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[Editors’ Note: All bracketed text in this is subject to review and agreement by the PPC group]
1 Introduction 

Several recent studies have pointed to the explosive growth in mobile data demand driven by compelling devices such as the iPhone and netbooks.  For example, studies by Cisco suggest 66x growth in mobile internet traffic, from 2008-2013, corresponding to a CAGR of 131% [‎1]. Therefore, a critical challenge for future broadband networks is to provide significantly enhanced capacity to meet this exponential growth in demand.

While capacity demands on future networks are increasing, network operators are facing flattening revenues as their revenue mix moves from being voice-centric with “minutes of use” billing to “flat-rate” data centric plans. Therefore, it is imperative that the network operators find cost-effective ways to add capacity, while continuing to add network services that can enhance their revenues.  This situation is well-described in [‎1], which points out that future networks must drastically reduce cost/bit, while adding new services.  Hierarchical networks, which encompass multi-tier, multi-radio network architecture, represent a disruptive approach towards low cost/bit capacity enhancements, which efficiently utilize all spectral resources in the system. In addition other metrics such as client quality of service, coverage etc. are also enhanced.

Figure 1 below illustrates the hierarchical network architecture for future 802.16 networks as described on [‎1].


[image: image1]
[Editors Note: Possible backhaul connection (wired or wireless) is missing. Interactive link between SON server and HN network needs to be addressed in Fig.1]
Figure 1: Overview of Hierarchical and Multi-Radio Architecture
The network architecture shown in the figure represents an evolution and integration of existing network elements in a multi-tier or hierarchical deployment.  In the multi-tier hierarchy shown, large cells provide ubiquitous coverage to clients as well as support mobility.  The smaller network elements such as relays, pico, and femto access points (APs) take connectivity closer to the clients thereby increasing the available capacity in the system. Key elements of the “multi-tier” network are shown in “green”. The lower cost structure associated with the smaller APs makes this an attractive method of adding lower cost/bit capacity. Further, clients (mobile stations) can also be utilized as another tier in the network hierarchy without incurring additional infrastructure deployment cost. Here intelligent client cooperation can improve capacity as well as connectivity for the client. 
The figure also shows multiple radio access technologies (RAT) being integrated and managed as part of a single hierarchical network (multi-radio network elements are indicated in “blue”: ). Here the additional, spectrum and connectivity available across these different networks may be exploited synergistically to further improve system capacity and client quality of service. The cost associated with this additional capacity can be significantly lower as the alternate spectrum may be the essentially free unlicensed spectrum. For example, an operator can judiciously offload “best-effort” traffic to IEEE 802.11 hotspots in its network to add capacity at a much lower cost.  Also new network devices, such as the integrated IEEE 802.11/16 femto AP shown, can implement tighter coupling across these two radio technologies and efficiently utilize the spectrum available across both licensed and unlicensed bands.  
The network is also expected to be “self organizing” (SON) providing for low-cost deployment,, configuration and management of network infrastructure.
Also note that client devices form an important part of the multi-tier network hierarchy and can take on new roles as network elements. In this study report we explore several uses cases that allow clients to serve as access points and relays and have the ability to cooperate with each other to improve network capacity and link quality of service. 
To summarize, this study report focuses on “low cost” network architectures and enabling techniques to maximize system capacity and user quality of service.
Strict requirements will be set for this objective and should be followed by features investigated to satisfy them. As mentioned above, the objectives can best be approached by “hierarchical network” architectures, comprising low-cost infrastructure and clients acting as network elements, where spectrum (especially unlicensed spectrum) across multiple radio access technologies may also be utilized for low-cost capacity enhancement. Hence the study report will evaluate both Single-RAT multi-tier and Multi-RAT based hierarchical networks.Specifically, the following techniques, enabling such architectures, will be investigated. 

· Enhanced spectrum utilization across multipletiers for Single-RAT and/or Multi-RAT (e.g. Single frequency/carrier across tiers, distinct frequencies/carriers across tiers)

· Enhanced interference management techniques enabling maximal spectral reuse across tiers (e.g. Femto/Macro-tiers) or Multi-RATs

· Seamless mobility of connection flows among Multi-RATs (e.g. selective data offloading, handover)

· Enhanced interworking with other RAT (e.g. IEEE802.11) involving access points (i.e. IEEE802.11) and IEEE802.16 BS. 
· Collaboration between Multi-RAT devices (i.e. restricted to terminal, or client, only) 

To address the aforementioned features, the following sections below consist of key usage scenarios, network architecture, requirements and IEEE 802.16 standards implications for hierarchical network topologies, based on single or multiple radio access technologies.
2 Usage Models  

2.1 Single Radio Access Technology 

2.1.1 Multi-tier Networks
Multi-tier networks refer to a hierarchical or overlay deployments of cells which may have increasingly base stations of smaller sizes: macro base station, micro base station, pico base station, femto base station, and relay base station (Figure 2). The hierarchy shown in Figure 2 is not strict and is mainly illustrative of the increasingly smaller cell sizes that may be included as part of a multi-tier deployment.  For example, in a given deployment, a 2 tier hierarchical relationship may exist between a Macro and both pico and/or a femto cells, with the pico and femto cells comprising the same tier in the hierarchy. Typical deployment would consist of the tiers operating on the same radio access technology (RAT). Femto and relay are included as a part of the IEEE 802.16m specification [‎2]. Spectrum allocation and interference mitigation across the multiple tiers are important aspects of multi-tier network design. Aggressive reuse of spectrum and advanced interference mitigation schemes across the tiers are critical to achieving the capacity enhancements promised by multi-tier network architectures and it is not fully enabled in IEEE 802.16m. In particular, multi-tier deployments affect the areal capacity (bps/Hz/square meters) of the system due to the deployment of significantly more cells in a given area. The highest tier macro cells are still needed to provide broader coverage and seamless mobility.  
[adhoc notes: 

· Case scenarios for each interworking scenarios between different layers may differ and may require separate subsections (What difference may be in MAC/PHY aspects)

· we may need a separate section for technologies, such as IM.]

