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1. Introduction
The usage of multi antenna terminal transmitters and/or multi antenna base station receivers is a possible means to improve the E-UTRA uplink performance. Such multi antenna transmitters and receivers may provide diversity, directivity or multiplexing gains. Spatial multiplexing may be used to transmit, on the same resource block, multiple data streams from a single user terminal to the base station. This is sometimes referred to as single-user MIMO (SU-MIMO). Alternatively, multiple user terminals may, on the same resource block, transmit a packet to the base station, which may be referred to as multi-user MIMO (MU-MIMO) or spatial domain multiple access (SDMA). Different combinations of SU-MIMO and MU-MMO could also be foreseen. This paper discusses MU-MIMO in the context of E-UTRA uplink.
2. Uplink MU-MIMO
Uplink MU-MIMO implies that multiple user terminals transmit data on the same resource block and that the signals are restored at the base station receiver by means of signal processing. By using MU-MIMO user terminals get, on average, access to the channel more frequently. Moreover, in uplink, the available transmit power increases with the number of user terminals scheduled for (simultaneous) transmission, which may be beneficial. For the same reason, MU-MIMO may also increase the (intra-cell and inter-cell) interference. It may also negatively affect the user terminal battery lifetime.
To assess the feasibility and performance potential of uplink MU-MIMO, the technique has been evaluated in an urban multi-cell macro deployment using a 5 MHz transmission bandwidth. Base stations are equipped with four antennas per sector, separated ten wavelengths, and user terminals transmit using a single antenna. Interference rejection combining (IRC) is used at the base station receiver to suppress (intra-cell and inter-cell) co-channel interference and MMSE frequency domain equalization (FDE). Successive interference cancellation (SIC) after channel decoding is considered as a possible performance enhancing technique. With SIC, the signals associated with already decoded packets are regenerated and subtracted from the input signal. Round robin TDMA/SDMA scheduling is performed by scheduling one, two, or four randomly selected users for simultaneous transmission at the same physical resource. Table 1 summarizes the used models and assumptions.
Table 1: Models and assumptions.
	Traffic Models

	User distribution
	Uniform

	Terminal speed
	0 km/h 

	Data generation
	On-off with activity factor 5, 10, 20, 40, 60, 80, 100%

	Radio Network Models

	Distance attenuation
	L = 35.3+37.6*log(d), d = distance in meters

	Shadow fading
	Log-normal, 8dB standard deviation

	Multipath fading
	SCM, Suburban macro

	Cell layout
	Hexagonal grid, 3-sector sites, 27 sectors in total

	Cell radius 
	167m (500m inter-site distance)

	System Models 

	Spectrum allocation
	5 MHz

	Max UE output power 
	250mW into antenna (no minimum power)

	Max antenna gain
	15dBi

	Modulation and coding schemes
	QPSK and 16QAM, turbo coding according to WCDMA Rel-6. 

	Scheduling 
	TDMA/SDMA with random selection of users. 1, 2, or 4 users are scheduled for simultaneous transmission on the same resource block (SDMA).

	OFDM Parameters 
	According to 25.814 ‎[1]

	Overhead
	28% for reference signals and L1/L2 control channels (5 symbols per TTI for data)

	Receiver
	Base stations with 4 antenna elements per sector using IRC and MMSE FDE. SIC after channel decoding is used as an optional feature.


Figure 1 depicts the distribution of the active radio link data rates, i.e., the instantaneous data rate when scheduled for transmission, for a fully loaded network. The data rate decreases with the number of scheduled users, due to the increased level of interference. As an example, without SIC, the median data rate decreases from 9.9 Mbps to 6.1 Mbps and 2.7 Mbps, respectively, when scheduling two and four users per resource block. Note, however, that since each user gets access to the channel more frequently the median of the effective data rate (here for example measured over a period of four slots) still increases in comparison to scheduling a single user at the time. The introduction of MU-MIMO may however decrease data rates for user terminal at the cell edge (reduced coverage). For example, the 5th percentile user data rate in Figure 1 decreases from 2.8 Mbps to 0.8 Mbps and 0 Mbps, respectively, when two and four users are simultaneously scheduled. 
Figure 2 depicts the average user data rates versus served traffic for different number of MU-MIMO users. The results in Figure 2 (average data rates) are compensated for the fact that with multiple users transmitting simultaneously on the same resource block, users get (on average) access to the channel more frequently. The results indicate that MU-MIMO may increase the served traffic. Without SIC at the base station receiver, a solution in which two users are scheduled for transmission on the same resource block provides the highest throughput. When increasing the number of simultaneously scheduled users from two to four, the drawback of the increased interference level is stronger than the benefit of the increased transmission power. Still, however, scheduling four users per resource block enhances throughput in comparison to single user scheduling. Analyzing the network at a fixed load the results indicate that MU-MIMO may increase the average user throughput substantially. For example, at a served traffic of 5 Mbps/cell, the average user data rate may be increased by around 70 % and 100 %, respectively, with two and four simultaneously scheduled users. With SIC, which is depicted in the right plot, the corresponding gains are approximately 80 % and 180 %.
In Figure 3, the cell edge (5th percentile) user data rate is plotted versus the served traffic. Like in Figure 2, the results are compensated for the fact that with MU-MIMO, users get access to the channel more frequently. The results indicate that for low load levels, MU-MIMO may improve cell edge user data rates, especially if SIC is used at the base station receiver (right plot). For high load, the cell edge data rate is only marginally affected if two users are scheduled for simultaneous transmission. Scheduling four users at the time, however, reduces the cell edge data rates at high loads.
Uplink MU-MIMO requires that the signaling, transmitted in downlink, does not prohibit scheduling of multiple users per resource block. Moreover, the uplink reference signals must be designed such that channel estimation performs well even with multiple user terminals transmitting on the same resource block.
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Figure 1: Distribution of active radio link data rates for different number of simultaneously scheduled users.
[image: image2.wmf]0

5

10

15

0

5

10

15

20

25

30

35

40

served traffic [Mbps/cell]

average user data rate [Mbps]

 

 

1 sched. user

2 sched. users

4 sched. users

[image: image3.wmf]0

5

10

15

0

5

10

15

20

25

30

35

40

served traffic [Mbps/cell]

average user data rate [Mbps]

 

 

1 sched. user

2 sched. users

4 sched. users


Figure 2: Average user data rates versus served traffic for different number of simultaneously scheduled users. Without SIC in left plot, with SIC in right plot.
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Figure 3: Cell edge (5th percentile) user data rates versus served traffic for different number of simultaneously scheduled users. Results without SIC in the left plot, with SIC in the right plot.

3. Summary and conclusion

A possible MU-MIMO implementation was evaluated in an urban multi-cell macro deployment. The results indicate that uplink MU-MIMO in some scenarios may be used to improve system performance. For example, at a given network load level, MU-MIMO may increase average user data rates with only marginal effect on coverage (cell edge user data rates). It is further noted that for uplink MU-MIMO it is essential that:

· the downlink signaling does not prohibit scheduling of multiple users at the same resource block, and

· that the uplink reference signal is designed such that channel estimation performance is good also when multiple user terminals use the same resource block for data transmission

We suggest that uplink MU-MIMO is considered as a transmission scheme for E-UTRA.
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