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1 Introduction

At RAN1 ad-hoc meeting on LTE the technical report TR25.814 has been updated [1]. It now includes a section (7.1.1.1.2) on enhanced OFDM-based modulation schemes such as OFDM/OQAM. This contribution provides a technical overview of this family of advanced OFDM modulations. Simulation results over Typical Urban (TU) channel model are also provided. A companion contribution [3] contains a text proposal for section 7.1.1.1.2 of the technical report.

2 OFDM/OQAM
Contrary to conventional OFDM modulation, OFDM/OQAM modulation does not require a guard interval (also called cyclic prefix). For this purpose, the prototype function modulating each sub-carrier must be very well accurately localized in the time domain, to limit the inter-symbol interference for transmissions over multipaths channels.
This prototype function can be also accurately localized in the frequency domain, to limit the inter-carrier interferences (due to Doppler effects, phase noise…). This function must also guarantee orthogonality between sub-carriers both in time and frequency domains. 
It is mathematically proven that when using complex valued symbols, the prototype functions guaranteeing perfect orthogonality at critical sampling rate can not be well localised both in time and frequency. For instance the unity function used in conventional OFDM has weak frequency localisation properties and obliges using a cyclic prefix between the symbols to limit inter-symbol interference.

To let the use of accurately localised functions in the time-frequency domain OFDM/OQAM introduced a time offset between the real part and the imaginary part of the symbols. Orthogonality is then guaranteed only over real values. The corresponding multi-carrier modulation is an OFDM/OQAM. The OFDM/OQAM transmitted signal is expressed as
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where am,n denotes the real valued information value (can be the real part or the imaginary part if the Offset QAM symbol) 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. It is important to notice that the density of the time-frequency frame related to OFDM/OQAM equals 2, i.e.  = ½. In other words, this modulation has the same spectral efficiency as conventional OFDM without guard interval. Notation: in OFDM/OQAM, the symbol duration is usually noted 0 and 0 = Tu/2 where Tu represents the conventional OFDM useful symbol duration. The inter-carrier spacing is denoted 0 and is equivalent to the f in conventional OFDM. 

Orthogonality is guaranteed if
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Equation (2) is verified for all {m,m'} and {n,n'} if g is even and if
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 is the ambiguity function of g. These orthogonality conditions on the function g impose a "complex" orthogonality of the function only over ¼ of the time frequency points in the time-frequency lattice. As in OFDM/OQAM this lattice as a density of 2 ( = ½) these conditions impose to find a function g that guarantees orthogonality over a lattice of density ½. This allows more flexibility on the choice of the prototype function g. 
Figure 1 depicts the signal Generation Chain of an OFDM/OQAM signal.
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Figure 1: OFDM/OQAM Signal Generation Chain

The modulator generates N real valued symbols, each 0 where 0 = Tu / 2. The symbols are then dephased, they are multiplied by im+n before the IFFT as it is noted in (1).


[image: image7.wmf] 

 t

0

 

  2

´

t

0

 = T

u

 

 n

0

 


Figure 2: OFDM/OQAM time and frequency lattices (compared to OFDM w/o guard interval)

The main difference of OFDM/OQAM over conventional OFDM signal generation stays in the filtering by the prototype function g after the IFFT, instead of the cyclic prefix addition.

Thanks to the Inverse Fourier Transform, the prototype function g is implemented in its polyphase form, which reduces strongly the complexity of the filtering. Moreover the density 2 induces some more simplifications in the polyphase implementation. Figure 3 shows a possible polyphase implementation of both an OFDM/OQAM modulator and demodulator (Gi are the polyphase components of the prototype filter).
[image: image8.emf]
Figure 3: OFDM/OQAM polyphase implementation
One candidate for OFDM/OQAM filter (g) is IOTA (Isotropic Orthogonal Transform Algorithm) prototype obtained by orthogonalizing the Gaussian function in both time and frequency domains according to Schmidt method; see Figure 4. 

Another particularity of IOTA is the spectrum of the generated signal. Thanks to its good frequency localisation, the resulting spectrum is steeper than for conventional OFDM. Figure 3 shows the Fourier transform of both the rectangular function used in conventional OFDM and IOTA. Figure 4 depicts the resulting spectra of the signals generated by both rectangular filter used in classical OFDM system and IOTA function used for OFDM/OQAM system. (FFT length is 512 and 300 sub-carriers are modulated (parameters corresponding to the 5 MHz case in [1])).
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[image: image9]
Figure 4: Temporal and spectral representation of the IOTA prototype filter
Another particularity of OFDM/OQAM is the spectrum of the generated signal. Thanks to the good frequency localisation of the prototype function g, the resulting spectrum is steeper than for conventional OFDM. Figure 5 shows the Fourier transform both of the rectangular function used in conventional OFDM and of a particular function named IOTA (Isotropic Orthogonal Transform Algorithm) that can be used for OFDM/OQAM. Figure 6 depicts the resulting spectra of the respective generated signal. For both schemes we chose an FFT length of 512 and 300 sub-carriers are modulated (parameters corresponding to the 5 MHz case in [1]).
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Figure 5: IOTA and Rectangular Function Fourier transforms
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Figure 6: OFDM/IOTA and conventional OFDM spectra
It is worth noting that OFDM/OQAM/IOTA can be used for both TDD and FDD transmission scheme just as conventional OFDMA.
3 Simulation Results