[image: image2.emf]Macro BS

Pico BS

Femto BS

Relay BS

Micro BS


Figure 2: An example of Single RAT Hierarchical (Multi-tier) Architecture Framework

2.1.1.1 Multi-Tier Deployment Scenarios

As indicated, small base stations may be used in a hierarchical network deployment. The type and location of these base stations will play a significant role in determining the cost and performance of multi-tier deployments. For example, indoor femto cell deployments can utilize the existing back-haul thereby significantly lowering the cost of such deployments. With outdoor pico-cellular deployments, the operator will need to provide back-haul capability and manage more critical spectrum reuse challenges. Other deployment models cover indoor enterprise or outdoor campus deployments that may impose different manageability and reliability requirements. Multi-tier deployments across this range of scenarios are not fully addressed by the IEEE 802.16m standard.
2.1.1.1.1 Self & Operator Managed Deployments 

Smaller base-stations like femtos are typically user-deployed and managed. With increasing density of cells, self organization of network will be critical to reduce operational expenses as well as improve the response time to fix network problems.   However, the operators are looking for a network solution that finds the optimum middle ground between low-cost, consumer-managed and deployed private femto-cells versus operator owned and managed public pico base stations. Hence, low-cost but improved manageability of hierarchical deployments will be a key consideration. 
2.1.1.1.2 Access Rules in Multi-Tier Deployments 

As mentioned, hierarchical networks may be deployed by using a variety of lower tier network elements in different locations. The deployment scenario will determine whether access to the lower tier network is available to all users in the network. For instance user-deployed, in-home femto base stations may only allow access to users who are part of the household. Such access rules are captured for femto-cellular deployments, as part of 802.16m. The terms Closed Subscriber Groups (CSG) and Open Subscriber Groups (OSG) are used to refer to private and public femto base stations respectively. However, the performance aspects of the different access rules are not well-evaluated. 

2.1.1.2 Spectrum Usage across Tiers

As mentioned, spectrum allocation across multiple tiers is an important aspect of deployment and use of hierarchical architectures.  
According to the spectrum used, multi-tier deployments are possible for following cases
a) Single carrier case. 

The cells across multiple tiers are deployed on a single carrier. This can also be called co-channel deployment. 
b) Multiple carriers case. 
The cells across multiple tiers are deployed on multiple carriers. When there are multiple carriers available, choices can be made more flexibly for cells. For example, the macrocell and small cell can be deployed on distinct carriers, or on the same set of carriers while having joint carrier and power assignment/selection for macrocell and small cell so that the interference is managed, etc. 

IEEE 802.16m supports both types of deployments, but more efficient spectrum usage across tiers using time/frequency/spatial domain is required.
Single Carrier Case

Due to the overlaying architecture, when macrocell and the overlaid small cells such as pico and femto are deployed on the same channel, interference management across tiers becomes an important problem to tackle, One of the most important technologies to enable this deployment is interference management. 
There are many scenarios of the interferences. One particular scenario is that if CSG small cells (such as CSG femto) are overlaid by a macrocell, the macrocell MS may get into coverage hole caused by nearby strong interfering CSG small cell if the macrocell MS is not a subscriber of the CSG small cell. The macrocell MS may not even detect the control channel of macrocell due to the strong interference from the CSG cell, while the MS cannot handover to the CSG cell since it is not its subscriber. Another scenario can be that small cells (such as pico) interfered by the overlaying macrocell, so that the MS in pico is hurt by the interference from the macrocell, and pico offloading traffic may be weakened. Current IEEE 802.16m has limited solutions for the co-channel CSG cells overlaid by macrocell, especially for the control channel design (for example, the synchronization channel and superframe header are fully collided in the time domain for CSG cells and overlaying macrocell, which may cause the macrocell MS in the outage of macrocell control channel due to nearby strong CSG cells). 
Advanced interference management solutions for both control channel and data channel are needed to enable such deployment. Some of the control channels of IEEE 802.16m may need to be re-designed to support this deployment. Enhanced schemes to improve the data channel coverage and throughput need to be investigated.  
The deployment can use smart resource (power, time, frequency, space, etc.) allocation, For example, the combination of the efficient resource allocation across tiers and fractional frequency reuse (FFR) can make the cell capacity enhanced. In Appendix, Table 1 compares the performance of a femto cellular network deployment with that of a macro-only network and illustrates the issues and additional performance possible through single frequency deployments.  As can be seen single frequency deployments when coupled with smart interference management schemes are effective in providing improved data rates for indoor users, while retaining macro-cellular throughput performance.  Further investigation of ideas on the efficient resource allocation is needed to support the co-channel deployment.
The deployment can use cooperated multi-BS joint processing. With joint processing with multiple cells across tiers, resource (power, time, frequency, space, etc.) allocation can be made more effectively. Distributed antenna system can be one of the technologies along the line. Other technologies such as multi-cell joint scheduling, coordinated beamforming can be used. IEEE 802.16m has support for multi-cell related technologies, so as to have better system performance such as increasing the cell-edge throughput, However, the main focus there was made for the macrocells, and multi-tier networks were not the focus. With multi-tier deployment, multi-cell technologies need to be revisited, so that the design can be taking into account the multi-tier networks with big cells overlaying small cells, especially along the resource allocation for interference management and mobility management,
Multiple Carriers Case

