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1 Introduction

This contribution follows previous ones presented within the "Analysis of OFDM for UTRAN enhancement" study item [1]

 REF _Ref22460266 \r [2]

 REF _Ref27819738 \r [3]. It aims at presenting an advanced OFDM modulation, named IOTA, which belongs to OFDM/OQAM family.

This modulation offers an optimal spectral efficiency, as it does not require any guard interval (or cyclic prefix), contrary to classical OFDM modulation. In this contribution, we first recall the OFDM/OQAM principles and present the IOTA modulation.

Then we propose parameters for an IOTA-based physical layer, and provide some simulation results.

2 Principles of the OFDM/OQAM modulation

2.1 OFDM/OQAM presentation

OFDM/OffsetQAM modulation, first introduced in 1981 by Hirosaki [4], is an alternative to classical OFDM modulation. Contrary to it, OFDM/OQAM modulation does not need the use of a guard interval (also called cyclic prefix), which leads to a gain in spectral efficiency (in bit/s/Hz). 

Its characteristics were recalled in e.g. [5]

 REF _Ref27822416 \r [6], and we present them again in this contribution.

Classical OFDM modulation uses a guard interval (or cyclic prefix) to efficiently combat the multi-path effect [1], at the price of a loss of spectral efficiency (up to 25% in Hiperlan2 or IEEE 802.11a standards). This cyclic prefix can be removed if the waveform (also called prototype function) modulating each sub-carrier is very well localized in the time domain to limit the inter-symbol interference. Moreover, it can be chosen well localized in the frequency domain to limit the inter-carrier interference.

This waveform must also guarantee orthogonality between sub-carriers. Functions having this double characteristic exist, but the optimally localized ones only guarantee orthogonality on real values [7], which leads to a “weak” orthogonality, as channel gain multiplying each sub-carrier is a complex random variable. OFDM/OQAM is an orthogonal multi-carrier modulation based on these types of prototype functions.

The transmitted signal is expressed:
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where am,n denotes the real information value (Offset QAM) sent on the mth sub-carrier at the nth symbol, M is the number of sub-carriers, 0 is the inter-carrier spacing, 0 is the OFDM/OQAM symbol duration, and g is the prototype function. Orthogonality is guaranteed if
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It can be shown that (2) is verified under certain hypothesis to which IOTA function fits.
Time-frequency lattice:

It is important to notice that the density of the time-frequency lattice related to OFDM/OQAM equals 2, i.e. 00 = ½. In other words, this modulation is as spectral efficient as classical OFDM without guard interval. Indeed, c.f. Figure 1, for a given inter-carrier spacing 0, on each sub-carrier, OFDM/OQAM carries one real value each 0 while classical OFDM without guard interval carries one complex value each 2*0. 


[image: image3.wmf] 

 t

0

 

  2

´

t

0

 

 n

0

 


Figure 1: OFDM w/o guard interval and OFDM/OQAM time and frequency lattices

Implementation:

As classical OFDM, OFDM/OQAM can be implemented using fast algorithms. The modulator is made of an IFFT followed by waveform filtering, and the demodulator uses the reverse functions.

The OFDM/OQAM signal can be generated by polyphase filtering, for which it can be shown that the density of 2 induces some simplifications. Globally, the additive complexity of the filtering is very acceptable (just like for filtered OFDM).

2.2 The IOTA modulation

In 1995, M. Alard first introduced this modulation in [8]. IOTA is an OFDM/OQAM modulation using a specific waveform. This IOTA waveform is optimally localized (the parameter  measuring the localization quasi equals 1). Moreover, as it is obtained by the orthogonalization of a Gaussian function, it has the same shape in time and in frequency, i.e. it is isotropic (see Figure 2 above). This makes it very resistant to both delay spread and Doppler, and hence it is particularly interesting to be used for transmission in mobile environment. For instance, IOTA has been recently adopted for a TIA standard [9].
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Figure 2: IOTA waveform and its Fourier transform
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Figure 3: IOTA and Rectangular Function Fourier transforms

The IOTA function is much more localized in the frequency domain than the Rectangular function used in classical OFDM (see Figure 3). Thus, we can see on Figure 4 that its spectrum is steeper.
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Figure 4: IOTA and Rectangular Function spectrums

Hereafter we evaluate the IOTA potential in the OFDM Study Item context (high data rate downlink transmission).

3 IOTA reference physical layer: parameters and performances

3.1 General assumptions

Same assumptions as those presented in [3] are taken. Only the OFDM modulation changes.

3.2 IOTA parameters

As a first attempt, we choose one set of parameters, adapted to propagation on HSDPA channels, denoted PedA3 (formerly OIA3), PedB3 (formerly OIB3), VA30 and VA120. 

The IOTA parameters shall meet the following constraints:

· The inter-carrier spacing 0 shall be chosen large with regard to Doppler bandwidth, and small enough regarding coherence bandwidth.

· The symbol duration shall be long w.r.t. the maximum delay spread of the channel, and small enough regarding the channel coherence time.

The proposed parameters are given in Table 1. As a comparison, we give the OFDM parameters that we proposed in our last contribution [3]. The gain in spectral efficiency clearly appears.

