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1    INTRODUCTION

This contribution aims at introducing an enhanced method of OFDM physical layer modulation called OFDM/Offset-QAM (referenced hereafter as OFDM/OQAM). Since it is based on OFDM modulation, it gets all the benefits of the OFDM e.g. robustness to multi-path time varying propagation (delay-spread) channel while offering high data transmission rate. This modulation is a filtered modulation and hence does not require guard interval since the channel delay/spread is absorbed by the modulation filter. As a direct consequence, the wasted resources (time/power) allocated to the guard interval in the OFDM/Guard Interval (OFDM/IG) system is directly used to convey useful data, this guarantees a spectral efficiency enhancement and a throughput increase. In addition to the guard interval removal advantage, the OFDM/OQAM modulation filter presented in this paper is flexible and thus can be optimally adjusted to all kind of propagation channel conditions.

(This contribution follows the ones presented in [1-2]).

2  Classical OFDM System Description

In order to better illustrate the OFDM/OQAM modulation principle, a comparison with the OFDM/IG classical system is done.

2.1 Description 

Let  EQ 

 EQ amn be the complex data to be send over the channel. When using an OFDM modulation system, the transmitted signal can be written as :
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where:


m 
: stands for frequency index : 0,1,.. M-1


M
: stands for the total sub-carriers number.


n  
: stands for time index  : –
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: sub-carriers separation  = 1/Ts => 
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 * Ts = 1 (density = 1)


Ts 
: symbol duration


g(t) 
: rectangular shaping filter 
=  1  0<t<Ts







=  0  t<0, t>Ts
M stands also for the over-sampling factor, in fact, the case M=1 means that only one symbol can be sent during the interval time Ts, and the whole frequency band bandwidth is occupied by only one symbol. When M is greater than one, the system can be able to send simultaneously M symbols, each modulated with a different frequency : 
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. The set of all these M waves constitutes a basis of dimension M. At the reception, each symbol can be recovered by proceeding a simple projection on its associated frequency wave :
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The frequency band bandwidth (W) is related to the symbol period (Ts) and the over-sampling factor (M) : 

W = M * 1/Ts = M * 
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.

A chip period Tc can thus be defined : Tc = Ts/M = 1/W = 1/(M*
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This modulation can be easily implemented by using an FFT algorithm of size M when M is a power of  2.

Orthogonality and thus perfect reconstruction at the reception side are guaranteed as far as the channel remains perfect (nor multipath (delay) neither time variation (Doppler)). 

The radio communication propagation channel model can be written as:
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is a complex Gaussian variable whose envelope follows a Rayleigh low and whose angle is uniformly distributed. Propagation channel echoes variation causes Inter Symbol Interference (ISI) and Inter Carrier Interference (ICI) and thus sophisticated equalization is required at the reception side. In order to overcome this problem, a Guard Interval (GI) is associated to each transmitted symbol, it aims at eliminating the interference. Thus the GI time must be greater than the latest channel echo. The resulting modulation method is called OFDM/GI.

A special manner to insert the GI is called the Cyclic Prefix (CP), in this method, the last L part of the symbol is sent at the beginning, L stands for the GI size. 

At the reception side, the GI is removed first, after that an IFFT operation is performed on the remaining M chips. By means of the CP method, the ISI/ICI channel is transformed to a multiplicative channel on each sub-carrier, single symbol equalization (SSE) is directly performed by dividing the output of each sub-carrier by the corresponding channel coefficient in frequency domain.

2.2 OFDM/GI is very efficient, and may be improved 
The OFDM/GI modulation is very attractive for its simplicity and its good resistance to the propagation channel condition. Simulations show that even for a fixed link level parameters, the BER/throughput is quite satisfactory. This performance can be improved regarding the system/channel propagation constraints. In fact, according to standards’ specifications, mobile propagation environment may change frequently going from very good conditions (i.e. moderate speed channel variation, short echo delay) to very bad conditions (i.e. fast speed channel variation and large echo delay). From a theoretical point of view, this creates several constraints in order to cope the best with these variations :

1- System has to modify the symbol period (Ts) in order to follow the velocity variation (Ts increases/decreases when velocity decreases/increases).