When multiple carriers are available for cells across tiers, flexible choices can be made to assign carriers to cells, or the cells can flexible choose or select carriers. Big cells and small cells can be deployed over the distinct set of carriers to avoid interference across the tier of big cells and the tier of small cells. Big cells and small cells can also be deployed over the same set of carriers or having carriers overlapped, where resource (carrier, power, time, space, etc.) allocation can be made, to avoid or mitigate the interference across tiers. With good design of resource allocation, the coverage hole problem caused by the CSG cell to the non-member mobile station can be solved. For the cells of the same tier, resource (carrier, power, time, space, etc.) allocation can also be made to manage the interference. 
One particular scenario is that the deployment may use multi-carrier related technologies. For example, the carrier aggregation method can be used, where the carriers can be aggregated to be a large band, so that the system can have more resources and more flexibility to allocate the resources. IEEE 802.16m has support for multi-carrier related technologies, however, the main focus there was made for the macrocells, and multi-tier networks were not the focus. With multi-tier deployment, multi-carrier technologies need to be revisited, so that the design can be taking into account the multi-tier networks with big cells overlaying small cells, especially along the resource allocation for interference management and mobility management. For example, to support picocells and femtocells, it needs to study further on advanced design for the multi-carrier system together with the self-organized networking,




	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	



In distinct frequency/carrier multi-tier deployments, the carrier management schemes among tiers may be applied. For example, base stations of multi-tiers may use respectively different carriers among multi-carriers based on the measurement of interference from other base stations. Or the different region of time/frequency resource in multi-carriers is allocated to DL/UL control channels of each base station for robust transmission of control channels, respectively.

As mentioned in both single carrier and multi-carrier cases, advanced interference mitigation scheme needs to achieve cell throughput enhancement. For example, the interference by the signal of CSG femto is critical to devices in macro cell. The efficient spectrum reuse is considered to avoid the interference among tiers. And the interference cancellation/ mitigation techniques of transmitter/receiver such as enhanced MIMO scheme (PMI coordination, etc) or the signaling/ feedback methods between base station of infrastructure tiers and/or devices can be considered. The techniques and methods are not fully addressed by the IEEE 802.16m standard.
2.1.1.3 

2.1.2 Client  Tier
[Editors Note:Consider a better term instead of “Client” and replace throughout the document.]

As mentioned Clients form an important part of the network hierarchy and can cooperate to assist in improving capacity coverage and quality of service in the network.  In this section we address the client cooperation techniques for clients that support a single RAT. 
[Editors note: Address the multi-band multi-carrier usage as well]

2.1.2.1 In-band Client cooperation (In-band CC)
As shown in Fig., client cooperation is a function which enables relay through a mobile station or cooperative data transmission by cooperating clients to achieve throughput enhancement, reduced device power consumption, and interference reduction to neighbor cell. In-band CC means that the communication between cooperative clients is performed in-band. In other words, the same radio access technology as macro-cell is used for communication link between cooperative clients. If WWAN technology is used for in-band CC, then, client cooperation can be exploited between distant devices (e.g., widely spread M2M devices belonging to the same service provider). Moreover, it is possible to efficiently control communication link between cooperating clients since all the communication links are based on the same radio access technology which is controllable in the macro BS side.
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Figure 3: In-band Client Cooperation using WirelessMAN Advanced Air Interface
[Editors note: Remove the legends “Mobile relay” and “Cooperative transmission”.]
2.2 Multiple Radio Access Technology 

Future hierarchical network deployments are expected to be heterogeneous and integrate multiple radio access technologies. Synergistic utilization of the several available multiple radio interfaces, offers a rich dimension for enhancing the capabilities of hierarchical network deployments. Figure 4 describes some usages exploiting multi-radio access technologies (RATs) in more detail.  The example of multi-radio access within the home is used but several use cases are applicable to more general environments as well.
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Figure 4: Overview of hierarchical multi-radio access usage scenarios
The figure shows a converged device that serves as a gateway managing multiple sub-networks within the home. These networks could be a) a local area network set up to connect computers and peripheral devices b) a low-power M2M network that may be monitoring home appliances c) a body area network where a personal device may be monitoring and recording vital statistics such as heart-beat, temperature etc., and a multi-media network controlled by a set-top box, which may also provides high speed wireless connections to display video. The converged home gateway can potentially assist these “capillary networks” by providing an information, configuration and storage service.  It can also manage the loads on the capillary networks, and control how spectrum is managed and used within the home. It can further serve as a control interface and provide the security layer needed to authenticate and setup peer-to-peer connectivity between devices. The figure emphasizes that IEEE 802.16 can be used to efficiently manage diverse in-home networks.

Other usages shown may exist independent of the home gateway. The “mobile hotspot” is a device with multi-protocol connectivity that can help other devices with local connectivity on IEEE 802.11 to access the wider area IEEE 802.16 network.   

As mentioned the synergistic use of licensed with unlicensed spectrum is a very important use case for multi-radio deployments. Here we show 2 different examples, where IEEE 802.16 and IEEE 802.11 connectivity can be used simultaneously to provide enhanced spectrum utilization. It is shown in the example that whenever possible, traffic can be offloaded to an IEEE 802.11 local area network network. More synergistic use is possible when IEEE 802.11 and IEEE 802.16 interfaces may be co-located on the network side for example in an integrated femto device supporting both IEEE 802.16 and IEEE 802.11connectivity.  The figure shows the case of a home deployment but devices may also exist in an enterprise or a hotspot environment

The next few sections describe some of these use cases in more detail.  
2.2.1 Virtual Carrier 

[adhoc: concerns on how to define interworking itself and its specific use of protocol should be addressed to all members. Guideline on how to proceed on defining it should be requested to PPC chair and should be discussed thoroughly between interested members]

In a “virtual carrier” usage scenario, an IEEE 802.11 carrier is available for use by the IEEE 802.16 client to improve network and user performance. This usage model calls for synergistic use of licensed IEEE 802.16 and unlicensed spectrum , IEEE 802.11, to improve network capacity and user quality of service and also to address additional applications and business models. As mentioned, different levels of interworking are possible depending on whether a multi-protocol client connects to a distinct IEEE 802.16 base station and IEEE 802.11 access point or an integrated IEEE 802.16/11 access point.

The following figures describe the two cases where the multi-RAT client communicates with a) two distinct APs, one with IEEE 802.11 and the other with IEEE 802.16 b) an integrated device with both IEEE 802.16/11 interfaces.

[
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Figure 5 (a): Network offloading traffic for Multi-RAT client to IEEE 802.11 network (b) synergistic aggregation of IEEE 802.16/802.11 possible with integrated femto device.  

