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2. Research Objective

WiFi has been widely used in public and hot-spot areas nowadays to provide broadband wireless accesses. Also, WiMAX is expected to provide wider-area services. In this project, we will investigate the design and testing issues of WiFi mesh and WiMAX networks.
A. Design of Wireless Mesh Networks
Wireless mesh networks have been getting a lot of attention recently. A wireless mesh network is composed of many fixed routers connected by wireless links. Some of fixed routers will act as gateways connected to the wired network. Each router will serve several stations capable of mobility. The following figure shows an example of the wireless mesh network architecture.
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The wireless mesh network has the capacity to provide wireless access for broad areas without costly infrastructures. Thus, it has great potential to solve the last-mile problem to provide ubiquitous broadband wireless access. In this project, we propose some layer-2 and layer-3 solutions to wireless mesh network in order to improve the efficiency of the wireless mesh network. First, we will modify the traditional spanning tree protocol (STP) defined by the Institute of Electrical and Electronics Engineers (IEEE) standard 8021.1d and apply the modified STP to the wireless mesh network. Second, multi-channel is a possible solution to an IEEE 802.11-based network. Each router in the wireless mesh network may have multiple radios that can be assigned different communication channels in order to increase the throughput of the wireless mesh network. We intend to investigate the impact of multi-channel on the spanning tree protocol. Third, a layer-2 spanning tree protocol sometimes cannot react to m the rapid change of wireless links. Thus, we also plan to propose a layer-3 routing protocol in a wireless mesh network with multi-channel support. The detailed description of these three problems will be presented as follows.

1) Spanning tree protocol for wireless mesh networks: In a wireless mesh network, a mobile station may move in the network so that its associated router may change over time. When a mobile station changes its associated router, its communication target should have the ability to find the mobile station efficiently in the wireless mesh network. We intend to design a layer-2 solution to this problem. The basic idea is applying the traditional spanning tree protocol (STP) used in the Ethernet and defined by the Institute of Electrical and Electronics Engineers (IEEE) standard 802.1d to the wireless mesh networks. Each fixed router in the wireless mesh network can be viewed as a bridge that will maintain a forwarding table. An entry of the forwarding table represents a mobile station or a destination bridge and records the designated bridge for that mobile station or that destination bridge. We assume the gateway will act as the root bridge; thus, one can find the mobile station or the destination bridge by checking the forwarding tables through the spanning tree. The challenge is that a mobile station may change its associated router. When a mobile station changes its associated router, the forwarding tables stored in some fixed routers should also be modified accordingly. Our goal is to propose an approach to modify the forwarding tables efficiently. A simple example that a mobile station changes its associated router is shown below.
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Besides, when the spanning tree is being constructed, we must also consider the channel load and link stability. Thus, we will also propose a spanning tree construction algorithm for wireless mesh networks that takes these factors into consideration. We will propose an algorithm similar to the rapid spanning tree protocol (defined by 802.11w) that can deal with the dynamic topology changes.
2) Multi-channel spanning tree protocol for wireless mesh networks: In an 802.11-based network, multiple non-overlapping channels are available. We assume that each fixed router can be equipped multiple interfaces and each interface will be assigned a channel. As the above problem, we intend to construct a spanning tree for each gateway in the wireless mesh network. There are two problems required to be addressed. First, a fixed router must determine whether an interface is responsible for uplink or downlink communication and which available channel should be assigned to that interface so as to reduce the interference from its neighborhood and thus increase its link throughput. Second, when the spanning tree is being constructed, a fixed router should consider the channels used by itself and its neighbors in order to choose a proper parent and proper children. In fact, these two problems are relevant to each other. Thus, we should solve the above two problems iteratively until the network becomes stable. The advantage of using multiple channels can be illustrated below. When only one single channel is used, fixed router B and C will interfere with each other. However, when multiple channels are used, B and C can receive packets simultaneously by using different channels.
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3) Multi-path routing protocol for wireless mesh networks: It is always desirable for a wireless mesh network to have more capacity, higher scalability, and better fault tolerance with link or node failures. Using multi-path routing in a wireless mesh network in which fixed routers have multiple interfaces has potential to achieve these goals. However, this issue has not been well studied.
First of all, nodes in the wireless mesh networks can be equipped with multiple radios associated with multiple channels in order to improve the capacity of the networks. The current single path routings are no longer efficient in the multi-radio multi-channel environment. As the scenario shown in the figure below, each node has two radios associated with different channels. If a single path routing is used, the routing path for the mobile station MS1 to the gateway G is MS1-E-F-G. If a multi-path routing is used, the two routing paths for MS1 are MS1-E-F-G and MS1-E-D-G. Since all the wireless links of these two paths are on different orthogonal channels, they do not interfere with each others. Obviously, the end-to-end throughput of node MS1 using multi-path routing is twice as much as the one using a single path routing. In this project, we will develop a new multi-path routing protocol that is more suitable for wireless mesh networks using multi-radio and multi-channel.
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B. From Wi-Fi Testing to WiMax Testing: Test Methodologies, Test Cases, and Test Bed Setup
In the coming years, the manufacturers in the data communication industry will soon require the test methodologies and cases for WiMax products after the representative IEEE standard 802.16-2004 was ratified [B1]. This new standard defines the technology to serve the future broadband access for public, enterprise, and home users. Currently some chipset providers (e.g., Intel and Wavesat) have the solutions which are triggering system vendors to offer end products, but the WiMax forum, the organization responsible for testing standards, is delaying the proposals. Testing is critical for manufacturers, and well-designed methodologies and cases can significantly help design verification and quality assurance for products. Related cases of the testing can be categorized into functionality, interoperability, performance, and conformance. The interoperability testing is what the WiMax forum is focusing on, like the early development of Wi-Fi, but the performance and the conformance testing will be more important for WiMax products than Wi-Fi. The problem of these kinds of testing is the difficulty to establish a repeatable and scalable test environment with proper technologies which are more complicated than what Wi-Fi products need. It will be a big challenge especially for the mobility version of WiMax, as in the IEEE P802.16e draft, which is under development. This proposal is to present the intention of developing test methodologies and cases and constructing such a test environment for WiMax products covering 802.16-2004 and 802.16e standards.

