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1. Introduction

 The performance requirements for LTE-Advanced [1] are based on desired gains over existing LTE performance benchmarks. In light of these requirements, we investigate the mean sum rate and cell-edge performance of idealized single-user (SU), multiuser (MU) and network-coordinated MIMO techniques on both uplink and downlink. 

2. System architectures and simulation assumptions

We assume a multi-cell network with universal frequency reuse, and we consider the mean sum rate and cell-edge user throughput for both the uplink and downlink. For SU-MIMO and MU-MIMO cases, hexagonal cells are divided into 3 sectors and arranged in a cloverleaf pattern as shown in Figure 1. The NodeB in each sector is equipped with M = 4 spatially independent antennas with the typical SCM element pattern. For network MIMO, hexagonal cells are not subdivided into sectors. To maintain fairness when compared with the three-sector cases, each NodeB uses M = 12 spatially independent omni-directional antennas. For all MIMO options, each user has either N = 2 or 4 antennas for downlink reception or N = 2 antennas for uplink transmission. Channel knowledge is assumed to be known ideally at the transmitter and receiver. We consider the following three MIMO system options:

1. SU-MIMO. During each transmission interval on the downlink, the NodeB transmits to a single user using closed-loop spatial multiplexing. Likewise on the uplink, during each transmission interval, a single UE transmits in each sector using closed-loop spatial multiplexing. Users are selected for service according to a weighted rate criteria during each interval, where the quality of service weights are generated using a proportional fair scheduler. Depending on the SNR of the selected user, up to min(M,N) streams could be transmitted during each transmission interval.

2. MU-MIMO downlink. Because the UEs are equipped with multiple antennas, the nodeB could potentially transmit spatially multiplexed streams to multiple users simultaneously. For example, it could transmit 2 streams each to 2 users. However, if the number of users per sector K is large compared to the number of spatial streams M, transmitting a single stream to M judiciously chosen users is a sum-capacity-achieving strategy as the number of users K increases asymptotically [2]. Motivated by this result, we use a zero-forcing beamforming strategy [3] that transmits a single stream each for up to M users. Each active user receives its signal with no intrasector interference, and it performs linear combining to demodulate its signal. The beamforming and combining weights are chosen to maximize a weighted sum rate criteria where the quality of service weights are generated using a multiuser proportional fair scheduler. Because of the complexity in determining the optimum set of M out of K users to serve, we use a greedy selection algorithm derived from [4]. A per-antenna power constraint is imposed on the beamforming strategy, and we assume the total transmit power per site is fixed to 120 watts. For SU and MU-MIMO, the transmit power per sector is 40watts, and the power per antenna is limited to 10watts. For network MIMO, the total transmit power per site is 120 watts, and the power per antenna is again limited to 10 watts. 


MU-MIMO uplink. An analogous technique is used for the uplink. Multiple users each transmit a single stream by weighting their signal across N antennas, and a spatial, linear MMSE multiuser detector is used to demodulate the users. The UE weighting is in the direction of each user's dominant eigenmode. As in the downlink, a greedy selection algorithm is used to determine the set of users to serve. Because an MMSE detector is used, it is possible to select more than M users to serve during a transmission interval. The total transmit power per UE is limited to 250mW. 

3. Network-coordinated MIMO downlink. We propose to evaluate the performance of a relatively simple form of network coordination where co-located sectors jointly transmit. More sophisticated coordination could occur across spatially distinct base stations at the expense of higher backhaul costs for sharing data among them. In our proposal, we assume each transmitter is equipped with 12 spatially independent omni-directional antennas. By coordinating the antennas in this manner, cells are no longer divided into sectors, and the effects of interference between sectors sharing the same cell site is eliminated. For network MIMO, we generalize the transceiver technique described for the MU-MIMO downlink to M = 12 antennas. We emphasize that in the network MIMO proposed in this contributions, data and channel information does not need to be shared across the backhaul because the coordinated antennas are all co-located. 

Network-coordinated MIMO uplink. As in the downlink, we assume that network coordination occurs among M = 12 co-located omni-directional antennas. The transceiver technique is the generalization of the MU-MIMO MMSE multiuser detector generalized to M = 12 antennas. 

 A total of K = 10 users are assigned to each nodeB for SU and MU-MIMO, and K = 30 users are assigned to each NodeB for network MIMO. Users are assigned to the base with the highest average SNR measured as a function of distance-based pathloss and shadowing. Users are scheduled according to a proportional-fair criterion, and the throughput and individual UE rates are recorded for each frame. For a given received SINR, the user achieves the highest rate given by Table 1.  Statistics for the throughput and user rate are collected, and the mean throughput and cell-edge user rate (corresponding to the 5-th percentile of the user rate CDF) are determined. These metrics are plotted versus the cell-edge SNR in Figures 2 through 7. 