2- System has to modify the Guard Interval length (GI) in order to absorb the channel echoes and keep easy reception equalization.

3- In a multi-user perspective, in order to keep orthogonality among waves, the GI  must have the same length for all users, thus it must be adjusted according to the worst propagation channel conditions within a cell.

4- Special care has to be paid to the GI length in a soft handover configuration.

By introducing the filtered OFDM/OQAM system, the treatment of these points become easier resulting in an optimal system resources exploitation.

3  OFDM/OQAM Physical layer

3.1 Concept Description

One of the main ideas of the OFDM/OQAM system is the introduction of a shaping filter different from the rectangular one used in the classical OFDM/GI system. As in the OFDM system, the time/frequency shifted version of the filter have to be orthogonal in order to get a perfect reconstruction at the reception. Studies show that it is impossible to find a shaping filter satisfying these two conditions with 
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*Ts =1, in order to respect the perfect reconstruction with filtered OFDM system, 
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 must be at least = 2/Ts, which induces a loss in spectral efficiency by a factor of two. This means that in the frequency/time plan, points are frequency separated by 2
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 and temporally separated by Ts.

A solution to this problem is the introduction of an offset during modulation process [3-4], the shaping filter g(t) is real and thus the orthogonality has to be defined in real field. Between two (real) points in the time/frequency plan, we can insert another (real) point modulated by an imaginary filter which stay orthogonal to the real filter. Thus in time (real) points are separated with Ts/2 and on the frequency axe, (real) points are separated by 2
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/2 = 
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 which is the OFDM frequency sub-carrier separation. (Fig-1 illustrates the complex/real symbols distribution in time/frequency  plan)

Let g(t) be the real shaping filter, the offset version can be written as:
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with 
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= Ts/2 => 
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= ½ , this system is said to have a density of two.

Orthogonality conditions can be written as:

Time domain orthogonality :
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Frequency domain orthogonality :


[image: image21.wmf](

)

(

)

(

)

)

3

(

0

)

(

)

(

Re

)

5

(

)

(

)

(

Re

)

4

(

)

(

)

(

Re

)

2

(

)

2

(

)

2

(

)

2

(

)

2

(

)

2

(

0

0

0

0

0

0

=

-

-

=

-

-

=

-

-

ò

ò

ò

dt

lT

t

g

e

i

nT

t

g

e

i

al

dt

lT

t

g

e

i

nT

t

g

e

i

al

dt

lT

t

g

e

i

nT

t

g

e

i

al

s

os

t

m

i

m

s

t

k

i

k

km

nl

s

os

t

m

i

m

s

os

t

k

i

k

km

nl

s

t

m

i

m

s

t

k

i

k

n

p

n

p

n

p

n

p

n

p

n

p

d

d

d

d


Equations (1) and (2) are equivalent, and so (4) and (5). Thus the orthogonality conditions are expressed by equations (1), (3), (4) and (6).
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Fig-1 : OFDM unfiltered – OFDM filtered – OFDM/OQAM symbols distribution in time/frequency plan.

Let cmn =amn + i*bmn the complex data to be send, where amn and bmn stand for real and imaginary part respectively. The modulated signal can be written as :
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Remark 1 : an FFT operation concerns a vector of 2*M real input, we talk about OFDM real symbol. One OFDM real symbol is sent every 
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= Ts/2 second, thus, one OFDM complex symbol is sent every Ts second.

The demodulated data is obtained by taking the real part of the projection of the received signal on the corresponding wave and the corresponding matched filter:
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Multi-carrier part of the modulation/demodulation operations is done by means of FFT algorithm, while filtering (by g(t) and gos(t)) is done by polyphase technique. (Fig-2 illustrates the OFDM/OQAM transmission/reception chain.)
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Fig-2 : OFDM/OQAM  transmission chain.

