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1 Introduction

In [1], we have shown how the OFDM transmission benefits from modulation diversity (a rotation of the QPSK constellation points along with proper interleaving of the I-and Q-components). We demonstrated a certain performance gain of this technique in terms of coded bit-error rate (coded BER). Now, we show that the performance gain of modulation diversity is more pronounced in terms of two other relevant measures: block-error rate (BLER) and UE-complexity.

We show that the order-2 diversity exhibited by the raw BER (as demonstrated in [1]) transfers to the BLER in all investigated channel environments, yielding gains of up to 2.5 dB, depending on the puncturing rate of the scheme and the particular channel characteristics. Alternatively, in terms of UE complexity, benchmark performance of regular QPSK-modulation can be achieved with significantly fewer turbo-decoder iterations in the UE receiver. In particular, for schemes with higher puncturing rates, 1 or 2 turbo decoder iterations suffice to achieve the BLER-performance achieved by 8 iterations in a regular QPSK transmission.

Modulation diversity thus leaves a receiver designer the choice between lower receiver complexity (while maintaining BLER) and lower BLER (while maintaining receiver complexity).

This document proceeds as follows. Section 2 presents performance results obtained by simulation that support the above claims and Section 3 assesses quantitatively the UE receiver complexity and the complexity gain associated with modulation diversity.

2 Performance evaluation

Table 1 shows the relevant link parameters used in the simulations. The OFDM unit interleaver is chosen differently for I- and the Q-components, differing only by a modulo-shift. Furthermore, the QPSK constellation is rotated to accomplish the modulation diversity. The rotation angle is chosen as in [1]. Simulation results not shown here indicate that the results are not very sensitive to this exact choice of angle – the choice of the rotation angle is still subject to investigation.

The turbo decoder is fed with bit-metrics computed from the received symbols. How to compute these bit-metrics is explained in more detail in the Appendix.

Figure 1-Figure 4 show the BLER results of the simulations. For each channel environment 3 coding schemes (code rate 1/2, 2/3 and 4/5) are plotted in the same figure. Solid curves indicate BLER performance for plain, benchmark OFDM-transmission (zero rotation angle), whereas dashed curves indicate BLER performance for an OFDM system employing modulation diversity.

Figure 5 shows (for each of the 4 channel environments) similar curves for the rate 2/3 scheme, but here comparing performance for a different number of decoder iterations: 1,2,3 and 8 decoder iterations for the modulation diversity scheme compared to 8 iterations for the plain benchmark OFDM scheme.

Table 1: Simulation parameters

	Parameter
	Value

	OFDM parameters
	Set 2, see [3]

	Transport blocksize
	A: rate 1/2 (240 kbps)
	480 information bits + 24 CRC-bits

	
	B: rate 2/3 (320 kbps)
	640 information bits + 24 CRC-bits

	
	C: rate 4/5 (384 kbps)
	768 information bits + 24 CRC-bits

	Number of raw bits per TTI
	960 raw bits (480 QPSK constellation symbols)

	Mapping onto TF grid 
	Mapping C, see [2] (40 data-subcarriers/OFDM symbol)

	Modulation diversity
	26.6O rotation angle, see [1]

	OFDM unit interleaver
	I = [1 2 … 12] and I = [7 8 … 12 1 2 … 6], (I- and Q-branch respectively), see [2]

	Channel model
	VA120, VA30, PA3 and PB3

	Channel estimation
	Ideal

	Nr of simulated transport blocks
	Monte Carlo simulations stopped after 200 detected block-errors or after 25000 processed blocks.

	Turbo decoder
	Max-log-MAP-based

	Power allocation
	All transmit power is allocated to the data channel. No pilots or signaling bits are allocated.
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Figure 1: BLER in Vehicular A, 120 km/h. Code rates 1/2, 2/3 and 4/5 and 8 decoder iterations.
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Figure 2: BLER in Pedestrian B, 3 km/h. Code rates 1/2, 2/3 and 4/5 and 8 decoder iterations.

[image: image3.png]BLER

1’

-~ QPSK
-6~ rotated QPSK

Tor/loc

i
5




Figure 3: BLER in Pedestrian A, 3 km/h. Code rates 1/2, 2/3 and 4/5 and 8 decoder iterations.
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Figure 4: BLER in Vehicular A, 30 km/h. Code rates 1/2, 2/3 and 4/5 and 8 decoder iterations.
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Figure 5: The effect of UE complexity for the rate 2/3 scheme. Plain OFDM benchmark system with 8 decoder iterations versus modulation diversity scheme with 1,2,3 and 8 decoder iterations.

We make some important observations:

1. Modulation diversity yields an SNR-gain for the BLER in all channel environments. Typically, a rate 4/5 coding scheme gains about 2 dB, a rate 2/3 coding scheme gains almost 1 dB and a rate 1/2 scheme gains about 0.3 dB.

2. The SNR-gain is higher for weaker coding schemes, with higher puncturing rate. For coding schemes without puncturing (rate 1/3; simulation results not shown in this document) the effect of modulation diversity is reduced to some tenth of a decibel. Thus modulation diversity improves the system performance most significantly at higher bit-rates, see Figure 6. For instance, the throughput of a user with –2 dB Ior/Ioc increase from 310 kbps to 360 kbps, an increase of about 15%.