The cell-edge SNR is a single parameter that captures the effects of transmit power, antenna gain, and noise power parameters of a system. On the downlink, it measures the average SNR of a UE at the midpoint between two nodeBs as shown in Figure 1; the UE lies in the direction of the main lobe of a nodeB transmitting with full power, and there is no shadow fading.  As shown in Table 2, we use the suggested parameters in Case 1 [1] and reasonable values for other parameters. Using these values given with asterisks in Table 2, the downlink cell-edge SNR is 29dB for 3 sectors/cell (SU-MIMO and MU-MIMO) and 23dB for 1 sector/cell (Network MIMO). The 6dB margin is the result of reduced antenna gain for the omni-directional antennas (-10dB) and increased power per cell (+4dB) for the Network MIMO antenna configuration. The uplink cell-edge SNR is defined similarly as the average SNR measured at a NodeB with the UE located between two NodeBs transmitting at full power. The uplink cell-edge SNR is 7dB for 3 sectors/cell (SU-MIMO and MU-MIMO) and –3dB for 1 sector/cell (Network MIMO). The 10dB margin is due entirely to the reduced antenna gain for omni-directional antennas.  Changing any of the parameters in Table 2 while fixing all others results in a direct change in the cell-edge SNR. For example, reducing the transmit power 3dB (with all other parameters fixed) reduces the cell-edge SNR by 3dB. Using an intersite distance of 2km (with all other parameters fixed) results in downlink and uplink cell-edge SNRs of 11 and –11dB, respectively for the case of 3 sectors/cell.
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Figure 1. Antenna configurations for the three MIMO configurations. 
Downlink cell-edge SNR is measured by user located at position 'x' receiving from NodeB to its left transmitting at full power. Uplink cell-edge SNR is measured by the NodeB  receiving from a UE at position 'x' transmitting at full power'.

	Modulation
n-QAM 
	Coding rate
	rate 
(bps/Hz)
	Required SINR (dB)

	4
	1/32
	0.0625
	-13.0

	4
	1/16
	0.125
	-10.3

	4
	1/8
	0.25
	-7.4

	4
	1/4
	0.5
	-4.5

	4
	½
	1
	-2.4

	4
	¾
	1.5
	1.4

	16
	½
	2
	4.0

	16
	¾
	3
	7.4

	64
	¾
	4.5
	12.7


Table 1. Achievable rates per stream and required SINR for determining link performance

	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 cell sites,

SU-MIMO, MU-MIMO: 3 sectors per site (antenna boresight oints twoards flat side of cell)

network MIMO: 1 sector per site

	Distance-dependent path loss*
	L=128.1 + 37.6log10(.R), R in kilometers

	Lognormal Shadowing with shadowing standard deviation
	8 dB

	Inter site distance*
	500m

	Correlation distance of Shadowing
	0m

	Shadowing correlation
	Between cells
	0

	
	Between sectors
	1.0

	Penetration Loss  *
	20 dB 

	Antenna pattern (horizontal)*


	3 sectors/cell (SU-MIMO and MU-MIMO):
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1 sector/cell (Network MIMO):  
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	Channel model
	I.I.D. (spatial and temporal) complex Gaussian, frequency flat

	Channel bandwidth*
	10MHz

	Noise PSD*
	-174dBm/Hz

	Net rx/tx antenna gain*
	3 sectors/cell (SU-MIMO, MU-MIMO): 14dB

1 sector/cell (Network MIMO): 4dB

	Rx noise figure*
	uplink: 5dB, downlink: 9dB

	NodeB transmit power*
	3 sectors/cell (SU-MIMO, MU-MIMO): 46dBm per sector

1sector/cell (Network MIMO): 50dBm per cell

	Number of UEs
	SU, MU-MIMO: 10 per 120deg sector

Net-MIMO: 30 per cell

	UE speed
	Infinite (independent channel realizations each frame)

	UE transmit power*
	24 dBm

	User distribution
	Uniform in entire network

	Uplink power control 
	txPSD = pathloss x SINR target x (PL strongest neighbor / PL serving) ^(1-b) x UL interf, b = 0.5, SINR target = 0dB

	HARQ
	None

	Scheduler
	SU-MIMO: proportional fair scheduling

MU-MIMO, network MIMO: multiuser prop fair

	Link Mapping
	See Table 1.

