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1 Introduction
Cooperation between neighbouring sites in a LTE-A system improves coverage for the cell edge users as well as total cell throughput. In the LTE standard, such cooperation is limited and does not involve scheduling, data sharing or channel state information state exchange between the transmitters. There are several proposals to adopt multi-site cooperation techniques in the LTE-A standard [1-4]. In [5], we studied different cooperation scenarios and propose some solutions for further study for possible exploiting in the LTE-A standard. In this contribution, we provide some link-level simulation results to compare the performance of different cooperation schemes.
2 Cooperation scenarios
Different system setups allow for different cooperation level. Data sharing, CSI sharing and antenna configuration are among the aspects for consideration in multi-site cooperation. Here, we study some aspects of the system that need to be considered for each cooperation technique.
The cooperating sites may be located to the same cell or located in different cells. With multi-cell cooperation as shown in Figure 1, all participating sites have access to backhaul and hence allowing for data exchange and CSI exchange. However, this requires a distributed scheduling mechanism that enables cooperation for such cell edge users.

[image: image12.png]



Figure 1: eNB-eNB cooperation

Same-site cooperation includes eNB-relay and relay-relay cooperation as well as distributed antenna setups. In these cases, a centralized scheduler is possible. However, for the case of relays, a mechanism to share data and CSI between the nodes is open for study. 
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Figure 2: eNB-Relay cooperation
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Figure 3: Relay-relay cooperation

Antenna setup at the participating sites dictates the available cooperation solutions. With an array antenna, beam-forming solutions are possible, while for sites with MIMO antenna setup, cooperation solutions need to extend the LTE-A precoding schemes to multi-site scenarios. Moreover, it is quite possible that for eNB-relay and eNB-home eNB cooperation, the cooperating sites have different antenna setup.

Data and CSI sharing possibility allows for more advanced cooperation techniques. In the NB-NB cooperation, the backhaul latency may limit the cooperation, while in the relay cooperation scenarios, the dominant factor in data and CSIT sharing is overhead.
RS overhead and channel estimation complexity is another aspect to study. While superposition dedicated RS for some solutions maintain the RS overhead and complexity, some solutions require separate channel estimation from different sites for demodulation and/or precoder selection.

3 Cooperation solutions

Based on the attributes of the cooperating sites, different multi-site cooperation levels are possible. Based on the CSI knowledge at the transmitter, we can generalize the multi-site solutions into three main categories. Open loop, closed loop and semi closed cooperation techniques.
3.1 Open loop cooperation schemes
An open loop cooperation scheme use all the antenna ports at the cooperating sites to maximize the transmit diversity or throughput of the user. In OL cooperation, none of the cooperating sites have access to channel state information and thus, rely on multi-site and/or transmit diversity. For high geometry users, different sites transmit independent data streams to enhance the user experience. These techniques need independent channel estimation from all cooperating sites. Moreover, for the transmit diversity solutions, full data sharing is required.
3.1.1 Band switching transmit diversity
To improve the coverage to the cell edge users, the two (or more) sites specify different bands to the user. The other sites either keep quiet in the specified bands from other sites or send low power data to their own cell centre users. Within the sub-band allocated to each user, a single-site open loop scheme is utilized. The main difference between this technique and FFR is that this technique is enabled through scheduling. Also, to achieve multi-site diversity, the transmitted data from all the sites should come from the same codebook. Without data sharing, there is no multi-site diversity gain and the only remaining gain is interference avoidance.

Band switching transmit diversity is robust against small timing and frequency mismatch between the cooperating sites. However, it achieves the least possible diversity gain.
3.1.2 Tone switching transmit diversity

This technique is similar to band switching transmit diversity except that the tones from different sites are interlaced along time or frequency direction. Therefore, it achieves higher frequency diversity than the former one. However, it makes it more susceptible to synchronization mismatch between the two sites. Similar to other multi-site TxD schemes, the UE should estimate the channel from all the sites. However, this method induces a coloured noise to neighbouring (non-cooperating) cells.
3.1.3 Space-time/frequency transmit diversity

Similar to single-site transmit diversity, space-time/frequency block codes can achieve high diversity order for all turbo coding rates. However, the total number of antennas in the code increases with the increase in the number of cooperating sites. Hence, bigger S-T/F codes are required. One solution is to reuse the existing transmit diversity schemes and combine single-site S-T/F codes with tone switching similar to the TxD scheme in LTE 4-Tx transmit diversity scheme. Space-tone cooperation between the sites maintains the spectral density of the interference to the neighbouring cells.
3.1.4 Multi-site spatial multiplexing