 Several techniques are applicable for utilizing the additional carrier to improve multiple metrics. Table 2 describes the multiple different ways the virtual IEEE 802.11 carrier may be used and their associated advantages.

	Techniques
	Description 
	Target Gains 

	Handoff to IEEE 802.11 controlled by same IEEE 802.16 operator
(Baseline)
	Offload to IEEE 802.11 networks when possible 
	Interference avoidance gains ~3x for indoor users; 

	Interference Avoidance 
	Dynamically switch between 802.11 & 802.16 to avoid interference
	Increase system throughput > 3x.

	Diversity/Redundancy Transmission 
	Use added spectrum to improve diversity, code rates with incremental redundancy
	Increases SINR ~3-5 dB, HARQ gains, decreases cell-edge outage, latency advantage

	Virtual Carrier Aggregation
	Use added spectrum to transmit independent data streams (potentially different connections)
	Increases peak throughput ~2-3x

	Multi-Service Flow QoS/ Load Balancing 
	QoS-aware mapping of service flows to different virtual carriers
	Improves QoS, system capacity

	Reduced Overhead w/ Unified Control across IEEE 802.16 and IEEE 802.11
	Streamline access, paging, other control procedures across networks
	Improves power consumption, overhead


Table 2: Use cases and advantages for “virtual” carrier 
2.2.2 Multi-RAT Client Cooperation 

Dual RAT devices are mobile devices, with mobile IEEE 802.16 and IEEE 802.11 functionalities, which also have the capability to directly cooperate with each other. The dual RAT device is able to communicate with IEEE 802.16 BS while also communicating with other dual RAT device(s) using IEEE 802.11 air interface. When both a direct IEEE 802.16 link to the IEEE 802.16 BS and indirect IEEE 802.11 link via other dual RAT device to the IEEE 802.16 BS are available to a dual RAT device, it can choose one of them depending on link quality or use both links to communicate with the IEEE 802.16x BS.
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Figure 6. Example deployment model of dual RAT device
2.2.3 Unlicensed Spectrum Access 

IEEE 802.16 allows the use of unlicensed spectrum for its operation. While this allows for access to additional spectrum, it may create co-existence issues with other radio access technologies. Here IEEE 802.16 may be used to facilitate communication between the multi-radio protocols. 
2.2.4 Efficient Multi-Radio Operation for Client Devices

As client devices evolve to support multiple radio protocols, cost considerations may drive towards increasing hardware reuse across protocols. Here additional protocol support from the network may be required to enable efficient hardware reuse. An example of this protocol support is that the network may support periodic silence periods, to allow devices to listen to other networks while using the same hardware. 
2.2.6 BS-AP interworking by coordinated AP (C-AP)
In order to provide higher level of interworking function, cellular IEEE 802.16 BS and an IEEE 802.11 AP may help each other through the wireless connection. Figure N illustrates coordinated IEEE 802.11 AP for BS-AP interworking. Hierarchical relations based on the coverage are defined between cellular IEEE 802.16 BS and IEEE 802.11 APs, and BS may provide configuration/coordination information to the IEEE 802.11 APs in order to increase the interworking benefits. Coordinated AP (C-AP) is an IEEE 802.11 AP which has IEEE 802.16 wireless connectivity to a BS, which implies that the BS may be able to manage the C-APs under its coverage.

· The BS and C-APs can facilitate interworking for handover, SON operation etc.

· The C-APs can communicate with each other via the IEEE 802.16 BS.
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Figure N. Example of interworking IEEE 802.16 BS and IEEE 802.11 AP
[
3 Network Architecture 

3.1 Single-RAT Network Architecture

3.2 Multi-RAT Network Architecture 

3.2.1 Protocol Architecture

[adhoc note: prefer some other notation of GLL is requested.]
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Figure 7: Protocol architecture of Multi-RAT devices

3.2.2 System Architecture 
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Figure 8: System architecture of Multi-RAT devices

4 Key Features and Requirements 

In this document Single Radio, Dual Radio and Multi Radio devices follow the definition provided in 802.16m section 3. 

4.1 Single Radio Access Technology

The key advantages of a single RAT multi-tier deployment are summarized as follows: 

· Gains in areal capacity: Preliminary performance evaluation of multi-tier cell deployments with full spectrum reuse, indicate that the areal capacity increases linearly w/ increasing number of cells

· Favorable cost structure: Significant cost benefits are available for smaller lower-cost infrastructure tiers, as well as reduced capex and opex from base-station site development and maintenance. For example, femto cells are user deployed in home and use existing backhauls [‎5].

· Improved coverage: Coverage is substantially improved as the base-station move closer to the users.  This improvement is especially needed for indoor deployments, where the signal from the macro base station may be weaker and an in-home device like the femto can significantly improve coverage.

To fully achieve the advantages, we have to consider the below points:

· For limited client access to Multi-tier networks, the level of network access shall be selectively provided by the network in terms of client membership to the IEEE 802.16 network.

· 
· 
· 
· 
To achieve the advantages, the following features and requirements are considered. The following sub-clauses include features that are common to one or more multi-tier deployment scenarios. It is possible to have requirements or features independently according to the deployment scenarios.
Advanced Interference Management

Interference between devices and/or BSs in different tiers shall be mitigated.
4.1.1 Advanced Interference Management for Single Carrier Multi-tier Deployment to Support femtocell 

Control/data channel interference shall be mitigated to support femtocell in single carrier multi-tier deployment, where the femtocell is deployed on the same carrier (co-channel) as the overlaying macrocell. Co-channel interference can happen in-between overlay macrocell and overlaid femtocell, in both downlink and uplink, The most difficult problem is the CSG femtocell, which may cause coverage hole to a nearby non-member mobile station due to strong interference and not being able to handover to the CSG femtocell. Such coverage hole may happen in-between CSG femtocell and other cells, such as macrocell, picocell, femtocell (including other CSG cell). To solve the problem, advanced designs on interference mitigation/avoidance shall be made on control/data channels. Smart resource (power, time, frequency, space, etc.) allocation shall be supported, such as the coordinated resource reservation across tiers, fractional frequency reuse (FFR), etc.

