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1 – Introduction
A Study Item on the feasibility of the introduction of OFDM in UTRAN was closed in June 2004 by the RAN. The aim of this study was to evaluate the performance of a new radio interface (using OFDM modulation) to provide high bit rate in downlink. The scope was very restrictive: only "textbook" OFDM considered for performance evaluation. The Study Item concluded that there were no issues precluding OFDM. It was proposed by several companies at RAN plenary meeting #24 that OFDM should be further studied at 3GPP.

As already suggested during the OFDM SI, they are different ways to improve textbook OFDM performances. One of them is the introduction of advanced OFDM waveforms as IOTA. Another possible enhancement is to combine OFDM with MIMO techniques. Note that MIMO techniques and the IOTA waveform do not exclude each other for the enhancement of OFDM.

2 – OFDM as alternative air interface

The studies performed on at 3GPP RAN WG1 during the last 2 years have shown that the OFDM based HSDPA solution provides some advantages compared to the W-CDMA based solution. Depending on the W-CDMA receiver considered for the comparison (Rake, MMSE, LMMSE,…), these advantages concern essentially throughput or complexity. However, theses advantages have not been fully quantified.
It should also be noted that, as a consequence of the OFDM principle, the design of an OFDM receiver is straightforward, which means that the basic design of a textbook OFDM detector provides immediately the expected performance of textbook OFDM. In other words, there is no gain of complexity in designing a receiver that would have more limited performances. This is not the case for the advanced (MMSE or other types) W-CDMA solutions, for which various levels of implementations are possible depending on targeted performances. With the OFDM solution, the optimal throughput of the network is obtained from the beginning. However, the textbook version of OFDM can still be improved by the introduction of advanced modulation techniques such as the introduction of new waveforms or/and the association of OFDM with MIMO schemes.
We recommend considering OFDM as a serious candidate for RAN evolution. The scope of OFDM studies should be larger than the scope of the Study Item; taking into account at least enhanced OFDM schemes with MIMO and advanced waveforms. We are in favour of a new feasibility study within RAN followed by a work Item
Following paragraphs provide technical details OFDM modulation. Section 2.1 presents interferences issues for OFDM in multi-cellular environments. Details about an enhanced OFDM scheme called OFDM/IOTA are given in section 2.2. 
2.1 OFDM in multi-cellular environments
At system level, we need to evaluate reliably the channel quality of each user in the cell in order to select the modulation and coding schemes that will maximise the throughput. It is also important to provide accurate bit reliability metrics to the channel decoder.
Due to multi-path propagation, each of the sub-carriers suffers from a different SIR value as the signal power received varies over the 5 MHz band. During the OFDM Study Item, the channel quality evaluation method retained in the link-to-system interface was an exponential mapping function that provides a global SIR value over all the sub-carriers. Evaluating the channel quality through this method is optimal if the noise/interference is white and Gaussian. 
In CDMA, the interference experienced by a user is homogeneous over time as long as no new users are admitted into or leave the system. Interference between users is directly related to the cross-correlation between their spreading codes. These codes are chosen so as to be orthogonal, or at least exhibit a low cross-correlation, and as a result of this techniques such as successive interference cancellation give good results. Furthermore, when no interference cancellation is attempted, the interference can be considered as a white Gaussian noise. The interference experienced in an OFDMA system is quite different from that of a CDMA system. When users from different cells are present on the same sub-carrier during a given OFDM symbol interval, what we have is directly a superposition of QPSK or QAM modulated signals with unknown fading gains.

In the following figures we present link-level simulation results with realistic multi-cellular interference. We have considered here to simulate as interfering signals the 2 strongest interfering cells. The interference coming from the other cells is assumed to be white and Gaussian. We considered that the interfering cells were partially loaded
, leading to a non uniform interference over the sub-carriers. In the OFDM Study Item it was shown [2] that if the SIR was perfectly known over the sub-carriers, inter-cell interference doesn't affects the BER more than white Gaussian noise. Is was also shown that a simplified method using a single SIR value per group of adjacent sub-carriers was leading to performances very close to the full SIR information [3].

