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1. Introduction

The codebook design has an impact on the 4X4 DL MIMO performance. The LTE Rel-8 4X4 codebook is considered to be the baseline codebook as agreed in the link level simulation assumptions in [1]. In [3], a multi-granular codebook was proposed, aiming at reduced codebook size with possibly more efficient feedback scheme. In [2], an extended version of the multi-granular codebook was also discussed. In this paper, we evaluate the performance of the LTE Rel-8 codebook and multi-granular codebooks via link level simulations under PA3 channel and SCM-C channel. It can be seen that LTE codebook outperforms the multi-granular codebooks under both channels.
2. Discussion

2.1 Brief Overview of the Codebooks
As proposed in the LTE codebook design [5], the codebook(s) for 4 transmit antennas should consider both performance and complexity. The codebook chosen for LTE Rel-8 has a good balance between performance and complexity. To summarize, it has the following benefits:

1. The Householder-based codebook design offers competitive performance and potential UE complexity reduction. 

2. Low complexity codebook design can be attained by choosing the elements of each matrix/vector from the QPSK {±1, ±j} and 8PSK {±1, ±j, ±1±j } alphabet sets. The use of QPSK and/or 8PSK alphabets sets avoids the need for computing matrix/vector multiplication.

3. Codebook design with constant modulus property is beneficial for avoiding unnecessary increase in PAPR.

4. The nested property across ranks is beneficial to accommodate rank override: for each pre-coder matrix in a certain rank (2, 3, or 4), there exists at least one corresponding column subset in all the codebooks of the lower ranks. 

However, the LTE codebook has 16 precoding matrices for each rank. In order to reduce the codebook size and the amount of feedback information, a multi-granular precoding matrix W was proposed in [3]. It is a product of inner W1 and outer W2 : W = W1W2, where W1 is obtained from the set:
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and W2 is obtained from the set:
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An extended multi-granular precoding matrix in [2] extends the set C1 as:
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Notice that these precoding matrices are designed only for rank 1 and rank 2 transmissions. In the following simulations with the LTE codebook, we will set a constraint to use only rank 1 and rank 2 precoding matrices.
Multi-granular codebook may require less information bits because it is possible to feedback W1 and W2 separately. If N = 4, then 2 bits are needed for W1 and 3 bits are needed for W2. If W2 is transmitted every TTI and W1 is transmitted every 5 TTI, then the average bits for each feedback cycle are (2+3*5)/5 = 3.4 bits. For LTE codebook with rank no more than 2, however, 5 bits are needed for each feedback cycle. 
A potential problem for the multi-granular codebook is the error propagation of W1. Since W1 is not transmitted very often, an error in W1 will affect all the precoding matrices until a W1 is correctly decoded. In order to fully mitigate error propagation, W1 has to be transmitted together with W2, and in this case it is only possible to have a reduced codebook size when rank > 1. For example, the current multi-granular codebook with N = 4 requires 16 matrices for rank 1 and 8 matrices for rank 2. In addition, with the reduced codebook size, the performance degradation is not negligible, as will be shown by the simulation results below.
3. Link Level Simulations
In [2], the link simulation results have been performed for a 4X2 DL MIMO considering space correlations and polarization properties. LTE codebook has the best performance in all scenarios. In this paper, we use the 4X4 DL MIMO system for link level simulations. Two types of channels are used, the PA3 channel and the SCM-C channel defined in [4].

We derive 2 sets of the multi-granular codebooks by setting N = 4 and 8, respectively. As a result, when N = 4, there are 16 precoding matrices for rank 1 and 8 matrices for rank 2; when N = 8, there are 32 matrices for rank 1 and 16 matrices for rank 2.
For the extended multi-granular codebook, we set N = 4 and there are 64 matrices for rank 1 and 32 matrices for rank 2.
LTE codebook has 16 matrices for both rank 1 and rank 2.