For UEs with high geometry from more than one site, spatial multiplexing improves the user throughput and also total sector throughput. With multi-site spatial multiplexing, each site sends its own data and there is no need to exchange data between the sites. Moreover, by exploiting a SIC receiver, the total throughput can be further improved. Similar to multi-site TxD schemes, (ignoring the frequency selectivity of channel) the interference to other sites remain white. 
3.2 Closed loop cooperation schemes

With access to the channel state information, closed loop cooperation is available between the sites. Depending on the CSI knowledge type, its accuracy and how much this information is shared between the sites, different cooperation solutions are possible. For TDD systems, the uplink sounding channel provides access to the DL channel coefficients. For FDD systems, this information is collected by the user feedback or uplink AoA in array sites. Although for the array sites, the beam-forming matrix does not change fast even for moderate and high speed users, closed loop cooperation between the sites is sensitive to UE movement and hence is limited to fixed and low speed UEs.
3.2.1 Multi-site beam-forming
Sites with array antennas may use the uplink AoA information for closed loop operation. When two array sites cooperate to send the same data to the UE using beam-forming, a mechanism to ensure constructive addition of the two beams is required. For this purpose, a timing/distance adjustment as well as phase correction is required. For demodulation purposes, the two sites can apply superposition dedicated RS to maintain RS overhead and simple decoding.
3.2.1.1 Timing/distance adjustment

Timing mismatch between the cooperating sites as well as different distance to the UE results in a mismatch between the arrival times of the signal from different times. This timing mismatch results in a linear phase over frequency. A mechanism to estimate the timing error and correcting it is required. 
3.2.1.2 Phase adjustment

After correcting the linear phase between the two beams, the residual phase difference between the two sites needs to be corrected. Unlike the beam-forming precoder which is constant over frequency for each site, the phase difference may change over the band due to residual timing mismatch and channel dispersion. The UE may take one site as the reference and report the phase differences to all other sites.
3.2.2 Multi-site closed loop precoding

When two or more MIMO sites are cooperating, each site applies precoders to the transmitted signal. Similar to multi-site BF, the goal is to make the signal from all participating sites add constructively at the receiver. Multi-site precoding is less sensitive to timing/distance mismatch compared to the multi-site BF because of the frequency selectivity nature of the precoder. Still, timing adjustment should ensure a relatively constant phase from all sites over the precoding report sub-band size.
3.2.2.1 Individual precoding report

The UE may report individual precoding matrices to different sites. This way, the codebook from single-site closed loop is reused. Also, the codeword selection criteria remain the same. However, a phase adjustment between different sites is required similar to multi-site beam-forming.

3.2.2.2 Aggregate precoding report

Here, the UE assumes that all the antennas from all the ports are from the same site and find a precoder that best matches the entire antenna set. The UE finds the precoding matrix using a bigger precoder codebook. Each site uses a portion of the precoding matrix corresponding to its antenna ports for transmitting data to the user. By using only one PMI, there is no need for phase adjustment between the sites.

3.2.3 Closed loop cooperation between array and MIMO sites

The aforementioned techniques for multi-site cooperation can be extended to cooperation between array and MIMO sites.
3.3 Semi closed loop cooperation techniques

As mentioned before, closed loop cooperation techniques are sensitive to UE movement, timing and phase mismatches. They also require higher complexity and feedback overhead compared to single-site closed loop schemes. As a reasonable compromise, the semi closed loop cooperation techniques could be used, in which each site performs a closed loop transmission to the UE while open loop cooperation is used between the sites. This maintains the feedback overhead and complexity while benefits from multi-site diversity and closed loop gain. While semi closed loop techniques do not achieve the full cooperation gain, they offer the following advantages.
· Easier implementation by reusing single site feedback signaling and closed loop techniques
· No need for beam phase correction
· No need for fine timing/distance adjustment
· Facilitate cooperation between MIMO and array sites
· More robust against channel aging

· Channel coefficients from the same site age in the same way especially with LoS or array antennas
· More robust against carrier frequency synchronization errors

3.3.1 Multi-site beam-forming transmit diversity

Two or more array sites can cooperate to use a transmit diversity scheme (like the Alamouti code) to send the same data stream to the UE. A coarse timing adjustment is enough for beam-forming transmit diversity and no phase correction is required. The drawback of this method is that the UE needs orthogonal dedicated RS from different sites as independent channel estimation from different sites is needed.
3.3.2 Multi-site closed loop transmit diversity

Similar to multi-site beam-forming transmit diversity, two or more MIMO sites use a space-time code to transmit data to the UE. Again, the sensitivity to timing errors is very low and there is no need for phase adjustment. The system can reuse the single-site closed loop methods.

