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1. Introduction
By using joint transmission (JT) scheme, it is shown that the system capacity can be nearly doubled in ITU Urban Micro environment [1].  Such significant jump in performance would definitely encourage more extensive study on JT whose potential gains might not be fully realized in previous evaluations [2-8]. 
In CoMP feedback TP [9] agreed during RAN1-57 meeting, explicit channel state information (CSI) feedback is identified as a key measurement to facilitate the operation of joint transmission on the network side. Both channel coefficient matrix denoted as “Hi” and channel covariance matrix denoted as “Ri” can be used for explicit CSI feedback. Compared to PMI type of implicit feedback, explicit CSI feedback is supposed to offer more performance improvement [10], albeit with more signaling overhead envisioned. 
Joint transmission, as one of the categories currently in consideration for LTE-A CoMP study, can be implemented in various forms. Under the umbrella of so called “broadcast channel” in the eyes of information theorists, numerous papers have been published with various proposals for user grouping and transmission weights calculation, so that the sum rate can be maximized. Finding the capacity region of “broadcast channel” is the fundamental theory behind the joint transmission. JT can take the forms of multi-user MIMO, spatial-division multiple access (SDMA), etc. Unlike the capacity region study in information theory which often uses non-linear schemes such as dirty paper coding (DPC), linear schemes for example zero-forcing [11] , maximal signal-to-leakage-noise-ratio (SLNR) [12] , optimal beamforming [13], etc., are of more interest to practical systems. The performance study on joint transmission often hinges on the actual implementation of the algorithms such as user grouping and weight derivation. Even if we settle down on one specific scheme, the performance is still quite sensitive to the simulation settings, for example, the size of total user pool, the choices of measurement set, metric of scheduling priority. Such implementation dependency is not desired during standards development, especially at Study Item stage where the aim is to identify potential solutions that can offer meaningful capacity or coverage improvement with reasonable assumptions, rather than exact performance evaluations. 
In this contribution, we try to provide some assessment of the potential gain from joint transmission. Different from the study in [8], we 
· Use joint transmission scheme also for single-cell MU-MIMO operation, rather than only for cell-edge users
· Assume explicit “Hi” feedback, rather than PMI feedback 
· Allow rank=2 transmission for CoMP users, rather to limit it to rank=1
As in [8], we do not model the exact process of user grouping in our simulation. Rather we estimate the effective SINR based on separate analysis and empirical methods. The intention is to get first-order view of the performance potential of joint transmission.
2. Joint Transmission Operations
2.1 Single-cell Operation
In CoMP, the concept of transmission point is quite general. It can refer to a set of antennas clustered in a basestation, or each single antenna element within a cluster or distributed over different locations in a cell. The introduction of DM-RS makes transmission points transparent to UEs and blurs the difference of single-cell operation vs. multi-cell operation from UE’s point of view. Also, the explicit CSI feedback of spatial channel matrix “Hi” or short-term covariance matrix “Ri” can provide more channel information for joint transmission, including for single-cell operation. The TP [9] does not preclude any UEs from reporting explicit CSI feedback if necessary. In another word, users at relatively good geometry also can feed back “Hi” or “Ri”. 
The motivations of refining the single-cell MU-MIMO with explicit CSI feedback are:

· Multi-cell MU-MIMO alone may not be sufficient to meet ITU performance requirement in some scenarios
· Explicit CSI feedback, whether “Hi” or “Ri”, allows more effective MU-MIMO schemes
The first bullet point can be observed in [6-8] where the gains of multi-cell MU-MIMO range from 10% to 30%. Such gain is significant, but not very impressive, considering the extra overhead to CSI feedback and CSI-RS of multiple cells. And joint transmission over multi-cells also poses significant burden on backhaul connections. 
Multi-cell joint transmission mainly targets for cell-edge UEs that have more chance to see comparable pathloss from multiple neighboring cells. Such pre-requisite for comparable long-term fading within user group is important for joint transmission in order to get the full benefit of MU-MIMO. However, given the rather steep slope of pathloss vs. distance function and antenna directivity at eNB, there are limited number of UEs in a system that can see comparable or not too drastically different pathloss from multiple cells. Even the shadow fading often modeled as log-normal may not fundamentally change the percentage of UEs that can potentially be served with multiple cells. Under the normal operating environment, the percentage of multi-leg UEs is around 20% to 35%. 
On the other hand, there is still room for improvement in single-cell MIMO. Compared to multi-cell MIMO, single cell operation is considerably simpler and requires no inter-cell communication. The gain over SU-MIMO is supposed to be more significant than in the case of multi-cell operation, due to the following reasons:
· Normally multiple transmit antennas of a single cell come from the same geographical location, meaning that per user wise, pathloss and long-term fading are the same for each antenna connection, when full benefit from MU-MIMO is possible.
· Single-cell operation mainly targets for good or medium geometry users that are not at cell edges. MU-MIMO becomes very useful at high SINR regions when the system runs into resource limited rather than power limited situations.