1) The technology issues for the problem

  WiMax comes with several promising new features [B2]. Not only achieving higher data rate (75 Mbps) than current Wi-Fi by the advanced transmission technologies based on the single carrier and multi-carrier OFDM, WiMax also addresses the larger coverage range up to 50 Km theoretically, very wide spectrum resource at 2 ~ 11 GHz and 10 ~ 66 GHz for NLOS and LOS applications respectively, and the native QoS to support high quality ATM and IEEE 802.1Q compatible networks. Because of these new features, the problem is that there are more technology issues which a repeatable and scalable test environment must solve. Although a shielding room prevents the outer RF signal and makes the transmission results repeatable, it is only a limited space and can’t offer the range and mobility testing. Even with the wire-connected shielding boxes, while the RF cables and components are used for medium stabilization, they still have the physical limitation on frequency band attenuation and can’t easily satisfy the requirement by existing test methodologies. Moreover, for present Wi-Fi products, the infrastructure and traffic arranged for testing are relatively simple, but WiMax will essentially be verified for the service scale of public access and need more variant and complicated test cases. That is, the capability has to be considered for larger path loss adjustment, superior broadband radio connectors and cables, and more scalable traffic generation and analysis. However, the requirements for WiMax testing are highly dependent on real product features and later standard revisions (P802.16-2004/Cor1 and P802.16e).

2) The hypothesis and the potential impact

  This research is based on the hypothesis that the shielding room lacking in scalability is not a sufficient test environment for WiMax products. The repeatable testing must be under the control on related factors but should not require a large space for variant applications, that is, lacking in scalability. To construct the repeatable and scalable test environment, more questions we have thought are about the programmable RF components, the corresponding methodologies, and the automation for test cases. Since the testing can be performed in a small laboratory with programmable components, the test automation is possible and can reduce time expenses and human caused errors. Among possible and reasonable test cases, if such a test environment can flexibly meet vendors’ demands which are very difficult or impossible to be done in a common shielding room, then the hypothesis is verified. When the single test environment with well-designed methodologies and cases is agreed to provide repeatability and scalability for WiMax testing, it will impact on many of industry practices to be converged into this solution which can be more accurate, efficient and low-cost.

3. Relationship To Other Research & Practice 

A. Design of Wireless Mesh Networks
1) What is similar research to this proposal? (include accurate citations)

STP (Spanning Tree Protocol) was defined by IEEE 802.1d [A1]. STP prevents broadcast storms by eliminating loops in an Ethernet network. RSTP (Rapid Spanning Tree Protocol) was defined by IEEE 802.1w [A2]. RSTP revises 802.1d and builds a spanning tree quickly. RSTP can be used to deal with the dynamic topology changes. MSTP (Multiple Spanning Tree Protocol) was defined by IEEE 802.1s [A3] which manages multiple spanning trees for each VLANs with less control message exchange than existing STP. All of them are not designed for wireless mesh networks.