3.3.3 Multi-site closed-loop/beam-forming SM

Similar to open loop multi-site spatial multiplexing, for high geometry UEs, the cooperating sites send independent data streams to the UE. The UE reports individual precoders to the cooperating sites in the MIMO case. For array antenna setup, the UL AoA information is used for BF purposes. The precoder selection criteria can include minimizing inter-layer interference between different sites. 
3.4 Multi-site multi-user cooperatin
Multi-site single user cooperation improves user throughput and coverage at the expense of lower frequency reuse factor. If two (or more) UEs are in the coverage area of the same two (or more) sites, multi-site multi-user cooperation can improve the user experience while benefiting from multi-user techniques to improve total cell throughput.
4 Simulation Results

In this section, we provide some link-level simulation results on the performance of some semi-CL and CL cooperation schemes. Simulation assumptions are as in Table 1.

Table 1: Simulation assumptions
	Number of cooperating sites
	2

	Number of transmit antennas
	4

	Number of Receive antennas
	2

	Channel model
	Uncorrelated TU channel 3, 10, 30 km/h

	Bandwidth
	10 MHz

	Allocated resource
	6 contiguous RBs

	Channel estimation 
	Ideal

	Number of layers
	1

	MCS
	16QAM 1/2 

	Feedback frequency granularity
	One PMI per 5 RBs

	PMI Feedback 
	Ideal (SVD)

	Phase correction
	2-Tx 1-Lx LTE codebook


4.1 Baseline performance comparison

Figure 4 compares the performance of four semi CL cooperation schemes and one closed loop scheme. It is assumed that the long term SNR difference between the two sites is 0 dB and the signal from the two sites are synchronized. The feedback update is once per subframe and feedback delay is 1 msec resulting in little channel aging. The feedback is assumed with no errorss. The four semi CL schemes combine the signals from the two sites by SFN, short delay CDD, FSTD and Alamouti code, respectively. The delay for the CDD scheme is set to 20 chips. SFN and short delay CDD will only need one set of overlapping DRS if dedicated reference signal is used. For the semi CL scheme, the feedback to each site is assumed ideal but a phase correction with 90º resolution is used. In order to do that, the LTE 2-Tx 1-Lx codebook is used. The x-axis in the figure represents the SNR from the serving site only. Simulation results show that SFBC cooperation provides the best performance among all semi-CL schemes. SFN on the other hand is unable to achieve macro diversity and performs the poorest among the schemes. FSTD cooperation also provides a good performance while resulting in a colored interference to the cells other than the cooperating ones.
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Figure 4: LL performance comparison of the performance of DL CoMP.

4.2 Effect of feedback aging

In this section, the effect of feedback aging on the performance of different cooperating schemes is studied. The feedback delay is assumed 5 msec and the channel speed is set to 10 and 30 km/h. As shown in these figures, as the channel speed increases, all schemes suffer from aging but the performance loss on the fully CL cooperation is the highest. At 30 km/h, semi CL schemes outperform the CL scheme. However, SFN cooperation is still the poorest scheme. 
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Figure 5: Effect of feedback aging on the performance of cooperation schemes at TU 10 km/h.
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Figure 6: Effect of feedback aging on the performance of cooperation schemes at TU 30 km/h.

4.3 Effect of timing mismatch

Due to synchronization mismatch and different distances from the UE to the cooperating sites, there might be a timing mismatch at the receiver. If such mismatch combined with the channel impulse response duration exceeds the CP, it disallows the cooperation between the two sites with manageable complexity especially at high spectral efficiencies. However, shorter differences are tolerable and can be adjusted by a linear phase. Here, we study the effect of the residual mismatch of 4 and 15 chips after phase correction. As shown in the figures, a timing difference of 4 chips has little impact on the performance. However, a timing difference of 15 chips results in performance degradation of the CL schemes as well as the CDD cooperation as the effective delay here reduces to 5 chips. On the other hand, SFN cooperation benefits from the inherent CDD of the channel. SFBC and FSTD cooperation are not impacted by the timing mismatch of the two sites.
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Figure 7: Effect of 4 chips timing mismatch on the performance of cooperation schemes.

[image: image8.wmf]-6

-4

-2

0

2

4

6

10

-3

10

-2

10

-1

10

0

2-site CoMP, 4x2, TU 3 km/h, Feedback delay = 1 msec, 

D

t

 = 15 chips, 

D

SNR

 = 0 dB

SNR

1

BLER

 

 

Semi CL, SFN

Semi CL, 20 chips CDD

Semi CL, FSTD

Semi CL, SFBC

CL, Individual Precoders/Phase correction


Figure 8: Effect of 15 chips timing mismatch on the performance of cooperation schemes.

