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1. Introduction
One main goal for GSM Release 2001 is to standardize features that provide improved spectral efficiency for both voice and data in EDGE.  One method for improving spectral efficiency is through the use of multiple transmit and receive antennas at the base station and the terminal.  It has been shown [1],[2] that multiple antennas at the base station and terminal can significantly improve the data throughput of a wireless system. 
Most base stations are already equipped with multiple receive antennas which could be duplexed to provide multiple base station transmit paths.  Future antenna architectures are expected to have an even larger number of transmit antenna elements available in order to support Intelligent Antenna (IA) applications.  In many cases these additional transmit elements will be spaced far enough apart (or cross polarized) such that they can be used to provide multiple decorrelated paths to the mobile terminal enabling transmit diversity techniques.  In addition, the use of IA techniques may be limited in environments with severe scattering accurately locating the position of mobiles in such environments becomes challenging.  In such environments, the use of transmit diversity techniques with multiple antennas may be more beneficial.
Recent antenna technology advances [6] have made it possible to support multiple transmit and receive antennas in the terminal.  Particularly for large size data terminals such as laptops, it is possible to have  four or more integrated antennas with sufficient spacing so that the correlation of the transmitted and/or received signals across the antennas is small. These advances in antenna technology, along with the expectation of multiple base station antenna configurations in the future, make it  important to investigate and standardize methods that take advantage of these additional antennas to provide improved spectral efficiency.  
Space-Time Coding (STC) techniques are one way to take advantage of multiple antenna array systems.  There are many different forms of STCs.  Some use the additional antenna elements to provide diversity gain (e.g. [3], [4]), while other techniques, such as BLAST (Bell Labs Layered Space-Time ) [5], are practical methods for achieving higher data rates through the use of multi-element antenna arrays.  In [7], a few specific STC schemes for improving capacity and/or throughput for EGPRS were investigated and simulation results showed significant performance benefits, particularly for BLAST-like techniques.  The results presented in [7] assumed perfect channel knowledge at the receiver for all transmitted signals.  This document presents new results with practical channel estimation algorithms and with potential new training sequences.  

Section 2 summarizes some of the results from the STC studies reported in [7].  Section 3 discusses training sequence design.  Section 4 shows performance of BLAST with practical channel estimation.  Section 5 concludes.
2. Summary of Previous STC Studies

Several examples of how STC could be used for EGPRS were discussed in [7].  One example was the use of delay diversity where a second transmit antenna was used to transmit a delayed version of the signal transmitted on the first antenna.  This technique had the advantage that only a single receive antenna was needed and under most channel conditions the current equalizer receiver could be used to detect the two transmitted signals (i.e. no complexity increase).  However, it was shown in [7] that the gains of delay diversity were small.

A second example in [7] was to use a BLAST approach as shown in Fig. 1.  The idea behind the BLAST approach was to use multiple transmit antennas to send separate RLC blocks of information simultaneously.  Under good channel conditions, it is possible to achieve information rates larger than 3 bits/symbol (MCS9 information rate).  Simulation results in [7] showed significant benefits of such STC for EGPRS assuming ideal channel knowledge and assuming that each transmitted signal could be extracted from the combined received signal ideally.  The physical layer simulations assumed a TU3 channel model, various information rates (ranging from 1 to 12 bits/symbol), various antenna configurations (2x1, 2x2, 4x2 and 4x4).  The system level simulations assumed a frequency reuse of 3/9 (100% loading), a propagation exponent of 3.5 and a standard deviation of 6 dB for the shadow fading.  Some of these results are summarized below for reference purposes.
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Figure 1. BLAST type STC  to enhance throughput.
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3. 




Figure 2.  Performance of 2Tx, 2Rx for diversity and BLAST schemes.
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Table 1.  Average Throughputs with Ideal Channel Information.
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As noted earlier, the results above have assumed ideal channel knowledge at the receiver for all transmitted signals.  The next two sections will quantify the degradation due to practical channel estimation.  
3. Training Sequence Design
There are many approaches to deriving training sequences and it is not the intent of this contribution to propose the most optimal training sequences for STC in EGPRS.  Nevertheless, in order to estimate the effects of practical channel estimation, this section will discuss one common approach to training sequence design which is to use a minimum mean squared error criteria.  Assuming M transmit antennas and a training sequence length of N, then the vector of received samples at the pth receive antenna, denoted by rp, can be written as 


rp=Shp+wp





(1)
where hp=[h1,p(0) … h1,p(L-1) … hM,p(0) … hM,p(L-1)]T is the stacked vector of channel impulse responses assuming an L tap channel response, wp = [wp(N) wp(N-1) … wp(L)]T is a noise vector assumed to represent white Gaussian noise and S is an (N-L+1) x ML block-toeplitz matrix consisting of the training symbols
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(2)
The Least Squares (LS) channel estimate is then
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(3)

