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1. Introduction 
In RAN1 #57bis meeting in Los Angeles, codebook for DL CoMP in LTE-A has been discussed as a CSI feedback approach [1-3]. This contribution attempts to provide further discussion on codebook design for CoMP, with focus on JP.
Codebook design becomes a more and more challenging task as the number of transmit antenna increases. This is especially applicable to CoMP JP which may involve much more transmit antennas than traditional single-site MIMO. In this case, unstructured codebook (often termed random codebook), e.g. Grassmanian subspace packing [4] and Lloyd algorithm [5] is almost infeasible considering the searching complexity to construct a codebook and particularly the implementation complexity for codebook selection in the UE side. Comparatively, structured codebook, e.g. DFT [6], Householder [7] or Givens transformation based codebooks [8-9] seems more realistic in terms of complexity reduction, scalability and better performances in some scenarios. These structured codebooks can be used for JP directly in principle. In this case, different number of transmit antennas may result in different codebooks, especially considering some design constraints like unitary property, constant modulo, nested structure, etc., to satisfy different interests. However, actually, the existing structured codebooks are not flexible enough to adapt to JP, where the size of a coordination set may change from user to user, and from time to time for a given user, and thus require different codebooks for different number of transmit antennas stored in UE side. A flexible codebook to adapt to different number of transmit antennas is highly desirable.
In this contribution, a simple approach to design a codebook for large number of transmit antennas is proposed, termed as concatenated codebook. The basic idea is to segment large number of transmit antennas into sub-groups with smaller number of transmit antennas per sub-group, design the optimized sub-codebook for smaller number of antennas for each sub-group, and then concatenate the selected sub-codebooks together as the codebook for larger number of transmit antennas. When applying this approach to JP, all transmit antennas on the eNBs in a coordination set can be segmented into sub-groups with one eNB corresponding to one sub-group.
2. Concatenated codebook for CoMP
Codebook is a finite set of precoding matrices, known to both eNB and the UE. UE chooses the optimal precoding matrix from the codebook according to the current channel state information and sends back the binary index of this matrix to eNB over a limited feedback channel.
2.1 Problem statement
We assume 
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 eNBs in a coordination set with 
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 transmission. Then, the codebook design targets to find a finite set of precoding matrices 
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[image: image9.wmf]Ψ

 as 
[image: image10.wmf](

)

M

K

×

-Tx codebook.
Some existing approaches, e.g. DFT transform based codebook [10] , can be used to design such a codebook
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 directly. By using the following DFT-transform formula
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 precoding matrices, and each coding matrix 
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 dimentions. Such codebook will be known for both eNB and UE.
There are two major problems for existing approaches. One is that for large 
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 and 
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, either the construction of the codebook 
[image: image28.wmf]Ψ

 is too huge to afford, or the complexity to memory the codebook is too large to be desirable for eNB, especially for UE. Moreover, the size of coordination set may change from 1 to 
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, so that 
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 codebooks may need to be stored in UE to adapt to different size of coordination set. This is also highly challenging for UE implementation.
2.2 Concatenated codebook design

The newly proposed approach is to design such a smaller codebook 
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 so that any precoding matrix of the large codebook 
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 can be constructed by the combination of the precoding matrices in the smaller codebook. And the design of 
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· It should be quantized to 
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 precoding matrices in the smaller codebook are used to construct the large precoding matrix, so that the overall quantization overhead should be the same as 
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-bit.
· It is designed for smaller number of transmit antennas, e.g. 
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By using the DFT-transform formula in (Eq. -1), 
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 can be easily designed with the above constraints:
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By taking the first 
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 by the following concatenation:
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where 
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. Obviously, such concatenation approach requires only simpler codebook design for smaller number of transmit antennas, which highly reduces the codebook design complexity. Moreover, a single small codebook 
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 rather than 
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 need to be known by both eNB and UE, which makes the UE storing complexity much lower as well as helps each UE being flexible enough to adapt to various size of coordination set.
2.3 Examples
We assume a JP scenario with 2 eNBs and 2 UEs. Each eNB is configured with 4 transmit antennas, and each UE configured with a single receive antenna. Multiple receive antennas can be transformed to a single virtual one via receive processing like MRC, MMSE. Two eNBs will jointly serve two UEs with rank-1 transmission for each UE over the same radio resource (that is Spatial Division Multiple Access, SDMA). Total quantization bit number is 4 bits per radio resource per UE
The system is modeled as 
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where 
[image: image55.wmf]i

y

 is a complex receive symbol at the ith UE, 
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is a 1-by-4 complex Gaussian channel matrix from the ith UE to the jth eNB, 
[image: image57.wmf]P

 is a 8-by-2 weighting matrix, 
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 is the transmit symbol to the ith UE,
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 is a 2-by-1 complex noise vector with mean of zero. The following demonstrate an example for the operation principle of the proposal.
Step 1: Sub-codebook pre-design

