
3GPP TSG RAN WG1 #46

R1-062326
Tallinn, Estonia, 28 August-1 September 2006

Title: 
Comparison of transmit diversity schemes for E-UTRA


Agenda Item:
8.5 MIMO, Transmit Diversity and Beamforming

Document for: 
Discussion 

1. Introduction

For E-UTRA downlink transmission with 
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 transmit and 
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 receive antennas, the matrix channel between the Node B and the UE is given by an 
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 for each subcarrier 
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 and OFDM symbol 
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. If the channel matrices have full rank, the channel supports the transmission of 
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 independent streams per subcarrier (i.e. MIMO transmission, spatial multiplexing). However, under certain conditions, the channel matrices may not have full rank and spatial multiplexing is not possible. In this case, transmit diversity techniques may be used [1].

This document studies different transmit diversity techniques proposed for E-UTRA downlink transmission, namely space-time and space-frequency block coding (STBC/SFBC)[2] and cyclic delay diversity (CDD)[3] for the 2x2 baseline transmitter and receiver antenna configuration. The 2x1 antenna configuration is included as a special case. These techniques are compared to MIMO/spatial multiplexing, SISO and also to SIMO (1x2) with maximum ratio-combining (MRC). STBC and SFBC have previously been compared for E-UTRA uplink transmission in [4]. Our results indicate that STBC/SFBC performs better than CDD.

2. Channel Model and Correlation

For our simulations, we use the Vehicular A and Vehicular B channel models for modelling a spatially uncorrelated matrix channel 
[image: image8.wmf])
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. In order to study the above techniques under conditions where spatial multiplexing is problematical, we introduce spatial correlation either at the transmitter or at the receiver. The spatially correlated 
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where the 
[image: image11.wmf]M

M

´

 matrix 
[image: image12.wmf]B

 introduces spatial correlation at the transmitter, and the 
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 is responsible for spatial correlation at the receiver. The autocorrelation matrix of the correlated matrix channel from (1) is the Kronecker product
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with the transmitter and receiver-sided autocorrelation matrices 
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, respectively. For a 2x2 system, the transmitter and receiver-sided autocorrelation matrices are
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The matrices 
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 are invariable for each subcarrier 
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For the studies presented in this document, three combinations of transmitter and receiver correlation are considered. The corresponding values for the off-diagonal elements in the transmitter and receiver-sided autocorrelation matrices , 
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, are given in Table 1.

Table 1: Considered correlation at transmitter and receiver
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	Case 1
	0.1
	0.99
	low Tx correlation, high Rx correlation

	Case 2
	0.99
	0.1
	high Tx correlation, low Rx correlation

	Case 3
	0.1
	0.1
	low Tx correlation, low Rx correlation


The reason for using the Kronecker correlation model instead of the more sophisticated SCME channel model [5] is, that it gives explicit control over the correlation at both the transmitter and the receiver, whereas the correlation in the SCME channel model depends on a variety of parameters, which are partly randomly generated. This enables us to manually select channel conditions, under which spatial multiplexing performs poorly in comparison to transmit diversity techniques.

3. Space-time and space-frequency block coding

Space-time and space-frequency block coding (STBC/SFBC) was originally introduced in [2] for 2x1 and 2x2 systems (Alamouti scheme). It is a transmit diversity scheme, in which each data symbol is transmitted over multiple antennas at different points in time or frequency, respectively. Here, we use the original Alamouti coding matrix in our investigations. The STBC receiver will be shortly reviewed. The SFBC receiver can be derived analogously by exchanging the meanings of time instants (OFDM symbols) 
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 and subcarriers 
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. As we are looking at one particular subcarrier only, we drop the argument 
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 of the channel matrix for convenience of notation. Figure 1(a) shows a STBC receiver with one antenna, whereas  Figure 1(b) shows one with two antennas.
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Figure 1: STBC receivers with (a) one antenna (2x1) and (b) two antennas (2x2)

The matrices for linear processing of the received signal vectors are
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for the receiver with one antenna and 
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for the receiver with two antennas. Here we assume slow fading, i.e. the channel coefficients are the same for time instants 
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 and 
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The processed signals 
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 for the receivers with one or two antennas, respectively, are demodulated resulting into LLR bits as input to the turbo decoder.