· Advanced Interference Management for Single Carrier Multi-tier Deployment to Support Pico cell 
Control/data channel interference shall be mitigated to support pico cell in single carrier multi-tier deployment, where the pico cell is deployed on the same carrier (co-channel) as the overlaying macrocell. Pico cell can be used to offload the traffic in macrocell and a mobile station may be preferred to stay in pico cell even though a macrocell with stronger signal strength is found. Co-channel interference can happen in-between overlay macrocell and overlaid pico cell, in both downlink and uplink, For example, an MS in picocell may be interfered by the overlaying macrocell, and the MS in pico may also have uplink interference to the other MSs in macrocell. Advanced interference management is required to support pico cell in co-channel deployment, Smart resource (power, time, frequency, space, etc.) allocation shall be supported, such as the coordinated resource reservation across tiers, fractional frequency reuse (FFR), etc.
4.1.2 Advanced Multi-BS Joint Processing for Co-channel Interference Management in Multi-tier Network 

Advanced Multi-BS joint processing across multiple tiers can help mitigate the interference across tiers. With joint processing with multiple cells across tiers, resource (power, time, space, etc.) allocation can be made more effectively. Technologies such as multi-BS joint scheduling, coordinated beamforming can be used. The design shall taking into account the multi-tier networks with big cells overlaying small cells, especially along the resource allocation for interference management.
4.1.3 Advanced Interference Management for Multiple Carrier Multi-tier Deployment 

Control/data channel interference shall be mitigated to enable multiple carrier multi-tier deployment, where the cells are deployed on multiple available carriers. Big cells and small cells can be deployed over the distinct set of carriers to avoid interference across the tier of big cells and the tier of small cells. Big cells and small cells can also be deployed over the same set of carriers or having carriers overlapped, where resource (carrier, power, time, space, etc.) allocation can be made, to avoid or mitigate the interference across tiers. 

Carrier aggregation shall be supported with the consideration of mitigate/avoid the interference across tiers, considering the overlaying macrocell, overlaid pico cell and femtocell which may be CSG. Multi-carrier system may work together with the self-organized networking,

4.1.4 Advanced Mobility Management 

Energy efficient and optimized devices searching for its neighboring cells shall be supported. It shall support the MS to search for the cells not in the neighbor list in efficient ways without much searching overhead. It shall differentiate access triggering conditions for each tier. Handover to preferred type of cells shall be supported. It shall support cell selection and reselection based on factors such as cell type preference, cell load, etc. 
4.1.5 Special Energy Saving Mode of Base Station 

Base stations, especially small base stations such as femtocell, may support special energy saving mode, such as low duty cycle mode, when there is no MS attached or trying to attach it. The mode can save energy consumption, also mitigate the interference to others. With such mode, efficient way for the MS to identify and search for the femtocells shall be supported. 
4.1.6 Power Setting or Power Control of Femtocell
Femtocell’s downlink transmission power shall be controlled, not to introduce a lot of interferences to others. Standards support to enable power setting or power control of femtocells may be defined.
4.1.7 Advanced Self-Organized Networking (SON)
Advanced self-organized networking shall be supported to enable multi-tier deployment. Advanced SON shall be able to work together with advanced interference management, mobility management, base station mode change, etc. 
Client Cooperation (CC) Support
An IEEE 802.16 device communicating with another IEEE 802.16 device for Single-RAT CC shall be controlled by IEEE 802.16 BS.

IEEE 802.16 system supporting single-RAT CC shall minimize the hardware change of the IEEE 802.16 BS. An IEEE 802.16 BS supporting single-RAT CC shall be able to configure the candidate set for a certain source device. The candidate set consists of single-RAT CC-capable devices.
4.2 Multi Radio Access Technology

· IEEE 802.16 device supporting multi-RAT functionality shall support one or more radio access technologies (e.g., IEEE 802.11, IEEE 802.16)

· An IEEE 802.16 device supporting multi-RAT function should be able to communicate with other IEEE 802.16 devices supporting multi-RAT function through IEEE 802.11 radio access technology.

· IEEE 802.16 devices supporting multi-RAT function shall be able to switch its radio access technologies based on a certain condition.

· Connection of an IEEE 802.16 device supporting multi-RAT function with an IEEE 802.16 BS shall be continuously supported when the IEEE 802.16 device communicates with the IEEE 802.16 BS using other RAT link. 

· An IEEE 802.16 device supporting multi-RAT function shall be able to be connected to one or more radio access technologies. 
· IEEE 802.16 device supporting multi-RAT function should scan and report its channel status on each radio access technology.

· IEEE 802.16 device supporting multi-RAT function shall be able to discover its neighbor IEEE 802.16 devices including ones that support multi-RAT function.

· IEEE 802.16 devices supporting multi-RAT function should be able to transmit the data packets, which are received from neighbor IEEE 802.16 devices supporting multi-RAT function, to IEEE 802.16 BS.

· IEEE 802.16 devices supporting multi-RAT function should be able to transmit the data packets, which are received from IEEE802.16 BS, to its neighbor IEEE 802.16 devices supporting multi-RAT function.

· Data PDU shall be formatted to be automatically transferred from one radio interface to other radio interface within IEEE 802.16 devices supporting multi-RAT function.

· IEEE 802.16 devices supporting multi-RAT function shall be able to perform handover between IEEE802.16 BS and IEEE802.11 AP.
· IEEE 802.16 device supporting multi-RAT function shall be able to enable its IEEE802.16 radio interface by input of its IEEE802.11 protocol and vice versa.
5 Standards Implications 

5.1 Single Radio Access Technology
· 
· 
· 
5.1.1 Advanced Interference Management

Enhanced interference mitigation is required during data transmission between base stations, between cooperative devices, and between base station and cooperative devices.
Smart resource (power, time, frequency, space, etc.) allocation shall be supported, such as the coordinated resource reservation across tiers, fractional frequency reuse (FFR), etc.

