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Introduction
The purpose of this document is to report on the results obtained from the ASILUM Project (an IST programme of the European Community) [ASILUM]. The aim of the ASILUM project was to investigate baseband receiver signal processing techniques for interference cancellation (multi-user detection-MUD) for 3GPP (UTRA TDD/FDD) with and without antenna arrays and to show the benefit, in terms of system capacity.

It is well known that DS/CDMA systems such as 3GPP suffer from multi-user interference. This affects the cell capacity and cell size of a system. In the FDD uplink the multi-user interference results from other users in the cell as all users transmit with a different random code phase. In TDD systems the users' signals are transmitted using orthogonal codes but due to multipath effects the orthogonality is lost and multi-user interference also occurs. 

In this brief, we concentrate on the UL scenario for TDD and FDD, although, within ASILUM, also advanced receiver schemes for the downlink in FDD have been proposed [D4.6]. A large number of alternative receiver techniques have been proposed to reduce or minimise the effect of the multiple access interference (MAI) [Ver98]. We also include antenna arrays at the receiver and implement techniques that have reasonable complexity with excellent performance. In this paper the channel model, receiver designs, and link level results are described before showing the system level capacity results. Discussion on the complexity of the receiver designs and the suitability of the algorithms to the current 3GPP release '99 standard is also included.

The Link Level Evaluation Platform (LLEP)

The LLEP was developed in COSSAP using the C programming language. The purpose was to trial different multi-user receivers using a 3GPP Release '99 compliant physical layer and using a realistic channel model.

A wideband directional channel model (WDCM), which is a partially statistical ray-based model for micro and macro-cell, was developed [3GPP_WDCM]. This channel model provides both spatial and temporal effects, a feature which is required for antenna array receiver systems. The model was assessed and optimised according to a set of measurements performed in Germany [MarZol01]. 

In this paper, we study the results from three different receivers. The first receiver studied is the Iterative MUD (IMUD) or coded Parallel Interference Canceller [BruMot01VTC, MotBru01VTC]. This canceller design is primarily based on the work presented in [ReeAle99JSAC], however, with a transmitter which is 3GPP, Release '99 compliant.

The result in Figure 1 shows the performance, over iterations (or stages), for a system with E=4 antenna elements arranged as a ULA with a 120 degree sector. Both the DOA and channel are estimated and the processing gain N=8, where K=16 users are active. Perfect average power levels are assumed. The channel is the macro-cell WDCM. This channel with this number of users is very challenging as seen by the extremely poor 2D-RAKE receiver performance ("2D-Rake") which has flooring at a bit error rate (BER) of 10-1. The multi-user receiver design however overcomes this interference and can achieve a steep BER curve which is only 7.5dB away from a single user result "1 user – Real estim.". Under this extremely difficult realistic channel the loading factor (users/processing gain) of two (2) is achieved.

[image: image1.wmf]10

-5

10

-4

10

-3

10

-2

10

-1

-5

0

5

10

15

20

25

Average BER

Signal to Noise Ratio (dB)

Iteration  0

Iteration  1

Iteration 2

Iteration  3

Iteration  4

2D-Rake -       Perfect 

Estim

1 user - 2D-   Rake -    Perfect   

Estim

1 user - Real    

Estim

 - Iteration   4


Figure 1: Performance of the IMUD for 144kbps FDD UMTS scenario – Macro-cell WDCM – 16 Users

The link level results show that large performance improvements are possible with MUD and with the combination of MUD and antenna arrays. This is achievable for a complexity that increases at a linear rate with the number of users.

Simulations were also performed with a Parallel Interference Cancellation (PIC) scheme for TDD. The simulations were performed with the micro-cell WDCM. The results presented in Figure 2 were obtained with a spreading factor equal to 16, a Uniform Circular Antenna (UCA) with four elements, and 12 users. In Figure 2 a performance improvement can be observed for a single stage HD_PIC (hard decision PIC) when compared to the RAKE receiver
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Figure 2: Performance comparison between the HD_PIC scheme and RAKE (12 Users) – Macro –cell WDCM – perfect channel estimation assumed

The main conclusion with the PIC scheme is that the performance is superior to that of a conventional RAKE, and complexity is lower than for the coded PIC where the complexity per user is again independent of the number of users.

