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1. Introduction
UE transmission of SRS has been agreed as one of the three main feedback categories in LTE-A [1]. With SRS, network obtains channel state information via downlink/uplink channel reciprocity. The operation of CoMP requires that channel state information between UE and its multiple cooperating cells is available at the network side. Consequently, an LTE-A CoMP UE is required to sound multiple cells. We have pointed out in our previous contribution [2] that, Rel-8 SRS transmission may not be sufficient for downlink CoMP. 
In #58bis meeting, the following is agreed [3],

· UE transmission of SRS can be used for CSI estimation at multiple cells exploiting channel reciprocity. 

· Enhanced SRS schemes may be considered

However, how we can enhance SRS transmission is not discussed yet. In this contribution, we discuss several possible enhanced SRS transmission schemes. Performance evaluation results are also given correspondingly.
2. Enhanced SRS transmission schemes
The typical SRS transmission scenario in CoMP is shown in Figure 1. UE1 and UE2’s serving cells are  Cell 1 and Cell 2 respectively. Cell1 and Cell2 coordinate downlink transmission to UE1. Besides the channel of serving cell (Cell 1), UE1 also need to sound the channel of Cell 2 to enable advanced CoMP operation, no matter CoMP category is coordinated beamforming or joint processing. 

There are three types UE in LTE R10 system, R8 UE, R10 CoMP UE, and R10 non-CoMP UE. For sake of simplicity, the R8 UE and R10 non-CoMP UE are classified as non-CoMP UE. In this contribution, the SRS group associated with a UE is used to denote the set of cooperating cells that receive the SRS signal of the target UE. Transparent SRS transmission means that UE does not know whether it is sounding its serving cell or multiple cells. Orthogonal SRS transmission implies that a UE’s SRS resources are orthogonal to all other UE’s SRS (and data) resources in the associated SRS group. The orthogonality can be achieved in either time/frequency domain or by cyclic shift.
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Figure 1: SRS transmission for CoMP
2.1. Non-orthogonal transparent transmission scheme

This scheme inherits the current R8 SRS design and operation as shown in Figure 2. The serving cell allocates SRS resources without considering other cells. UE1 sends SRS at specific subframe(s) and frequency band(s) indicated by its serving cell. The cell specific root sequence is applied by UE1 to maintain orthogonality within Cell 1. This is the mechanism of R8 in the UE1’s point of view, although the SRS signal will be received and detected by one or multiple cells. 

The resource allocation information should be shared to cooperating cells within the SRS group. According to the shared information, the cells in the SRS group detect SRS signal of the target UE. However, due to the lack of coordination, it is very likely that another UE, e.g. UE2, in Cell 2 is also sending SRS to Cell 2 on the same resources. Even not, there could be data transmitted. According to R8 configuration, UE1 and UE2 use different root sequences which are associated with their serving cell ID. The sequences are typically not orthogonal. Obviously, when Cell 2 tries to detect the SRS signal of UE1, the SRS signal (data) of UE2 acts as interference, i.e., the orthogonality is lost in this scheme. The interference caused by the non-orthogonality may significantly degrade the channel estimation accuracy and consequently the CoMP gain. 

Without regard to performance, the amount of resources occupied by SRS transmission is the minimum among the three schemes discussed in this contribution. Also, from standardization perspective, least standardization work is needed: no work on physical layer specifications is required, although standardization work on resource allocation information exchange over X2 interface may be needed.

A possible enhancement to this scheme is to employ advanced detection algorithm at cooperating cells, such as successive interference cancellation. 
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Figure 2: Non-orthogonal transparent transmission schemes

2.2. Orthogonal transparent transmission scheme
Coordination between eNodeBs is carried out to make the SRS transmission in different cells orthogonal as shown in Figure 3. The orthogonality is achieved by time/frequency resource separation, i.e., when UE1 in Cell 1 is sending SRS signal, the corresponding resources in Cell 2 are unused for neither SRS transmission nor data transmission. Cell specific root sequence (corresponding to serving cell) is applied, i.e., it is also transparent to UE. 

The corresponding resources in Cell 2 are blanked, which means that UE1 also occupies the SRS resources of Cell 2. Such a coordinated resource allocation leads to decrease of resource utilization efficiency. However, it needs to be kept in mind that there is a tradeoff with performance benefit due to orthogonal SRS transmission. One can expect that the performance of this scheme is better than the non-orthogonal scheme, since interference between different root sequences are avoided. Note that UEs in Cell 1 can also send SRS on the same resources using by UE1, but the cyclic shift or different comb should be applied (the same as in R8).

