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Introduction

Current mobile devices are designed with single radio (air interface) in mind. As such each radio operates independently of the other. This results in inefficiencies in battery power conservation. By having the network infrastructure of these different radios co-ordinate, further optimizations in power savings can be achieved on client devices. This technical report investigates such use cases and the feasibility of developing a solution that results in significant power savings on multi-radio client devices. The report looks into the following areas but is not limited to:

· Power Management for Idle Mode state management for multiple radios
· Power Management for Paging and Wake on Wireless in Multi-Radio environment

1
Scope

The present document develops the use cases and requirements for battery power conservation on multi-radio mobile devices. The radios under consideration can be:
- an IEEE 802 radio technology such as 802.11, 802.15, 802.16, 802.20, 802.22
- a 3GPP Cellular radio
- a 3GPP2 Cellular radio
Each access network has its own separate power management scheme. This report specifically looks at power conservation due to co-ordination between multiple radios
The present document considers use cases whereby:

Editors Note: Text to be finalized when use cases are agreed
(Idle mode state management on mobile device. Location/Paging update for the wireless interface operating in idle mode via the wireless interface operating in active mode.)
The present document also examines the requirements and implications of:

- Network aspects: changes required in access network or core network infrastructure for enhanced co-ordination between different radios;

- Location and Paging aspects: while roaming between a 3GPP PLMN and a WLAN/WMAN, in particular when networks may or may not have location update and or paging capability.

- Idle Mode state management: coordinates the single radio idle mode operation while roaming across a 3GPP PLMN, a WLAN, and a WMAN, or while multiple radios operating simultaneously. By restricting multi-radio mobile device activity to scanning at discrete intervals, Idle Mode coordination allows the mobile device to conserve power and operational resources.

The present document is related to ongoing standardisation efforts in the following areas:

· IEEE 802.16 ( TGm )
· IEEE 802.11 ( TGv )
· 3GPP ( LTE )
2
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3
Definitions, symbols and abbreviations

3.1
Definitions

Idle Mode

A mechanism to allow a mobile  node (MN) to become periodically available for DL broadcast traffic messaging without registration at a specific point-of-attachment (PoA) as the MN traverses an air link environment populated by multiple PoAs, typically over a large geographic area. Idle Mode benefits MN by removing the active requirement for HO, and all Normal Operation requirements. By restricting MN activity to scanning at discrete intervals, Idle Mode allows the MN to conserve power and operational resources. Idle Mode benefits the network and PoA by providing a simple and timely method for alerting the MN to pending DL traffic directed toward the MN, and by eliminating air interface and network HO traffic from essentially inactive MN.  Idle mode is supported in 3GPP-LTE radio and IEEE 802.16e radio (optionally), but not supported in 802.11 radio. 
Paging Controller
The serving PoA or other network entity administering Idle Mode activity for the MN.
Sleep Mode

A state in which an MN conducts pre-negotiated periods of absence from the Serving PoA air interface.
Wake on Wireless 
A mechanism remotely waking up of sleep MN host using wakeup packets through a wireless association. 
3.2
Abbreviations

DL
Downlink

MN
Mobile Station

PoA 
Base Station
4
Use Cases
4.1
General requirements
The subscriber possesses an MN which gives access to 3GPP and WLAN/WMAN access networks. The MN shall support functionality to perform transition between the access networks to which it is allowed for access. Transition between networks shall be automatic and shall not require the manual intervention of the user. The Network and MN should work in tandem to provide the best PM behaviour.
4.2
Use Case 1: Wake up WiFi interface via WiMax Paging
4.2.1
Description
Alice has a hand-held dual mode MN which can access internet and receive VoIP call via technologies including WiFi and WiMAX. At work, the network operator provides her both WiFi and WiMAX access.  If there is no incoming traffic for 2 minutes, Alice’s dual mode MN goes to sleep state for power saving. 
Considering the power consumption of WiFi in idle state is much higher than the power consumption of WiMAX in idle state, the dual mode MN turns off the WiFi radio, enters idle mode for the WiMAX radio, and listens for paging messages via WiMAX radio. Note, even though the WiFi radio is shut, Alice is still registered on the network to receive SIP calls on WiFi.
If there is an incoming call for Alice, the multi-radio Paging controller will page Alice via WiMAX radio. Once the WiMAX radio receives the paging message, WiMAX radio will wake up the MN device, and MN device wakes up the WiFi radio. The WiFi radio will then associate with network infrastructure to receive the incoming call. 
Benefits: Utilize WiMAX paging functionality for WiFi power saving since no paging supported in IEEE 802.11 radio. According to the current 802.11 Std, WiFi radio has to perform frequent handovers among access points while traversing across multiple PoAs. Converting to WiMAX  results in power savings at the MN.
Editors Note: The following measurement data to be added 