3.2 Why we  can remove the GI

Originally, the Guard Interval has been introduced in order to absorb the multi-path channel delay echoes in such a way that OFDM symbols do not interfere in time. This functionality is fulfilled by the shaping filter. In other words :

1- the main part (lobe) of the filter has to be wide enough in time, with respect to the echoes’ delay, in such a manner that no distortion is induced on the resulting received signal.

2- the main part of the filter has to vanish quickly in order to limit the delayed version interference producing ISI.

Similar conditions apply in frequency domain.

According to above, shaping filter has to be flexible in order to cope with different propagation channel profiles, i.e. if the channel delays are long, then the filter has to be wide, if not, it may be tight.

3.3 IOTA filter

Conditions of othogonality and frequency/time localisation can be obtained by applying the Isotropic Orthogonal Transform Algorithm (IOTA) on a Gaussian filter [5-6]. The idea is to othogonalize the Gaussian function (which is well localized  but not orthogonal) in both time and frequency domain successively. This procedure has several advantages :

1- The resulting filter is symmetric in time and in frequency (since the Gaussian function is).

2- The resulting filter has the same shape in time and in frequency field (since the Gaussian function is). Doppler and Spread delay phenomena are analysed with the same philosophy.

3- The procedure is flexible meaning that filter wideness or tightness are fixed by the original Gaussian standard deviation value, this parameter is called 
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.

4- All resulting filters (for several values of 
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) can be obtained the one from the other by interpolating/undersampling procedures. Thus only one filter has to be generated at the beginning (e.g. with the highest 
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), the other ones can be obtained directly by undersampling. This guarantees a maximum of flexibility and adaptability to the transmission condition.

(Fig-3 shows the shape of IOTA function in linear scale for different values of 
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Fig-3 IOTA function in linear scale for different values of 
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3.4 Digital IOTA filtre design

Let Tc be the “chip” period, thus the whole frequency band bandwidth is W=1/Tc. Let 
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 be the IOTA parameter. IOTA is (digitally) generated with 
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= M*Tc. According to the OFDM/OQAM construction rules, subcarriers separation verifies 
[image: image35.wmf]0

0

*

t

n

= ½ = 1/(2*M*Tc) = W/(2*M). This means that the total number of subcarriers is equal to 2*M. This procedure shows the relation between the IOTA parameter 
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 and the length of the FFT (2M). The IOTA function may span several 
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, simulations show that 4
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 is widely enough.

3.5 Adaptation to propagation channel parameters

Multi-path radio-mobile channel is characterized by two parameters:

1- Mobile velocity: V => Doppler bandwidth Fd is related to the velocity by Fd = Fc * V/C (Fc carrier frequency, V: mobile velocity, C: light celerity). Coherence time is defined as Tcoh = 1/(2*Fd).

1- Channel maximum echo delay :
[image: image39.wmf]max
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 => Coherence Bandwidth Bc is related to channel maximum echo delay by Bc = 1/
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Since IOTA is isotropic, time and frequency filter shape are the same, the same condition has to be satisfied in time and frequency domain, e.g. 

1- 
[image: image41.wmf]0

t

<< Tcoh = 1/(2*Fd) in order to see a static channel during the filter length.

2- 
[image: image42.wmf]0

n

<< Bc = 1/
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 in order to get a non selective channel on each sub-carrier.

This gives the following condition to satisfy :
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/
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 = 
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/(2*Fd), which together with 
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*
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= ½ give the adequate value of M that fits the FFT condition (2*M is power of two). 

Example : 

Let Fc = 2010 MHz, Tc = 0.13 µs (half UMTS Tc) => W = 7.68 MHz

For Vehicular-A channel we have : 

V = 50 Km/H => Fd = 223 Hz,

Tmax = 2510 ns => Bc = 398 kHz

This gives 
[image: image49.wmf]0

t

/
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= 5.63 ns => 
[image: image51.wmf]0
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= sqrt(1/11.3e-9) ~ 9.42 kHz

tolerated value of 
[image: image52.wmf]0
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must satisfy W/
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 = power of two, thus the admitted neighbour values are 7.5 kHz (2*M=1024) or 15kHz (2*M = 512).

