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MU-MIMO with fixed beamforming for FDD systems 

Manfred Litzenburger, Michael Ohm

Alcatel-Lucent Research and Innovation

Hu Haining

Alcatel Shanghai Bell

This proposal is on Multi-User (MU) MIMO with fixed beamforming for the downlink of an FDD systems. MU-MIMO aims at improving the overall system throughput by supporting multiple users in a cell over the same time-frequency resource. If the users are sufficiently spatially separated, MU-MIMO significantly outperforms Single-User (SU) MIMO. The multiple exploitation of the same resource  can be done either explicitly by forming directional beams to several users (in this case often denoted as Space Division Multiple Access, SDMA), or implicitly by utilizing the spatial diversity of the multipath radio channel by appropriate precoding / beamforming techniques at the transmitter (often denoted as spatial multiplexing). Combinations of both approaches are possible. In general, beamforming-based solutions are advantageous in outdoor wide-area cellular environments with usually low angular spread, whereas spatial multiplexing performs better in pico-cellular or indoor scenarios with rich multipath propagation.

Beamforming for SDMA

Medium to large size cells show a quite low angular spread giving a low diversity order, which considerably decreases the performance of spatial multiplexing schemes. Even for large antenna spacings, the antenna elements are getting correlated. The propagation channel has only one strong eigenvalue. In addition the BS has to cope with low SINRs at the cell edges as well as higher MS velocities. This degrades the channel estimation performance, and furthermore, short-term channel state information for precoding may be quickly outdated, making spatial multiplexing schemes even worse. In such a scenario it is much more advantageous to go for beamforming with only one data stream per user. The loss in spatial diversity due to correlated Tx antennas can be compensated by using multi-user diversity from adaptive scheduling.
Beamforming is accomplished by complex weighting of the signals of closely spaced antenna elements (usually λ/2 spacing). The weights can equivalently be considered as a codebook for precoding. Beamforming can be based on a grid of fixed beams, where the Mobile Station selects the best beam and signals its index back to the base station, or on adaptive beams that track a Mobile Station. Fixed-beam schemes require only common pilot signals for all users, thus limiting the overhead resource consumption. In an FDD system, usually only long-term Channel State Information (CSI) is available at the Tx side due to signaling traffic constraints. This is an ideal application for beamforming schemes which can cope with that.

We consider here a scheme with 4 correlated Tx antennas in a linear array with λ/2 spacing and 2 Rx-diversity with Maximum Ratio Combining (MRC) at the MS (although for SDMA based on beamforming, simple single-antenna MSs would be sufficient). Due to form factor constraints we assume also λ/2 antenna spacing at the MS. A codebook for beamforming with 8 entries is used, i.e., we can generate a grid of 8 fixed beams. Thus, a beam index feedback of 3 bit is required. The weights are designed for optimum beam separation (tapering).  Fig. 1 shows the beam pattern with 8 equal spaced beams within a sector of 120 degrees and a half-power bandwidth of 70 degrees.
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Fig. 1: Antenna pattern of a 4-element linear array with λ/2 spacing and 8 beams

Common pilots per antenna are applied. This means that each of the 4 antennas transmits its own pilot signal pattern. The pilots are not beamformed. Compared to schemes working with (user-) dedicated pilots, the common pilots approach significantly saves radio resources, enabling a higher spectral efficiency.

The MS tests the received pilots against all eight codebook entries, i.e., it tests which codebook entry provides the highest pilot-SNR at the output of the antenna combiner. The best entry is selected (which is equivalent to the best beam) and signaled back via the UL to the BS. The MS is then served in this beam. Since the beams are quite broad, it is only necessary to update the beam index on a longer time scale in the order of  hundreds of ms.

SDMA is limited by intra-cell interference, i.e., interference between the beams. Therefore, an important aspect of MU-schemes is the selection of users with sufficient spatial separation to be served in parallel on the same radio resources by the scheduler. In our scheme, the scheduler in the BS picks the beam serving the user with the highest (proportional fair or QoS driven) score. For spatial separation, one or two neighbouring beams at each side of the selected beam are blocked. From the remaining beams, again the beam serving the user with the highest score is picked. Thus, with 8 beams and a neighbour-separation of two beams at each side, 2 to 3 users can be served in parallel. This selection is done for every physical (time-frequency) resource block.

System simulation results

The proposed fixed-beam scheme has been simulated in comparison with SU-multi-antenna schemes. Fig. 2 shows the performance results for the parameter set up that has been used for the comparisons (see Table 1).