In that section we present simulation results over the Typical Urban channel. The velocity is 3 km/h. Simulation parameters for OFDM (Short and Long prefix) correspond to the 5 MHz case of Table 7.1.1-1 from TR25.814. Simulation parameters for OFDM/OQAM using the IOTA filter correspond to the 5 MHz case of the table proposed in [4], all these tables are also in annex of this document.
Figure 7 depicts the block error rates of conventional OFDM with short and long cyclic prefixes and compares it to OFDM/OQAM using the IOTA filter (also called IOTA-OFDM). 
Results show that for a given signal power, i.e. at same SNR, the block error rates are very similar for all these schemes. However the block sizes are different (the block sizes correspond to the full resource during 1 TTI), Table 1 below summarizes the block sizes for the simulated MCS (in information bits per block).
	MCS
	OFDM Long CP
	OFDM Short CP
	IOTA-OFDM

	QPSK (R=1/2)
	1800
	2100
	2250

	QPSK (R=2/3)
	2400
	2800
	3000

	16-QAM (R=2/3)
	4800
	5600
	6000

	16-QAM (R=3/4)
	5400
	6300
	6750


 Table 1: Conventional OFDM and OFDM/IOTA Block Sizes
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Figure 7: Conventional OFDM and OFDM/IOTA BLER over Typical Urban channel
Using the following formula to provide an approximation of the maximum throughput per MCS over this channel: 
Throughput = Block_size/TTI * (1 – BLER),
we obtain results depicted on Figure 8. These results show about 8 to 12% gain of IOTA-OFDM over conventional OFDM using the Short-CP and a 25 to 35 % gain over OFDM using the Long-CP.
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Figure 8: Conventional OFDM and OFDM/IOTA throughput over Typical Urban channel
4 Conclusion
With this contribution we provide an overview of OFDM/OQAM. We show that the throughput gain of OFDM/OQAM using the IOTA filter can be up to 35 % over conventional OFDM schemes. It has also to be noted that in this contribution we do not consider spectrum aspects for the simulations. However, as shown on figure 6, as the spectrum of OFDM/OQAM can be much steeper that the conventional OFDM one, additional gain can be expected when modulating more sub-carriers with OFDM/OQAM. 

A text proposal for section 7.1.1.1.2 of [1] also stands in a companion contribution [3].
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ANNEX – Simulation parameters

Table 2 – OFDM Parameters for downlink transmission scheme
	Transmission BW
	1.25 MHz
	2.5 MHz
	5 MHz
	10 MHz
	15 MHz 
	20 MHz

	Sub-frame duration 
	0.5 ms

	Sub-carrier spacing
	15 kHz

	Sampling frequency 
	1.92 MHz
(1/2 ( 3.84 MHz)
	3.84 MHz
	7.68 MHz
(2 ( 3.84 MHz)
	15.36 MHz
(4 ( 3.84 MHz)
	23.04 MHz
(6 ( 3.84 MHz)
	30.72 MHz
(8 ( 3.84 MHz)

	FFT size
	128
	256
	512
	1024
	1536
	2048

	Number of occupied 
sub-carriers
	76
	151
	301
	601
	901
	1201

	Number of 
OFDM symbols 
per sub frame
(Short/Long CP)
	7/6

	CP length (μs/samples)
	Short
	(4.69/9) ( 6,

(5.21/10) ( 1
	(4.69/18) ( 5,
(4.95/19) ( 2
	(4.69/36) ( 3,

(4.82/37) ( 4
	(4.75/73) ( 6,

(4.82/74) ( 1
	(4.73/109) ( 2,

(4.77/110) ( 5
	(4.75/146) ( 5,

(4.79/147) (2

	
	Long
	(16.67/32)
	(16.67/64)
	(16.67/128)
	(16.67/256)
	(16.67/384)
	(16.67/512)


Table 3 – OFDM/OQAM parameters for downlink transmission scheme
	Transmission BW
	1.25 MHz
	2.5 MHz
	5 MHz
	10 MHz
	15 MHz 
	20 MHz

	Sub-frame duration 
	0.5 ms

	Sub-carrier spacing
	15 kHz

	Sampling frequency 
	1.92 MHz
(1/2 ( 3.84 MHz)
	3.84 MHz
	7.68 MHz
(2 ( 3.84 MHz)
	15.36 MHz
(4 ( 3.84 MHz)
	23.04 MHz
(6 ( 3.84 MHz)
	30.72 MHz
(8 ( 3.84 MHz)

	FFT size
	128
	256
	512
	1024
	1536
	2048

	Number of occupied 
sub-carriers
	76
	151
	301
	601
	901
	1201

	Number of 
OQAM symbols 
per sub frame

	15

	CP length
	0
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