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1 Introduction 
Coordinated multi-point transmission/reception is considered as a promising technique to improve the coverage of high data rates, the cell-edge throughput and/or to increase system throughput [1-7]. According to [1], CoMP is mainly characterized into two categories:

· Coordinated scheduling/beamforming

· Joint processing/reception

In the category of joint processing, data to single UE is simultaneously transmitted from multiple transmission points to improve the received signal quality and/or cancel interference for other UEs. In this category, data intended for a particular UE is jointly processed at different cells. As a result of the joint processing, the received signals at the intended UE will be coherently or non-coherently combined. This advanced technique is particularly beneficial for cell-edge throughput, and it is anticipated to be the dominating application of CoMP. Since most of the cell edge UEs are of low geometry, single-layer transmission will be the main application scenario. Therefore, in this contribution, we focus on the single-layer joint processing for downlink CoMP. Several cooperation techniques are analyzed in this contribution. Both link-level and system-level evaluation results are also provided to compare the performances of the different cooperation techniques.
2 Issues Related to Joint Processing
The received signal of UE is associated with several different cells in joint processing. This is a fundamental difference between joint processing and single cell transmission. As a result, some new issues that have potential impact on the performance arise, shown as below:
2.1 Arrival timing mismatch
Although CoMP is assumed to be carried out in synchronized network, the signal from cooperating cell sites may arrive at UE at different time instants due to different distances between UE and cell sites, i.e., a mismatch of arrival timing exists. Fig.1 illustrates the genesis of the mismatch. If the mismatch is greater than a certain value, the inter-symbol interference(ISI) will counteract the cooperation gain. A threshold on the mismatch can be set up to help reach a compromise between ISI and cooperation gain. If the mismatch between a cell site and its reference cell site exceeds the threshold, the cell can then be excluded from the cooperation cell set. For the cases of mismatch within the threshold, some timing calibration process can be adopted to compensate the mismatch. Even after the compensation, there is still residual timing mismatch within the cooperation cell set. The impact of residual timing mismatch depends on the cooperation techniques, and details are given in the following sections. 
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Fig.1 Arrival timing mismatch between two cooperating cells

2.2 Demodulation RS
For demodulation, UE-specific and/or Cell-specific RS can be used. With UE-specific RS, transparent operation at network side is possible, i.e., UE could demodulate data without knowledge of the cooperating cells. With Cell-specific RS, extra downlink signaling is needed to help UE demodulate data, such as the CELL_ID of the cooperating cells and the precoding matrix of each cooperating cell, and the receiver algorithm would be complicated with Cell-specific RS. Therefore, whether applying Cell-specific RS to assist demodulation should be studied carefully.
2.3 Feedback overhead
Closed-loop transmission may improve spectral efficiency according to the results of LTE R8. Therefore, CoMP should introduce closed-loop operation as far as possible. One of the main factor that limits the application of closed-loop operation is the feedback overhead. Since multiple cells participate in the transmission, the information needed for closed-loop operation at network side increases linearly with the number of the cooperating cells. For FDD system, the information is mainly obtained by UE feedback, which will be a heavy burden for uplink channel. For TDD, network could acquire channel state information by uplink/downlink reciprocity to reduce the feedback overhead.
3 Techniques for Joint Processing
In this section, we focus on single layer transmission, the main scenario of CoMP. In terms of manner of the combination of signal from multiple cells at UE, joint processing can be classified as coherent transmission and non-coherent transmission. Regarding coherent transmission, the network obtains channel state information (CSI) of all the cooperating cell sites. By adjusting the phase of transmitted signal according to the available CSI, the signal arriving at the intended UE could combine coherently. Besides the single cell precoding gain and multi-cell power gain, multi-cell array gain and multi-cell diversity gain can be attained. Non-coherent transmission does not make use of the relationship of CSI among the cooperating cells, and hence the signal arriving at UE is unable to combine coherently. The gain of both coherent and non-coherent transmission techniques are summarized in Table I. As shown in the table, non-coherent transmission is unable to get multi-cell array gain. It is also worthy noting that multi-cell diversity gain is not attainable by some non-coherent techniques. In the following, we discuss the implementation of coherent and non-coherent transmission techniques in TDD and FDD system. Initial performance evaluations are also given in section 3.3.
Table I Gain of coherent and non-coherent transmission techniques
	
