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1
Introduction
In RAN1 #57bis it was agreed that Rank 1 codebook for 4Tx UL SU-MIMO would be chosen to be either the DL codebook or the QPSK codebook proposed in [1]. The decision would be based on performance. In case of similar performance the QPSK codebook is preferred due to the lower complexity. In this contribution we compare the performance of the two codebooks. 

Coordinated multi-point (CoMP) is being considered as a key enabler of high spectral efficiency requirements set forth by LTE-Advanced [2]. A variety of downlink cooperative transmission techniques and their role in various deployment scenarios is summarized in [3]. In many scenarios, a significant fraction of the total capacity gain due to CoMP comes from cooperative transmit interference nulling. Codebooks similar to the UL SU-MIMO codebook could potentially be used to feedback the channel direction information to enable transmit interference nulling. In this contribution we also study the interference suppression provided by the UL SU-MIMO codebooks being considered for LTE-A, and compare that with the gains possible if we use larger codebooks.  
2 Rank 1 4 Tx SU-MIMO Codebooks
In RAN1 #57bis it was agreed that Rank 1 codebook for 4Tx UL SU-MIMO would be chosen to be either the 4Tx Rank 1 DL Householder codebook or the QPSK codebook proposed in [1] given in Table 1. The rank 1 codebook will also include antenna turnoff elements. However, those entries are not included in the study performed here. In Fig. 1,2, 3a, and 3b we compare the performance of the two codebooks for different transmit and receive correlation. The transmit / receive correlation matrix is parameterized by a complex variable ρ and the (i, j)-th entry in the correlation matrix is of form ρ(i-j). The simulation parameters are specified in Table 2. 
Table 1: Rank-1 QPSK codebooks (each vector is unit-norm)

	Rank-1 codebook – not including antenna turn-off vectors

· Size = 16

· Minimum chordal distance = 0.866 

· Mean chordal distance = 0.893 
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Table 2: Simulation Assumptions

	Carrier frequency
	2.0GHz

	System bandwidth
	5MHz

	Data transmission BW
	4 RBs (48 subcarriers)

	Channel model
	Typical Urban, 6 paths

	Fading speed
	3km/h

	Antenna configuration
	4x4, 4x2

	Receiver
	Linear MMSE

	Channel estimation
	Perfect

	AMC target FER
	10% at 1st subpacket

	CQI feedback delay
	4ms
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Figure 1: Performance with uncorrelated antennas
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Figure 2: Performance with correlated antennas. Transmit corr 0.1, Rx Corr of 0.1, 0.5.
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Figure 3a: Performance with correlated antennas. Transmit corr 0.5, Rx Corr of 0.1, 0.5, with different phases
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Figure 3b: Performance with correlated antennas. Transmit corr 0.5, Rx Corr of 0.1, 0.5, with different phases
The simulation results show that the performance of the two codebooks is nearly identical. We therefore propose using the new QPSK codebook for 4Tx Rank 1UL SU-MIMO.  
3 Rank 1 codebook design for CoMP using Interference Suppression Ratio
As discussed in [4], in the context of CoMP, feeding back a quantized channel state rather than the suggested precoding direction, equivalent of PMI in LTE Rel 8, seems appropriate. For CoMP on DL, a vector (matrix) quantization can be used so that UE feeds back index of a vector (matrix) from a pre-defined codebook that matches the measured channel state. Such a feedback may be in the form of the actual complex channel from multiple transmit antennas of one or more cells to one or multiple receive antennas of the UE. The full spatial feedback consists of reporting the set of complex entries of the channel matrix. This information can be further compressed to the Channel Direction Information (CDI) that, for example, contains one or more dominant principal eigen-components of the channel matrix in the case of MIMO transmission to the UE. Similar techniques can also be applied in the UL.
In [4,5], interference suppression was used as the metric of feedback accuracy. For a particular channel realization h, the metric is calculated as follows. 
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This represents an upper bound (in dB) on the interference nulling gain that is achievable by beamforming in a direction orthogonal to the estimated channel g.
Here we plot the CDF of the ISR corresponding to the two UL codebooks being considered as well as the ISR corresponding to codebooks found using Random search containing 16, 64, 256, and 1024 vectors of size 4. The CDF is obtained by assuming that h has i.i.d. complex Gaussian elements.  For the random search we considered two types of codebooks, Gaussian codebook containing random complex Gaussian elements and a unit norm codebook that has unit norm elements. Note that here unit norm is referring to norm of the elements in the vectors rather than the norm of the vector. The codebook with the largest ISR at CDF of 0.1 was picked from over 100000 codebooks. 
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Figure 4: ISR CDF for 4, 6, 8, and 10 bit codebooks
The CDF of ISR for codebooks of different sizes in shown in Fig. 4. First, we observe that the new QPSK codebook has a better ISR CDF than the DL codebook. We also see that significant gains in terms of ISR are possible if we allow for larger codebooks. At this stage we believe that we should hence consider larger codebooks to enable UL CoMP. We also notice that the difference between Gaussian codebook and Unit norm codebook isn’t much especially as we increase the number of bits. We could therefore just consider codebooks with unit norm elements.

4
Summary 

We looked at the performance of a QPSK 4Tx rank 1 codebook and compared it with the DL Householder codebook for use in UL SU-MIMO. The performance of the two codebooks was identical. We therefore corroborate the performance of the conditionally agreed codebook in RAN1 #57bis. 
Furthermore, the interference suppression provided by the QPSK codebook was also shown to be better than the DL HH codebook.  We studied performance of codebooks with different sizes in the context of UL transmit interference nulling (CoMP) in terms of the interference suppression ratio (ISR) metric. 
Our analysis suggests that codebooks of size larger than 16 (4 bits) would be needed to achieve attractive ISR levels. While we agree on the adoption of the conditionally agreed 4-bit codebook for UL MIMO operation in LTE-A, we  recommend RAN1 to broaden the scope of UL MIMO codebook design and consider performance of UL coordinated transmission (such as transmit interference nulling)  in addition to the traditional UL MIMO performance metrics while in the study item phase. 
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