Sub-codebook for smaller transmit antennas should be available first. By using (Eq. -2):
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and taking the first column of 
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Step 2: Sub-codebook selection at receiver

Given a normalized channel matrix 
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 which are estimated at the ith UE via referece symbol transmitted from eNB1 and eNB2, the i-th UE will select a composite precoding matrix 
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 for the ith UE by concatenating the sub-codebooks obtained in step 1. That is
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The optimal selection criteria depends on specific receiver architecture (MMSE, ML, etc.), multi-user precoding algorithm (ZF, MMSE, etc.) and performance metric (capacity, BER, etc). Here, we use the minimum distance criteria to select the composite weighting matrix for channel state information feedback. That is to find a sub-codebook 
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Step 3: Sub-codebook index feedback

Assume the selected sub-codebooks in step 2 for the ith UE are 
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 and 
[image: image71.wmf]n

Ps

, and corresponding index are Index_m_i and Index_n_i in the codebook set 
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, then the ith UE will feed back Index_m_i, Index_n_i to the eNB.

Step 4: Codebook reconstruction at transmitter

Based on the feedback channel state information Index_m_i, Index_n_i from UEs, channel matrix can be constructed at eNB for multi-user precoding, e.g. according to ZF (zero-forcing) criteria [12]. Assume the constructed channel matrix from the i-th UE to both eNB1 and eNB2 is
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2.2 Properties of concatenated codebook

Distance property

In table 1, assuming 8 transmit antennas and 4-bit quantization, we analyze the minimum Chordal distance, projection two-norm distance and the Fubini-Study distance of the concatenated codebook with those of the 4-bit DFT codebook for rank-1 and rank-2 transmission. These distances are good metrics to evaluate if the structure of a codebook is good or not. We can see that in most cases, the concatenated codebook has larger distance than the 4-bit DFT codebook for rank-2 transmission.
Table 1 Minimum distance comparisons of the concatenated codebook and the 4-bit DFT codebook

	Minimum distance of codebook subspace
	Rank-1
	Rank-2

	
	Concatenated codebook
	4-bit DFT codebook
	Concatenated codebook
	4-bit DFT codebook

	Chordal distance
	1.0858
	1.0063
	0.4598
	0.1302

	Projection two-norm distance
	0.4230
	0.1122
	0.4532
	0.1266

	Fubini-Study distance
	0.4368
	0.1124
	0.4763
	0.1305


Scalability to coordination size

The concatenated codebook mainly depends on smaller sub-codebook rather than the size of coordination set directly. This means that given spatial correlation, number of transmit antennas and certain design constraints, sub-codebook should be designed according to a certain optimization criteria. Once the sub-codebook is available, then the concatenated codebook can be scaled to any size of coordination set for CoMP with feedback of sub-codebook index for all eNBs in the coordination set.
A downloadable codebook concept in 3GPP RAN1 meeting has been proposed in previous RAN1 meeting [13]. This is a very promising codebook design concept that for different spatial correlation environments, different codebook set optimized for specific spatial correlation environments should be downloaded to UE so that the used codebook matches the environment much better. Concatenated codebook can be used on the top of the concept of downloadable codebook to make downloadable codebook more flexible. That is, when design the downloadable codebook for a specific spatial correlation environment, concatenated codebook can be used for large number of antennas.
Constant modulo property

Each element of the concatenated codebook is an element of the sub-codebook. Only if the sub-codebook has constant modulo, then the concatenated codebook obviously has constant modulo.
3. Simulation results

Simulation results of concatenated codebook for single-site MIMO with large number of transmit antennas
We run some preliminary simulations to analyze the performances of the proposal applying to single-site MIMO. We assume single-site single-user MIMO with 8 transmit antennas and 2 receive antennas, 2 data streams transmission with MMSE detector, spatially uncorrelated Rayleigh flat fading channel. We compare three schemes:

· Scheme I: precoding based on ideal Channel State Information (CSI) at transmitter. In this case, the transmitter will perform optimal precoding based on traditional singular value decomposition (SVD).

· Scheme II: precoding based on 4-bit DFT based 8-Tx codebook according to (Eq.-1). The selection criterion at receiver is to maximize the minimum singular value of the effective channel, and always to select the first two columns of each codebook matrix for 2 data streams transmission.