Measurement Data: (Please see Annex)
WiFi radio power consumption in idle state: 25% of power consumed in Active state
WiMAX radio power consumption in idle state: 15% of power consumed in Active state
The total radio power consumption if both radios connect to network: 0.568
The reductions of total power consumption if WiMAX radio connects to network and WiFi radio shut downs: 0.330
Savings = 0.238/0.568 = ~40% (of total power consumed in idle state) 

Another scenario is the case where a user may be active in more than one wireless network. Consider that Alice is connected to WiMAX network on her way to office and when she arrives at her office she started using her office WLAN. However, because of security issues and/or business policies, Alice is not allowed to use her office WLAN for her personal services such as VoIP calls etc. Thus, Alice keeps the connections active on both WiMAX and WLAN. This way, Alice uses WLAN for her business purposes and WiMAX for her personal purposes. In this scenario as both the network interfaces are active, multi-radio power management techniques can be used to use these radio interfaces efficiently to reduce the power consumption of Alice’s wireless device such as laptop. 
4.2.2
Requirements (TBD)
Idle state management (Wireless interface selection, Radio state)
Multi-Radio Paging Controller

Location Updates
5
Network Architecture and Enhancements

In this section, network architecture to support multi-network power management is discussed. As described earlier a particular access technology may have power management mechanisms such as idle mode in WiMAX. Other networks may not implement power these management techniques such as WiFi. The low power mode is referred to as idle mode operation in this document. When a particular access technology supports power management mechanisms it requires certain network entities to handle related operations. For example, WiMAX uses paging controller (PC) to administer idle mode operation. Different networks that implement power management may do so using different network entities. To implement multi-radio power management the power management entities needs to co-ordinate. This co-ordination can be implemented by using a multi-radio paging controller (MRPC). The MRPC could be deployed by either the operators of individual networks or by a third party as discussed below. The following scenarios could arise in a multi-radio power management realization.
Case A: Different access technologies belong to the same operator. This scenario is referred to as single-operator multi-radio power management (SO-MRPM). In this scenario MRPC could be implemented by the operator who owns the individual access networks.

Case B: Different access technologies belong to different operators. This scenario is referred to as multi-operator multi-radio power management (MO-MRPM). In this scenario MRPC could be implemented either by one or more of the operators who owns the individual access networks or could be implemented by a third party. It may be noted that in this scenario there could be one or more SO-MRPC and/or MO-MRPC involved during multi-radio power management operations.
Following the description in Section 4.2.1, if an MN is active in Operator B WiMAX network and is in low power mode in Operator A 3GPP access network. If there is an incoming call for the MN in Operator A 3GPP access network. The HA of Operator A 3GPP access network contacts its SO-MRPC to locate the MN which in tern contacts MO-MRPC to locate the MN. Finally, the MN receives the information about the incoming call to Operator A 3GPP access netwok using its current active connection in Operator B WiMAX access network.
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Figure 1: Network architecture to support multi-radio power management.
Network architecture to support multi-radio power management is shown in Figure 1 that shows 3GPP, WiMAX, and WLAN networks of operator A; WiMAX network of operator B; and WLANs of different operators as well as of enterprises. As shown in Figure 1 Home Location Register (HLR) of 3GPP networks and Paging Controller of WiMAX networks manage the location update as well as paging operations related to power management in 3GPP and WiMAX networks, respectively. The location update and paging operations in multi-radio environments are described below.
When multi-radio power management is used, the location management and paging operation of a device in low power mode in one or more networks is co-ordinated by the MRPC (either SO-MRPC or MO-MRPC). The description of location update and paging process is illustrated below without considering the differences that might depend whether SO-MRPC or MO-MRPC is used. However, it may be noted that the actual steps/procedures carried out during the location update and paging process in a multi-radio environment can differ from the following illustration for SO-MRPC and MO-MRPC scenarios. Nonetheless, the basic procedures carried out during these operations are similar for both SO-MRPC and MO-MRPC scenarios. 