Here we present simulation results with a realistic SIR estimation. The OFDM parameter sets correspond to the set 2 of [1]. We first simulate the case where the PSD of the interference is unknown in the receiver and considered as white and Gaussian. Thus the LLRs (Log Likelihood Ratios) of received bits are estimated only from the power received on each sub-carrier. This corresponds to the no estimation curve (in red). In green the ideal value averaged over sub-set of adjacent sub carriers is given to the turbo decoder. 
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Figure 1 – BLER for QPSK (2/3 rate), 2 users per interfering cell : filtered demapping-remapping

The two demap-remap curves correspond to a realistic estimation method of the SIR. The LLRs are weighted directly by the difference between the received signal and the result of the demapping-remapping operation. Then these LLRs are filtered before the turbo-decoder. The applied filtering is a simple polynomial interpolation, either of order zero (averaging) or of order one (linear). This filtering is applied per sub-band that is to say per block of 47 consecutive sub-carriers
 of a given OFDM symbol.
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Figure 2 – BLER for QPSK (2/3 rate), 8 users per interfering cell : filtered demapping-remapping
As shown on Figure 1 and Figure 2, weighting the LLRs passed to the channel decoder using the demapping-remapping estimation method followed by averaging for each sub-band is a very interesting means of increasing the system's performance. Not only does it yield performance gains regardless of the load of the interfering cells and the SIR level, but it does so at the cost of very little computational complexity.
2.2 Improvement of OFDM using the IOTA waveform
OFDM modulation is well known for its robustness to multi-path time varying propagation channels. This is mainly due to the insertion of a guard interval (cyclic prefix), a very efficient and simple way to combat multi-path effects. However, guard interval is pure redundancy, which decreases the spectral efficiency (sometimes 25% loss). It is interesting to study alternative OFDM modulation schemes, which can provide the same robustness without requiring a guard interval, i.e. offering an optimal spectral efficiency.

For this purpose, the prototype function modulating each sub-carrier must be very well localized in the time domain, to limit the inter-symbol interference. Moreover, it can be chosen very well 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. Functions having these characteristics exist, but the optimally localized ones only guarantee orthogonality on real values. The corresponding multi-carrier modulation is an OFDM/OffsetQAM.

Among these functions, the localization is optimal with the IOTA (Isotropic Orthogonal Transform Algorithm) function [4]. The OFDM/OQAM transmitted signal is expressed:
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        (1)

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. The gm,n represent the time-frequency shifted versions of this prototype. Orthogonality among the sub-carriers is guaranteed if:
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(2)

This is verified by the IOTA function [4]. It is important to notice that the density of the time-frequency frame related to OFDM/OQAM equals 2, i.e. (0(0 = ½. In other words, this modulation has the same spectral efficiency as classical OFDM without guard interval
.

On Figure 3 we present the signal Generation Chain of an OFDM/OQAM signal. 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).
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Figure 3 – OFDM/OQAM Signal Generation Chain

The main difference between OFDM/OQAM and classical OFDM signal generation stays in the filtering by the prototype function g(t) after the IFFT, in place of the cyclic prefix addition. Thanks to the Inverse Fourier Transform, the prototype function g(t) is implemented in its polyphase form, which reduces strongly the complexity of the filtering. More technical details on IOTA are given in [1].

In Figure 3 we show link level simulation results over Vehicular A channel at high velocities (120 km/h and 250 km/h). The OFDM schemes simulated are textbook OFDM parameter sets from [1] and an OFDM/IOTA parameter set. Table 1 gives essential parameters for these 3 sets. 
	Parameters
	Set 1 
(OFDM)
	Set 2 
(OFDM)
	Set 3 (OFDM/IOTA)

	FFT size (points)
	512
	1024
	512

	OFDM sampling rate (Msamples/sec)
	7.68
	6.528
	7.68

	Guard time interval (samples/μsec)
	56 / 7.29
	64/9.803
	0

	OFDM symbol duration (μsec)
	73.96
	166.67
	33.33

	# of useful subcarriers per OFDM symbol 
	299
	705
	299

	OFDM bandwidth (MHz)
	4.485 
	4.495
	4.485


Table 1 – Link-level OFDM parameters

Results from Figure 4 show that for all OFDM parameter sets, link-level performances converge even in a high Doppler environment with still using a simple detector in the receiver.
In OFDM the spectral efficiency increases as the impacts of the guard interval reduces. For set 1, the 2 ms TTI corresponds to 8073 modulated QAM symbols; for set 2, 8460 QAM symbols are modulated and for OFDM/IOTA set we reach 8970 QAM symbols. Note that this number of symbol corresponds to the total number of modulated symbols that will be used for data, pilots and signalling. It corresponds to the current 7680 QAM symbols modulated in HSDPA. 
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Figure 4 – BLER for QPSK, 2/3 rate Turbo-code over Vehicular A channel, ideal channel estimation
3 – Combination of OFDM with MIMO techniques
3.1 Advantage of using MIMO-OFDM

By using an OFDM modulation, multi-path wireless channels are converted into sets of independent flat fading channels per sub-carrier. Thus the equalization process is reduced to a simple 1 coefficient equalizer per sub-carrier. By extending to the MIMO case, each resulting multi-antenna sub-channel is represented by a complex coefficient, thus MIMO processing is reduced to a 2D algorithm (one dimension for the transmit antennas and other one for the receive antennas) while another dimension is needed (for the channel delay) in case of frequency selective multi-antenna channels including W-CDMA transmission. When using advanced MIMO techniques like spatial multiplexing (BLAST) for which a matrix inversion is needed, this reduced complexity can be crucial. Moreover by using space-time block coding schemes, an OFDM based receiver is extremely simple to implement and leads to an efficient exploitation of the transmit, receive antennas diversities and the multi-path diversity [5].

