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1. Introduction

Linear precoding is one of the basic multi-antenna technologies that should help to improve especially single stream transmission in the basic 2x2 MIMO setup [1]. During the LTE MIMO session at the RAN1 Meeting #45 in Shanghai [13] it has been discussed that the codebook size and its effect on the possible precoding gain should be investigated. Simulation results shown in this contribution provide insight in the trade-off between codebook size and precoding gain as well as the precoding adaptation needs in the frequency domain.
2. Single Stream Precoding for 2TX antennas
Precoding has a big effect on single stream transmission but basically does not effect the performance of dual-layer spatial multiplexing for the 2x2 antenna setup, as has been e.g. shown in [12]. As a consequence, we concentrate on single stream transmission in this contribution and compare the possible beamforming gain of different sized codebooks as well as the effect of adaptation of the precoding weight in the frequency domain. 
Different codebooks have been described and investigated by other companies for 2 transmission antennas. We will first introduce the different codebooks and classes and then show a performance comparison:
One class of codebooks adapts only the transmission phase of the second transmission antenna with respect to the first one, as suggested for a 1bit codebook in [3], a 2bit codebook in [2,5,6] corresponding to the same phase states as in TXAA mode 1 [9] as well as 3bit codebook in [4]. This codebooks can be described by
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where different phase sequences can be applied. One possibility is to utilize an even spacing of the phases inside [0, 2(] – which we will denote as “Phase” codebooks in the sequel. The transmission phases for the Phase codebook with m=log2(K) bits is given by
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This codebook for m=1bit is used in [1] and for 2bits in [2,5,6]. In case of [4] a different distribution of the phase states has been chosen for beamforming purposes with a small interelement distance. There the phase relation for m=3bit is given by
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which we denote with “Huawei” in this contribution due to its origin [4]. 

Other codebooks do not just adapt the phase of the second transmission antenna but also apply amplitude adaptation. One example for this precoding category is e.g. the TXAA Mode2, which has been applied in [5, 6] and is given by

[image: image4.wmf](

)

þ

ý

ü

î

í

ì

-

=

Î

þ

ý

ü

î

í

ì

Î

ú

û

ù

ê

ë

é

-

=

1

2

/

,

,

1

,

0

   

,

  

4

  

,

 

5

2

,

5

1

   

,

   

exp

1

2

K

k

K

k

A

j

A

A

v

L

p

f

f

.
We denote this codebook class as “Mode2” codebook in this contribution. A similar codebook design combining amplitude and phase selection, but resulting just in a different relative amplitude factor A as shown above is used in [7] and is denoted as “Texas Instruments” due to its origin.
Another possibility for a 1bit codebook for single stream transmission is basically “Antenna Selection”. The combination of antenna selection with phase adaptation, e.g. for m=3bits – combining the 1bit antennas selection codebook with the K=6 size phase codebook
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- is denoted as “161” codebook due to its 1 – 6 – 1 structure. 

As reference we also use an m=3bit codebook design based on [8] denoted as “Intel”. Moreover, we include also the m=3bit Grassmannian codebook [10] in our investigations.
3. Investigations in flat fading channels
In the flat fading considerations we evaluate the average SNR gain in a 2x2 setup with linear precoded single stream transmission with varying TX antenna correlation. The receiver antennas are assumed to be uncorrelated. The flat fading case can be in general seen as an upper bound in performance compared to frequency selective channels in the next section. Let us first consider m=1bit and m=2bit codebooks in Figure 1. 
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Figure 1:   Average SNR gain for m=1bit and m=2bit codebooks.
The results clearly indicate that there is no difference between the two 1bit codebooks in case of uncorrelated channels (TX antennas). The same conclusion also holds for the 2bit codebooks. But with increasing correlation, the codebooks applying only phase adaptation outperform the codebooks with amplitude adaptation. Please note, that an infinite codebook size (not shown in the figure) would achieve 3dB average SNR gain independent of the channel correlation. 
The same comparison for m=3bit codebooks is illustrated in Figure 2.
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Figure 2:   Average SNR gain for m=3bit codebooks.