	
	IOTA
	OFDM (Set 1)

	Sampling frequency Fe (MHz)
	7.68
	7.68

	FFT size
	512
	600

	Cyclic prefix size (in samples) 
	0
	40

	Useful OFDM symbol duration Tu (s)
	33.33
	78.125

	Cyclic prefix duration Tg (s)
	0
	5.2

	Overall OFDM symbol duration Ts (s)
	33.33
	83.335

(= 500/6)

	Inter-carrier spacing f (kHz)
	15
	12.8

	Ratio Tg/Tu (%)
	0
	6.67

	Nb of OFDM symbols per slots (0,667 ms = 2 ms/3)
	20
	8

	Nb of OFDM symbols per TTI (2 ms)
	60
	24

	Nb of OFDM symbols per frame (10 ms)
	300
	120

	Actual modulated sub-carriers
	300
	350

	Signal bandwidth Bsig
	4.5

	4.5

	Raw QPSK symbol rate (Msymbol/s)
	4.5
	4.2

	Raw bit rate (Mbit/s)
	9
	8.4

	Net bit rate @ coding rate=2/3
	6
	5.6


Table 1: proposed set of parameters

Table 2 points out that the symbol duration and the inter-carrier spacing chosen are small face to both the coherence time and coherence bandwidth for all channels considered. 

	Channel
	Coherence time
	Coherence bandwidth 

	PedA 3
	91 ms
	~2.5 MHz

	PedB 3
	90 ms
	~270 kHz

	VA 30
	9 ms
	~400 kHz

	VA 120
	2.25 ms
	~400 kHz

	
	Symbol duration
	Inter-carrier spacing

	
	33.33s
	15 kHz


Table 2: Channel coherence time and bandwidth, symbol duration and inter-carrier spacing

3.3 IOTA framing

IOTA is an OFDM modulation differing from the classical one by the waveform modulating each sub-carrier. Hence, it can be combined with a time-frequency access just as OFDM can.

Regarding pilot insertion, scattered pilots can be inserted within the data, just as for classical OFDM. 

Regarding multiple access, the notion of modulation units presented in [3] is still valid.

3.4 IOTA link layer performances

3.4.1 Simulation conditions for IOTA modulation

	Parameter
	Value
	Comments

	Carrier frequency
	2 GHz
	Corresponds approximately to the UMTS bands 

	Sampling Frequency
	7.68 MHz
	Twice Tchip defined in CDMA

	Channel bandwidth
	4.5 MHz
	With this bandwidth, no additional filtering is needed to fit the spectrum mask

	Propagation condition
	PedA3, PedB3, VA30, VA120
	These channels were chosen for HSDPA evaluation. We will consider the VA250 channel in later studies.

	Vehicle speed
	3/30/120
	

	Channel Estimation
	Ideal
	

	Fast fading model
	Jakes spectrum
	Generated by Jakes.

	Symbol period
	33.33 s
	

	Inter-carrier spacing
	15 kHz
	

	Channel coding
	Turbo-code 
	mother coding rate 1/3 

6 iterations

	Channel code rate
	2/3 and 3/4
	

	Interleaving depth (TTI)
	2 ms
	Same TTI as in Release 5 HSDPA (FDD mode)

	Number of bits per symbol constellation
	1 (OFDM/OQPSK)
	Higher level constellation can be achieved, depending on the required throughput.

	Number of simulated bits
	3 km/h: 10 Mbits

30 and 120 km/h: 5 Mbits
	


3.4.2 Simulation results

In Figure 5, we show the IOTA performances, and recall for comparison the OFDM performances presented in [3]. The simulation conditions for OFDM are the same as in the previous contribution, except the coding rate and the bandwidth (4.5 MHz in place of 4.8 MHz). In terms of BER performances, there should not be more than 0.2 dB difference between the proposed set of OFDM parameters and the ones in [10], [11] and [12].

IOTA outperforms OFDM and this is normal: we compare both physical layers at the same spectral efficiency (1.5 bit/s/Hz). Hence, the gain in spectral efficiency for IOTA is converted into a more powerful capacity correction of the error correcting code. IOTA can be associated with coding rate of 3/4 while OFDM is associated with coding rate of 4/5.

On Figure 6 we compare the performances of the IOTA modulation with classical OFDM modulation at same coding rate (R=2/3). Even with the same coding rate and no guard interval, IOTA outperforms classical OFDM. On this figure, the bit rate of classical OFDM is 5.6 Mbps and the bit rate of IOTA is 6 Mbps.

Moreover, the spectrum of the IOTA modulation is steeper than the classical OFDM one (see Figure 4). So a larger bandwidth can be use with IOTA. A 4.8 MHz useful bandwidth with IOTA fits in the UMTS spectral mask (see Figure 7) and in that case the performances shown on Figure 6 would correspond to 6.4 Mbps.

Thus, the gain in throughput with IOTA is 800 Kbps with a QPSK constellation and R=2/3 and would reach 1.8 Mbps with a 16QAM modulation and ¾ coding rate.
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Figure 5: IOTA and classical OFDM at same spectral efficiency
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Figure 6: IOTA and classical OFDM at same coding rate (2/3)
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Figure 7: IOTA spectrum and UMTS spectral mask 

4 Conclusion

This contribution recalls the OFDM/OQAM principles and puts the light on a particular OFDM/OQAM called IOTA. After presenting its characteristics, we evaluate the potential of this modulation in the OFDM Study Item context. The simulation results provided confirm that the gain in spectral efficiency has a direct impact on the link layer performances.

Hence this contribution proposes that OFDM/OQAM, and among them IOTA, shall be considered during the Study Item evaluations.
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� As the spectrum with OFDM/IOTA is steeper than with classical OFDM, it could be possible to use a larger bandwidth without additional filtering.
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