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1. Introduction

Precoding is a technique for improving MIMO spatial multiplexing performance by adapting the transmitted signal to the current channel state, i.e. the MIMO channel matrix. Therefore, the transmitter needs to have channel state information, which must be obtained from receiver feedback in a FDD system. In this contribution we study linear, codebook based precoding, where the receiver indicates a preferred precoding matrix to the transmitter. The preferred precoding matrix, chosen according to some selection criterion, is one out of a set of unitary matrices (codebook). Thus, the number of feedback bits for one preferred precoding matrix is 
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 is the codebook size (number of codebook entries). Clearly, the reporting of a precoding matrix for each resource element in E-UTRA OFDMA downlink transmission would exceed the uplink feedback capabilities by far. For the reporting, the finest practical frequency granularity is one physical resource block (PRB), the shortest practical updating interval is one subframe (now 1ms according to [1]). 

We first investigate the influence of the precoding frequency granularity for MIMO spatial multiplexing using 4 Tx antennas and 2 Rx antennas for the transmission of 2 streams with a precoding matrix update every subframe. Then, we look at the trade-off between frequency granularity and updating interval. 

2. 4x2 MIMO spatial multiplexing with linear precoding

The investigated MIMO spatial multiplexing setup uses 4 Tx antennas and 2 Rx antennas for the transmission of two separately encoded streams (multiple codewords, MCW). The received signal 
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 on subcarrier 
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 in OFDM symbol 
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 can be written without the receiver noise as
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with the column vector 
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 containing the QAM symbols of stream 1 and 2, the channel matrix 
[image: image8.wmf])

,

(

l

k

H

, and the 4x2 precoding matrix 
[image: image9.wmf])

,

(

l

k

i

P

 chosen from the codebook 
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As this contribution focusses on the frequency granularity and the updating interval and there have already been numerous contributions on codebook design, we just use three rather simple codebooks named RandomDFT32, RandomDFT64, and RegularDFT32 in the following. The first two ones are created by multiplying the first two columns of the 4x4 DFT matrix with diagonal matrices of random numbers uniformly distributed on the unit circle similar as in [2]. For the construction of the RandomDFT32 codebook we used 32 different diagonal matrices, and for the RandomDFT64 codebook 64 different diagonal matrices. The RandomDFT32 codebook is a subset of the RandomDFT64 codebook. The RegularDFT32 codebook is constructed by taking six possible subsets of two columns from the six 4x4 matrices 
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. Note that only two subsets are taken from 
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, in order to obtain 32 codebook entries. The construction of the RegularDFT32 codebook is similar to [3].
The receiver chooses the preferred precoding matrices from the codebook in the desired frequency granularity and updating interval based on the Minimum Singular Value Criterion in [4] using the estimated channel matrix. We assume that the feedback is error-free and has no delay, i.e. the transmitter uses the precoding matrices in the next subframe following the selection. For the two size 32 codebooks (RandomDFT32, RegularDFT32), a 5 bit feedback per precoding matrix is required, whereas the size 64 codebook (RandomDFT64) requires a 6 bit feedback per precoding matrix.

3. Impact of subcarrier granularity in frequency selective precoding 

In this section we present simulation results for the 4x2 MIMO system described in Section 2. We use all 300 subcarriers in the 5 MHz bandwidth for downlink transmission to one UE. A PRB consists of 12 subcarriers and is the finest subcarrier granularity used for precoding. This leads to 25 precoding matrices that need to be reported. We also consider the granularity of 72 subcarriers (4 precoding matrices for 4 groups of 6 PRBs, 1 precoding matrix for 1 PRB), the granularity of 156 subcarriers (1 precoding matrix for 13 PRBs, 1 precoding matrix for 12 PRBs), and the granularity of 300 subcarriers, i.e. one common precoding matrix for all subcarriers. Preferred precoding matrices are reported every subframe. Table 1 lists the resulting feedback bit rates.

Table 1: Feedback bit rates for different subcarrier granularities with reporting for every subframe

	Codebook size
	Feedback bit rates

	
	300 subcar.
	156 subcar.
	72 subcar.
	12 subcar.