The final receiver architecture for TDD, is based on Fractionally Spaced Joint Detection (FS-JD), including multiple antennas. This choice of architecture is motivated by the fact that this approach, in the downlink and in the single antenna case, is estimated to provide better performances than other interference cancellation schemes [Steiner 1997]. The Joint Detection (JD) algorithm performs a simultaneous detection of the symbols of the different users. 

It is possible to extend the method to the uplink UTRA-TDD by including in the JD algorithm multiple antenna information, independently of the type of antenna diversity that is used [Papathanassiou 2000]. The corresponding multiple antenna detection algorithm can be used either with spatial diversity or with adaptive antennas. In this last case, the directions of arrival (DOA) of the incoming signals are taken into account. Figure 3 shows the performance result of the FS-JD using a directional correlation to estimate the directional channel impulse response, versus a 2D-Rake receiver with the WDCM channel.
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Figure 3: FS-JD performance on the macro-cell WDCM before channel decoding. Use of directional correlation to estimate the channel in the FS-JD receiver. ULA with 4 elements.

This receiver achieves considerable performance improvement when compared with the 2D-RAKE receiver. Furthermore in terms of implementation, the complexity increase relatively to a 2D-RAKE receiver is moderate [D4.6, D5.3]. 

The System Level Evaluation Platform (SLEP)

The interface between the SLEP and LLEP was based on the computation of an interference reduction parameter called "alpha". A value of zero (0) means full cancellation and is equivalent to single user (no interference) performance, while a value of one (1) corresponds to RAKE receiver performance. This alpha value was calculated for the receiver configurations and used in the SLEP to measure the efficiency of the MUD scheme. 

The SLEP simulation campaign led to some important observations [D3.3]:

· In TDD, the uplink capacity with multiple antennas per cell is very near the code-blocking limit, without the introduction of joint usage of joint detection and adaptive antenna arrays. Because no supplementary scrambling code have been defined in the standard, TDD is intrinsically code-limited, and this code limitation becomes severe when the capacity is to be raised by antenna array techniques. TDD capacity may be slightly higher in single antenna case, but FDD is superior to TDD when the antenna array size becomes bigger. 

· In FDD, optimum beamforming alone is not sufficient to remove the maximum level of co-channel interference. Combination of beamforming and MUD-like receivers can strongly increase (more than double) the system capacity compared to beamforming-only solutions. This is a remarkable result when one observes that the number of RF front-ends is kept same. 

· System capacity can be optimised by combination of sectorisation and beamforming techniques.

· Adding MUD-like receivers in the BTS can raise the uplink capacity, however, the downlink is the limiting link in terms of capacity. 

· MUD-like receivers in the BTS bring benefits in terms of cell coverage, terminal battery life, Quality of Service (QoS), which can reduce mobile operators' costs and improve service conditions.

Conclusions

In this paper we have discussed 3GPP Release '99 compatible physical layer MUD receivers with signal processing for antenna array implementations. We have shown link level and system level simulation results. 

It is also important to note that MUD brings large gains in cell coverage, with and without antenna arrays. In [HolTos01] pp. 161 they showed that the uplink is the limiting link for cell coverage.  Interference cancellation would therefore mean that less base stations are required during initial network deployment saving considerable cost to the mobile network operator. MUD implementations also reduce interference under moderate loads and therefore provide longer terminal battery life and better QoS conditions.

The results of the ASILUM project confirmed a number of points that are important for the implementation of MUD techniques, namely

· no change to the 3GPP standard is required for TDD or FDD to achieve MAI mitigation,

· implementations exist for both TDD and FDD that are efficient to build, in the future in hardware, 

· the coded and uncoded PIC receivers are powerful and yet have complexities per user that are independent of the number of users, 

· cell capacity is doubled by using MUD at the basestation, but, due to the downlink being the limiting link these improvements cannot be fully realised (this depends heavily on the service assumptions), and

· in 3GPP systems large improvements in the uplink are expected in terms of cell coverage, terminal battery life, and QoS.

In FDD, combining antenna arrays with MUD receivers can strongly increase (more than double) the system capacity compared to 2D-RAKE receivers alone. In TDD, however, the uplink capacity with multiple antennas is code size limited more than interference limited.

This brief shows the advantages of these new receiver approaches. By increasing the signal processing complexity of a 3GPP base station, increases in cell capacity are possible but depends on the amount of uplink traffic. Improvements in cell coverage, terminal battery life, and QoS are substantial by using interference cancellation techniques.
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