Table 1: System simulation parameters

	Parameter
	Assumption

	Frequency re-use
	1

	Cellular Layout
	Hexagonal grid, 7 cell sites, 3 sectors per site

	Inter-site distance
	500 m

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

	Lognormal Shadowing
	Similar to UMTS 30.03

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	50 m

	Shadowing correlation
	Between cells
	0.5

	
	Between sectors
	1.0

	Penetration Loss  
	20 dB

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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	Carrier frequency / bandwidth
	2 GHz / 10 MHz

	Channel model
	Extended Spatial Channel Model (SCME)

	UE speed
	3 km/h

	Total BS TX power
	46dBm

	Inter-cell Interference Modeling
	Explicit modeling

	Antenna Bore-sight points toward flat side of cell (for 3-sector sites with fixed antenna patterns)
	


	Minimum distance between UE and cell
	>= 35 meters

	Modulation / coding schemes
	QPSK, R = 1/9, 1/6, 0.21, 1/4, 1/3, 0.42, 1/2, 0.58, 2/3, 0.73

16-QAM, R = 0.43, 0.46, 1/2, 0.54, 0.58, 0.61, 2/3, 0.73, 4/5

64-QAM, R = 0.58, 0.62, 2/3, 0.70, 0.74, 4/5, 0.85, 0.9

	Scheduler
	Score Based Proportional Fair, all assigned physical resource blocks form one transport block

	HARQ
	Asynchronous, adaptive

	Link Adaptation
	Initial target BLER = 30%

	CQI feedback range and granularity
	-11 dB … + 20 dB in steps of 1 dB

	CQI feedback period / feedback delay
	5 ms / 3 ms

	Channel Estimation
	Ideal

	Traffic model
	Full buffer

	Number of UEs per cell
	10, uniformly distributed

	Link to system interface
	Mutual Information Effective SNIR Mapping (MIESM) [1]

	Pilot channel overhead
	Explicitly simulated

	L1 / L2 control signaling
	3 OFDM symbols per transmission frame of 14 symbols; not used for data transmission


The figure gives the cell edge throughput given by the 5-percentile throughput (i.e., 5% of the users get less throughput than the 5-percentile) versus the average spectral efficiency in bit/s/Hz/sector. The proposed scheme achieves the best spectral efficiency of 2.5 bit/s/Hz/sector with a cell edge rate of about 650 kbit/s. Two other 4x2 antenna schemes have been investigated in SU-mode: a Grid-of-Beams (GoB) scheme and a SU-MIMO spatial multiplexing scheme. Both perform considerably worse in this scenario. So it is important to note that even the simple MU-MIMO scheme based on a fixed GoB outperforms the SU-MIMO schemes.
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Fig. 2: System simulation results for different M x N SU and MU multi-antenna schemes

SDMA based on beamforming already separates the spatial layers at the Tx side instead of the Rx side, as has to be done in spatial multiplexing schemes. Thus, the intelligence is shifted from the MS towards the BS and less Rx complexity is required. The additional degrees of freedom from more than 1 Rx antennas can be used for, e.g., interference suppression with Interference Rejection Combining (IRC).

Alternative scheme for cross-polarised antennas

An alternative MU scheme uses two closely cross-polarised antenna pairs. Due to the very compact form factor of such an antenna setup, this scheme comes as a very promising option. The two +45° as well as the two -45° polarised elements from the pairs are correlated, whereas there is no correlation between the two polarisations. The combination of correlated and uncorrelated elements within the antenna setup allows for the combination of beamforming with spatial multiplexing. Figure 3 shows an illustration of the proposed alternative MU scheme. 
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Fig. 3: MU-MIMO with 2-by-2 cross-polarised antenna configuration at the base station

Beamforming is performed on the two +45° polarised elements and also separately on -45° polarised elements. Thus, two polarisation beams are formed. We propose to form 4 fixed beams, which will be rather broad because there are only two antenna elements available per polarisation beam. The 4 beams on the two polarisations have the same directions. As the scheme above, this beamforming with a fixed GoB works with long-term channel state information and requires only common pilot signals.

There are two relevant options available for MU operation:

1) User separation by direction (beam):
Only one user is served per beam. The two polarisations can be used for additional spatial multiplexing, provided that the MS has two Rx antennas and channel conditions are good. Otherwise, the polarisations can be used for diversity transmission with space time-/frequency block coding. If short-term channel state information is available, additional precoding at the base station can be performed. Each user can receive up to 2 data streams. 

2) User separation by polarisation
Two users are allowed in one beam. If the MSs have one Rx antenna only, precoding at the base station based on short-term channel state information is required. If the MSs have two Rx antennas, they can perform spatial interference reduction processing, and also precoding at the base station based on short-term channel state information can be included. Each user receives one data stream.

The first option has the advantage that up to two data streams per user are supported, whereas the second option allows for users in the same direction, which may increase the number of user pairing possibilities. Depending on actual cell load conditions, the base station could actually use both options: either alternating between option 1) and 2) in consecutive time frames but also both options together in one time frame. For example, users 1 and 2 are both served with one data stream on beam i, with user 1 on the +45° polarisation and user 2 on the -45° polarisation (users 1 and 2 separated by polarisation), and at the same time user 3 is served on beam j, j≠i, with two streams (user 3 separated from 1 and 2 by direction).

Obviously, this proposed MU scheme using two closely spaced cross-polarized antenna pairs is not only promising due to its small form factor of the antenna radome, but it also allows for very flexible and efficient resource allocation possibilities for serving multiple users in the cell.

Conclusion

Extending the dimension of multiple access into space is the promising approach especially for outdoor and wide area deployment of Beyond 3G schemes. We see beamforming based on a fixed grid of beams as the most viable scheme for MU-MIMO. Beamforming schemes can be devised for different antenna configurations, thus the installed base of an operator can be taken into account.

It is straightforward to further extend the schemes described here by coordinating between the sectors of one base station in order to reduce the inter-sector interference in the border regions.
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