We can easily identify one tendency. The codebooks applying phase adaptation only (Phase and Huawei) show an excellent performance in case of correlated antennas but suffer some performance degradation for small correlations. In contrast, codebooks also allowing amplitude adaptation like Intel, Grassmannian, TXAA Mode 2 and Texas Instruments achieve a very good performance in the uncorrelated case but there is a loss for correlated antennas. The 161 codebook combining basic phase adaptation (over 6 phase states) with antenna selection combines the advantages of both approaches and achieves a good performance independently of the antenna correlation. When considering the case of m=4bit (and comparing to the robust m=3bit 161 codebook) in Figure 3a, we gain less than 0.1dB by increasing the codebooks size from 8 (m=3bit) to 16 (m=4bit). In contrast, the gain is much bigger when going from a 1bit to 2 or 3bit codebooks as shown in Figure 3b. 
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Figure 3:   Average SNR gain for m=4bit codebooks (a). 
Comparison of the best m=1, 2 and 3bit codebooks (b)

The relative gains of 2 or 3bit codebooks (of Figure 3b) with respect to the basic 1bit Phase codebook for a flat fading channel are summarized in Table 1:
	
	Uncorrelated antennas ((=0)
	Correlated antennas ((=1)

	Gain of 2bit versus 1bit CB
	0.46dB
	0.65

	Gain of 3bit versus 2bit CB
	0.33dB
	0.12

	Gain of 3bit versus 1bit CB
	0.79dB
	0.77


Table1:   Relative average SNR gain m=2 and 3bit codebooks for correlated and uncorrelated channels.

When considering the average relative gains shown in Table 1, a3 bit codebook seems to be a good tradeoff between performance and the codebooks size resulting in feedback overhead. 

4. Effect of precoding adaptation in the frequency domain
In the previous section we considered the case of flat fading channel – there the same precoding weight can be applied over the whole transmission bandwidth. In this section we investigate the effect of frequency selectivity on the precoding performance.

We used the 10MHz OFDM parameter set of [1] (600 used subcarriers) and allow precoding adaptation in multiples of resource blocks (RB – corresponding to 25 neighboring subcarriers). Again the average SNR gain is investigated, but this time as a function of the precoding adaptation rate in the frequency domain. Figure 4 illustrates the case of the Typical Urban channel with uncorrelated (iid) fading:
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Figure 4:   Average SNR gain as a function of the reporting period in number of RBs for Typical Urban channel. 

The increase in the reporting period from every RB to every 24th RB (the same precoding weight applied over the full channel bandwidth) results in some precoding gain reduction. Increasing the reporting period from every RB to every 2nd RB results in relatively big performance degradation - but then the curves are relatively flat resulting in a smaller degradation. The 3bit codebooks (e.g. 161 and Intel) reported over the full bandwidth outperform the 1bit codebook independently of the reporting period. The 2bit codebook would require reporting in every resource block (24*2bit) in order to outperform these 3bit codebooks with a single 3bit report valid for the whole transmission bandwidth.
Next the case of correlated channels, as e.g. SCM Urban Micro and SCM Urban Macro [11], are considered in Figure 5a and Figure 5b, respectively.
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Figure 5:   Average SNR gain as a function of the reporting period for 
SCM Urban Micro (a) and SCM Urban Macro (b) channels

Due to the smaller frequency selectivity, the perfect beamformer (with infinite codebook size) gets closer to the optimum of 3dB SNR gain. The gain for the SCM Urban Macro channel is almost not depending on the reporting period due to the small frequency selectivity. Again, a 3bit codebook with sparser reporting in the frequency domain outperforms the 2 and 1bit codebooks with a smaller reporting period in the frequency domain.  
Considering all there cases (Fig. 4, Fig. 5a & Fig. 5b), we can draw the same conclusions as in the flat fading case in the previous section: 
The Phase codebooks perform well in case of correlated channels (as given by SCM Urban Micro and SCM Urban Macro) – but show a worse performance in uncorrelated channels (modeled by the iid TU channel in Figure 4). Codebooks adapting also the amplitude, like Intel and Mode2, perform well in uncorrelated channels but are not optimal for the correlated SCM Urban channels. The 161 codebook combining the two codebook design philosophies achieves a good performance in all the three investigated channels. 

Related to the reporting period in the frequency domain it seems, that with a single weight used for the whole transmission bandwidth most of the gains of single stream precoding for 2TX antennas can be realized. 
5. Summary and Conclusion

In this contribution, we show by simple channel investigations the potential of linear precoding for single stream transmission for 2TX antenna NodeBs. The results indicate that a single weight reported for the entire bandwidth achieves most of the available precoding gain. Considering the size of the codebook it can be concluded, that a 3bit codebook for single stream precoding seems to be a reasonable tradeoff considering available precoding gains versus UL feedback overhead.
Considering the precoding performance in different channel situations (including antenna correlations), a combination of phase only adaptation with some kind of amplitude adaptation in the form of antenna selection, like the 161 codebook, seems to be a reasonable compromise in sense of robustness to varying channel correlation and should therefore be used as 2TX antennas single stream linear precoding codebook.
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