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Questions and Answers on the properties of the MB-OFDM PHY
1) Question: OFDM signals contain lots of sine waves and these spectral lines will cause more interference than a noise-like signal 

Answer: If we consider each 4.125MHz sub-carrier as modulated by an independent pseudo-random QPSK signal, we can easily imagine the sin(x)/x spectrum that would result for that individual sub-carrier. By comparison with 3G W-CDMA systems occupying a similar bandwidth, a single sub-carrier of the MB-OFDM system can be considered as having the desired "white" and "random" characteristics, since the chip rate of a 3GPP system is similar to the symbol rate for just one of the MB-OFDM sub-carriers. 
Now consider frequency upconversion to contiguous, non-overlapping bands of the resultant white and noise-like psuedo-random QPSK modulations: the result would be a larger bandwidth, white and random signal, would it not? The whiteness of a signal is determined by how flat its spectrum is and I don’t think there is any signal that has a more flat spectrum than OFDM. It is a characteristic of OFDM that this addition of adjacent sub-carriers is done such that the output signal is as flat as possible and therefore the in-band signal it is as white as AWGN.
It should be clear that the upconversion of a random, wideband sequence will not alter it's spectrum or its statistics. It does not matter if we perform that up-conversion using a pairs of quadrature mixers with individual LOs, or using efficient numerical methods such as the IFFT. The ensemble of more than 100 such upconverted signals does not contain tones, any more than the individual sequences did.  Again, frequency shifting by means of an IFFT, or otherwise, does not change the spectral shape or the "randomness" of the signal. 
Furthermore, the Central Limit Theorem shows that the ensemble of 100 tones will have an approximately Gaussian amplitude distribution in each of the quadrature dimensions, as contrasted to the three discrete lines in the PDF of ternary direct spread waveforms. 
2) Question: OFDM is better suited to obtaining lots of bits/second/Hz and is fundamentally not the right choice for a system where bandwidth/bitrate should be substantially greater than unity. 

Answer: OFDM may be correctly considered as a frequency-domain multiplexing technique. The very name Orthogonal Frequency Division Multiplexing should make that clear. The resulting sub-carriers can be used to take any modulation technique we would like, from robust and simple low-order modulations to very high order modulations. It is true that the each sub-carrier channel can be received with low ISI. This low ISI offers the opportunity (but does not require us) to use higher order modulation schemes. This can be especially useful in cases where we are bandwidth constrained. However, there are numerous advantages in a UWB system (where we are power limited) to use very simple and robust modulation schemes such as BPSK or QPSK, combined with powerful convolution coding and repetition codes. The historical use of OFDM in band-limited systems should not confuse our thinking: the choice of modulation method and the choice to multiplex in time, frequency or code are fundamentally independent of each other. 

3) Question: OFDM requires much higher SNRs for a useful packet error rate than the simple binary modulations that might be used a DSSS system. 

Answer QPSK modulation employed by MB-OFDM is a very robust and simple modulation scheme, especially when combined with a powerful forward error correcting code. OFDM combats the intersymbol interference problem by employing orthogonal carriers. This combined with the power forward error correction for 110, 220 Mbps implies that contrarily MB-OFDM outperforms DS-CDMA. The required operating Eb/No for the MB-OFDM scheme is approximately 4dB for 8% PER on 1024Byte packets. 

4) Question: OFDM systems require extremely high precision frequency matching to maintain sub-carrier orthogonality. 

Answer: The maximum tolerable offset between transmit and receive local oscillators is dictated by the sub-carrier spacing. In other words, once the frequency offset exceeds a certain fraction of the sub-carrier spacing, the inter-carrier interference starts to cause symbol errors. In this respect, we are in much better shape than 802.11a for two reasons: 

1) The carrier spacing is 4.125MHz in the UWB system compared to 312.5kHz in 802.11a.  

2) The use of a low order, robust QPSK modulation allows more ISI to be tolerated compared to 64-QAM. 

Using QPSK, we may tolerate a frequency offset of up to 5% of the sub-carrier spacing with negligible performance loss. This amounts to an allowable frequency offset of 206.25kHz which is >50ppm error at a 4GHz carrier frequency. Such tolerances are easily achieved with low cost crystal oscillators and may be corrected further by baseband algorithms. 
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Figure 1:QPSK scatter plot due to frequency-offset error of 5% of sub-carrier spacing

5) Question: OFDM systems require very high linearity and I/Q matching for successful demodulation. 

