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1
Introduction
Coordinated multi-point (CoMP) is being considered as a key enabler of high spectral efficiency requirements set forth by LTE-Advanced [1]. A variety of downlink cooperative transmission techniques and their role in various deployment scenarios is summarized in [2]. 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 feed back the channel direction information to enable transmit interference nulling. In this contribution we study the interference suppression provided by the SU-MIMO codebooks agreed to be used for LTE-A, and compare that with the gains possible if larger codebooks are used.  We consider a simple setup where one UE causes interference to a HeNB with restricted access in the uplink and show that interference suppression techniques such as transmit nulling can be used to improve the fairness. The simplistic simulation also shows that using larger codebooks can provide significant gains. 
2 Rank 1 codebook design for CoMP using Interference Suppression Ratio
As discussed in [3], 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 [3],[4], 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 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, namely Gaussian codebook containing random complex Gaussian elements and a unimodular codebook that has unit elements with unit modulus. The codebook with the largest ISR at CDF of 0.1 was picked from over 100000 codebooks. We also include the ISR CDF for the DL codebook and the new  4Tx rank-1 codebook agreed for LTE-A. 
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Figure 1: ISR CDF for 4, 6, 8, and 10 bit codebooks
The CDF of ISR for codebooks of different sizes in shown in Fig. 1. We 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 unimodular codebook is not much especially with a large number of bits. We could therefore just consider codebooks with unit absolute values. 
3
Link Level Simulations with Interference Suppression
Consider the scenario shown in Fig. 2. UE1 is communicating with (H)eNB1 and UE2 is communicating with eNB2 on the uplink. Transmissions from UE1 to (H)eNB1 in the uplink cause interference to transmissions of UE2 to (H)eNB2. If (H)eNB2 is equipped with multiple receive antennas it may be able to use receive nulling to mitigate interference from UE1. However, this approach only works when the total rank transmitted by UE1 and UE2 is not larger the number of receive antennas at (H)eNB2.  Another approach to mitigate the interference is using transmit nulling at UE1.  If UE1 is equipped with multiple transmit antennas, to improve the overall system performance and fairness, the precoding vectors used at UE1 could be chosen such that they reduce the interference to UE2 while causing limited performance degradation for UE1. As described in the previous section, the amount of interference suppression is closely related to the size of the codebook. In this section, we look at some simple link level simulations to study the impact of codebook size on system performance and fairness. 
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Figure 2: Uplink Interference

We consider a scenario similar to the one shown in Figure 2. The received signal at (H)eNB1 is the signal transmitted by UE1 plus residual interference and thermal noise. The received signal at (H)eNB2 is the desired signal from UE2, the interference from UE1 and thermal noise. The received signals at (H)eNB1 and (H)eNB2 are given below: 
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Here, X denotes modulation symbols, P denoted the precoding matrices, and N the thermal noise. The channel gains are assumed to be of unit norm. For simplicity of presentation, we assume the same C/N at (H)eNB1 and (H)eNB2. We plot the throughput curves for UE1 and UE2 for a fixed I/N. We consider a case of a high dominant interference (I/N = 8dB) which could arise in HeNB CSG deployments. The following two setups are considered:

·    Case 1: no interference coordination. In this case UE1 chooses precoding matrix that optimizes its rate. 

·    Case 2: interference coordination. In this case UE1 determines the RI and PMI that yields the largest rate. It then considers all RI/PMI pairs within 10% of the largest rate and chooses the PMI/RI pair that minimizes the interference to UE2. 
An i.i.r. filter with coefficient 0.05 is used to filter the interference estimate that is used for CQI, PMI, and RI computation for UE2. Interference estimate for demodulation is assumed to be perfect. Other simulation parameters are provided in Table 1. 
Table 1 Simulation Assumptions for UE-RS Simulations
	Transmission Bandwidth
	5MHz

	Channel Model
	Rayleigh flat fading @ 1 km/h, ped-A @ 3 km/h

	Number of Tx antennas at UE
	4

	Number of Rx antennas at eNB
	2

	Receiver Type
	Linear MMSE

	Allocation Size 
	4 RBs

	Channel Estimation
	Perfect

	I/N
	8 dB

	CQI/Precoding feedback
	Perfect, 2ms delay  

Codebooks w/ 24 and 256 entries per rank 

	AMC target FER
	10% at 1st subpacket


In Fig. 3 and Fig. 4 we show the throughput for UE1 and UE2 for Case 1 and Case 2 when the number of precoding matrices per rank is 24 and 256. The curves in black and red correspond to Case 1 while the ones in blue and magenta correspond to Case 2. We see that using larger codebooks improves the performance of the interfered UE2 when interference cooridnation is applied via transmit interference interference nulling by UE1. 
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Figure 3: Rayleigh flat fading @ 1 km/h
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Figure 4: ped-A @ 3 km/h
4
Summary 

We studied performance of codebooks with different sizes in the context of UL interference cooridnation (CoMP) via transmit interference nulling or, equivalently, coordinated beamforming. 
The effect of codebook size on transmit nulling performance is characterized in terms of interference suppression ratio (ISR) metric as well as improved throughput / fairness tradeoff achieved. 
Our analysis suggests that codebooks of size larger than 16 (4 bits) would be beneficial to achieve attractive transmit nulling gains. We therefore recommend RAN1 to broaden the scope of UL MIMO codebook design and consider performance of UL coordinated transmission (such as coordinated beamforming),  in addition to the traditional UL MIMO performance metrics. 
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