One problem which needs to be considered is scheduling complexity caused by tight coordination. It becomes more complicated when the number of involved cells increases. Additionally, if CoMP is applied to inter-eNB, overhead and latency of X2 may either not achieve the expected target. 
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Figure 3: Orthogonal transparent transmission schemes, time domain separation (left), frequency domain separation (right)
2.3. Orthogonal non-transparent transmission scheme
In this scheme, UE knows explicitly if its SRS will be received by one or multiple cells. The cells in the SRS group allocate the same resource for CoMP UE. The resources are used by CoMP UE exclusively, i.e., non-CoMP UE will use other symbol or frequency band for sounding. By this way, orthogonality between CoMP UE and non-CoMP UE is guaranteed. The resources are shared by the CoMP UEs in the SRS group. The CoMP UE may be assigned a root sequence different from its serving cell’s and the orthogonality between CoMP UE is achieved by different cyclic shifts. 

Similar to the orthogonal scheme in section 2.2, some time/frequency resources are reserved for sounding multiple cells. For the scheme in section 2.2, the reserved resources can only be shared with UEs in the same cells, but the resources can be shared with UEs in the SRS group for this scheme, no matter they are from the same cell or not. Furthermore, the scheduling of CoMP UE and non-CoMP UE are separate, and consequently, the scheduling complexity is lower than the previous scheme. Another advantage of this scheme is that, further optimization, e.g., new power control mechanism, can also be considered to improve the performance. 

As pointed out in the previous section, orthogonal scheme causes similar increase of SRS resources occupation. The cost of resources should be well justified with the benefit of orthogonality.

Since CoMP SRS may be different from the serving cell’s, it is inevitable that downlink signaling is required to inform UE the sequence and SRS’s configurations, such as SRS subframe configuration.
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Figure 4: Orthogonal non-transparent transmission scheme

3. Performance evaluation

In this section, we evaluate different SRS transmission schemes by downlink CoMP transmission. To simplify the evaluation, we focus on orthogonality of SRS transmission scheme. Both orthogonal and non-orthogonal schemes are evaluated, respectively. 
Non-orthogonal scheme
When non-orthogonal SRS transmission scheme is used, UE’s SRS signal is interfered by not only UEs outside the target cell, but also UEs served by target cell. The uplink SINR of SRS signal is low, since receive power of UEs in target cell is usually much larger. Besides, the interference is more likely to be colored, since there are several dominant colored interference sources.

Orthogonal scheme
If orthogonal SRS transmission scheme is employed, we simply assume that no UE in target cell is sending anything on the corresponding resources, i.e., no inter-cell interference for SRS transmission. The uplink SINR of SRS signal is improved. Furthermore, since the interference sources are of similar level, the total interference is likely to be white.

Assume that the SRS transmission parameters are available at cooperating cells. Cooperating cells, e.g., Cell 2 in Figure 1, estimates the uplink channel of UE1 by receiving its SRS signal: 
[image: image5.wmf]k

UL

H

,

ˆ

, and then the uplink covariance matrix can be calculated as


[image: image6.wmf]å

Î

=

S

k

H

k

UL

k

UL

UL

H

H

S

R

,

,

ˆ

ˆ

|

|

1

ˆ


where S is a set of subcarriers. The channel estimation error is modeled as additive complex gaussian noise:
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The magnitude of channel estimation error 
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(MSE) depends on uplink geometry.
In TDD configuration, short term channel reciprocity is valid. The uplink covariance matrix is calculated on each PRB, i.e., S contains subcarriers in a PRB. We use 
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, which is then used to implement coordinated scheduling/beamforming. 
3.1. Coordinated scheduling/beamforming
We consider coordinated scheduling/beamforming with short term channel state information.  The considered scheme is illustrated in Figure 5. Serving cell of UE1 and UE4 is Cell 1. When Cell 1 is sending data to UE1 and UE4, it also controls interference generated toward UE2, UE3, and UE5. Interference is controlled by maximizing the signal to leakage ratio (SLR) while calculating transmit beamforming weight for UE1 and UE4, e.g, 
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Where 
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is a regularization term. 
As shown in Figure 5, in order to carry out coordination, channel state information between UE2, UE3, UE5 and Cell 1 should be available at Cell 1, i.e., Cell 1 should receive SRS signal from UE2, UE3, UE5 besides UE1 and UE4. Besides channel state information, scheduling information of UE2, UE3, and UE5 should also be available at Cell 1, which implies that scheduling information should be exchanged among cells. It is worthy noted that a cell only needs to control interference to those UEs who suffer strong interference from the cell. It means that only part of UEs’ scheduling information needs to be exchanged. The exchanged information includes allocated subbands for UE. Transmit beamforming weight is not necessary to be shared.
Within each cell SU-MIMO and MU-MIMO is adaptively selected based on predicted transmission rate. All UEs are fixed to be single layer transmission. CQI is recalculated after finishing the scheduling, and MCS is selected based on the recalculated CQI. Other detailed simulation assumptions are listed in Appendix.
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Figure 5: Illustration of coordinated scheduling/beamforming
3.2. Evaluation results 
The evaluation results are summarized in Table 1. From Table 1, we can see that:
· Coordinated beamforming provides 8.7% gain on cell average spectrum efficiency and 13% gain on cell average throughput with ideal short term CSI.