	Single-cell Precoding Gain
	Multi-cell Power Gain
	Multi-cell Diversigy Gain
	Multi-cell Array Gain

	Non-coherent
	Yes
	Yes
	Yes
	No

	coherent
	Yes
	Yes
	Yes
	Yes


Fig.2 shows a common procedure example of joint processing. The precoding matrices F1 and F2 are for cell 1 and cell 2 respectively. They can be calculated by UE and feedback via unlink channel. For TDD system, they can also be obtained at network side making use of uplink/downlink reciprocity.
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Fig. 2 Common procedure of multi-cell joint processing
3.1 Non-coherent transmission
1) SFN+Precoding
The precoding matrix of each cell is calculated based on the channel between the cell antenna array and the intended UE respectively. The same data are transmitted from the cooperating cells, i.e., the preprocessing module simply copies the input data stream to the cooperating cells. The signal originated from each cell combine non-coherently at receiver. Besides the precoding gain of each cell, approximately 3dB(2 cooperating cells) cooperation gains will be obtained. Actually, the cooperating gain comes from the doubled transmission power. Arrival timing mismatch may benefit SFN transmission, since extra frequency diversity can be obtained. Overlapped UE-specific RS can be used for demodulation, i.e. one set of UE-specific RS is sufficient for demodulation.
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  Fig. 3 CDD+Precoding                        Fig. 4 SFBC+Precoding
2) CDD+Precoding
Similar to SFN transmission, the same data is transmitted from the cooperating cells. The difference is that the signal from cooperating cells are cyclically delayed. Fig.3 illustrates the operation of CDD involved in joint processing. The data on subcarrier 
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 is rotated by a phase proportional to the CDD delay 
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 and then transmitted from cell 2. At the same time, the data is transmitted from cell 1 without any such phase rotation. Overlapped UE-specific RS can be used for demodulation. If the delay is too large, different sets of UE-specific RS are necessary, otherwise one set of UE-specific RS is sufficient. The effect of arrival timing mismatch to CDD is uncertain, which depends on the total delay caused by the CDD delay and timing mismatch at the receiver. To be specific, if CDD delay is shortened (shorter than the original CDD delay) due to timing mismatch, the performance of CDD will be degraded, otherwise the performance will be improved.
3) SFBC+Precoding

The transmitted data are separated by SFBC mechanism for cooperated cells, i.e. the preprocessing module is a SFBC coding module. Each of the cooperating cell transmit a branch of data coded by SFBC shown in Fig.4. In order to decode correctly, UE has to estimate multi-cell channels separately. If UE-specific RSs are employed, they should be orthogonal among the cooperating cells, i.e., the channels of cooperating cells should be distinguishable. As a consequence, the available RE for data transmission is less than small delay CDD. It is well known that full rate SFBC code other than 2 branches does not exist. This imposes a limitation on the application of SFBC, since the number of cooperating cells should be dynamic. For example, when the cooperating cells changes from 2 to 3, the transmission technique has to be changed accordingly. In contrast, the operation of SFN and CDD retains consistency when the number of cooperating cells changes. But SFBC transmission is robust against arrival timing mismatch, since the data from cooperating cells are separable.
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  Fig. 5 Phase Correction+Precoding           Fig. 6 Global Precoding
3.2 Coherent transmission
1) Phase Correction+Precoding
Similar to SFN transmission, the same data are transmitted from the cooperating cells. The difference is that data sent from each cell is multiplied by a distinct phase factor to ensure coherent combination of the transmitted signals. The phase factor can be obtained from feedback or calculated at network side. For example, the phase factor can be calculated as
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where the subscript
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denotes the subcarrier in the available bandwidth and the superscript denotes the two cooperating cells 1 and 2. Several factors have impacts on the performance of this technique: the resolution of phase correction, frequency granularity, the delay of feedback and the arrival timing mismatch. The arrival timing mismatch is harmful to phase correction, since the mismatch causes linear phase rotation in frequency domain, which is difficult to correct by a single phase correction factor over a span of consecutive subcarriers. Therefore, the gain of phase correction in realistic environment should be carefully evaluated.
2) Global Precoding