Answer: While a 64-QAM OFDM system is quite sensitive to intermodulation among sub-carriers caused by non-linearities, the QPSK modulation used in the MB-OFDM PHY is much more robust. Similarly, the I/Q matching requirement is reduced because QAM modulation can take quite a beating before it starts to return decision errors. Given the number of successful designs that exist for highly integrated receiver designs for the 64-QAM 802.11a/g market, the linearity and precision requirements for the presently considered QPSK MB-OFDM PHY proposal are quite manageable. 

6) Question: OFDM systems do incoherent processing of bandwidth.

Answer: OFDM divides the total signal bandwidth into smaller sub-carriers. Each of the sub-carriers sees a different channel in the frequency domain depending upon the multi-path characteristic and frequency selectivity of the channel. The phase derotator after the FFT block at the receiver compensates for phase offsets on the individual carriers and applies an appropriate channel weight according to the SNR at each frequency bin. Each individual carrier sees only single path diversity. The Viterbi decoding block then combines the individual path diversities of the bits effectively giving a higher order diversity to the symbols decoded at the Viterbi decoder output.
 Thus the OFDM signal is processed coherently and its performance is dependent upon the forward error correction code chosen. MB-OFDM employs a rate 11/32, K = 7 convolutional code for 110 Mbps which is very powerful and it gives excellent performance both in AWGN and multi-path channels. Due to the 128 length FFT and a length 60.6 ns cyclic prefix, it implies OFDM in combination with the Viterbi decoder and time frequency interleaving employed can coherently combine all multi-path components up to 60.6 ns of delay spread. Further this coherent combining is achieved at a logarithmically lower complexity compared to an equivalent DS-CDMA system. That is why the performance of MB-OFDM outperforms XSI’s DS-CDMA by about 5 dB in the multi-path channels [03267r5P802-15_TG3a-Multi-band-OFDM-CFP-Presentation.ppt]. The coherent processing of MB-OFDM can be illustrated pictorially by understanding how forward error correction works for MB-OFDM;


Figure 2: The trellis diagram for a Viterbi decoder is shown for a zero state. When ever an error occurs, the trellis returns to its zero state after staying away for dfree bits. 

The figure 1 shows an example trellis diagram for a Viterbi decoder for an MB-OFDM system. Let us say the free distance for the Convolutional code that is employed is dfree​ and let 
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be the soft output of the MB-OFDM tone i after the FFT and the derotation at the receiver. In this case, the asymptotic bit error rate for the Viterbi decoder output can be shown to be given by;
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Where Eb/N0 is signal to noise ratio per bit. One can easily identify the term 
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as equivalent to a maximal ratio combining output of a DS-CDMA receiver. Hence, the Viterbi decoder for MB-OFDM acts for coherently combining the different MB-OFDM tones. 

To summarize, it is absolutely incorrect to claim that OFDM does an incoherent processing.

7) Question: The only way for OFDM systems to out perform DS-CDMA is with a back channel to stuff more bits on the tones with large SNR.

Answer: As mentioned in (6) above, with a strong code as used in MB-OFDM, MB-OFDM performs coherent processing and outperforms DS-CDMA. No back channel is needed to achieve this. Simple QPSK modulation is transmitted on all OFDM carriers of the MB-OFDM. Back channel based techniques further improve the performance of OFDM systems wherein bit stuffing can be done on a per channel basis. However, typically for wireless channels this is difficult to achieve in practise because of the bandwidth required for the back channel, although not impossible. The MB-OFDM does not need to employ any back channel for its improved performance over DS-CDMA. 

8) Question: The coherent processing bandwidth of MB-OFDM is 528 MHz, hence MB-OFDM is limited in its ranging abilities compared to DS-CDMA 

Answer: Even though each of the bands of the MB-OFDM occupies 528 MHz, the overall bandwidth of MB-OFDM mode 1 is 3*528 MHz = 1.584 GHz. Coherent processing techniques using DSP can be employed for combining ranging data from the different bands giving an overall coherent processing bandwidth of 1.584 GHz. Hence, MB-OFDM’s coherent processing bandwidth is the same as DS-CDMA; in fact due its FFT/IFFT structure, MB-OFDM exploits this bandwidth in a much more efficient fashion compared to DS-CDMA leading to improved performance over DS-CDMA. 
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� The addition of channel weighted and phase corrected diversity components can be considered as Maximal Ratio Combining and thus delivers the optimum available SNR from multiple independent inputs.
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