	Number of antennas
	UE antennas: N = 2 or 4 

NodeB antennas: M = 4 per 120deg sector (SU, MU-MIMO)

M = 12 per cell (network MIMO)

	Signaling overhead 
	Downlink: 0.35; uplink: 0.30

	Channel estimation 
	Ideal


Table 2. Simulation parameters. Those shown with asterisk are used for computing cell-edge SNR: 
7dB (uplink, SU-MIMO and MU-MIMO), 
-3dB (uplink, Network MIMO),  
29dB (downlink, SU-MIMO and MU-MIMO),
23dB (downlink, Network MIMO)

3. Numerical results

Figures 2 through 7 show the performance of the SU-MIMO, MU-MIMO, and network MIMO strategies compared to the target requirements. The mean throughput and cell-edge user rates are plotted versus cell-edge SNR in order to show the effects of changing SNR parameters beyond those suggested in [1]. We see that downlink performance is interference limited for a cell-edge SNR of about 10dB and above. In other words, increasing the transmit power of all bases for cell-edge SNRs beyond 10dB does not improve the throughput performance because the performance is limited by intercell interference. Therefore the performance is interference-limited at the desired cell-edge SNRs of 23db (Network MIMO) and 29dB (SU-MIMO and MU-MIMO). The uplink performance is interference-limited for a cell-edge SNR of about 5dB and above. Therefore it is interference-limited at 7dB (MU-MIMO and SU-MIMO), but is power-limited at 3dB (Network MIMO).  For uplink network MIMO, the performance would improve minimally.  

Figure 2 shows the cell-edge user rate versus cell-edge SNR for N = 2 receive antennas per UE. At the cell-edge SNR of interest (29dB), MU and network MIMO strategies exceed the target requirement. Because the simulations make many idealizing assumptions, the results imply that one could potentially meet the target requirements in practice under similarly ideal conditions. Because channel knowledge is assumed at the transmitter, these results would be more relevant for a TDD system where this knowledge could be acquired via channel reciprocity. For FDD systems where codebooks for precoding are used, the performance will be inferior. 

Figure 3 shows the mean throughput versus cell-edge SNR for N = 2 receive antennas per UE. In interference-limited environments, MU-MIMO provides about a 30% improvement in throughput over SU-MIMO, and network MIMO provides a 20% improvement over MU-MIMO. We recall that our implementation of network MIMO coordinates the transmission among 12 co-located antennas, so there is minimal backhaul overhead compared to MU-MIMO. The throughput gains in network MIMO come at the expense of a slight cell-edge rate loss compared to MU-MIMO.  Figures 4 and 5 show the cell-edge rate and mean throughput for N = 4 receive antennas. The same general observations can be made regarding the performance targets. However, the marginal gains of network MIMO are somewhat diminished compared to N = 2.

Figures 6 and 7 show the performance for the uplink. Even though the network MIMO system is operating in the power-limited range (3dB cell-edge SNR), its performance is superior to that of SU and MU-MIMO even though they are operating in the interference-limited range (7dB cell-edge SNR). The cell-edge target is not met by any system; however, it could be met with network MIMO if the cell-edge SNR is increased or by applying a more aggressive power control algorithm which sacrifices throughput for improved cell-edge rate. The mean throughput target is met with MU or net-MIMO. In general, the scheduler could be modified to improve cell-edge performance at the expense of lower throughput. As in the downlink, if we were to use FDD on the uplink and rely on codebooks for precoding, the performance would be inferior. Because the same idealizing assumptions are used in both uplink and downlink simulations, these observations indicate that the uplink performance requirements are more aggressive than the downlink requirements. 

4. Conclusions 

Under the conditions assumed in this contribution, the LTE-Advanced performance requirements were not exceeded using SU-MIMO techniques. On the downlink, the requirements were exceeded using MU-MIMO and the simplified network-coordinated MIMO proposal. On the uplink, the cell-edge requirement is achieved only with network MIMO while the mean throughput requirement is achieved with both MU-MIMO and network-coordinated MIMO.

Because these results assume full channel knowledge at the transmitter, the results are more applicable to TDD systems where channel knowledge could be acquired through channel reciprocity. The performance of FDD systems using finite precoding codebooks would result in poorer performance. This implies that in FDD systems, even more aggressive MIMO techniques could potentially be required to meet the LTE-Advanced performance targets. 
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Figure 2. Downlink cell-edge rate, N = 2 UE antennas. Cell-edge SNR from Table 2: 
23 dB (Net-MIMO), 29dB (SU-MIMO and MU-MIMO).
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Figure 3. Downlink mean sum rate, N = 2 UE antennas. . Cell-edge SNR from Table 2: 
23 dB (Net-MIMO), 29dB (SU-MIMO and MU-MIMO).
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Figure 4. Downlink cell-edge rate, N = 4 UE antennas. Cell-edge SNR from Table 2: 
23 dB (Net-MIMO), 29dB (SU-MIMO and MU-MIMO).
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Figure 5. Downlink mean sum rate, N = 4 UE antennas. Cell-edge SNR from Table 2: 
23 dB (Net-MIMO), 29dB (SU-MIMO and MU-MIMO).
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Figure 6. Uplink cell-edge rate, N = 2 UE antennas. Cell-edge SNR from Table 2: 
-3 dB (Net-MIMO), 7dB (SU-MIMO and MU-MIMO).
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Figure 7. Uplink mean sum rate, N = 2 UE antennas. Cell-edge SNR from Table 2: 
-3 dB (Net-MIMO), 7dB (SU-MIMO and MU-MIMO).
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