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1. Introduction

Adaptive transmission in combination with multiple antennas is regarded as a key element to increase the spectral efficiency of future communication systems considerably. Basically, adaptivity should not be limited to the physical layer alone but also include radio resource scheduling in order to exploit multi-user diversity. This is particularly favorable in a macro cellular environment with low frequency reuse and varying interference conditions. 
One concept which fits into that category is the so-called “Opportunistic Beamforming” which was first proposed by Viswanath [1] in 2002. In this technique, a single random beam is generated at the NodeB varying at regular intervals. Based on CQI feedback obtained from the UE with every new beam only those users are actually served who currently experience favorable channel conditions. Since this concept is both robust and capacity achieving for a large number of users [2], we consider it as a viable approach when operating in the downlink of a macro cellular environment.
However, pure opportunistic scheduling suffers from indefinite delays which are not acceptable for time critical applications. Moreover, the application of a single and random beam is suboptimal in a cellular environment with low angular spread. Thus we propose an extension and refinement of the original concept which is described in the next section followed by some preliminary system level simulation results.

2. System Overview
A potential FDD frame structure in the spirit of [1] consisting of preamble (probing) phase, feedback phase and signaling + payload phase is depicted in Figure 1. 
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Figure 1: MAC frame structure

Considering OFDM as basic downlink transmission technique, sets of adjacent subcarriers are grouped into chunks. During probing phase beams are formed on each chunk which generally but not necessarily differ across the chunks. A key assumption of the proposed system is that all NodeBs act synchronously and that the same beams (or a subset thereof) with the same (or less) power are used for data transmission later on. Only in that way, the intercell-intercell conditions during the payload phase become predictable (or at least an upper bound thereof). Any remaining variations of the channel characteristics between probing and data transmission are then caused by individual user mobility only. Different levels of time synchronicity are conceivable: coarse time synchronization in the order of one or a few OFDM symbols or fine time synchronization with an accuray well below the guard-interval length. Fine time synchronization would reduce the intercell-interference due to crosstalk between adjacent subcarriers transmitted from different NodeBs considerably. Studies about the effect of non-perfect time synchronization are currently ongoing. 
Presuming linear spatial transmit processing there is a large degree of freedom how to derive the precoding matrices Vc,n on each chunk c and in each MAC frame n.  The beams may be either selected from a predefined set (grid of fixed beams) or adaptively steered into a preferred direction. The fixed beam approach does not require any a-priori channel knowledge but in order to ensure that any user gets the chance to be served the grids must be carefully defined and selected. Generally, the choice of grids over frequency and time should be made such that a coverage of the respective sector as well as low intra-/intercell interference and thus satisfactory QoS level of the users can be accomplished. Instead of activating all grids regularly, the selection process may adapt to the angular user distribution taking previous CQI feedback information into account. Thus, the fixed beam approach supports both non-adaptive and “quantized” adaptive processing. Also “unquantized” adaptive beam steering based on channel covariance measurements in the uplink is conceivable. In any case, the number of beams per chunk and the corresponding power are system parameters which can be adapted on a long term basis, e.g., taking into account cell load, traffic demands, and interference conditions.
Altering beam patterns over frequency and time provide a wide variety of different channel conditions for each user. The probing phase permits to measure the individual channel conditions which are then signaled back during the feedback phase. No details about the organization of the feedback shall be discussed herein; however,   it is obviously not efficient to generate feedback for any chunk but only for a limited number, preferable for those where a user encounters relatively good channel conditions (compared to its average). Fast moving users where frequency adaptive scheduling is not applicable have to provide feedback information which is based on averaging. In any case, potential feedback information may consist of a PHY mode proposal that has been derived from the channel measurements (e.g. signal-to-noise-plus-interference ratio) taking into account the UE capabilities. 
Using dual polarized beams at the NodeB offers an additional degree of freedom which may be exploited either in terms of transmit diversity or in terms of spatial multiplexing (provided the UE has more than one receive antenna in the latter case). Additional feedback information is then required to indicate the preferred mode and the corresponding channel quality details. 
Generally, the CQI feedback as well as the processing of that information requires a certain amount of time. During that time which can be regarded as static, the payload phase of the previous MAC frame can be continued. However, the scheduler must take care that half-duplex capable UEs which intend to provide updated CQI feedback information are not served during that time. 
After having processed the CQI feedback as well as other relevant information the scheduling decision in terms of resource allocation tables is signaled to the users. In the subsequent payload phase data is transmitted using a combination of TDMA, FDMA and SDMA as shown in Figure 2. 
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Figure 2: Example TDMA/FDMA/SDMA resource allocation; different colors reflect different users (only illustrated for one beam)