3.2 MIMO schemes
The MIMO STBC technique improves link level performances by exploiting spatial diversity order. Space-Time Block Codes are designed to exploit Tx diversity (e.g. employed in Alamouti 2(1). When Max C/I algorithm is used, the selected user already benefits from a quasi-Gaussian channel in SISO (if the number of user is large enough, i.e. > 10) and this condition is conserved over the entire frame for slow varying channels (i.e. when the channel coherence time is larger than the 2 ms packet duration of HSDPA). Thus, under these assumptions, system level performances are not so improved with STBC.
However, for downlink transmission, in the case of STBC with 1 Rx antenna, the implementation cost could be limited as the UE only needs one RF Front-End. Moreover, using STBC techniques would allow the system to schedule more users simultaneously (ie. Implementing other scheduling algorithm than Max C/I) as the number of users that benefit from good instantaneous channel conditions increase as the number of Tx antennas becomes large. 
Moreover, whatever the channel characteristics, with more than one receive antenna, larger performance gains can be expected from both the exploitation of antenna gain and Rx diversity. 
Figure 6 presents basic link-level simulation results for different MIMO schemes in OFDM. For these simulations, OFDM parameter set 2 from [1] is used. Channel coding is UMTS convolutional code with QPSK modulation and rate ½. Vehicular A channel has more intrinsic time and frequency diversity than Pedestrian A channel. Thus, as OFDM exploits frequency diversity, for both SISO and MIMO cases performances over the Vehicular A channel at 30 km/h are better than the ones over the Pedestrian A channel at 3 km/h. 
These simulation results demonstrate that with a very simple OFDM-MIMO receiver, the spatial diversity of the channel can be exploited. Anyway, we believe that more advanced MIMO schemes should be evaluated in this context to improve link-level and more specifically system-level performances. Depending on the characteristics of the channel different coding schemes can be implemented: spatio-temporal or spatio-frequential.
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Figure 6 – Bit error rate over Gaussian and multi-path channels for various OFDM-MIMO schemes

4 – Conclusion

In this paper we have shown that link level performances of textbook OFDM could be enhanced by introducing techniques such as OFDM/IOTA or the combination of OFDM with simple MIMO schemes. Multi-cellular issues in OFDM downlink have been discussed and link level issues have been raised. As raised in this paper, contrary to WCDMA, OFDM with a simple receiver leads to optimal performances; no complex equalization is needed. 
We believe that further studies on OFDM are needed at 3GPP:

· to take multi-cellular effects into account at system level,

· to evaluate OFDM-MIMO schemes at system level,

· to evaluate advanced OFDM modulation (e.g. OFDM/IOTA).

We're in favour of considering the introduction of an enhanced OFDM solution in UTRAN, leading to the opening of a Work Item as soon as possible. 
References
[1] 3GPP TR 25.892 V6.0.0 (2004-06) "3rd Generation Partnership Project; Technical Specification Group Radio Access Network; Feasibility Study for OFDM for UTRAN enhancement; (Release 6)"
[2] Tdoc R1-04-0340, Nortel Networks, "Initial Results on Link-level Performance Modelling for System-Level Evaluation with Coloured Interference ", 3GPP RAN1 Meeting #36, Malaga, Spain, February 16th – 20th 2004
[3] Tdoc R1-04-0558, Huawei, "Full verification of the EESM for OFDM in realistic interference scenarios", 3GPP RAN1 Meeting #37, Montréal, Canada, May 10th – 14th 2004
[4] B. Le Floch, M. Alard and C. Berrou, "Coded Orthogonal Frequency Division Multiplex", Proceedings of the IEEE, Vol. 83, N° 6, june 1995
[5] H. Bölcskei and A. Paulraj, "Space-frequency coded broadband OFDM systems", in Proc. of Wireless Commun. Networking Conf., Chicago, USA, Sept. 2000, pp. 1-6
� Partial load in OFDMA means that not all sub-carriers are modulated, leading to a partial use of the 5 MHz bandwidth.


� 47 sub-carriers corresponds to 1/15 of the modulated band with the OFDM parameters from Set 2


� In OFDM/OQAM, the symbol duration is usually noted (0 and (0 = Tu/2 where Tu represents the classical OFDM useful symbol duration. The inter-carrier spacing is denoted (0 and is equivalent to the (f in classical OFDM.
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