· For single cell transmission, non-ideal CSI results in almost no performance loss on cell average spectrum efficiency, and about 8% loss on cell edge throughput, implying that cell edge UEs are sensitive to non-ideal CSI, while cell center UEs are rather robust. 

· For coordinated beamforming, SRS coordination provides about 7.8% gain on cell average spectrum efficiency and 11% gain on cell edge throughput.
· Coordinated beamforming is not able to provide much gain without SRS coordination.

Table 1: Performance of coordinated scheduling/beamforming with short term channel information

	
	Cell average spectrum efficiency [bps/Hz]
	5% cell edge throughput [bps/Hz/user]

	
	w/o coordination
	w/ coordination
	w/o coordination
	w/ coordination

	Ideal CSI
	2.86
	3.11
	0.121
	0.137

	Non-ideal CSI with SRS coordination
	2.81
	3.02
	0.112
	0.131

	Non-ideal CSI without SRS coordination
	2.81
	2.80
	0.112
	0.118


4. Conclusions
In this contribution, we discuss three typical types of enhanced SRS transmission schemes with coordination management:

· Non-orthogonal transparent transmission scheme:

· Partially avoid interference when resources are enough or rely on advanced detection algorithm
· No impact on spec for intra-eNodeB; need more IE on X2 for inter-eNodeB
· No additional cost of resources
· Orthogonal transparent transmission scheme
· Avoid interference completely
· No impact on spec for intra-eNodeB; need more IE on X2 for inter-eNodeB

· Additional cost of resources depends on number of CoMP UEs
· Orthogonal non-transparent transmission scheme
· Avoid interference completely
· Need to modify RAN1 spec, e.g., extra downlink control signaling
· Additional cost of resources depends on number of CoMP UEs
Preliminary evaluation results show that orthogonal SRS provides about 7.8% gain on cell average spectrum efficiency and 11% gain on cell edge throughput. Coordinated beamforming is not able to provide much gain without SRS coordination. Considering impact to RAN1 and other spec. and performance improvement due to interference avoidance, it is worthy researching more on orthogonal and transparent solutions. 
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6. Appendix

	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 sites, 3 sectors per site

	Scenario
	3GPP Case1-2D

	Inter-site distance
	500m

	Load
	  10 UE per sector

	Bandwidth
	10MHz

	Total BS TX power 
	46dBm – 10MHz carrier

	BS antenna gain plus cable loss
	14 dBi 

	UE antenna gain
	0 dBi

	Noise figure at UE
	9dB

	Distance-dependent path loss
	L=I + 37.6log10(.R), R in kilometers, I=128.1 – 2GHz

	Minimum distance between UE and cell
	>= 35 meters

	Lognormal Shadowing with shadowing standard deviation
	8 dB for macro cell

	Penetration Loss  
	20dB

	Channel model
	SCM 

	UE speeds of interest
	3km/h

	Number of antenna elements (BS, UE)
	(4, 2)

	Antenna separation (BS, UE) [times of wavelength]
	(0.5, 0.5)

	Antenna Polarization 
	BS co-polarization(4tx),  UE co-polarization 

	Scheduler
	Proportional Fair

	HARQ
	HARQ-CC, Adaptive, Asynchronous

	Receiver
	MMSE

	Precoding granularity
	1 PRB

	Overhead 
	3 OSs DL control/ 4 CRS ports/ 12 REs DRS per PRB











































































































� The resource refers to the last OFDM symbol of the corresponding subframe.
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