· Scheme III: precoding based on concatenated 2-bit DFT based 4-Tx codebook. The selection criterion at receiver is the same as that for scheme II.
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Figure 1 Capacity comparisons of the proposed concatenated codebook with the precoding based on ideal CSI, and that based on large codebook
Figure 1 shows the capacity comparisons of the proposed concatenated codebook based precoding with that based on ideal CSI and on 4-bit DFT based codebook. Due to quantization error of codebook, both the concatenated 2-bit DFT based codebook and the 4-bit DFT based codebook suffer from performance loss compared with ideal CSI based precoding. Such performance degradation is expected more and more severe as the number of transmit antennas increases. However, for the same codebook feedback overhead of 4bit, the proposed concatenated codebook performs better than 4-bit DFT based codebook with average SNR gain about 2dB. This gain mainly comes from the better distance property of the concatenated codebook than 4-bit DFT codebook for rank-2 transmission.

Simulation results of concatenated codebook for JP
We run some further simulations to analyze the performances of the proposal applying to CoMP JP. We assume two-eNB MIMO with 4 transmit antennas per eNB and 1 receive antennas per UE, single data stream transmission, spatially uncorrelated Rayleigh fading channel. We compare three schemes:

· Scheme I: precoding based on ideal CSI at transmitter. In this case, the transmitter will perform optimal multi-user precoding based on traditional ZF algorithm.

· Scheme II: precoding based on 4-bit DFT based 8-Tx codebook according to Eq.-1. The selection criterion at receiver is to minimize the distance, and always to select the first column of each codebook matrix for a single data stream transmission.

· Scheme III: precoding based on concatenated 2-bit DFT based 4-Tx codebook. The selection criterion at receiver is the same as that for scheme II.

Figure 2 shows the capacity comparisons of the proposed concatenated codebook based precoding with that based on ideal CSI and on 4-bit DFT based codebook. Due to quantization error of codebook, both the concatenated 2-bit DFT based codebook and the 4-bit DFT based codebook suffer from significant performance loss due to reduced signal power and increased multi-user interference compared with ideal CSI based precoding. However, for the same codebook feedback overhead of 4bit, the proposed concatenated codebook performs very similarly to 4-bit DFT based codebook. No performance gain is observed from concatenated codebook in the simulated scenario due to similar distance property in rank-1 transmission. However, we believe concatenated codebook is still attractive because of its low storage complexity at UE and flexibility to adapt various size of coordination set.
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Figure 2 Capacity comparisons of the proposed concatenated codebook with the precoding based on ideal CSI, and that based on large codebook for JP
Simulation results of concatenated codebook for JP with phase and/or amplitude correction
Concatenated codebook in can be enhanced further when considering the phase and/or amplitude weighting. That is to change the concatenating approach in (Eq. -6) into the following:
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where, 
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 could be quantized at UE according to a certain optimization criteria, e.g. maximizing receive SINR, and then fed back to eNB.
We run some preliminary simulations to analyze the performances of the concatenated codebook with phase and amplitude weighting. We assume single-site single-user MIMO (but it can be extended to multi-site MIMO case directly) with 8 transmit antennas and 2 receive antennas, 2 data streams transmission with MMSE detector, spatially uncorrelated Rayleigh flat fading channel, and 2-bit uniform quantization for phase and amplitude weighting. We compare four schemes:

· Scheme I: precoding based on ideal CSI at transmitter. In this case, the transmitter will perform optimal precoding based on traditional SVD.

· Scheme II: precoding based on 4-bit DFT based 8-Tx codebook according to (Eq.-1). The selection criterion at receiver is to maximize the minimum singular value of the effective channel, and always to select the first two columns of each codebook matrix for 2 data streams transmission.

· Scheme III: precoding based on concatenated 2-bit DFT based 4-Tx codebook without any phase and amplitude correction. The selection criterion at receiver is the same as that for scheme II.

· Scheme IV: precoding based on concatenated 2-bit DFT based 4-Tx codebook with 2-bit phase and amplitude correction. The selection criterion at receiver is the same as that for scheme II.

Figure 3 shows the capacity comparisons of the proposed concatenated codebook based precoding with and without phase and amplitude correction. Similarly, due to quantization error of codebook, all the codebook based schemes suffer from performance loss compared with ideal CSI based precoding. However, the scheme with phase and amplitude weighting brings some additional gain more than 0.4dB at cost of additional 2-bit feedback overhead. This gain will increase as the quantization bit number decrease.
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Figure 3 Capacity comparisons of the proposed concatenated codebook with phase/amplitude weighting with the precoding based on ideal CSI, and that based on large codebook for single-site MIMO
4. Conclusions
This contribution proposed a new but effective codebook design approach for CoMP by concatenating smaller codebook. The designed codebook has good distance property in terms of Chordal distance, projection two-norm distance and the Fubini-Study distance Chordal distance. The designed codebook is especially suitable for CoMP because the codebook design is not relevant to the coordination size involved in multi-eNB coordination, and thus flexible enough to adapt to various size of coordination set. The designed codebook has other good properties like constant modulo, nested structure, etc. Hope this proposal can help RAN1 meeting to consider the impact of dynamic change of coordination set on the codebook design for CoMP.
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