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Introduction

Co-channel Interference from the neighboring base-stations significantly affects the performance of cell-edge users in legacy cellular systems such as IEEE 802.16e. With full frequency reuse, the average SINR at the cell edge can be too low to support any useful communication. Fractional frequency reuse (FFR) is considered as an attractive frequency-planning technique for interference management in the existing 802.16e systems. However, one of the limitations of FFR is that FFR approach mitigates the interference by avoiding the allocation of the same OFDMA resources to interfering sectors, thereby unavoidably reducing the per sector throughput. For instance, maximum normalized per-sector throughput is limited to 1/3 in case of a 1/3 FFR configuration.

To improve the spectral efficiency, especially at the cell edge, new transmission schemes have to be introduced. Base Station (BS) cooperation is such a new technology that, by leveraging advanced MIMO techniques, enables multiple base stations to cooperatively transmit in the downlink to multiple mobile stations at cell edge, thereby achieving significant interference suppression and substantial capacity enhancement.  Indeed, the BS cooperation can be deemed as a “virtual MIMO system”, where the antenna elements of all the collaborating BSs are viewed as elements of the virtual MIMO array that transmits to the MSs, thus taking advantage of additional spatial diversity and increasing system capacity (since each channel use now carries additional information to multiple users).
In this contribution, we explain the fundamental principles of BS cooperation, demonstrate the tremendous gain it can render, and describe the minor modifications to the legacy 802.16e system that will be needed to enable BS cooperation.

Principles of Base Station Cooperation 
We consider the downlink of an IEEE 802.16m system with B base stations (BSs) (each with Nt transmit antennas) and K Mobile Stations (MSs) (each with Nr receive antennas). In BS cooperation, multiple BSs could collaboratively transmit Lk data streams to MSk. Fig. 1 shows a simple BS cooperation scenario with 2 BSs and 2 MSs.  It is assumed that the transmissions, and particularly zone boundaries from neighboring base stations, are synchronized as this is required for cooperation to work correctly. 
Let us define Hbk (Nr × Nt) as the baseband channel matrix between BSb and MSk, the singular-value decomposition of which is
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.  Let BSk denote the index of the serving BS of MSk. The transmit vector for MSk from BSb is linearly precoded by the Nt ×Lk matrix Tbk as xbk = Tbksk(m), where sk(m) denotes the zero-mean data vector, of size Lk × 1 at time m, meant for MSk. Note that Tbk = 0Nt×Lk  (b ( k) corresponds to the special case that each BS only serves its own MS (i.e., no BS cooperation), as shown in Fig. 1 (2 BSs and 2 MSs scenario). In order to maximize the per-user information rate, a Gaussian codebook is used for the transmit data vectors, with transmit power normalized such that E{sk(m)sk(m)* }= I and E{sk(m)sl(m)*} = 0 Lk×Lk (for k ( l).

[image: image2.emf]
Figure 1: Simple scenario without base station cooperation.
[image: image3.emf]
Figure 2: Simple scenario with cooperative base stations.
For the case of BS cooperation, the received signal at MSk is given by
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where nk(m) is the additive white Gaussian noise (AWGN) vector with covariance matrix N0INr . The above equation is rewritten as 
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[image: image6.wmf] Equation 1
The goal of base station cooperation is to correctly design the transmitter precoding matrices {Tk, k = 1,2,…K}.  In this case we wish to maximize the sum rate of the cooperative system.  Essentially, if each BS has complete knowledge of all data and channel state information (CSI) e.g. the realization H​k, then significant capacity gains can be realized via precoding. As a result, BSs need to exchange not only their CSI, but also their data streams (via the backbone that has higher bandwidth). Different BSs can then collaboratively and simultaneously transmit data streams intended to different MSs.

Performance of Base Station Cooperation 
We have simulated the downlink of an urban micro-cellular network that consists of two cells, each with 1 BS and 1 MS (as in Fig. 1). For simplicity, we set Nt = Nr = 2, Lk = L = 2, and assume equal transmission power for each BS. Although our interest is frequency selective channels, results for Rayleigh flat fading channels are also shown for the completeness and comparison.

A. Rayleigh flat fading

We first consider Rayleigh flat fading channels. We use the same simulation conditions as in [2]: The inter-BS distance is 500m. MSs are uniformly distributed in a limited cell area so that any MS is at least 150m from its serving BS. The path-loss coefficient for all the BS-MS channels is 2.0 (i.e., free-space propagation) up to distance of 30m and increases to 3.7 thereafter. Without loss of generality, the channel path-loss values are normalized with respect to the largest in-cell path-loss in the cell. Channel estimation errors are modeled as zero-mean complex Gaussian random variables, with the same variance as the AWGN.  Figure 3 compares the sum rate capacity of the 2 BS and 2 MS system for the case of cooperation and non-cooperation.
[image: image7.wmf]
Figure 3: sum rate v. SNR over frequency-flat Rayleigh channels.
In non-cooperative system, CSI exchange is not available. It is assumed that each BS still has knowledge of CSI of its own MS (i.e., Hkk). The optimal precoding matrices to maximize the sum rate can be calculated based on the eigen-beamforming and equal power allocation on each data stream to each MS. In other words, the eigenvectors of the input covariance matrix ((Tkk)*Tkk are the first Lk columns of Vkk, where
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 and every singular value of Tkk equals Ptx/Lk.  We see from Figure 3 that the gain from cooperation ranges from 2dB at low SNR to over 10dB at high SNRs.

B. Frequency-selective fading

We also consider a simple but typical scenario of WiMax systems, where channels are frequency selective, and are modeled as per [1]. The inter-BS distance is 1,500m and MSs are uniformly distributed in a limited cell area so that any MS is at least 500m from its serving BS. Other simulation parameters are summarized in Table I. Without loss of generality, the channel path-loss values are normalized with respect to the largest in-cell path-loss in the cell. Channel estimation errors on OFDM subcarriers are modeled as zero-mean complex Gaussian random variables, with same the same variance as the AWGN.  Results for the non-cooperative case and cooperative case are shown in Figure 4.  Again we see significant gains from the cooperation which indicates that BS cooperation can be highly effective in IEEE 802.16m. 
Table 1 WiMAX simulation parameters

	FFT Size
	1024

	CP length
	1/8

	OFDM Symbol Duration
	102.86 us

	Frame length
	5 ms

	DL frame length
	30 OFDM Symbols

	Carrier Frequency
	2.5 GHz

	Bandwidth
	10 MHz

	Sampling Frequency
	11.2 MHz

	Subcarrier Allocation mode
	AMC 1 x 6

	Channel Model
	Urban Macro-cell

	MS velocity
	5 m/s


[image: image9.wmf]
Figure 4: Sum rate v. SNR for frequency selective (Urban-Macro) channels.
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