	32 (5 bit)
	5 kbit/s
	10  kbit/s
	25  kbit/s
	125  kbit/s

	64 (6 bit)
	6 kbit/s
	12  kbit/s
	30  kbit/s
	150  kbit/s


We assume ideal estimation of the SCME urban macro [5] channel transfer function at the receiver moving at a velocity of 30 km/h. For a detailed list of simulation parameters, see Table 5 in the Appendix. 

Simulations were performed for both QPSK modulation with the code rate 
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 and 16-QAM modulation with the code rate 
[image: image19.wmf]2

/

1

=

R

, and the results are given in Subsections 3.1 and 3.2, respectively.

3.1. QPSK modulation with code rate 1/3

Figure 1, Figure 2, and Figure 3 show the block error ratio (BLER) vs. the signal-to-noise ratio (SNR) for the RandomDFT32, RandomDFT64, and RegularDFT32 codebooks for QPSK modulation with code rate 1/3. Table 2 lists the SNR values required to achieve a BLER of 0.1 for the different codebooks and subcarrier granularities.

For all three codebooks it can be observed that increasing the subcarrier granularity leads to an increasing performance gain compared to the case with only one common precoding matrix for all subcarriers. A gain of up to 2.3 dB can be achieved, when the 12 subcarriers granularity is used instead of one common precoding matrix. However, this of course comes at the cost of an exorbitant feedback bit rate.

As a side result, we find that the size 32 RegularDFT32 codebook outperforms both the size 32 and the size 64 random codebooks. Obviously, good codebook design is needed to leverage the potentials of precoding and to keep the feedback bit rate low.
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Figure 1: BLER vs. SNR for RandomDFT32 codebook (5 bit), QPSK, R=1/3

[image: image21.emf]-1 0 1 2 3 4 5 6 7 8 9

10

-2

10

-1

10

0

SNR [dB]

BLER

RandomDFT64, urban macro, 30km/h, QPSK, R=1/3

 

 

12 subcar.

72 subcar.

156 subcar.

300 subcar.


Figure 2: BLER vs. SNR for RandomDFT64 codebook (6 bit) , QPSK, R=1/3
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Figure 3: BLER vs. SNR for RegularDFT32 codebook (5 bit) , QPSK, R=1/3

Table 2: SNR for BLER=0.1 for QPSK modulation with code rate 1/3

	Codebook
	SNR [dB] for BLER=0.1 (Gain [dB] compared to 300 subcarriers granularity)

	
	300 subcar.
	156 subcar.
	72 subcar.
	12 subcar.

	RandomDFT32
	6.9
	6.2
(0.7)
	5.7
(1.2)
	4.6
(2.3)

	RandomDFT64
	6.7
	6.1
(0.6)
	5.5
(1.2)
	4.4
(2.3)

	RegularDFT32
	6.5
	5.8
(0.7)
	5.2
(1.3)
	4.2
(2.3)


3.2. 16-QAM modulation with code rate 1/2

Figure 4, Figure 5, and Figure 6 now show the BLER vs. the SNR for the RandomDFT32, RandomDFT64, and RegularDFT32 codebooks for 16-QAM modulation with code rate 1/2. Table 3 presents the SNR values required to achieve a BLER of 0.1 for the different codebooks and subcarrier granularities.

Again, we observe the increasing performance with increasing subcarrier granularity for all three codebooks. The performance gain compared to the case with only one common precoding matrix is now up to 2.6 dB for the 12 subcarriers granularity. Qualitatively, the results for 16-QAM are the same as for QPSK.
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Figure 4: BLER vs. SNR for RandomDFT32 codebook (5 bit), 16-QAM, R=1/2
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Figure 5: BLER vs. SNR for RandomDFT64 codebook (6 bit) , 16-QAM, R=1/2
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Figure 6: BLER vs. SNR for RegularDFT32 codebook (5 bit) , 16-QAM, R=1/2

Table 3: SNR for BLER=0.1 for 16-QAM modulation with code rate 1/2

	Codebook
	SNR [dB] for BLER=0.1 (Gain [dB] compared to 300 subcarriers granularity)

	
	300 subcar.
	156 subcar.
	72 subcar.
	12 subcar.