In wireless mesh networks, using multiple channels and multiple radios can improve the network capacity. The multi-channel with multi-radio approach has been discussed in [A4] [A5] [A6] [A7] [A8]. However, only the single path routing is considered. Some multi-path routing protocols have been proposed to support fault tolerance [A9] [A10] [A11] [A12], load balance [A13], energy conservation [A14] [A15], and QoS [A16] [A17] [A18], but all of them are designed for single-radio single-channel wireless networks and do not focus on increasing the network capacity. In [A19], the authors identify that the multi-path routing provides more benefit in multi-radio multi-channel wireless networks where each node requires a separate radio to communicate with each of its neighbors.
2) How does this proposal differ from that research?

Compared with [A4] ~ [A19], our proposed spanning tree protocol is a complete layer-2 solution rather than a layer-3 solution or a combination of layer-2 and lyer-3 solutions. This means that we can expect a lower-cost router and fast process time in each router when our proposed solution is applied. On the other hand, compared with [A1] ~ [A3], our proposed spanning tree protocols are designed for wireless mesh networks, which take the characteristics of wireless mesh networks into consideration.

As mentioned above, we will also propose a layer-3 solution. Compared with the previous single path routing, our multi-path solution will give substantial performance improvements using an arbitrary number of radios on each node and even supports fault tolerance and load balance.
3) Potential Impacts of this Research

IEEE 802.11s is extending to wireless mesh networking technology. It has potential to solve the last-mile problem. Environments that require broadband wireless access and flexibility in installation would adopt wireless mesh networks. Broadband wireless access is a key issue since more and more Internet applications require large bandwidth support. The mesh/ad hoc networking technologies are also being studied in other standard tracks too, such as IEEE 802.15 and IEEE 802.16.

This NCTU team has been recognized as one of the strong teams in Taiwan or even worldwide in the area of wireless communications and mobile networking. 
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B. From Wi-Fi Testing to WiMax Testing: Test Methodologies, Test Cases, and Test Bed Setup
1) The difference from the related research

  Currently, there are few public test methodologies for and results from real experiments on WiMax products. One paper for 802.16 technology performance benchmarks was done by SBC Laboratories and the University of Texas in Austin and published in IEEE Communications Magazine in Feb. 2005 issue [B3]. They evaluated the 802.16REVd average throughputs and cell utilizations by the given channel SNR and sectorization configurations, and predict the potential improvements by the spatial multiplexing (MIMO), hybrid ARQ, and adaptive subcarrier/power allocation, etc. However, their results were not from real experiments, and the link-level results were simulated by the MATLAB software. Even the potential improvements are not the evaluations on the coming WiMax products. The problem is indeed that the real experiment on WiMax technology is still difficult. Thus our proposal is to find a solution for real experiments on WiMax products, and the solution or the service based on the solution can be adopted by system vendors in Taiwan, such as Gemtek and CyberTAN. With the accurate and efficient test environment, vendor’s products will get matured in shorter periods. To achieve this goal needs the understanding of component characteristics, the methodologies and cases design, the automation programming, and, inevitably, much effort on trials. Therefore, this proposal is a long-term research.

2) The strengths of this research

  Of course, the experience of constructing a repeatable and scalable test environment and automation for 802.11/Wi-Fi performance is very helpful for this new proposal. The CS (Computer Science) department of NCTU (National Chiao-Tung University) and the ITRI-NCTU NBL (Industrial Technology Research Institute-NCTU Network Benchmarking Laboratory, http://www.nbl.org.tw) have been involving the development on performance test automation under the Azimuth W-Series Platform [B4]. The test automation includes tacks to develop the platform controller and traffic parsers/analyzers, and to integrate traffic monitors and generators. Several representative scenarios are completed. For example, there are “Throughput vs. Distance”, “Voice with Motion Adaptation”, and “Voice with Motion Roaming”, etc. Based on the Wi-Fi test environment for repeatability and scalability, the capability of the development on test automation will be the research strengths in this proposal. We also have constructed the secure access infrastructure, including RADIUS and CA services, for Wi-Fi WPA testing. From Wi-Fi to WiMax products, the existent achievement must significantly complement this proposal because the concept, scripts, and programs can be reused. With suitable connectors, cables, small shielding boxes, and the service infrastructure for testing, WiMax test environment for NLOS band at 2 ~ 6 GHz can be setup in the early phase.
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4. Research Potential Impact

A. Design of Wireless Mesh Networks
Because our proposed spanning tree protocol for wireless mesh networks is a layer-2 solution, it is expected that this solution is of low cost and is very practical. Further, it is expected to achieve higher throughput when multiple channels are used. In addition, our proposed multi-path routing protocol can essentially improve the end-to-end throughput in the multi-radio wireless mesh networks and makes the networks more robust and reliable in order to apply to commerce services.
B. From Wi-Fi Testing to WiMax Testing: Test Methodologies, Test Cases, and Test Bed Setup
  The expected results of this proposal are the documentation of test methodologies development, test cases design, and the test bed setup. The documentation will be very practical to construct a test environment and perform a testing on the WiMax product, but it may depend on the necessary extra equipment. Besides, NBL can use the accumulated know-how and provide services based on the research. Intel can freely get the test results of end products if NBL has performed the testing and the system vendor which applies the service agrees. Either to construct the test environment or apply the service, vendors in the computing industry will benefit from the repeatable and scalable testing technology. It will make the 802.16-2004 fixed WiMax products getting matured in the shorter period and speed up the appearance of 802.16e mobile WiMax products to respond the demand of market for the mobile broadband communications.

