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1. Introduction

It was decided to adopt codebook based precoding for LTE TDD MIMO at the Ran1#47bis meeting. However, whether non-codebook based precoding should also be adopted was not decided as it was unknown whether the non-codebook based method can achieve significant gains under realistic conditions. In this paper, we present a performance comparison between the codebook and non-codebook based methods with realistic assumptions based on link simulations.
The optimal precoding vectors for the non-codebook based are the right singular vectors of the channel matrix. The calculation of singular vectors requires a SVD computation, which is well-known for high numerical sensitivity, i.e. a small distortion at the input can result in large distortion at the output. Therefore, the gains of the non-codebook based method are exploited best when the precoding perfectly matches to the actual channel. Any mismatch would result in performance degradation. On the other hand, the codebook based method is more robust to mismatches than the non-codebook due to inherent quantisation errors and no SVD computation being required.  In addition, a well designed codebook based precoding scheme is capable of performing closely to the non-codebook based, which has been demonstrated by a number of contributions, e.g. [1, 2]. We envision in realistic LTE operations that the gains of the non-codebook based method could be seriously constrained by following factors:
1) Channel estimation for precoding derivation

The non-codebook based method uses uplink sounding for channel estimation, while the codebook based method uses common downlink reference signals. As the reference signal for UL sounding is user specific, there will be a limited number of reference symbols within a TTI. On the other hand, the codebook based method can exploit up to 4 reference symbols from a single TTI, and possibly more if pilots from neighbouring TTIs are used. As shown in a later section, the Mean Square Error (MSE) of the channel estimate for the UL sounding could be 5.85dB worse than those of the DL channel estimation with the current DL reference working assumptions at a low speed. Therefore, the non-codebook based method is not only more sensitive to the channel estimation error due to the SVD computation, but also suffers from significantly worse channel estimation quality. 
2) Channel estimation for data demodulation

The non-codebook based precoding method uses dedicated reference signal while the codebook based method again uses the common reference signal. The dedicated reference signal is user specific, and this will limit the channel estimation quality, in particular when the number of subcarriers using the same preocding vectors is small.
3) Precoding frequency granularity

As the number of sucarriers which use the same precoding is increased, the gains of a procoding method  with smaller quantisation errors will be reduced. 

We use realistic channel estimation for precoding derivation in the simulations. Nevertheless, realistic channel estimation for data demodulation is not carried out as with realistic channel estimation for precoding derivation alone the non-codebook based method achieves little gains. 
2. Simulation Assumptions 
The simulation assumptions are shown in Table 1. Both 2x2 and 4x2 MIMO are considered. The 3-bit ‘161’ codebook from [3] is used for 2x2 MIMO. For 4x2 MIMO, we select a subset from the 6-bit 2-stream Grassmanian codebook in [4] to make it a 5-bit 2-stream codebook. Precoding frequency granularity of 24 subcarriers is assumed for both codebook and non-codebook based methods. The codebook selection is based on the maximum sum throughput across 24 subcarriers. The codebooks of the rank 1 transmission are a subset of those of the rank 2 transmission. The precoding of the non-codebook based method is based on dominate right singular vectors of the middle subcarrier of every 24 subcarriers, and the number of the singular vectors used in precoding is equal to number of transmitted streams. MCS is selected independently for different streams. 
A pilot spacing of 6 subcarriers and 1 sounding symbol is used for uplink sounding, the same as proposed in [5]. FDM is used for multiplexing the sounding signals from different UE transmit antennas. The DL common reference signals are according to the current DL reference working assumptions for 2 and 4 transmit antennas, and DL channel estimation is based on reference signals within a TTI. Pilot or control overhead is not considered in the throughput calculation. 
Table 1 Simulation Assumptions
	Parameter
	Value

	Transmission BW
	10MHz

	Carrier frequency 
	2 GHz

	Usable subcarriers
	600

	RB size
	12 subcarriers

	Scheduled bandwidth
	2 RB or 24 subcarriers

	Precoding granularity
	Every 2 RB

	TTI length
	1ms

	DL Modulation 
	QPSK, 16-QAM and 64-QAM

	Channel model
	6-tap TU channel with uncorrelated antennas

	Num. of Tx antennas 
	2 and 4

	Num. of Rx antennas 
	2 

	UE speed
	3 km/h

	HARQ
	Chase combining with up to 3 retransmissions

	BLER target
	10% for the first transmission

	Turbo-decoding
	Max-Log-Map with 4 iterations

	Channel coding rates
	1/10 1/7 1/5 1/3 2/5 4/9 1/2 5/9 3/5 2/3 3/4 4/5

	frequency domain channel-dependent scheduling 
	On

	Codeword scheme
	Fixed 1 or 2 codewords

	Channel estimation for precoding derivation 
	1) Codebook based: based on DL common reference symbols with a TTI by a two-dimensional MMSE channel estimator
2) Non-codebook based: based on a single uplink sounding symbol by a one-dimensional MMSE channel estimator 

	Channel estimation for downlink data demodulation
	Ideal 

	Uplink sounding overhead
	1 of every 6 subcarriers for a UE transmit antenna

	Downlink common reference signal overhead
	9.5% for 2x2 and 14.3% for 4x2 

	Codebook sizes
	3 bits for 2x2 and 5 bits for 4x2

	Receiver
	MMSE 

	Precoding feedback Delay
	4 TTI


3. Simulation Results

Figure 1 shows the MSE comparison between UL sounding and DL channel estimation. It is seen that the channel estimates for UL sounding could be up to 5.85dB and 2.8dB worse than those of the DL channel estimation for 1st and 2nd TX and 3rd and 4th TX antennas, respectively. 
Figure 2 to Figure 5 illustrate the throughput results for 2s2 and 4s2 MIMO with rank 1 and 2 transmissions respectively. Results with ideal channel estimates are plotted for comparison. It is clear that the non-codebook based method suffers heavily as a result of channel estimation, while the codebook-based method is very robust. The non-codebook based method can only provide 1.8 % and 8 % gains at most for 2x2 and 4x2 MIMO respectively with realistic channel estimation.
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(a) MSE
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(b) MSE degradation of the UL sounding


Figure 1 MSE comparison of different channel estimation 
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 (b) Throughput gains of the non-codebook


Figure 2 2X2 MIMO with Rank 1 transmission
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 (b) Throughput gains of the non-codebook


Figure 3 2X2 MIMO with Rank 2 transmission
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Figure 4 4X2 MIMO with Rank 1 transmission
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Figure 5 4X2 MIMO with Rank 2 transmission
4. Conclusions

We have compared throughput performance between the codebook and non-codebook based precoding with realistic channel estimation and for precoding derivation for 2x2 and 4x2 MIMO. It is shown that the non-codebook based method cannot achieve significant gains over the codebook based method. It should be noted that if realistic channel estimation for data demodulation were also taken into account, the gains of the non-codebook based method would have been even smaller. 
Based on the presented results, we recommend not to adopt the non-codebook based precoding for E-UTRA TDD. 
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