Chunks of adjacent subcarriers are assigned to frequency adaptively scheduled users whereas frequency non-adaptively scheduled users get dispersed subcarriers. Adaptive scheduling is performed first thus accounting for its higher sensitivity to channel variations between probing and payload phase. The boundary between both scheduling variants is flexible and may be adjusted in each MAC frame and beam depending on the individual channel characteristics “seen” by the NodeB.
Figure 3 shows the associated transmit signal processing for the DL payload phase. Linear matrix modulation is only apparent when a user is assigned more than one beam for the same time-frequency resource allowing for a flexible trade-off between spatial multiplexing and diversity. As mentioned before, this could be beneficial for example in case of dual polarized beams pointing in the same direction. Adjustment of this block as well as of coding and modulation will be based directly on the CQI feedback.
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Figure 3: Transmit signal processing chain at NodeB (for one user)

3. Simulation Results 
For an exemplary assessment of the system performance in case of fixed beams, a DL simulation of a cellular network has been set up. A mutual information-based link-to-system interface as described in [3] was utilized to determine the error rates of the transmitted data packets. The applied link and system parameters are specified in Table 1 and comply to a certain extent with those specified in [5]. 
Table 1: System simulation parameters

	Parameter
	Assumption
	Parameter 
	Assumption

	Carrier frequency
	5.0 GHz 
	Cellular layout
	Hexagonal grid, 19 cells, 3 sectors per site

	Transmission technique

· subcarrier distance

· guard interval length

· used subcarriers 
	OFDM

(f=39.0625kHz

TG=3.2(s 

[-168:168] excluding 0
	Inter-site distance 
	1732m

	BS antenna configuration
	8 antennas ULA (0.5()
	BS transmit power 
	125mW/subcarrier

	Azimuth antenna element pattern at BS
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	Areal user distribution
	Uniform

	BS elevation antenna gain
	15dBi
	UE speed
	3km/h

	UE antenna configuration
	Single omnidirectional antenna  
	Traffic model
	Full queue

	Chunk size
	8 subcarriers ( 12 OFDM symbols 

(80 data symbols, 16 pilots)
	Inter-cell interference modeling
	Explicit using wrap around technique

	Length of DL payload phase
	24 OFDM symbols
	Noise spectral density
	-174dBm/Hz

	Channel estimation at Rx
	Perfect
	Noise figure at UE
	7dB 

	Synchronization
	Perfect
	Channel model
	D1 (Rural) generic model based on [4], full/no correlation of large scale parameters at same/different sites 

	Channel measurement accuracy for adaptive processing 
	Perfect
	Link adaptation
	AMC per chunk using BPSK with rate 1/3, BPSK, QPSK, 16-QAM, 64-QAM with rate 2/3 and 64-QAM with rate 8/9; convolutional coding

	Beamforming
	Fixed beams using Chebychev tapering with 25dB side lobe suppression
	Frequency reuse
	1


Corresponding results considering maximum throughput scheduling only so far are depicted in Figure 4. Both average sector goodput vs. average number of users per sector and average goodput vs. distance (in case of 32 users per sector) are plotted for a varying number of beams. An important result is that increasing the number of beams leads to an enhanced system throughput even in case of frequency reuse 1. Clearly, more simulations are required to analyze the impact of fair scheduling as well as physical layer transmission parameters as, e.g., beam tapering and beam power loading. 
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Figure 4: System simulation results considering maximum throughput scheduling with different number of beams; the right figure is plotted for 32 users; averaging is performed across all users within an annulus of size 0.2 times cell radius.
4. Conclusions 

A system approach employing beamforming in combination with opportunistic, frequency adaptive scheduling has been presented. First simulation results show the effectiveness of such an approach in a wide area scenario with low angular spread and its ability to cope with adverse intercell-interference conditions even in case of frequency reuse 1. The basic approach is very flexible and robust from spatial processing perspective and does not demand but may still benefit from multi-antenna UEs. 
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