4. Cyclic delay diversity

Cyclic delay diversity (CDD) is the baseline scheme for simulations of transmit diversity for unicast in E-UTRA [1]. In the time domain implementation, the reference symbols for channel estimation are delayed together with the rest of the signal. This means that they are dedicated to receivers that expect CDD transmission. We can imagine scenarios where some of the UEs in a cell experience poor channel conditions that require CDD transmission, whereas for other UEs spatial multiplexing (MIMO) works well. Thus, it is desirable to exempt the reference symbols from the delay in order to keep them shared for all UEs. This can be achieved by implementing CDD in the frequency domain using the time-shift property of the discrete Fourier transform:
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A cyclic delay of 
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Figure 2: Cyclic delay diversity: (a) transmitter with frequency-domain implementation, and (b) receiver with maximum ratio combining

As proposed in [6], the signals in each path may further be multiplied by a factor 
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 before inserting the cyclic prefix and transmitting from antenna 
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. In this implementation, it is possible to leave the reference symbols on certain subcarriers and in certain OFDM symbols undelayed and therefore shared for all UEs by simply not multiplying them by the exponential and the additional factor.

The CDD receiver with maximum ratio combining (MRC) is depicted in Figure 2(b). The channel from transmit antenna 
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The channel coefficients 
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 must be estimated from the received reference symbols. As these have not been delayed by the frequency-domain CDD transmitter, the factors 
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 have to be accounted for at the receiver. The output of the maximum ratio combiner 
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 is soft-demodulated in order to obtain LLR values for the turbo decoder.

5. Time/Frequency Mapping for STBC/SFBC

This section presents possible mappings of space-time and space-frequency encoded symbols to the time/frequency (T/F) map spanned by 7 OFDM symbols (one subframe) and 301 subcarriers for OFDM downlink transmission in 5 MHz bandwidth with short CP [1] and two transmit antennas.
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First, we look at space-time encoded data. Two possible T/F maps for transmit antenna 1 are shown in Figure 3. We make the assumption that space-time (ST) blocks may not extend over subframe boundaries. The map in Figure 3(a) has reference symbols (pilots) in OFDM symbol 1 of each subframe. Next to a reference symbol comes a reference symbol window (zero), because there lies a reference symbol at this position in the map for transmit antenna 2 for FDD orthogonality. Actually, the maps for the two transmit antennas are identical except for the exchange of the positions for reference symbols and reference symbol windows. ST blocks are located in the last six OFDM symbols. The first OFDM symbol cannot be used for ST blocks, as they always occupy two consecutive OFDM symbols. Therefore, we have remaining positions in the T/F map within the first OFDM symbol. They could for example be used for spatially uncoded transmit diversity (SUTD), i.e. transmitting the same data symbol from both antennas (SUTD symbols). In the case with reference symbols in the first and third-last OFDM symbol of a subframe shown in Figure 3(b), the number of positions with SUTD symbols is reduced. The number of ST blocks of course remains the same, as the first two ST blocks on subcarriers with secondary reference symbols are simply shifted by one OFDM symbol to the left. The positioning of the DC carrier does not change the general layout of both maps with respect to ST block positioning, as the ST blocks stretch over time. 

Figure 3: T/F maps for space-time encoded data; (a) reference symbols in first OFDM symbol, and (b) in first and third-last OFDM symbol.

T/F maps for space-frequency encoded data with reference symbols in the first OFDM symbol and reference symbols in the first and third last OFDM symbol are presented in Figure 4(a) and (b), respectively. The space-frequency (SF) blocks fit nicely into the T/F resources, as they stretch over frequency, and the actual number of OFDM symbols per subframe does not disturb the picture at all. Only next to one reference symbol and reference symbol window close to the DC carrier, there remains a position in both maps that cannot be occupied by an SF block. Here we could place an SUTD symbol or just leave the position empty. As there is an even number of subcarriers above and below the DC carrier, there is one additional position in OFDM symbol 1 (in our case at subcarrier 1), where a space diversity symbol must be placed. This gives a total of only two positions in the T/F map that cannot be used for SF blocks. Obviously, the T/F resources can be used more efficiently with space-frequency than with space-time encoded data.
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Figure 4: T/F maps for space-frequency encoded data; (a) reference symbols in first OFDM symbol, and (b) in first and third-last OFDM symbol.
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A way of increasing the resource efficiency of the T/F map for ST encoded data from Figure 3 is to blend some SF blocks into the map. This is shown in Figure 5. In fact, we get the same resource efficiency as for the T/F maps of purely SF encoded data.

Figure 5: T/F map for space-time encoded data with some space-frequency encoded data in the first OFDM symbol

Note, that in the above discussion of  the T/F maps the picture will change for SFBC, if the SF blocks are not mapped across the boundaries of physical resource blocks (PRB). The PRB size according to [1] is 25 subcarriers. As the SF blocks span over two subcarriers, one subcarrier would have to remain unoccupied in this case. However, it would be possible to put some ST blocks on this subcarrier, and have a mix of SFBC and STBC within the PRB.