· Dual-antenna UE is still the mainstream configuration for LTE-A and more often we see more number of transmit antennas than receive antennas in DL. We know that MU-MIMO is more attractive when #transmit antennas is significantly larger than #receive antennas. While 4x4 or 8x8 SU-MIMO can theoretically double or quadruple user’s peak rate, their usage is quite restricted, given the space requirement for antenna installation, the deployment requirement for scatterer-rich environment, the implementation cost and the limited gain in the overall system capacity.
For Rel. 8 LTE, PMI can be used to facilitate MU-MIMO. However, PMI is an implicit CSI depending on receiver implementation at UE. PMI report itself assumes SU-MIMO operation, which makes it harder for the network to optimize user groups for MU-MIMO. The corresponding CQI and rank index only reflect the situation in SU-MIMO which may be different in MU-MIMO. Therefore, the explicit CSI feedback such as “Hi” and “Ri” allows the network to more effectively group users and calculate transmit weights. In the case of “Hi” or “Ri’” feedback, another explicit feedback -- other-cell interference becomes more relevant than the implicit CQI in order for the network to figure out UE’s traffic SINR.
Note that such single-cell MU-MIMO is applicable to both joint transmission and coordinated beamforming. In another word, users that do not participate in inter-cell joint transmission or beamforming coordination can also see the performance benefit of MU-MIMO with “Hi” or “Ri” feedback.
Generally speaking, feedback of “Hi” is more preferable than “Ri” in multi-cell joint transmission. The default coherent transmission across cells requires joint covariance matrix that cannot be derived from independent “Ri” per cell. While in theory, UE can report joint covariance matrix across cells in the measurement set, the immense size of the matrix poses serious issue of feedback overhead.
In single cell operation, both “Hi” and “Ri” can be considered. The choice depends primarily on the actual algorithms. However, purely from feedback overhead point of view, “Hi” is preferred when the number of transmit antennas is larger than the number of receive antennas. Note that “Ri” is not the long-term covariance matrix. Nor it is a Hermitian matrix, unless antennas are highly correlated..
2.2 Overview of Zero-forcing Beamforming 
Among various linear schemes for MU-MIMO, zero-forcing beamforming is relatively simple and can still achieve most of the gains other more advanced schemes can provide, especially with the large number of users in the system. 
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To illustrate the basic concept, we consider a simple scenario involving a single eNB and K UEs. eNB has M transmit antennas and UE has one receive antenna. So the spatial channel of eNB to k-th UE connection is a 1by M complex vector, denoted as hk. Channel and noise are normalized with unit variance. The average total power of modulation symbols summed over M antennas is P. The number of UEs, denoted as K, is assumed to be much larger than M. In zero-forcing scheme, beamforming vectors wk are selected so that hkwj = 0 for 
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. The candidate user group for simultaneous transmission is denoted as S which is a subset of the total user pool {1, …, K}. The number of UEs in a user group cannot exceed the spatial dimensions at the transmitter. Using the notation “| . |” for the cardinality of a set, that is
[image: image2.wmf]M

£

S

.  Let us use H and W to represent the full sets of spatial channel vectors and beamforming vectors, that is: 
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. So the spatial channel vectors and beamforming vectors of the candidate user group can be written as H(S) and W(S), respectively. The zero-forcing solution is the pseudo-inverse of H(S):
(1)
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Since the channel vectors in H(S) are not perfectly orthogonal to each other, there is a chance that H(S) is poorly conditioned, resulting in noise enhancement. The effective channel gain (here equivalent to SINR as noise is normalized) of i-th user is:
(2)
The corresponding sum rate can be written as
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where the optimal Pi can be obtained by waterfilling. Up to now, we only get the sum rate for one candidate user group S. The optimal sum rate can be obtained by searching over all the possible groups:
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Such process of finding the best user group is what we called user grouping in previous section. For large M and K, the number of candidate user groups would be numerous when exhaustive search becomes impractical.  In zero-forcing beamforming, the search for suboptimal S effectively boils down to choosing users whose spatial channels are mutually semi-orthogonal. By doing so, the noise enhancement can be minimized and sum-rate can be maximized. Various “greedy” algorithms were proposed to make the search process more efficient. We stress the notation of “semi-orthogonal” here for two reasons:

· The chance of finding perfectly orthogonal group (containing M users) is often very small with limited K. Too stringent requirement for orthogonal grouping leads to insufficient number of UEs participating MU-MIMO, e.g., |S| << M. And there is a danger that MU-MIMO becomes SU-MIMO, which in general could hurt the system performance. 
· Too stringent orthogonality requirement would prevent many UEs from participating the priority ranking which is important for multi-user diversity (e.g., proportional fairness).
How to quantify “semi-orthogonality”? For the suboptimal user group S0, the assembled spatial channel matrix H(S0) over | S0| number of UEs can be decomposed as H(S0) = DRQ where D is a diagonal matrix. The diagonal elements of D represent the lengths of orthogonal vectors that are the closest to the vectors in H(S0). The closeness can be adjusted by a regulatory parameter . The orthogonal vectors (with length normalized) are listed in the unitary matrix Q. The lower triangular matrix R can be represented as:
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R would be close to a diagonal matrix, i.e., |ij| << 1, for a reasonably good choice of S0. 
Zero-forcing beamforming can be extended to the multiple receive antenna cases using block diagonalization.  In the context of joint transmission for CoMP, the above example of “M” transmit antennas in one cell can be easily extended to antennas at multiple cells. Note that in CoMP, ||hk||2 are generally different for each k, even in the average sense due to the different pathloss from different cells. 
3. Preliminary Performance Study
As mentioned in previous sections, the actual implementations of CoMP can be very different even when the algorithms are all from the same family, for example, zero-forcing beamforming scheme.  The exact modeling needs to take into account of quite a number of coupled effects between the measurement set management, cooperative set optimization, user grouping, proportional fairness scheduling, etc., which in our view is well beyond the scope of performance evaluation for standards development. So in this performance study, we skip some detailed implementations such as user grouping and transmit weight calculations, and use semi-analytical models based on separate numerical evaluations. 
3.1 Simulation Settings
Many generic simulation settings follow Case 1, 3km/ph scenario in TR 36.814, with some exceptions. For example, vertical antennas pattern is not modeled. Fast fading is assumed single-path Rayleigh and antennas are spatially uncorrelated. 
Specific simulation parameters include the following. Each cell has 20 UEs on average. The scheduling is proportional fairness. Each UE has two receive antennas and each cell has four transmit antennas. The baseline configuration (e.g., without CoMP) is single-cell 4x2 SU-MIMO with Rel. 8 PMI feedback and rank adaptation.

In joint transmission configuration, spatial channel matrix feedback “Hi” and other cell interference feedback are assumed perfect. All UEs would report “Hi” for single-cell or multi-cell MU-MIMO, though good or medium geometry UEs may report “Hi” only of their serving cells. DM-RS and CSI-RS overhead are not taken into account. Rank adaptation is also applicable to CoMP users. Table 1 summarizes the exceptions in generic parameter settings and specific simulation parameters.
	Parameters
	Values

	Antenna pattern
	Only horizontal pattern modeled

	Fast fading model
	Single-path Rayleigh 

	Antenna correlation
	Spatially uncorrelated

	Antenna configuration
	4 Tx per cell, 2 Rx per UE

	Average number of UEs per cell
	20

	Scheduling criterion
	Proportional fairness

	Rank adaptation
	For all UEs

	CSI feedback
	nonCoMP baseline
	Rel. 8 PMI, CQI and RI

	
	Joint transmission
	Perfect channel matrix “Hi” and other cell interference, applicable for all UEs


Table 1 Exceptions in generic parameter settings and specific parameters

3.2 Initial Results
Throughput results are summarized in Table 2. It is observed that joint transmission can improve cell average throughput by about 70%. The cell edge performance is improved by about 40%. User throughput distributions are compared in Figure 1 where almost all UEs get significant benefit from joint transmission. As discussed in previous sections, such “universal” gain across all users can be explained as follows:

· Single-cell MU-MIMO can be effectively implemented for medium to good geometry users, with the explicit channel feedback “Hi”. This is reflected in the longer tail at the high end of CDF curve
· Multi-cell MU-MIMO helps to boost the throughput of cell edge users as seen in the lower half of the CDF curve. 
Similar trend of user throughput CDF is observed in [1] where the average throughput gain of joint transmission can reach 90% for ITU Urban Micro scenario. Such even higher gain in [1] could be due to different implementations of measurement or cooperating set management, smaller cell radius of Urban Micro compared to LTE Case 1, probability of LOS channel model (therefore, less distance-dependent attenuations) in Urban Micro, etc.
Table 2. DL throughput gains of joint transmission
	
	Avg. cell Tput (Mbps)
	Gain in Avg. cell Tput
	5% edge Tput (kbps)
	Gain in 5% edge Tput

	MIMO 4x2 baseline
	18.62
	71.5%
	223
	41%

	With joint transmission
	31.94
	
	315
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Figure 1. User throughput CDFs in Joint Processing
4. Conclusions
Joint transmission scheme was discussed for both single-cell MU-MIMO and multi-cell MU-MIMO operations. Zero-forcing beamforming was used as an example to illustrate the general process of MU-MIMO, when the spatial channel matrix “Hi” is available at the transmitter via explicit CSI feedback. The performance of joint transmission scheme was evaluated via simulations mixed with semi-analytical modeling to mimic the exact implementations of user grouping and weight calculations. Under the assumptions of perfect CSI feedback and zero overhead of DM-RS and CSI-RS, joint transmission (JT) was shown to have the potential to improve the average cell throughput by 70%, compared to the baseline configuration of Rel. 8 LTE 4x2 SU-MIMO. Cell edge user throughput can be boosted by about 40%
The impressive performance potential seemed to suggest:
· Putting the study of joint transmission at high priority, together with related issues such as CSI feedback accuracy/overhead, DM-RS overhead, backhaul requirement, etc.
· Considering explicit CSI feedback such as spatial channel matrix “Hi” also for single-cell MU-MIMO operation in order to further improve the performance of MU-MIMO.  
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