components is performed by the OFDM unit interleaver. In particular, rather than performing different interleaving schemes on both components, it is sufficient to cyclically shift the real and imaginary components of the OFDM unit interleaver output with respect to each other.
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Fig. 2. OFDM HS-DSCH transmitter processing chain after physical channel segmentation.

3 Performance evaluation

Table 1 lists parameter values and details of the simulations presented in this section. The component interleaving is performed as described in the previous section. The imaginary arts of the 12 OFDM unit is shifted 6 units. After mapping, the first sub-band, for example, contains the real part of the 1st OFDM unit and the imaginary part of the 7th OFDM unit. The performance of this system is compared with a system without modulation diversity, thus exploiting a regular QPSK constellation and no component interleaver.

Table 1. Simulation parameters

	Parameter
	Value

	OFDM parameters
	Set 2, see [6]

	Transport block size
	640 bits

	Data rate
	320 kbit/s

	Code rate
	0.66

	Number of raw bits
	960

	Turbo decoder
	Max-log-MAP based – iterations stopped after 8 iterations or after whole frame detected.

	Mapping onto TF grid
	Mapping A, C, D see [1]

	OFDM symbol interleaving
	I = [1 2 3 4 5 6 7 8 9 10 11 12], see [1]
Cyclically shifted imaginary part (6 steps shift in I-vector) 

	Constellation rotation angle
	26.6 O   ( arctan(3) – arctan(1)  ), see [2]

	Channel model
	VA120, VA30, PA3 and PB3

	Ior/Ioc
	-6…9 dB

	Channel estimation
	Ideal

	Nr of simulated transport blocks
	Monte Carlo simulations stopped after 7500 frames processed or after 100 frame-errors registered.


Fig.3–Fig.5 in the Appendix show the performances of modulation diversity in four channel environments (PA3, PB3, VA30 and VA120). For each of the mapping scenarios A,C and D in [1], results are plotted. The solid curves show the raw bit-error and the dashed curves show the coded bit-error. The following conclusions relate to these simulations results.

Time-frequency mappings

It is obvious that the Mapping A produces significantly worse performances than the Mappings C and D, in line with results presented in [1]. It should be noted that the receiver used in the present paper employs a max-log MAP (optimising bit-error probability) with up to 8 iterations, as opposed to [1], where we used SOVA-based receiver (optimizing sequence-error probability) with up to 2 iterations.

Furthermore, the differences in performances between the Mappings C and D on VA120 and PB3 channels noticed in [1] (in favor of Mapping D), seem to have vanished, possibly with an increased number of iterations in the turbo decoder (and changed soft-decoder algorithm). One explanation might be that with a small number of iterations, the initial quality of soft values (which depends on the time-frequency interleaver quality) is more important, because fewer iterations means less improvement of initial error rate. This further might mean that Mapping D produces the same performances as Mapping C with less number of iterations. However, this is something that remains to be investigated.

Raw BER

In general, the raw bit-error rate (decisions based on bit-metrics before the decoder) curves for the modulation diversity scenario show a steeper decay, an indication that the system exhibits higher-order diversity.

In [4] it is shown that when the components are perfectly de-correlated (ideal component interleaving) the gain for the raw bit-error rate is about 4 dB @ BER=0.01. This 4 dB gain is actually accomplished with Mapping C and D, for the VA120 channel and the PB3 channel. For the other 2 channels (VA30 and PA3) the gain for the raw BER is slightly less (3dB and 1dB, respectively), see the solid curves in and Fig.4 and Fig.5, at BER=0.01. This implies that ideal de-correlation is not achieved (modulation diversity does not give its full potential benefit to the raw BER).

Coded BER

The coded bit-error rate takes advantage from the increased quality of the soft bits at the decoder-input. For Mappings C and D, the error-rate of the bits at the output of the turbo-decoder is up to 1.5 dB better (in the VA120 channel at 10^-3 raw bit-error rate) when modulation diversity is incorporated in the system.

The performance gain of the raw bits does not transfer to the coded bits to the full extent. In other words, the performance gain obtained by modulation diversity and that obtained by the turbo code do not add.

Decoder complexity

Another potential advantage of using modulation diversity is that fewer decoding iterations may be needed. The initial soft bit-metrics fed to the decoder are better than in a system without modulation diversity. Initial simulation for Mapping C indicate that in the PB3 channel, for the same performance, about 10% fewer iterations are necessary than for the system without modulation diversity. This would suggest that a stopping rule for the receiver iterative decoder can be tuned tighter when using modulation diversity, thus saving UE power. This kind of complexity gain remains to be investigated.

4 Conclusions

The use of modulation diversity improves the performance of the OFDM system with up to 1.5dB for VA120 without any significant cost. The component interleaver, implemented as a simple extension of the OFDM unit mapper/interleaver, along with rotated constellations provide the diversity. Simulation results illustrate that a simple cyclic shift of one of the components serves well to decorrelate the in-phase and quadrature components of the constellation symbols.

Note that the increase in error rate performance comes with maintained data rate and for the same transmitted power. Modulation diversity can be viewed as a non-redundancy coding technique. The moderate price for the performance increase is related to the soft bit-detection for the rotated constellation.

Appendix: Simulation results

Results for Mapping A
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Fig.3. Raw BER (solid) and coded BER curves (dashed) with and without modulation diversity. 

Results for Mapping C
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Fig.4. Raw BER (solid) and coded BER curves (dashed) with and without modulation diversity. 

Results for Mapping D
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Fig.5. Raw BER (solid) and coded BER curves (dashed) with and without modulation diversity. 
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