3. For rate 2/3 coding, modulation diversity allows a 2- or 3-iteration receiver to attain similar BLER-performance as an 8-iteration receiver without modulation diversity. In the PA3 and VA120 channels, the 2-iteration reduced-complexity receiver even performs better than the benchmark system with 8 iterations due to modulation diversity. The next Section illustrates that this property results in a significant potential reduction of the UEs baseband complexity.
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Figure 6: Throughput curves for the Vehicular A, 120 km/h channel for a system with and without modulation diversity.

The above simulations results, observations and explanations should sufficiently address a question in the previous meeting about the ‘magic’ of the gain of modulation diversity. In addition, we note here that the principal effects of modulation diversity which we have illustrated in this document have been known for over a decade, see [5] and [6]. The concept is well understood today and a good explanation of the mechanisms of modulation diversity is found in [7] and [8].

Another concern in the previous meeting was raised as to what extent modulation diversity fits the scope of the OFDM study item. We therefore stress that the BLER performance improvements shown here are a consequence of a better modulation. To illustrate this explicitly, Figure 7 shows the raw BER of the schemes. Clearly, the asymptotic slope of the curves is steeper for the scheme employing modulation diversity, that is for the scheme with the better modulation. OFDM, a rotated QPSK constellation and component interleaving thus constitute a new modulation with apparent advantages, as mentioned in the first aim in the scope of the OFDM SI [3].
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Figure 7: The raw BER of the OFDM link with (solid) and without (dashed) modulation diversity.

Finally, the raw BER curves in Figure 7 also reveal why punctured coding schemes gain more from the modulation diversity (second point above). The relevant SNR-region (BLER of 1%-10%) for weaker (punctured) coding schemes appears at higher SNRs than for stronger (non-punctured) schemes. As the performance gain on the raw BER increases with the SNR, the BLER performance gain is larger for weaker coding schemes.

3 UE complexity

The simulation results presented above suggest that (as an alternative to exploiting the SNR-gain) the UE complexity can be reduced considerably (see point 3 above). In particular, for coding schemes with a high-puncturing rate, we need only 2 iterations to obtain the performance of an 8-iteration receiver detecting non-rotated constellations.

Figure 8 shows how the complete UE baseband receiver complexity depends on the number of decoder iterations for the code rate 2/3 and the block length 640. No other stopping criterion is used in the turbo decoder than the maximum number of iterations.

We used the MATLAB( CPU-time as the complexity measure and normalized the measured values to the complexity of an 8-iteration receiver. This rough measure should give a proper initial ballpark estimate of the complexity gain possible with modulation diversity. 

For a receiver employing 8 iterations, the turbo decoder accounts for almost 90% of the baseband receiver’s complexity and thus reduction of the number of iterations has significant impact. The table suggests that when the number of decoder iterations is reduced from 8 to 2 for a scheme with code rate 2/3, the UE complexity is reduced by more than 65%.

4 Conclusion

We demonstrate an obvious and significant performance gain that modulation diversity can offer to an OFDM system. Therefore, we suggest to consider modulation diversity as a part of the OFDM-based physical layer.
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Figure 8: UE complexity relative to an 8-iteration receiver.

Appendix: bit-metrics for component interleaving

A brief discussion on the computation of the bit metrics for soft decoding might be helpful for reproducing the simulation results. The key observation here is that component interleaving must be taken into account properly in the computation of the bit metrics. The following algorithm is a generalization of the one presented in [9].

Let us assume that after the component interleaving the real part of transmitted constellation symbol sx is contained in the received symbol rk, while the imaginary part of the same transmitted constellation symbol is contained in the received symbol rm. The indexes k and m denote the different cells in which the components of the constellation symbol sx are transmitted, where “cell” refers to a certain sub-carrier in a certain OFDM symbol interval.

Mathematically, we can represent the received constellation symbols rk and rm as 
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where 
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are the complex-valued channel-attenuation coefficients in the kth and mth cell, 
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are zero-mean complex-valued additive Gaussian noise samples with variance 
[image: image15.wmf]2

n

s

, and 
[image: image16.wmf]y

s

 and 
[image: image17.wmf]z

s

 are other transmitted constellation symbols (before component interleaving).

The symbol metric M(s) for the transmitted constellation symbol sx, is the normalized (by the noise variance) squared Euclidian distance between the de-interleaved received complex signal 
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 corresponding to 
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, and some constellation symbol s, whose components are weighted by the corresponding propagation channel amplitudes.

The de-interleaved received complex signal rx is given by
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(2)
where the random channel phase shifts caused by the propagation channel in cells k and m are cancelled. This cancellation of random phase shifts in the received signal components is necessary in order to make the phase of the de-interleaved received complex signal equal to the phase of one of the possible constellation symbols. Otherwise, in case that k
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m, the de-interleaved signal rx will contain also components of the constellation symbols 
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Hence, the symbol metric is given by
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where 
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When the real and imaginary part of a constellation symbol are transmitted in the same cell (k=m), the symbol metrics (3) reduce to


[image: image27.wmf],

1

)

(

2

2

s

H

y

x

M

m

m

n

-

=

s














(4)

which is the well-known log-probability metric for the flat fading channel (1). 

Finally, bit-metrics are computed from the symbol metric according to
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where 
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 is the subset of constellation points in the rotated constellation that have a ”1” in position i and 
[image: image30.wmf]-

i

b

S

 is the set of constellation points that have a ”0” in the position i.
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