5.1.1.1 Advanced Interference Management for Single Carrier Multi-tier Deployment to Support femtocell 

Control/data channel interference shall be mitigated to support femtocell in single carrier multi-tier deployment, where the femtocell is deployed on the same carrier (co-channel) as the overlaying macrocell. 
Control channel redesign at the physical layer may be needed to support co-channel deployment of overlay macrocell and overlaid CSG femtocell.
5.1.1.2 Advanced Interference Management for Single Carrier Multi-tier Deployment to Support Pico cell 

Control/data channel interference shall be mitigated to support pico cell in single carrier multi-tier deployment, where the pico cell is deployed on the same carrier (co-channel) as the overlaying macrocell. 
The standards shall enable a mobile station to detect picocell and attach to it if it is preferred to be with the pico cell even though it is interfered strongly by certain level by a macrocell nearby.
5.1.1.3 Advanced Multi-BS Joint Processing for Co-channel Interference Management in Multi-tier Network 

Advanced Multi-BS joint processing across multiple tiers is supported to mitigate the interference across tiers. Technologies such as multi-BS MIMO, multi-BS joint scheduling, coordinated beamforming may be enhanced from single tier system to multi-tier system.
5.1.1.4 Advanced Interference Management for Multiple Carrier Multi-tier Deployment 

In multiple carrier multi-tier deployment, joint resource allocation using time/frequency/spatial domain is required to mitigate the interference. Technologies such as carrier aggregation may be enhanced from single tier system to multi-tier system.
5.1.2 Advanced Mobility Management 

Operations and corresponding standards support shall be enhanced for energy efficient and optimized devices to search for its neighboring cells, especially search for the cells not in the neighbor list in efficient ways without much searching overhead.
5.1.3 Special Energy Saving Mode of Base Station 

Energy efficient small cells with special mode of transmission reduced may be defined.

Corresponding MAC support is needed to search for and entering the cells in such mode.
5.1.4 Power Setting or Power Control of Femtocell

Femtocell’s downlink transmission power shall be controlled, not to introduce a lot of interferences to others. Standards support to enable power setting or power control of femtocells may be defined.

5.1.5 Advanced Self-Organized Networking (SON)

Advanced self-organized networking shall be supported to enable multi-tier deployment. Advanced SON shall be able to work together with advanced interference management, mobility management, base station mode change, etc. 

5.1.6 Client Cooperation (CC) Support

The framework for direct link communication between a source device and a cooperative device shall be defined, e.g., frame structure in MS-side, scheduling information, HARQ feedback, and channel measurement and feedback for direct link communication.
Capability of single-RAT CC for IEEE 802.16 devices can be negotiated through network (re-)entry procedure and it can be updated after the network (re-)entry in a certain condition.
5.2 Multi Radio Access Technology
5.2.1 General

· The security procedure may be enhanced to support data communication between the Multi-RAT devices and the PoAs. A BS supporting Multi-RAT may manage the security associations of both the IEEE 802.16 and IEEE 802.11. 

· Changes to the network entry/re-entry procedure for Multi-RAT operation (e.g., Multi-RAT capability negotiation, security related procedure) may be required.

5.2.2 Virtual Carrier

5.2.2.1 Multi-RAT Network Discovery/Access Management

· A scanning procedure can be modified to support the IEEE 802.11 AP scanning. The BS may transmit the network information of the IEEE 802.11 APs within its coverage. IEEE802.16 devices supporting Multi-RAT may perform the scanning procedure for the IEEE 802.11 APs based on the provided information, predefined criteria (e.g., carried data characteristics or channel quality) or explicit signaling (e.g., SCN-RSP MAC control message) transmitted by the BS.

· Access to the IEEE802.11 AP may be controlled by the IEEE802.16 BS for power efficiency.

· Devices supporting virtual carrier may maintain data connections with the IEEE 802.11 based on the signaling transmitted by the BS for power efficiency.
· Data communication on the virtual carrier may require a new association with the specific AP. The BS may manage connection information (e.g., association, re-association and disassociation) for data packets transmitted on the virtual carrier and help the device to easily join/release to the AP. A device supporting Multi-RAT may transmit its preferred AP(s) to a BS and/or a BS may inform a device of the selected AP, based on the device’s preferred AP(s), channel quality or network loads. 

5.2.2.2 Flow Mobility management

· Data communication on the virtual carrier may require an IP flow mobility procedure between Multi-RATs to support seamless Multi-RAT switching. The flow connections between multi-RATs may require a QoS mapping to support the seamless IP flow mobility.

· Devices supporting virtual carrier may require a flow mobility management between IEEE 802.11 neighbors to support continuous data communication of high data rate. A device may transmit information (e.g., channel quality) for its IEEE 802.11 neighbors and a BS may help the device to easily join to the neighbor AP.
5.2.3 Multi-RAT Client Cooperation

· To enable Multi-RAT client cooperation, neighbor discovery and cooperative device selection protocols may be provided. Also, Multi-RAT supporting systems may help an IEEE 802.16 device supporting Multi-RAT to discover other IEEE 802.16 devices supporting Multi-RAT and to select the cooperative device.

· Change to cooperation addressing and security operation may be required.

· Control signaling for Multi-RAT supporting systems may be supported for data transmission of the communication link between source device and cooperative device.

