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1 Introduction
Transmit diversity based on space-time/frequency block coding (STBC/SFBC) is an efficient technique to combat fading without requiring channel state information at the transmitter. The first STBC/SFBC scheme proposed by Alamouti [1] achieves full code rate and full diversity for two transmit antennas.  It is known, however, that similar complex orthogonal code design does not exist for more than two transmit antennas [2]; therefore, STBC/SFBC schemes for higher number of antennas either have lower code rates (e.g., [2]) or are based on quasi-orthogonal (QO) codes with reduced diversity (e.g., [3]-[4]).
There have been many improved QO-STBC/SFBC schemes proposed in the past that include symbol rotation and/or angle feedback [5]-[9].  For the case of one receive antenna, it is possible to completely orthogonalize QO-STBC/SFBC with angle feedback.  Such a scheme, however, would rely on a sufficient number of feedback bits to achieve full diversity (e.g., the scheme in [8] requires 3-5 bits to perform close to ideal angle feedback). 
In this contribution, we propose a 4-antenna transmit diversity scheme based on QO-STBC/SFBC with only 1-bit feedback.  The 1-bit feedback information is used to minimize the non-orthogonality of QO-STBC/SFBC by selecting the smaller between the real and imaginary parts of the most dominant interference among all receive antennas, i.e., the 1 bit is not simply the quantized version of ideal angle feedback. As a result, the proposed scheme achieves near-optimum performance with a significantly reduced amount of feedback compared to QO-STBC/SFBC schemes with quantized angle feedback.
2 QO-SFBC with 1-Bit Feedback for 4 Transmit Antennas
The proposed scheme can be applied to most QO-STBC/SFBC codes.  As an example, we consider the following 4×4 SFBC code matrix similar to the ABBA code with constellation rotation described in [10]:
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xi is the ith transmitted symbol, and multiplying with 
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is equivalent to rotating by an angle 
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. Superscript * denotes complex conjugate. In [10], a scheme with 
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 was shown to give the best open-loop performance.  Here we assume that 
[image: image5.wmf]q

 is a variable to be fedback in the general angle feedback scheme, and that 
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  for the proposed 1-bit feedback scheme. 

The received signal equation for the QO-SFBC in Eq.(1) is given by
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is the received signal and noise on the 
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frequency tone of the jth antenna (j=1, … , M, where M is the number of receive antennas), 
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is the channel between the ith transmit antenna (i = 1, … , 4) and the jth receive antenna, and 
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H

is the effective channel matrix for the jth receive antenna.  With multiple receive antennas (M > 1), the combined received signal equation becomes
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where  
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 were orthogonal, i.e., 
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 were a diagonal matrix (H denotes Hermitian transpose), this code could be optimally detected simply by left-multiplying the receive signal vector in Eq.(3) by 
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, i.e., the so-called matched filtering.  However, 
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 is actually given by

[image: image20.wmf]ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ë

é

=

å

å

å

å

å

å

å

å

=

=

=

=

=

=

=

=

M

j

i

j

i

M

j

i

j

i

M

j

i

j

i

M

j

i

j

i

h

h

h

h

H

H

1

4

1

2

 

1

4

1

2

 

*

*

1

4

1

2

 

1

4

1

2

 

H

0

0

0

0

0

0

0

0

d

d

d

d

                                        (4)

where 
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We see in Eq.(4) that 
[image: image22.wmf]0

=

d

 when 
[image: image23.wmf]q

j

e

c

=

 and 
[image: image24.wmf]]

arg[

2

a

q

×

-

=

, i.e., the QO-SFBC scheme can be orthogonalized and achieves full diversity with angle feedback. 

While, in practice, 
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 needs to be quantized, we propose a 1-bit feedback scheme bassed on the following criterion:
c = 1 when 
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3 Simulation Results
We simulated the performance of the proposed scheme with 1-bit and ideal (full resolution) angle feedback for a 4x1 system. Table 1 summarizes the simulation assumptions.  Figure 1 shows the packet error rate (PER) results as a function of the average received signal-to-noise ratio (SNR).  For reference, we plot the performances of a single antenna 1x1 (SISO) system; 2-transmit, 1-receive antenna (2x1) system using the Alamouti code; 4-transmit, 1-receive antenna (4x1) QO-SFBC with fixed /2 rotation (scheme in [10]); and the Shannon bounds for 1x1, 2x1, and 4x1 systems.  The 1x1 and 2x1 results perform to within about 1.5 dB of the corresponding Shannon bounds.  So do the 4x1 results with ideal angle feedback, i.e., the proposed scheme with ideal angle feedback is an optimum 4x1 approach.  Also, since this scheme achieves complete orthogonality, it can be detected with simple matched filtering.

Table 1: Simulation Assumptions

	Parameter
	Setting

	Transmission bandwidth
	5 MHz

	FFT size
	512

	Used resource blocks
	6

	TTI length
	0.5 ms

	Cyclic prefix
	Short cyclic prefix

	Modulation and coding 
	QPSK, R=2/3
QPSK, R=4/5

	Turbo encoding
	Release 6 turbo encoding

	Channel estimation
	Ideal channel estimation

	Antenna configuration
	1x1, 2x1, 4x1

	Channel model
	Flat Fading

	Receiver type
	MMSE
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Figure 1: PER of the proposed 4x1 scheme with 1-bit feedback. Flat fading. QPSK with 2/3 turbo coding.
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Figure 2: PER of the proposed 4x1 scheme with 1-bit feedback. Flat fading. QPSK with 4/5 turbo coding.

We see in Figures 1 and 2 that the proposed 1-bit feedback scheme performs to within 0.5 dB of the optimum ideal angle feedback.  It gives a 2 ~ 3 dB improvement over QO-SFBC with fixed /2 rotation, and a 4 ~5 dB improvement over the 2x1 Alamouti scheme. 
4 Conclusion
Optimum 4-transmit-antenna STBC/SFBC with angle feedback has been presented for any number of receive antennas. This can be applied to existing QO-STBC/SFBC codes by rotating certain QAM symbols in the code matrix according to the fedback angle.  We have also proposed a 1-bit feedback scheme based on the observed condition to eliminate the larger between the real and imaginary parts of the interference term. Simulation for a flat fading channel shows that the 1-bit scheme performs to within 0.5 dB of the optimum performance (achieved with ideal angle feedback), and gives a 2 to 3 dB improvement over a best-known open-loop QO-STBC/SFBC code. Hence, we recommend the use of the proposed 1-bit feedback scheme for 4 transmit diversity at Node B.
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