6. Comparison of STBC and SFBC for different channel models

In this section we compare simulation results of STBC and SFBC for the Vehicular A and Vehicular B channel models. BLER and throughput curves are presented for various UE velocities. We use 
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, i.e. Case 1 from Table 1 with low transmitter and high receiver correlation. We take the T/F map from Figure 3(a) for STBC and the T/F map from Figure 4(a) for SFBC. The receivers have two antennas. The simulation parameters, which are also valid for  Section 7, are listed in Table 2.

Table 2: Simulation parameters

	Parameter
	Setting

	Transmission bandwidth
	5 MHz

	FFT size
	512

	TTI length
	0.5 ms (1 subframe)

	Cyclic prefix
	Short cyclic prefix

	Modulation scheme
	QPSK

	Turbo encoding
	HSDPA turbo encoding, code rate 1/3

	Channel estimation
	Ideal channel estimation

	Turbo decoding
	MaxLogMAP algorithm, max. 8 iterations

	Antenna configurations
	2x2, 1x2, 2x1

	Channel model
	Vehicular A, Vehicular B

	Spatial correlation
	3 cases according to Table 1

	UE velocities
	30 km/h, 120 km/h, 500 km/h, 1000 km/h

	Transmission schemes
	SFBC, STBC, CDD, SISO, SIMO, MIMO (SCW)


6.1. Vehicular A channel model

Figure 6 shows BLER and Figure 7 throughput values of SFBC and STBC. Four UE velocities are considered: 30 km/h, 120 km/h, 500 km/h and 1000 km/h. The latter two are unrealistically high and have only been chosen to demonstrate the effect discussed in the following. Figure 6 and Figure 7 reveal, that the performance of SFBC remains almost the same with increasing UE velocity, whereas BLER increases and the throughput decreases for STBC. The Vehicular A channel model has a moderate coherence bandwidth. It can thus be expected, that SFBC works rather well for this channel. On the other hand, it is clear that STBC suffers from increasing UE velocities, as we perform only a simple STBC decoding assuming slow fading not taking into account the channel variation from one OFDM symbol to the next one. However, what makes the results from Figure 6 and Figure 7 quite interesting, is the fact that SFBC and STBC have approximately the same performance for 30 km/h and 120 km/h, as depicted again in Figure 8. Also for 500 km/h, SFBC is just a little bit better than STBC. Only for the unrealistic 1000 km/h, a clear advantage of SFBC can be observed.
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Figure 6: BLER for SFBC and STBC (Vehicular A)
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Figure 7: Throughput for SFBC and STBC (Vehicular A)

[image: image68.emf]-10 -5 0 5

10

-2

10

-1

10

0

VehA, tx

=0.1, rx

=0.99, QPSK, R=1/3 SNR [dB]

BLER

 

 

SFBC,  120km/h

STBC,  120km/h


Figure 8: BLER for SFBC and STBC (Vehicular A, 120 km/h)

6.2. Vehicular B channel model

For the Vehicular B channel model with UE velocities of 30 km/h and 120 km/h, BLER and throughput curves are given in Figure 9 and Figure 10. Obviously, the performance of both schemes does not depend on the velocity (at least not up to 120 km/h). However, STBC now clearly has a better performance than SFBC, which is again pointed out by Figure 11. This must be attributed to Vehicular B’s low coherence bandwidth (i.e. strong channel variations over frequency), together with  the fact that we use a simple SFBC decoding, which assumes the channel to be constant over two adjacent subcarriers. Note, that the path delays of the Vehicular B channel model exceed the cyclic prefix lengths for both long and short cyclic prefixes.
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Figure 9: BLER for SFBC and STBC (Vehicular B)

[image: image70.emf]-10 -5 0 5 10

0

0.5

1

1.5

2

2.5

3

VehB, tx

=0.1, rx

=0.99, QPSK, R=1/3 SNR [dB]

Throughput [Mbit/s]

 

 

SFBC,  30km/h

SFBC,  120km/h

-10 -5 0 5 10

0

0.5

1

1.5

2

2.5

3

SNR [dB]

Throughput [Mbit/s]

 

 

STBC,  30km/h

STBC,  120km/h


Figure 10: Throughput for SFBC and STBC (Vehicular B)

[image: image71.emf]-10 -5 0 5

10

-2

10

-1

10

0

VehB, tx

=0.1, rx

=0.99, QPSK, R=1/3 SNR [dB]

BLER

 

 

SFBC,  30km/h

STBC,  30km/h


Figure 11: BLER for SFBC and STBC (Vehicular B, 30 km/h)