· To sustain good connectivity, link management between source device and cooperative device may be coordinated by IEEE802.16 BS
6 Conclusions & Recommendations
7 List of Acronyms and Definitions

HN


Hierarchical Networks

CC


Client Cooperation
Capillary Networks
Multiple networks fanning out with smaller granularity than a network hub 
Client


Implies a subscriber station

FFR               Fractional Frequency Reuse

FFZ               Femto free zoning (Reserved resources where femtos do not transmit) 
GLL


General Link Layer
In-Band

In the same frequency band

RF


Radio Frequency
WAN


Wide Area Networks

WiMAX

Worldwide Interoperability for Microwave Access

WLAN


Wireless Local Area Network 

WPAN


Wireless Personal Area Networks

WWAN

Wireless Wide Area Networks
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9 Appendix A: An example of Smart Resource Allocation in Multi-tier Networks
Currently, multi-tier deployments are possible for both 

a) Single frequency/carrier across tiers

b) Distinct frequencies/carriers across tiers

IEEE 802.16m supports both types of deployments, but more efficient spectrum usage across tiers using time/frequency/spatial domain is required. For example, in single frequency/carrier multi-tier deployments, the combination of the efficient resource allocation across tiers and fractional frequency reuse (FFR) makes the cell capacity enhanced. Table 1 compares the performance of a femto cellular network deployment with that of a macro-only network and illustrates the issues and additional performance possible through single frequency deployments.  As can be seen single frequency deployments when coupled with smart interference management schemes are effective in providing improved data rates for indoor users, while retaining macro-cellular throughput performance.  The results shown use intelligent resource management and combine fractional frequency reuse (FFR) in macro cells with femto free zoning (FFZ) to reduce network interference. Further investigation of these ideas is warranted for both control and data channels.
	Transmission Scheme
	Outdoor Outage (%)
	Indoor Outage (%)
	50% Outdoor rate (Mbps)
	50% Indoor rate (Mbps)

	FFR + NO Femto AP on 10 MHz
	3.0
	17.0
	0.07
	0.03

	FFR Macro on 5 MHz, Femto on different 5 MHz
	3.0
	0.2
	0.06
	10.7

	FFR + FFZ + 0dBm Femto AP power on 10 MHz
	3.0
	0.5
	0.06
	11.3


Table 1: Performance improvements for indoor and out-door users with overlay femto-cell networks, utilizing intelligent interference management schemes.  FAP refers to femto access points [‎3]. See Appendix B for the methodology used for the simulation.
10 Appendix B: Multitier Evaluation Methodology
10.1 Hierarchical Network Simulation Methodology

This annex will address the simulation methodology for hierarchical network simulations. This simulation methodology addresses the performance gain and interference issues critical to hierarchical network performance evaluation. Multi-tier femto-cell networks are used as a representative case to illustrate the methodology. Note that two possible usage scenarios may be considered for overlay devices serving as access points in multi-tier networks: open access and closed subscriber group (CSG). The open access devices are available to all subscribers. They are usually public infrastructure based, like picocell base stations (BS) and relay stations, and the deployment is planned by the operators. On the contrary, only a restricted group of users have permission to access a CSG device. This is the typical scenario for femtocells since Femto access points (FAP) are usually privately owned and deployed by users.

10.2 Multi-tier Femtocell Overlay Networks

This subsection describes the simulation methodology for femtocell overlay networks, considering both CSG and OSG (open access) types of FAPs. The methodology covers general settings for spectrum usage, traffic model, scheduling, and FAP device parameters. We also describe a deployment model to locate FAP and subscriber stations within the macro-cellular network. In addition, channel models, interference modeling and performance metrics are all addressed in this document.

10.2.1 General Simulation Settings

The simulation methodology for hierarchical networks is built on top of existing 802.16m evaluation methodology document 6[]
. Parameters specified in 6[]
 should be adopted in simulations for femtocell overlay networks. If not stated explicitly, the simulation setting from 6[]
 will be directly inherited. Additional parameter settings are described in the following.

FAP spectrum usage:

Table 3FAP spectrum usage

	Scenario
	Description

	Co-channel operation
	FAPs share the same carrier as MBSs (macro base stations).

	Separate channel operation
	FAPs transmit at different carrier as MBSs.


The operating band for FAPs can be either the same as MBSs or using a separate spectrum. The co-channel operating case where FAPs share the same spectrum with the MBSs, is the case of most interest as it targets the desired goal of full spectrum reuse between tiers. Additionally, it also fully captures interference issue present in multi-tier deployments.

Traffic Model:

For simplicity, only full buffer traffic is considered at this stage. More advanced traffic patterns may be considered in the future.

Scheduling

Simple round-robin scheduling may be used for initial performance evaluation. More realistic scheduling schemes, like proportional-fair scheduling, may also be considered.

MBS, Subscriber Station and FAP parameters:

For MBSs and subscriber stations, the parameters from 6[]
 are adopted. For FAPs, the parameters are summarized as follows.

Table 4 FAP settings

	Parameters
	Value

	Antenna Gain
	0dB

	Antenna Height
	2 meters + floor height

	Antenna Pattern
	A(θ) = 0 (omni-directional)

	Maximum Transmit Power Level
	-10, 0, 10, 20 dBm


Macrocell Deployment:

The macrocell deployment model is the same as in 6[]
. A hexagonal grid with 19 cell sites, each with 3 sectors (Total 57 sectors), is considered. Additional 6 clusters wrap around can be added. The deployment is show in Figure 9.

[image: image11.wmf]
Figure 9 Macrocells deployment

Two more scenarios, in addition to the baseline settings in [6], should be evaluated.

The small cell scenario:
· Cell radius = 500 meters (Site to site distance = 866 meters)

· BS TX Power = 36dBm

The large cell scenario:
· Cell radius = 1500 meters (Site to site distance = 2598 meters)

· BS TX Power = 46dBm
10.2.2 FAP and Subscribers Deployment Model

The FAP deployment is illustrated in Figure 10. Single floor circular houses with 10 meters radius are assumed. There is one FAP in each house located at the center of the house. The house locations are determined as follows. First a square grid with 20m minimum separation is formed and then house locations are randomly select from this grid. A fully populated grid has around 538 houses per sector (2500 FAPs/km2).