	RandomDFT32
	15.3
	14.7
(0.6)
	14.0
(1.3)
	12.8
(2.5)

	RandomDFT64
	15.1
	14.5
(0.6)
	13.8
(1.3)
	12.6
(2.5)

	RegularDFT32
	15.0
	14.2
(0.8)
	13.5
(1.5)
	12.4
(2.6)


4. Adapting subcarrier granularity and updating interval for low fixed feedback bit rate

In Section 3 we showed that a fine subcarrier granularity significantly improves the precoding performance, but a high feedback bit rate is required. It turns out that in our simulations for the RegularDFT32 codebook at a subcarrier granularity of 156, the same precoding matrix is used for two or more consecutive subframes in 76% of all cases. For UE velocities lower than 30 km/h the ratio would probably be even higher. This observation suggests to trade off the updating interval for the precoding matrices against the subcarrier granularity according to the current channel conditions. Of course, this trade-off depends not only on the UE velocity but also on the coherence bandwidth of the channel. For a frequency-flat fading channel, more than one precoding matrix across all subcarriers cannot increase the performance.

In Figure 7 we present simulation results for the RegularDFT32 codebook and QPSK modulation. A common feedback bit rate of 5 kbit/s for all subcarrier granularities is used. Every subframe only one preferred precoding matrix is signalled back to the transmitter. In our simulations we simply cycle through the blocks of PRBs using a common matrix. Blocks of PRBs without an update continue to use the precoding matrix from the last subframe. 

Table 4 lists the required SNR for a BLER of 0.1 for several subcarrier granularities. For a granularity of 156 (individual matrix update every second subframe) we still achieve a performace gain of 0.5 dB compared to the 0.7 dB from Section 3.1 but with only half the feedback bit rate. For a granularity of 96 (individual matrix update every third subframe) the gain is 0.7 dB, which is the best value observed in our simulations. For the granularity of 72 (individual matrix update every 5 subframes) the gain drops again to only 0.5 dB, because the precoding matrices at the transmitter become outdated. Obviously, there exists an optimum subcarrier granularity for the actual channel conditions under the constraint of a fixed feedback bit rate.

Note that in  Figure 7 we also included the case of no feedback. This reference case simply used the first two columns of the 4x4 DFT matrix as a common precoding matrix without any updates. The simulation results reveal a advantage of at least 2 dB for precoding and justify the increase in signalling overhead for it.
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Figure 7: BLER vs. SNR for RegularDFT32 codebook for common feedback bit rate of 5 kbit/s

Table 4: SNR for BLER=0.1 with QPSK modulation and common feedback bit rate

	Codebook
	SNR [dB] for BLER=0.1 (Gain [dB] compared to 300 subcarriers granularity)

	
	300 subcar.
	156 subcar.
	96 subcar.
	72 subcar.

	RegularDFT32
	6.5
	6.0
(0.5)
	5.8
(0.7)
	6.0
(0.5)


5. Conclusion

Our simulation results indicate significant performance gains of up to 2.6 dB for frequency selective precoding instead of common precoding for all frequency resources. However, these gains come at the cost of high feedback bit rates if all the precoding matrices are updated every subframe. 

If the feedback bit rate is fixed at some practical value, the length of the updating interval for the individual precoding matrices in frequency selective precoding must be increased. In this case, we observe a gain of 0.7 dB for frequency selective precoding in our simulations. The gains may be larger if the UE velocity is lower than the considered 30 km/h. 

We therefore suggest that the frequency granularity for precoding is chosen according to the actual channel conditions under the constraint of a fixed feedback bit rate rather than using only one common precoding matrix for all frequency resources.
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Appendix: Simulation parameters

Table 5: General simulation parameters

	Parameter
	Setting

	Transmission bandwidth
	5 MHz

	FFT size
	512

	TTI length
	1.0 ms (1 subframe)

	Cyclic prefix
	Short cyclic prefix

	Modulation scheme
	QPSK, code rate 1/3
16-QAM, code rate 1/2

	Turbo encoding
	HSDPA-like turbo encoding

	Channel estimation
	Ideal channel estimation

	Turbo decoding
	MaxLogMAP algorithm, max. 8 iterations

	Antenna configuration
	4x2

	No. of streams
	2

	Channel model
	SCME urban macro, 30 km/h

	Tx antenna separation
	4λ

	Rx antenna separation
	0.5λ

	Transmission scheme
	Precoded MIMO spatial multiplexing with multiple codewords (MCW)

	MIMO receiver
	Linear ZF receiver
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