In order to fully mitigate error propagation for multi-granular codebooks, W1 and W2 are transmitted together at each feedback cycle.
3.1 Simulation Results for PA3 Channel
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Figure 1. Simulation results for PA3 channel.
From Figure 1, we can see that LTE codebook always has the highest throughput. The throughput of LTE codebook is about 1 Mbps higher than that of the multi-granular N = 4. Multi-granular N = 8 provides only negligible gain over N = 4. Multi-granular ext provides better performance over multi-granular N = 8.
3.2 Simulation Results for SCM-C Channel
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Figure 2. Simulation results for SCM channel.
From the results under SCM-C channel in Figure 2, we can see that LTE codebook has the best performance for the PA3 channel . The throughput of LTE codebook is about 800 kbps higher than that of multi-granular N = 4. The throughputs of the 3 multi-granular codebooks have very similar performance.
4. Conclusions

Although it is possible to reduce the codebook size with the multi-granular codebook with N = 4 respect to the LTE codebook, there are some aspects that need to be considered, namely performance, error propagation and flexibility. Regarding the performance, it can be seen from the simulation results that under both PA3 and SCM-C channels, the multi-granular codebook has non-negligible throughput loss compared with the LTE codebook. Regarding the error propagation, if W1 and W2 are transmitted separately, errors in W1 would further bring negative impact to the performance. As for flexibility, as mentioned in [3], its precoding matrix structure is based on the assumption that the antennas are configured with a certain spacing and polarizations. If W1 is mismatched, this could further increase the performance loss respect to the LTE codebook.
Based on the simulations and discussion above, if no other codebook can provide significant advantages over the LTE Rel-8 codebook, we suggest using the LTE Rel-8 codebook as the UMTS 4X4 DL MIMO codebook.
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6. Appendix

Table 1: Link Level Simulation Assumptions
	Parameter
	Value

	P-CPICH_Ec/Ior
	-10dB

	S-CPICH1 Ec/Ior
	-13dB

	S-CPICH2 Ec/Ior
	-13dB

	S-CPICH3 Ec/Ior
	-13dB

	Dedicated Pilot channel
P-DPICH

S-DPICH
	No

	P-CCPCH_Ec/Ior
	-12dB

	SCH_Ec/Ior
	-12dB

	PICH_Ec/Ior
	-15dB

	HS-SCCH_Ec/Ior
	-12dB

	HS-PDSCH_Ec/Ior
	-2.7dB

	OCNS
	Necessary power so that total transmit power spectral density of Node B (Ior) adds to one

	Spreading factor for

HS-PDSCH
	16

	Modulation
	QPSK, 16-QAM, 64QAM

	TBS
	Variable

	Number of Transport Blocks
	4

	HSDPA Scheduling Algorithm
	CQI based

	Geometry
	[0 5 10 15 20 25]dB

	CQI Feedback Cycle
	1 TTI

	CQI feedback error
	0 %

	HS-DPCCH ACK/NACK feedback error
	0 %

	Maximum number of HS-DSCH codes
	15

	Number of HARQ Processes
	6

	Maximum Number of H-ARQ Transmissions
	4

	HARQ Combining
	Incremental Redundancy

	Redundancy and constellation version coding sequence
	{0,3,2,1} for QPSK

and 16-QAM 
{6,2,1,5} for 64 QAM

	Target Number of H-ARQ Transmissions
	1

	Residual BLER
	10% after 1 transmission

	Number of Rx Antennas
	4

	Channel Encoder
	3GPP Turbo Encoder

	Turbo Decoder
	Log MAP

	Number of iterations for turbo decoder
	8

	Precoding weight vector determination
	SNR maximizing

	Quantization of Precoding vector
	LTE, multi-gran, multi-granular ext.

	PCI/CQI Feedback delay
	12 slots

	Precoding Feedback error rate
	0, 2%

	Precoder update rate
	3 slots

	Propagation Channel Type
	PA3/SCM-C

	Channel Estimation
	Realistic

	Noise Estimation
	Realistic

	UE Receiver Type
	Spatial temporal LMMSE receiver

	Tx Antenna Correlation
	PA3, SCM-C

	Rx Antenna Correlation
	PA3, SCM-C
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