Unlike the above four techniques, the global precoding matrix is computed based on all the CSI between the cooperating cell sites and the intended UE. Each cell uses part of the precoding matrix as its precoder. The same data are transmitted from the cells individually, i.e., the same as the SFN transmission.

3.3 Performance Evaluation
In this section, we provide some link-level and system-level simulation results on the performances of the joint processing techniques.
1) Link level

The assumptions of link-level evaluation are summarized in Table II.

Table II:  Link-level simulation assumptions

	Parameter
	Assumption

	Number of cooperating cells
	2, 3

	Number of transmit antennas
	2

	Number of receive antennas
	2

	Channel model
	SCM, Urban-macro, 3km/h

	Bandwidth
	5 MHz

	Allocated resource
	6 contiguous RBs

	Channel estimation
	Perfect

	Number of layers
	1

	MCS
	16QAM, 1/2 

	Feedback frequency granularity
	6 RBs

	Precoder calculation 
	SVD

	Phase correction resolution
	π/2

	Precoder Feedback delay
	1ms


Fig.7 shows the performances of the different joint processing techniques. The long term average SINR of the two cells is assumed to be the same and the signals from the two cells are synchronized. The delay for CDD is set to be 1μs. SFN and short delay CDD will only need one set of overlapping RS if UE-specific reference signal is used. For the Phase Correction+Precoding technique, a phase correction with π/2 resolution is used. The x-axis in the figure represents the SNR from the anchoring cell only. Simulation results show that global precoding provides the best performance among all the joint processing techniques. SFN is unable to achieve more diversity gain than the other techniques, and it gets the worst performance. 
Fig.8 – Fig.11 shows the effect of arrival timing mismatch. It is clear that timing mismatch brings different effect on the cooperation techniques. SFN benefits from the extra frequency diversity whereas both Phase Correction+Precoding and Global Precoding suffer around 1-2dB performance loss. On the other hand, SFBC is rather robust to the mismatch.

The performance of CDD with different delay values are shown in Fig.12. Obviously, larger gain could be obtained by using larger delay; however, the gain is saturated when the delay is larger than 5μs. A problem with large delay CDD is that with the frequency selectivity increasing, the density of pilots in frequency domain should be increased if overlapped UE-specific RS is employed. Alternatively, orthogonal RSs among cells could be used without increasing the density in frequency domain.
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Fig.7 Performance comparison of the joint processing techniques        Fig. 8 Effect of signal timing mismatch on Global Precoding
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Fig. 9 Effect of signal timing mismatch on Phase Correction+Precoding   Fig. 10 Effect of signal arrival timing mismatch on SFBC
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Fig. 11 Effect of signal timing mismatch on SFN+Precoding             Fig. 12 Performance of CDD with different delay

Fig.13 shows the results of 3 cells SFN, CDD and SFBC. For SFBC, two of the cooperating cells transmit the same branch of the SFBC code. For CDD, the delay of the two cooperating cells relative to reference cell is 2μs and 5μs respectively. Similar to 2 cell cooperation, SFBC provides better performance than CDD; however, the gain decreases from 1.6dB to 0.5dB (BLER = 0.1). It implies that SFBC could only get diversity gain from 2 cells, while CDD is able to get diversity gain from 3 cells. 
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Fig.13 Performance of SFN, CDD and SFBC with 3 cooperating cells
From the above simulation results (Fig.8-Fig.9), we can see that, if the timing calibration is not perfect, the performance loss of coherent transmission is significant due to the arrival timing mismatch. UE’s movement will change the relative distance between cooperating cells and UE. Consequently, timing mismatch varies from time to time. As a result, the calibration process has to be carried out repeatedly in short period. Due to the UE-specific calibration, vast feedback overhead is required. 
2) System level