The FAP density is a programmable parameter. Two representative deployment densities may be considered: dense deployment with about 100 FAPs per sector (~465 FAPs/km2) and sparse deployment with about 10 FAPs per sector (~46 FAPs/km2).
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Figure 10. Illustration of FAP deployment

For the subscribers, indoor and outdoor users are separately deployed. Indoor user locations are uniformly distributed within the houses they are in. The probabilities that there are 1, 2, 3 and 4 users per house are 80%, 12%, 6% and 2%, respectively. The outdoor users are uniformly distributed over the area outside of houses, i.e., 10 meters away from all FAPs. The ratio of the number of indoor users to outdoor users is programmable. Typically, there can be equal number of indoor and outdoor users or 70% subscribers being indoors. 

For simplicity, all FAPs are assumed to be CSG (or OSG). Only users within the same house as the FAP are assumed to have access permission to the CSG FAP. CSG user will choose between all MBSs and its FAP and pick the serving base station based on association rules such as picking the one with maximum received power at SS. Users not in CSG can only associate with MBSs or OSG FAPs and will choose the serving base station based on the association rule used in the network. The cell association scenario is demonstrated in Figure 11.

Statistics are only collected from SSs associated with MBSs and FAPs locating inside the center cell. However, to take into account the shadowing effect and to better capture the interference behavior, both FAPs and SSs are deployed inside a hexagon with radius equals five times of the macrocell radius.

[image: image13]
Figure 11 CSG cell association

10.2.3 Channel Model

Path loss Models and Shadowing Models

The path loss, shadow fading (SF) and penetration loss under different cases are summarized in Table 5. A combination of ITU channel models 7[]
 and Winner models [8] is used for static channel modeling.

Table 5 Channel Models
	 
	Path Loss
	SF
	Penetration

	Macro-BS to outdoor SS
	(>500m) ITU vehicular: 40(1-4×10-3hb)log10(R[km]) + 21log10(f[MHz]) + 80 – 18log10(hb)

(≤500m) ITU pedestrian: 40log10(R[km]) + 30log10(f[MHz]) + 49
	10 dB
	0

	Macro-BS to indoor SS
	(>500m) ITU vehicular

(≤500m) ITU pedestrian
	12 dB
	Mean 12dB,  Std 8dB

	Femto-AP to indoor SS
	Winner A1 NLOS (through wall): PLfree_space = 46.4 + 20log10(R[m]) + 20log10(f[GHz]/5)
	6 dB
	One light wall (3dB) every 3 meters

	Femto-AP to outdoor SS
	Winner A2 NLOS: max( PLfree_space, PLB1)

If d<dBP, PLB1 = 41 + 22.7log10(d[m]*) +  20log10(f[GHz]/5)  

If d≥dBP, PLB1 = 41 + 22.7log10(d[m]*) + 40log10(d[m]/dBP) + 20log10(f[GHz]/5)
	7 dB
	PLtw=(14+15(1-cosθ)2 ); PLin = 0.5din;

	Femto-AP to neighbor SS
	Same as above
	7 dB
	Above + 12dB wall loss


*dBP = 4h’BSh’MSfc/c, where fc is the center frequency in Hz, c = 3.0×108 m/s is the propagation velocity in free space, and h’BS and h’MS are computed as h’BS = hBS – 1[m] and h’MS = hMS – 1[m], where hBS and hMS are the actual antenna heights and the effective environment height in urban environments is assumed to be equal to 1 meter.

Fast fading models in 7[]
 and 8[]
 can also be used to model the fast fading effects in femtocell overlay networks.
10.2.4 Interference Modeling

The interference modeling for dynamic simulation generally follows 6[]
. The following describes the procedure, and the differences are highlighted in bold.

1. Determine the path loss, BS/FAP antenna gain, and shadowing from all interfering sectors and FAPs to MS.
2. Rank the interfering sectors and FAPs in order of received power (based on pathloss, BS/FAP antenna gain, and shadowing).

3. Model the channels of the strongest (strong I ) interferers as the signal path. (account for the pathloss, BS antenna gain, shadowing, and fast fading variations.) The value of strong I is set to 8 for MBSs and 18 for FAPs.

4. Model the remaining sectors as spatially white Gaussian noise processes whose variances are based on a spectrally flat Rayleigh fading process. The power of the Rayleigh fading process includes the effects of pathloss, BS antenna gain, and shadowing. The fading processes for all links between MS and BS are assumed to be independent, and the Doppler rate is determined by the speed of the mobile. At any instant in time, the total received interference power is the summation of the receive power from of all weak interferers. Hence, the interference power is varying in time during a simulation drop.

10.2.5 Performance Metrics

The following metrics should be considered for multi-tier network performance evaluation.

· 5% outdoor throughput
· 5% indoor throughput
· 50% outdoor throughput
· 50% indoor throughput
· Overall areal throughput
· Percentage of subscribers associated with FAPs.

An example of simulation results is shown in the following table:

Table 6 Example Simulation Results (~ 10 FAPs per sector, 48% SS with FAPs)
	FFR, w/ FFZ
	FFZ ratio
	5% Outdoor Rate (Mbps)
	5% Indoor Rate (Mbps)
	50% Outdoor Rate (Mbps)
	50% Indoor Rate (Mbps)
	Center Cell Throughput

	Macro Only
	
	0.0753
	0.0537
	0.4164
	0.4556
	44.4224

	FAP Tx Pwr = 10dBm
	4/8
	0.1319
	1.5578
	0.4182
	13.7848
	809.7991

	Macro Only
	
	0.0762
	0.0544
	0.4176
	0.4539
	44.3857

	FAP Tx Pwr = 10dBm
	5/8
	0.1716
	1.2557
	0.4558
	10.3334
	613.4495

	Macro Only
	
	0.0762
	0.0534
	0.4199
	0.4545
	44.3714

	FAP Tx Pwr = 10dBm
	6/8
	0.1842
	1.0322
	0.4464
	7.1107
	417.1955

	Macro Only
	
	0.0756
	0.0539
	0.4190
	0.4510
	44.4351

	FAP Tx Pwr = 10dBm
	7/8
	0.1352
	0.6857
	0.4501
	3.5303
	220.1630
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