Optimal training sequences can then be searched for which minimize the MSE
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(4)
It can be shown that the minimization in (4) can be achieved by choosing training sequences with the following properties:


[image: image4.wmf]ML

s

L

N

I

S

S

H

2

)

1

(

s

+

-

=






(5)

where s is the symbol power and IML is the MxL identity matrix.  Eq. 5 shows that the optimal training sequences should be temporally white and spatially uncorrelated.  Using Eq. 5, the following pair of training sequences were determined to be near optimal.  

0 0 1 1 1 1 1 0 1 1 0 1 0 1 1 1 0 1 1 0 0 0 1 1 1 1
       (6)
 1 0 1 0 0 1 0 0 1 1 1 0 1 1 1 1 1 0 0 0 1 0 1 0 0 1
The next section will use the above training sequences to demonstrate the performance of 2x2 BLAST with practical channel estimation.
4. Performance with Practical Channel Estimation

The previous section discussed an MSE approach for the design of optimal training sequences for use in multiple transmit and receive antenna configurations and gave an example of a pair of training sequences that were near optimal for this criteria.  The training sequences in (6) were then used to perform physical layer simulations with practical channel estimation at the receiver assuming a 2x2 antenna configuration.  The receiver algorithm assumed a practical implementation (reduced complexity) with approximately twice the complexity of a practical receiver implementation for a single  receive antenna configuration.  Figure 3 illustrates the degradation in BLER performance with practical channel estimation for the 4.5 bit/symbol and 6 bit/symbol BLAST coding schemes.
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Figure 3.  BLER Performance of 2x2 BLAST with Practical Channel Estimation.
Fig. 3 shows that the degradation due to practical channel estimation is approximately 2 dB for a TU3 channel.  In order to understand the impact of this degradation to the average throughput performance, the system level simulations discussed in [7] were rerun assuming the link performance demonstrated in Fig. 3.  Table 2 summarizes the results of these simulations.  Notice that the degradations due to practical channel estimation lead to approximately 8% reduction in the average throughput for the 2x2 BLAST case.  However, the benefits of BLAST over the no BLAST (Delay+MRC) case are still significant (greater than 20% average throughput gains).  
Table 2.  Average Throughputs with Practical Channel Estimation
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One point that should be made is that the link level performance curves in this study were performed assuming noise impairments only (i.e. no interference) and hence MRC combining is optimal for two receive antennas in the no BLAST case.  The performance of BLAST with interference impairments still needs to be studied.  Since interference cancellation techniques can be applied with two receive antennas for the no BLAST case, it is expected that the relative benefits of BLAST to no BLAST will be smaller in interference limited conditions.  Nevertheless, the real advantages of BLAST come when the SINR in the system is large.  In these cases, interference is small and the advantages of interference cancellation are less.  Thus, there is still expected to be benefits of doing BLAST in interference limited conditions.  It should also be pointed out that another advantage of BLAST is that it enables EGPRS to offer higher peak throughput rates compared to the no BLAST case.   
5.  Conclusions
It has been demonstrated that the use of multiple antennas can significantly enhance the data performance of EGPRS.   In particular, this contribution has demonstrated the potential for significant average throughput gains for EGPRS using BLAST type schemes with practical receiver algorithms.  This contribution also demonstrated that for a 2x2 antenna configuration it is possible to find training sequences with near optimal properties (good auto-correlation and cross-correlation) which enables channel estimation for each transmitted signal with only small degradations to average throughput performance compared to ideal channel estimation.  Optimal training sequences for 4x4 antenna configurations is still under study and may require longer training sequences.  This contribution clearly demonstrates the advantages of BLAST for noise limited operation.  The performance of BLAST in interference limited operation is FFS.  Average throughput benefits of BLAST are expected to be less in interference limited operation, particularly compared to no BLAST performance with interference cancellation.  Nevertheless, BLAST still has the advantage of potentially doubling the peak throughput that can be offered with EGPRS for 2x2 antenna configurations and better than triple the peak throughput with 4x4 antenna configurations.  
Based on the results shown in this contribution, it is recommended that antenna configurations allowing for up to 4 transmit and 4 receive channels at the base station and terminal be considered for standardization in GSM Release 2001.  In addition, it is recommended that STCs such as delay diversity and the BLAST type approach discussed in this document be standardized to take advantage of these multiple antenna configurations. 
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