The assumptions of system-level evaluation are summarized in Table III.
Table III: System-level simulation parameters

	Parameter
	Assumption

	Cellular layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Inter-site distance
	500m

	Channel model
	Spatial Channel Model (SCM)

	Antenna bore-sight points toward flat side of cell (for 3-sector sites with fixed antenna patterns)
	 SHAPE  \* MERGEFORMAT 




	Users dropped uniformly in entire cell
	 SHAPE  \* MERGEFORMAT 




	Minimum distance between UE and cell
	>= 35 meters

	Number of antennas (Tx, Rx)
	(2, 2)

	Antenna separation in wavelength (Tx,Rx)
	(10, 0.5)

	Transmit antenna pattern
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	Distance-dependent path loss
	37.6+15.352log(d)

	Shadowing standard deviation
	8dB

	Shadow correlation
	Inter site
	1

	
	Intra site
	0.5

	Penetration loss
	20dB

	Bandwidth
	10MHz

	Carrier frequency
	2GHz

	UE speed
	3km/h

	Subcarrier spacing
	15kHz

	Scheduler
	PF

	Users per cell
	10

	Control overhead 
	28.6% (3 control symbols and 2 Cell-specific RS)

	Receiver processing
	MMSE

	Link to system
	EESM

	eNodeB Tx power
	46dBm

	Service type
	Fullbuffer

	HARQ
	Asynchronous adaptive

	Maximum number of retransmission
	4


In the evaluation, a threshold (0dB) on geometry is defined to differentiate cell edge UE and cell center UE. When scheduled, if the instantaneous SINR of joint processing is 5dB greater than that of single cell transmission, the cell edge UE is served by two cooperating cells, otherwise the UE is served by single cell. In Table IV, the results are summarized. The Global Precoding provides around 0.20% gain in terms of average spectrum efficiency over the single cell transmission, and a gain of 34% is observed in terms of cell-edge throughput. The non-coherent transmission technique CDD and SFBC provide 15% and 24% gain in terms of cell-edge throughput, respectively. However, they suffer 2.75% and 2.81% performance loss in terms of average spectrum efficiency, respectively. The performance degradation is due to the fact that CoMP UE occupies resources of more than one cell and the cooperation gain is unable to compensate.
Table IV Performance gain of joint processing over single cell transmission
	
	Single cell
	CDD
	SFBC
	Phase Correction
	Global　

	Average spectrum efficiency (bps/Hz/cell)
	1.6280 (0%)
	1.5833 (-2.75%)
	1.5823 (-2.81%)
	1.6185
(-0.6%)
	1.6313 (0.20%)

	Cell-edge throughput(bps/Hz/cell/user)
	0.0632 (0%)
	0.0732 (15%)
	0.0790 (24%)
	0.0836
(32%)
	0.0849 (34%)


The maximum number of cooperating cells is 2 in the simulation. When 2 cells serve a UE, the UE is most likely to locate in the middle of the two cell sites, and then the typical arrival timing mismatch is small. The small mismatch has little impact on the performance of coherent transmission. Therefore, coherent transmission can provide significant gain over non-coherent transmission as observed in the simulation results (Table IV). However, as the number of cooperating cells increase, the arrival timing mismatch would be more likely to become larger, which may cause significant performance degradation to coherent transmission. To sum up, the performance gain of coherent transmission depends on the cooperation scenario. Therefore, gain of coherent transmission should be evaluated carefully.
Based on the above simulation results and analysis, we have the following suggestion:

Proposal：For single-layer joint processing, non-coherent transmission is suggested as the baseline assumption. The cooperation scheme of coherent transmission should be further studied to improve performance. For FDD, UE feedback channel state information to network. For TDD, network could acquire channel state information by uplink/downlink reciprocity to reduce the feedback overhead and increase the flexibility of transmission.
4 Conclusion
In this contribution, we discuss several techniques for the single-layer downlink joint processing. Suggestion on the cooperation techniques is given.
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