5. 1 Location Management in Multi-Radio Environment: 
In a multi-radio power management environment, the location information of a mobile station (MN) has two components: MN’s current wireless network and MN’s current location. This information is maintained by the MRPC and the location register of MN’s current network as described below. 
· When MN’s current network supports low power mode of operation for the MN, the location register of this network stores information about MN’s current location and the MRPC stores the MN’s current network information. The location register of a wireless network could be a part of different network entities. For example, the location register could be a part of the HLR and PC for 3GPP and WiMAX networks, respectively.
· When MN’s current network, for example WLAN, does not support location management, then MRPC contains current network information of the MN and MN’s location information is not stored. In fact MN’s location information is not required as the wireless network does not support low power mode operation where the MN deregisters from the network. 
The information about MN’s current wireless network and current location is stored and updated using procedures as described below. These procedures are illustrated in Figure 2.
1. When an MN enters a network the information about its current wireless network is reported to MRPC. This information reporting can be performed in several ways and these procedures can be broadly classified into the following two categories: MN-transparent, MN-non-transparent. In the MN-transparent approach, the MN is not involved in this information reporting. On the other hand, in MN-non-transparent approach, the MN is involved in this information reporting. Thus, every time a user switch from one wireless network to another, MN’s current wireless network information is updated at the MRPC. 
2. MN’s current location information is stored and maintained only when the MN is in low power (idle mode). In this case, the location management process of MN’s current wireless network is used and the MRPC is not involved in the location management process. It may be noted that when an MN is not in low power (idle mode), its current location is stored by the Call Terminator (CT) of MN’s current wireless network. This CT can be different for different scenarios. For example, when Mobile IP is used MN’s Home Agent (HA) could function as the CT. Other network entities can function as CT as well. When an MN is in idle mode, its location information is updated using the location update procedures of MN’s current wireless network. For example, when an MN is in idle mode in a WiMAX network, location update procedures defined in IEEE 802.16e are used. 

[image: image2.emf]MRPC

Wireless  

Network AMS

Wireless  

Network B

MS performs initial network entry to 

Wireless Network A

Location management operation using 

location management procedures of 

CN if the MS is in low power mode

MS switch from Wireless Network A to Wireless Network B

MS-Current Wireless Network Report

MS-Current Wireless Network Ack

MS-Current Wireless Network Report

MS-Current Wireless Network Ack

MS-Current Wireless 

Network Report

MS-Current Wireless 

Network Ack

MS-Current Wireless Network Report

MS-Current Wireless Network Ack


Figure 2: Illustration of paging operation in multi-radio environment.
5. 2 Paging Operation in Multi-Radio Environment: 

The paging operation in multi-radio environment can belong to one of the following scenarios.

The paging operation initiated by MN’s current wireless network. This type of paging operation is referred to as active paging operation as the MN is currently active in the wireless network initiating the paging operation. In this scenario, the paging operation is carried out using the paging operation of MN’s current wireless network and MRPC is not involved in the paging operation.
The paging operation initiated by a wireless network different than MN’s current wireless network. This type of paging operation is referred to as passive paging operation as the MN is currently inactive in the wireless network initiating the paging operation. In this scenario, the paging controller of the network initiating the paging operaion first contacts the MRPC to determine MN’s current wireless network. When the MRPC receives the query about MN’s current wireless network, it checks its database to determine whether or not it has the information about MN’s current wireless network. When the MRPC found this information for the MN, it replies with this information. When the network that initiated passive paging operation received MN’s current wireless network information, it can contact MN’s current wireless network to page the MN or can contact the MRPC to page the MN.
The paging operation in multi-radio environment is shown in Figure 3.
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Figure 3: Illustration o f paging operation in multi-radio environments.

6
Client Architecture and Enhancements
7
Harmonized Potential Requirements
7.1
Network Aspects
7.2

Location and Paging Aspects

7.3 Idle mode State Management Aspects
8 
Recommendations

8.1 
General recommendations and suggested work plan

This section shall contain an indication of the parts already covered by current specification, the parts requiring additional standardization effort, a work-plan harmonized with current standardization activity, and an indication about potential new stage 1 specifications.

8.2
List of recommended requirements

This section shall contain a list of requirements agreed to be potentially transferred to specifications.
Annex <A>:
Analysis of Idle mode Power Consumption and Resources Used
Power consumption during idle mode operation:

Paging cycle = T

Paging listening interval = τ

Duration of idle period = D (duration of idle period depends on call arrival rate)

Power consumption during paging listening interval (PLI) = P

Energy consumption during a single PLI =  P τ

Signalling overhead for location update and paging per idle mode instance = NlSl + Sp
Where Nl is the number of location updates per idle mode instance, Sl is the signalling overhead during a single location update instance, and Sp is the signalling overhead during a single paging operation. It may be noted that as the paging operation is carried out once during a single idle mode instance, the paging overhead is added only once to determine the signalling overhead.