4 OFDM/OQAM Link Level Parameter Design 

System requirements taken into account are:

1- chip period Tc = 1/7680000 ~ 1.3 10-7 s (= half UMTS chip period) 

2- total frequency used band bandwidth = 5 MHz

3- number of FFT points is a power of two.

4- sub-frame (TTI) length = 2 10-3 s

4-1 IOTA System level parameter

the following table summarizes the resulting parameters for each channel type

Table-1 : system level parameters for OFDM/OQAM modulation

	Channel type

(V[kmh];
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 [ns])
	FFT size 

(2*M)
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 [kHz]
	Nbr useful 

sub-carriers
	Occupied BW

[Hz]
	Nbr of real

OFDM/

OQAM 

symbols per 2ms
	Nbr of complex 

OFDM/

OQAM 

Symbols per 2ms(*)

	OI-A (3    ; 410)
	2048
	3.75
	1333
	4998750
	15
	7.5

	OI-A (10  ; 410)
	1024
	7.5
	666
	4995000
	30
	15

	OI-A (50  ; 410)
	512
	15
	333
	4995000
	60
	30

	OI-A (120; 410)
	256
	30
	166
	4980000
	120
	60

	OI-B(3-50; 3700)
	2048
	3.75
	1333
	4998750
	15
	7.5

	OI-B (120; 3700)
	1024
	7.5
	666
	4995000
	30
	15

	Veh-A(30; 2510)
	2048
	3.75
	1333
	4998750
	15
	7.5

	Veh-A(50-120; 2510)
	1024
	7.5
	666
	4995000
	30
	15

	Veh-B(.-250; 20000)
	2048
	3.75
	1333
	4998750
	15
	7.5


(*) the distinction between real OFDM symbols and complex OFDM symbols is due to the fact that the OFDM/OQAM FFT inputs are real valued, and by means of the offset filter, one real OFDM symbol is sent every M*Tc seconds, thus one OFDM complex symbol is sent every 2*M*Tc. Thus 7.5 OFDM complex symbols means that the imaginary part (bmn) of the last symbol has not been sent (see Remark 1).

From Table-1, three Baud rates (complex symbol) can be obtained : 

1- 4,998750 MSymb/s for 
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 = 3.75 kHz.

2- 4,995000 MSymb/s for 
[image: image57.wmf]0

n

 = 7.5 kHz and 
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 = 15 kHz

3- 4,980000 MSymb/s for 
[image: image59.wmf]0
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 = 30 kHz

4-2 Bit Rate

The HSDPA system is supposed to use the same UMTS channel encoder, i.e. convolutional encoder of rate ½ or 1/3, or turbo-encoder of rate ½ or 1/3. Puncturing can be used in order to increase the channel rate up to 2/3 or ¾. Channel symbol modulation can be done with QPSK or 16QAM. For the OFDM/OQAM modulation, real part are modulated with g(t) and imaginary part are modulated with the offset-filter gos(t). As a comparison, we consider an OFDM/GI system with an FFT size of 1024, and Guard Interval of size 64. The resulting rates are summarized in the following table.

Table-2: System coding rate and information rate

	Modulation
	Channel 

encoder rate
	Total Rate
	Baud Rate

[symb/sec]
	OFDM/OQAM

Information

Bit rate [Mb/s]
	OFDM/GI

Information

Bit rate [Mb/s]

	QPSK
	½
	1


	4998750
	4.998
	4.7



	
	
	
	4995000
	4.995
	

	
	
	
	4980000
	4.98
	

	QPSK
	2/3
	4/3


	4998750
	6.665
	6.26

	
	
	
	4995000
	6.66
	

	
	
	
	4980000
	6.64
	

	QPSK
	¾
	3/2


	4998750
	7.498
	7.05

	
	
	
	4995000
	7.4925
	

	
	
	
	4980000
	7.47
	

	16QAM
	½
	2
	4998750
	9.9975
	9.4

	
	
	
	4995000
	9.99
	

	
	
	
	4980000
	9.96
	

	
	2/3
	8/3
	4998750
	13.33
	12.536

	
	
	
	4995000
	13.32
	

	
	
	
	4980000
	13.2
	

	
	¾
	3
	4998750
	14.996
	14.1

	
	
	
	4995000
	14.985
	

	
	
	
	4980000
	14.94
	


The rate difference between OFDM/OQAM and OFDM/GI due to the guard interval is a factor of 1024/(1024+64)=0.9412. This difference concerns energy too since no information is sent during the guard interval time, the energy degradation is then equal to –0.26dB. 