4.4 Effect of power mismatch

Two or more sites cooperate to serve a user if their path losses to the UE are comparable. Still, the long term signal power from the cooperating sites might be somehow lower than the serving site. If the power difference is very high, interference avoidance techniques and FFR are easier and more rewarding than cooperation schemes. In this section, we study the effect of 2 and 4 dB power mismatches at the receiver. The x-axis represents the power received only from the serving cell. As shown in the figures, the performances of all schemes degrade as the total power received at the UE is less that when the power mismatch is 0 dB. However, the relative performance of the schemes remains intact.
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Figure 9: Effect of 2 dB power mismatch on the performance of cooperation schemes.
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Figure 10: Effect of 4 dB power mismatch on the performance of cooperation schemes.
5 Summary
In this contribution, we provided some study points for the cooperation scenarios between different sites and provided some solutions for further study to be adopted by the LTE-A standard. We studied the cooperation in three categories: open loop, closed loop and semi-closed loop. Backhaul overhead to share data and CSI, RS overhead, feedback overhead, complexity and sensitivity to timing error, distance and phase mismatch are among parameters that need to be addressed for different cooperation solutions.
Table 2 provides some details on the requirements on different algorithms and their expected gain.

Table 2: Cooperation solutions and requirements

	Scheme
	Demodulation RS 
	RS for precoder selection 
	Data exchange
	CSI at transmitter
	Antenna setup
	Note on gain

	Band switching transmit diversity
	Orthogonal
	NA
	None or full for Multi-site diversity
	None
	Both
	Interference avoidance + frequency selective scheduling

	Tone switching transmit diversity
	Orthogonal
	NA
	None or full for Multi-site diversity
	None
	Both
	Interference avoidance + frequency diversity

	Space/Tone transmit diversity
	Orthogonal
	NA
	Full
	None
	Both
	Spatial diversity

	OL SM
	Orthogonal
	NA
	None
	None
	Both
	High throughput  +  SIC

	Multi-site BF
	Superposition dedicated
	NA
	Full
	AoA + phase correction
	Array
	BF gain

	Multi-site CL (individual Precoder)


	Superposition dedicated or orthogonal common
	orthogonal common
	Full
	Individual precoder report + phase correction + timing adjustment
	MIMO
	CL gain

	Multi-site CL (aggregate Precoder)
	Superposition dedicated or orthogonal common
	orthogonal common
	Full
	Collective precoder + timing adjustment 
	MIMO
	CL gain (May need bigger precoder set)

	Heterogeneous multi-site CL/BF
	Superposition dedicated
	orthogonal common
	Full
	AoA (array) + precoder (MIMO) + phase correction + timing adjustment
	Heterogeneous
	BF and CL gain

	Multi-site CL TxD
	orthogonal dedicated or orthogonal common
	orthogonal common
	Full
	Individual precoder (maximize per site power)
	MIMO
	Multi-site diversity + CL gain

	Multi-site BF TxD
	orthogonal dedicated 
	NA
	Full
	AoA
	Array
	Multi-site diversity + BF gain

	Multi-site Heterogeneous TxD
	orthogonal dedicated or orthogonal common
	orthogonal common
	Full
	Individual precoder + AoA
	Both
	Multi-site diversity + CL gain + BF gain

	Multi-site BF SM
	Orthogonal dedicated
	NA
	None
	AoA
	Array
	High Throughput + SIC

	Multi-site closed-loop SM
	orthogonal dedicated or orthogonal common
	orthogonal common
	None
	Individual precoder (minimize interference)
	MIMO
	High Throughput + SIC

	Heterogeneous multi-site SM
	Orthogonal dedicated or common
	orthogonal common
	None
	AoA (array) + precoder (MIMO)
	Heterogeneous
	High throughput + SIC


Simulation results provided in this contribution show that for low speed users, CL cooperation with phase correction outperforms different semi CL schemes. Within semi CL cooperation schemes, FSTD and SFBC provide the highest gain but with higher DRS overhead, if any is used. Short delay CDD provides some macro diversity gain but is susceptible to timing mismatch of the channel. Simulation results provided in this contribution also show that as the mobile speed increases, the performance of all schemes degrades due to feedback aging. However, closed loop cooperation suffers more than semi closed loop schemes due to channel aging. Moreover, closed loop cooperation is susceptible to a big timing mismatch of 15 chips (1 (sec), while FSTD and SFBC cooperation schemes are more robust to the timing mismatch. The inherent CDD effect of timing mismatch improves the SFN combining but may degrade the performance of CDD cooperation. Simulation results shown in this contribution show that power mismatch between the two sites has little impact on the relative performance of cooperation schemes.
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Summary: In a multiple-antenna system with two transmitters and two receivers, a scenario of data communication, known as the X channel, is studied in which each receiver receives data from both transmitters. In this scenario, it is assumed that each transmit.....
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