If the number of wireless networks that a subscriber station is subscribed to is Nw, then total energy consumption during a single idle instance is given by
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It is assumed that energy consumed during PLI is same for all the PLIs. In other words, it is considered that irrespective of the operations such as location update carried out by an SS during a PLI, the energy consumption during this time is considered to be same as the energy consumption during a PLI where no such operations are carried out. This is an approximation as in reality the power consumption by as SS during a PLI where the SS performs operations such as location update is going to be more than other PLI where the idle mode SS does not perform any such operations.

If the above approximation is not used, then
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Where El is the extra energy consumption during a PLI where the idle mode SS performs some operations such as location update. For this e.g. it is considered that the only operation that makes an idle mode SS to spend extra energy during a PLI is location update. If other operations are performed by an idle mode SS during a PLI such as IP subnet update or the SS remains awake beyond a PLI to receive DCD/UCD messages in WiMAX networks, then the energy consumption for these operations can be added as well.

Overhead analysis:

1. Location update overhead: 
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2. Paging overhead: 
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The above formulation is valid under the assumption that the number of call arrivals in the multi-radio scenario is Nw times the number of call arrivals in a single-radio scenario where Nw is the number of wireless networks. 

If we consider that the number of call arrivals is independent of the number of radios equipped with the SS, i.e., the number of wireless networks (Nw) that the SS is subscribed to and the calls are divided equally among all these Nw wireless networks, then


[image: image8.wmf]p

p

S

R

=


Assuming that the paging overhead is same in all the wireless networks, i.e., irrespective of the network where the paging operation is carried out for the SS.

It may be considered that in the above scenario the average duration of idle mode operation in a particular wireless network increases to NwD (approximately), where D is the average idle mode operation duration in a single radio environment as described earlier.

Use of multi-radio power management: 

In case of multi-radio power management as the idle mode of an SS is operational in one the wireless networks, the following scenarios may arise.

1. The SS is powered off in (Nw-1) wireless networks and is idle in one wireless network

2. The SS is powered off in (Nw-1) wireless networks and is powered on/active in one wireless network.

The probability of scenario 1 and scenario 2 is respectively given by p1 and p2. Formulations for p1 and p2 are respectively given by

Analysis for scenario 1:

For simplicity it is considered that the idle mode operation related parameters are the same as defined earlier except the fact that the SS is in idle mode in only one wireless network. Thus, the energy consumption during idle mode related operations in this scenario is 
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The location update and paging update overhead is this scenario is given by
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Power consumed in Idle Mode: 
(Assume 3 calls/hr of 3 mins each. Active time=9mins/hr = 9/60 = 15%)
	
	WLAN
	WiMAX
	3GPP

	Power consumed in Active Mode
	 0.80 W
	0.5 W
	0.5 W

	Power consumed in idle Mode as % of that consumed in Active Mode
	25%
	15%
	15%

	With 15% Active mode operation, Total power consumed 
	0.15*0.80 + 0.85*0.25*0.80 = 0.29
	0.15*0.5 + 0.85*0.15*0.5 = 0.139
	0.15*0.5 + 0.85*0.15*0.5 = 0.139

	Power consumed with Single radio PM
	0.290 + 0.139 + 0.139 = 0.568

	Power consumed with WiFi in Active and Low power modes and WiMAX/3GPP in Active and shut modes.
	0.290 + 0.15*0.5 + 0.15*0.5 = 0.440   (saving = 0.128 = 11%)

	Power consumed with WiMAX in Active and Low power modes and WiFi/3GPP in Active and shut modes.
	0.15*0.80 + 0.139 + 0.15*0.5 = 0.330 (saving = 0.238 = ~40%)


Thus considerable power savings can be achieved by using multi-radio PM as opposed to just single radio PM (11%). The best savings are achieved by putting the highest idle mode power consuming radio in shut state and using the other lower idle mode power consuming radios more frequently.
Network Resources consumed in Idle mode:
In idle mode resources are consumed in updating the location of the device and in paging the device. The frequency of location update depends on the speed of device. Higher the speed more frequent are the location updates. The frequency of paging depends on the frequency of inbound activity for the device. In case of single radio PM, location would have to be updated for all the wireless interfaces on the device, whereas with multi-radio PM only a single location update would be required. The overhead adds up if you consider a densely populated area with large number of users, all moving at vehicular speed (60-80 km/hr). 
Graph below shows air-link resources consumed during idle mode operation for a particular configuration. As can be seen in certain cases 1-5% of air-link resources can be used up just for location update and paging for all subscribers in an area. Multi-Radio PM can help with these resource savings.
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