7. Comparison of CDD and SFBC for different transmitter and receiver correlations (Vehicular A, 120 km/h)

In this section we compare CDD and SFBC for the Vehicular A channel model with a UE velocity of 120 km/h. We now consider the three correlation cases from Table 1. Receivers with both two and one antenna are taken into account. Results for SISO (1x1), MIMO (2x2, linear receiver), SIMO with MRC (1x2), and spatially uncoded transmit diversity (2x1 or 2x2, same signal transmitted from both antennas) are used as references in the comparison. STBC is left out, as the investigations from Section 6 have shown, that its performance is almost the same as that of SFBC. We actually validated this behavior for all three correlation cases and then dropped STBC in order not to overload the diagrams.
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First we look at the case with low transmitter and high receiver correlation (Case 1 from Table 1). If we have a matrix channel, this combination is quite probable, as the UE antennas are spaced much closer together than the NodeB antennas. Figure 12 and Figure 13 show BLER and throughput, respectively. In the legends for CDD, the numbers in the first brackets give the delays 
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Figure 12: BLER for 
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Figure 13: Throughput for 
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First of all, we observe the poor performance of MIMO spatial multiplex transmission due to the strong correlation at the receiver. Clearly, spatial multiplex is not an option in this case. Further, we see that the curves for the schemes with two and with one receive antennas are grouped together. If we take 10-1 as target BLER, for example, it is SFBC that reaches the target BLER for the lowest SNR within both groups. CDD with 
[image: image85.wmf]256

2

=

d

 is second best, ahead of spatially uncoded transmission and SIMO/SISO.

7.2. High Tx correlation (
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Now, we look at the opposite case with high transmitter correlation and low receiver correlation (Case 2 from Table 1). BLER and throughput are given in Figure 14 and Figure 15.
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Figure 14: BLER for 
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Figure 15: Throughput for 
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MIMO transmission with spatial multiplexing still gives very poor results compared to the diversity schemes. Basically, the two groups with receivers with one and with two antennas can again be seen in the diagrams. However, the curves within the two groups do not lie so close together as in Subsection 7.1. What is quite surprising, is that at BLER = 10-1, spatially uncoded transmit diversity is approximately 3 dB better than SFBC. This might be attributed to a beamforming effect. SFBC does not give an advantage compared to SIMO/SISO. CDD requires the highest SNR for the BLER target.

7.3. Low Tx correlation (
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Next, we study the case with both low transmitter and receiver correlation (Case 3 from Table 1). Under these conditions, MIMO transmission with spatial multiplexing should work quite well, which is confirmed by the simulation results presented in Figure 16 and Figure 17 for BLER and throughput, respectively. 
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Figure 16: BLER for 
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Figure 17: Throughput for 
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The transmit diversity schemes are again grouped according to the number of receive antennas. The order of the curves is the same as in Subsection 7.1, i.e. for the target BLER of 10-1, SFBC requires the lowest SNR ahead of CDD with 
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, spatially uncoded transmission, and SIMO/SISO. MIMO with spatial multiplexing already enables a higher throughput than the transmit diversity schemes with one receive antenna before they can reach their maximum.

7.4. Direct comparison of the three correlation cases for CDD and SFBC

Finally, we look at the BLER of CDD and SFBC for all three cases plotted into a single diagram in Figure 18. These are same curves as in Subsections 7.1 to 7.3 put together for better comparison. Although the plot is somewhat busy, we can find the following: 

· In all three cases, SFBC requires less SNR for BLER=10-1 than CDD with 
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 (red curves vs. brown curves). 

· Except for Case 2 (high transmitter correlation, low receiver correlation), SFBC requires less SNR for BLER=10-1 than spatially uncoded transmission (red curves vs. green curves).
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Figure 18: BLER of CDD and SFBC for all three correlation cases

8. Summary and Conclusion

In this document we have reviewed two spatially coded transmit diversity schemes, namely space-time/space-frequency block coding (STBC/SFCB, Alamouti) and cyclic delay diversity (CDD) for E-UTRA downlink. We have shown by simulations that they can be used advantageously for transmission over a matrix channel in conditions where spatial multiplexing transmission fails due to high spatial correlation. For a channel with low coherence bandwidth (such as Vehicular B), STBC gives a better performance than SFBC. For a channel with moderate coherence bandwidth (such as Vehicular A), both SFBC and STBC have almost the same performance even up to rather high UE velocities. SFBC uses the time/frequency resources of E-UTRA downlink transmission more efficiently than STBC. Our comparison of SFBC with CDD in three different correlation cases revealed an advantage of SFBC over CDD with a delay of half the FFT length for one antenna. However, it must be taken into account that the CDD scheme is somewhat simpler to implement than the SFBC scheme. Spatially uncoded transmit diversity performed better than all spatially coded transmit diversity schemes for high transmitter and low receiver correlation.
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