5- OFDM/GI - OFDM/OQAM performance comparison 

When comparing different transmission systems, the criteria is usually chosen to be the information rate. In our case, this is hardly feasible since by trying to fix the same information bit rate, we will come out with a unrealisable coding rate. Thus no system level conclusion can be made. The comparison can be carried  out differently.

The question to answer now is the following :

Admitting that OFDM/OQAM provides higher data rate and requires less energy than OFDM/GI for the same coding/mapping configuration. Is there any performance degradation caused by the use of the IOTA shaping filter?
To answer this question, three channels configurations are simulated (cf Table-2) : 

OI-A(3kmh), OI-A(50kmh), OI-B(3kmh), OI-B(50kmh), VehA(50kmh), VehA(120kmh). The total number of sub-carrier is 1024, (IOTA 
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 parameter is fixed to 512). Channel encoder is the UMTS convolutional encoder with rate ½. The interleaver is a matrix shape, it spans 500 OFDM symbols. Mapping used is QPSK.
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Fig-5 OFDM versus IOTA OIA-3km/h, FFT size =1024, GI=64, Interleaver length =504
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Fig-6 OFDM versus IOTA OIA-50km/h, FFT size =1024, GI=64, Interleaver length =504
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Fig-7 OFDM versus IOTA OIB-3km/h, FFT size =1024, GI=64, Interleaver length =504
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 Fig-8 OFDM versus IOTA OIB-50km/h, FFT size =1024, GI=64, Interleaver length =504
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 Fig-9 OFDM versus IOTA VA-50km/h, FFT size =1024, GI=64, Interleaver length =504
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 Fig-10 OFDM versus IOTA VA-120km/h, FFT size =1024, GI=64, Interleaver length =504

As figures show, OFDM/OQAM-IOTA performances are equal if not better than those of OFDM/GI.

6- OFDM/OQAM-IOTA parameter accuracy

As mentioned before, in order to cope the best with the channel constraints, IOTA parameter 
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 must be adjusted (according to §3-5). In order to illustrate this effect, two propagation channels have been considered : OI-A (50km/h) and VA(50 km/h). Comparison is done without channel coding in order to get rid of the interleaver effect. 
OI-A(50km/h) : Calculation shows that the best parameter value 
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 is equal to 256 (FFT size is 512), comparison is done with 
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 is equal to 512 (FFT size is 1024). Figure 11.
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Fig-11 Comparison for two IOTA parameter 
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values, optimal value = 256 => FFT size=512. OIA channel, V=50km/h

VA-50 (km/h) : Calculation shows that the best parameter value 
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 is equal to 512 (FFT size is 1024), comparison is done with 
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 is equal to 256 (FFT size is 512) and 
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 is equal to 1024 (FFT size is 2048). Figure 12.
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Fig-12 Comparison for several IOTA parameter 
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values, optimal value = 512 => FFT size=1024. VA Channel, V = 50km/h.

These comparisons illustrate the benefit of adapting the IOTA parameter to the channel parameters in order to get the best performances. Even if the RAW BER difference is not huge, but when associated to channel coding, the gain worth changing the parameter.

7- Conclusion

In this study, we have shown the advantages of using a modulation based on OFDM/OQAM-IOTA. The removing of the Guard Interval and the best adequacy to the radio-mobile channel parameters (by means of IOTA flexibility) are the main advantages of the enhanced method. This is obtained with no significant increase in complexity since the additional element (filtering) is done by polyphase technique. Due to the well IOTA function time/frequency localisation, the system suffers from less interference and so better performance can be obtained. Channel estimation is done as in the classical OFDM system (interpolation within pilot symbols).
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