5. Research Plan

A. Design of Wireless Mesh Networks
· deliverables (e.g., demos, videos, prototypes, papers, seminars)
(1) A spanning tree protocol for a single-channel wireless mesh network, which includes a tree construction algorithm and a strategy to update forwarding tables when the mobile stations move in the network
(2) A spanning tree protocol for a multi-channel wireless mesh network, which include a tree construction algorithm and a channel assignment strategy

(3) A layer-3 multi-path routing algorithm for wireless mesh networks

(4) Simulation/implementation experiences

(5) Documents of practical WiMax test methodologies and test cases, and possible test results (with the agreement by system vendors).
(6) Paper/technical reports 

· personnel (who will do the research) 
(1) Professor Yu-Chee Tseng, Prof. Yingdar Lin, and Professor Rong-Hong Jan
(2) 4 PHD students and 12 Master students
(3) 1 Research assistant: Elia Chen (CCL/ITRI and NBL)
· milestones (key events that indicate progress)
(1) The first year
Q1: Design the spanning tree protocol for a single-channel wireless mesh network. 
Q2: Design the spanning tree protocol for a multi-channel wireless mesh network. Deliver documents of test methodologies and test cases for 802.16-2004 fixed and 802.16e mobile WiMax.
Q3: Design the multi-path routing protocol for wireless mesh networks.
Q4: Develop a simulator to verify our proposed protocols. Extend NBL’s Wi-Fi test environment for fixed WiMax operating at 2 ~ 6 GHz where the Azimuth platform is capable.
(2) The second year
Q1 to Q4: Propose potential standards to IEEE 802.11s. We will extend the test methodologies, test cases, and the test environment to cover the mobile WiMax.
Q1: Analyze the simulation results and refine the proposed protocols.
Q2: Implement a prototype of our proposed protocols with a smaller scale.
Q3 and Q4: Extend the prototype to a larger scale one.
· budget (for staff and needed equipment)
(1) first year:

Personnel, Consumable, Travel, Management: $95,000 USD

WiMAX equipments: several items
(2) second year:

Personnel, Consumable, Travel, Management: $95,000 USD


WiMAX equipments: several items
· proposed plan for technology exchange and interaction with Intel engineers 
(1) quarterly meetings and yearly meetings with Intel engineers and staffs.
(2) quarterly technical reports
· Technical tradeoffs that may have to be made

(1) Broadband RF components with high precision and low attenuation may not be available, or we have to limit the frequency band for testing. (2) Directional effect and the sectorization of the antenna array requires the space emulation which is very expensive, or we have to simplify the test scenarios. (3) The infrastructure to support public service can expand to the large scale that is too difficult to fit in any laboratory in NCTU, or we just show the scalability to meet scenarios without to implement all back services.

· Risks in this research and how they will be managed

Some equipment is from Azimuth Systems and may not to be ready on schedule. We will track the condition of the equipment and adjust the way of the research.

· Proposed plan for technology exchange and interaction with Intel engineers

We plan to meet Intel engineers and Gemtek engineers on a per-month basis. Gemtek is cooperating with Intel in building WiMax client adaptors. The discussion with Intel is mostly to clarify the issues discussed in the WiMax Forum, while the discussion with Gemtek would focus on the test methodologies and results. We will meet with Intel engineers in a regular manner to discuss the progress of IEEE 802.11s.
6. Budget Detail

first year
· Personnel: $50,000 USD
· Consumable: $18,000 USD
· Travel: $12,750 USD
· Administrative Overhead (15%): $14,250 USD
second year
· Personnel: $50,000 USD

· Consumable: $18,000 USD

· Travel: $12,750 USD

· Administrative Overhead (15%): $14,250 USD

Equipment Request to Intel: (per year)
WiMax Client Adaptor x 2
WiMax Base Station x 1

7. Administrative Matters

· Researcher's Name: Yu-Chee Tseng, Ying-Dar Lin, and Rong-Hong Jan
· Researcher's Organization: National Chiao-Tung University
· Researcher's Department: Department of Computer Science
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