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1. Introduction

Base station (BS) cooperation, which is also known as multi-cell MIMO, has been discussed in IEEE802.16m and accepted into the current version of SDD text [1].  As shown in many IEEE802.16m contributions [2][3], base station cooperation is such a new technology that, by leveraging advanced MIMO technique, enables multiple base stations to cooperatively transmit in the downlink to multiple mobile stations at cell edge, thereby achieving immense interference suppression and substantial capacity enhancement.  Essentially, the BS cooperation can be deemed as a “virtual MIMO system”, where the antenna elements of all the collaborating BSs are the elements of the 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 will show that the notion of BS cooperation can be naturally migrated to relay station domain, and demonstrate the significant gain obtained thereby.
2. Cooperative Relay Architecture
As shown in Figure 1 for a two hop system as an example, data in downlink is sent from one BS to one of its subordinate RS (e.g., RS1), and then from RS1 to its associated MS (e.g., MS1), when no relay cooperation is enabled.
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Figure 1 Regular data flow from BS to MS (without relay cooperation)
As shown in Figure 2, data in downlink is sent from one BS to multiple of its subordinate RS (e.g., RS1, RS2, etc.), and then from some of these RSs (e.g., RS1, RS2, etc.) to the destination MS (e.g., MS1)
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Figure 2 Data flow from BS to MS via two RSs (with relay cooperation- case 1)
Another possible relay cooperation architecture is shown in Figure 3, where the data in downlink is sent from one BS to multiple RSs (e.g., RS1, RS2, etc.), and then from some of these RSs (e.g., RS1, RS2, etc.) to multiple MSs.  Note that the transmission on the second hop is similar to the base station cooperation operation, except that RSs instead of BSs are communicating with MSs.
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Figure 3 Data flow from BS to MS via two RSs (with relay cooperation – case 2)
Last but not the least, full cooperation can occur at both the stage when multiple BS communicates with RSs concurrently, and when multiple RSs communicate with multiple MSs simultaneously.  This is illustrated in Figure 4.
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Figure 4 Data flow from BS to MS via two RSs (with relay cooperation – case 3)
3. Principle of Relay Station Cooperation
In this and the subsequent section, we concentrate on the case depicted in Fig. 3, namely one BS forwarding information to two relay stations, which in turn cooperatively communicate with two MSs. We consider a particular implementation that was recently shown [Devroye et al. 2008] to be highly efficient and greatly increase throughput compared to the “standard” multihop scenario where each MS communicates only with a single relay.

In the first phase, the messages are transmitted by the BS to the relays in a TDMA fashion, which is throughput-optimal for a single antenna broadcast channel. In the second phase, the relays cooperate together in transmitting the received message(s) to the MSs. An important and, hitherto ignored, fundamental notion of asymmetric cooperation inevitably arises in such scenarios. This asymmetry arises because the relays might receive unequal (but overlapping) amounts of data from the BS in the first phase. The extent of this asymmetry depends on the differences in the fading states of the BS to relay channels and the duration and rate of BS transmission.
To give more details, transmission from the BS to the MSs takes place in two phases: during phase 1 the BS broadcasts the messages 1 and 2 sequentially in a TDMA fashion. The TDMA structure is simple to implement, and is optimal, in terms of maximizing throughput, in the single-antenna scenario we consider. The relays decode the messages in phase 1 and re-encode them for phase 2. Unlike phase 1 in which each message is transmitted in an interference-avoiding TDMA fashion from one transmitter, in phase 2, both relays simultaneously transmit linearly precoded versions of the messages they received in phase 1. While the simultaneous transmission increases data rates, it also leads to interference, which has to be mitigated through careful precoding. For the simulations in Sec. 4, we consider linear precoding, but other precoding methods are feasible as well.

The system setup for phase 2 resembles standard space division multiple access (SDMA) with linear precoding

schemes. However, there is one critical difference: depending on the channel gains and the phase 1 transmission parameters, the relays may obtain different subsets of messages. This imposes constraints on some elements of the linear precoding matrix.  This is shown in more detail in Fig. 5.
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Fig. 5: Symmetric and asymmetric cooperation.
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Fig. 6: Impact of asymmetric message knowledge on the precoding matrix
4. Performance of Relay Station Cooperation
Some preliminary results are shown in this section to demonstrate the performance improvement that can be achieved by relay station cooperation. There are a number of variables that can be optimized in this system: the rate, and time, for the transmission of the messages during phase 1, as well as the precoding matrix and the transmission time for phase 2. Ref. [Devroeye et al. 2008] provides detailed equations for the implementation  Simulated results can be obtained based on those equations.
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Fig. 8 CDF of sum throughput under max-throughput criterion; random placement of MS in the cell.
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Fig. 7: Percentage of the time the single-message case is chosen, as well as the 4 dual-message cases are chosen. Random placement of MS in the cell.
The relays are placed along the arc of radius 5 units, and are separated by 40 degree. We consider a geometric model for the placement of the MSs: the MSs are randomly placed in the shaded slice covering the distance between 5 and 10 from the BS. The channels are flat Rayleigh fading. The throughput is computed according to capacity equations. 
Fig. 7 demonstrates the fraction of the time each of the four cases of Fig. 6, as well as the single message case (for maximum throughput only) are optimal under the max throughput (black) and extreme fairness (grey) constraints (extreme fairness means that both MSs get the same number of bits. We can see that under the max throughput criterion, it is optimal to send a single message roughly half of the time. The symmetric Case 1 is never selected, while the asymmetric Cases 2 and 3 are each optimal roughly 20% of the time, and the fully symmetric Case 4 is optimal roughly 5% of the time. Thus, when it is optimal to transmit 2 messages, the asymmetric scenarios are almost always optimal. Full cooperation is especially desirable when two equal length messages must be transmitted. Thus, the selection of the best relay cooperation case is highly dependent on the criterion being optimized.
We next compare the gains from relay cooperation with two conventional non-cooperative schemes. For this purpose, we show the cumulative distribution functions (CDFs) of the overall throughput. Plotting the CDF allows the visual and numerical comparison of the performance of different schemes which depend on random quantities (in this case the MS placement and/or the fading), and illustrates the spread the performance of a particular scheme is around its average. The first baseline scheme is the round-robin with relay scheme, in which the BS transmits to each MS in a round robin fashion, transmitting each message via the relay that has the

best channel to the MS for which the message is intended. The second relevant baseline scheme that we consider is the best two-hop scheme in which the two-hop BS – relay j – MS i path, which takes the minimal time to transmit one unit of data, is chosen. For the extreme fairness criterion, one message is sent to each MS along the best 2 hop path to that MS, while for the maximum throughput criterion, only one message is sent along the best two-hop path of the best MS. The results are shown in Fig. 8. We can see that relay cooperation, even after taking all the transmission phases into account, does result in higher sum-throughputs than the non-cooperative baselines.

5. Proposed SDD Text
15 Support for multi-hop relay
[Insert the following paragraph in this subclause]

15.x Multi-Relay MIMO

Multi-RS MIMO techniques are supported for improving system throughput and cell-edge throughput through collaborative precoding, coordinated beamforming, or interference nulling that involve multiple RSs.

Both open-loop and closed-loop multi-RS MIMO techniques can be considered. For closed-loop multi-RS MIMO, CSI feedback via codebook based feedback or sounding channel will be used. Mode adaptation between single-RS MIMO and multi-RS MIMO is utilized.
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