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1 Overview 

Energy efficiency is becoming increasingly important for mobile communications due to slow progress in battery technology [‎1] and the growing requirements of “anytime, anywhere” multimedia applications.   The gap between available and required battery capacity is becoming especially significant for small form-factor mobile devices, where wireless power comprises a significant portion of the platform power budget. Addressing this growing gap in battery capacity requires aggressive improvements in all aspects of wireless system design, ranging from low-power silicon and power management techniques on mobile platforms, to developing support in the wireless network for reducing client energy consumption.

Client (mobile station or MS) power savings has been an important consideration in defining cellular system standards, where protocols for maximizing “sleep” and “idle” durations for the client have been included to save its power consumption [‎2].  The IEEE 802.16m, Systems Requirements Document (SRD), [‎3], requires that the standard support “enhanced power savings mode” (section 6.11), as well as reporting mechanisms for communicating power related information such as client’s battery life (section 6.4.1).   The 802.16m System Description Document (SDD), [‎4], includes support for power management techniques related to sleep and idle mode (section 10.5).  

Although, wireless standards address reduction in client power consumption through maximizing sleep and idle periods at the clients, they do not explicitly focus on the power consumed when client is actively communicating with the network. Given the increasingly prolonged usage patterns for battery-limited mobile devices and the high-data rate demands of multimedia applications, “active-mode” power consumption should be an important consideration for wireless system design and standards development. 

While the “Uplink Power Control” section, 11.10.2, of the SDD, alludes to the necessity of power control methods to focus on reducing battery consumption, no explicit methodology for measuring such gains has been specified within the SRD and the SDD.  Further, it should be noted that the network can utilize additional techniques, that go beyond simply controlling the transmit power per link, to improve battery consumption for mobile devices. 

This contribution focuses on techniques for active mode power savings at the client.  We discuss metrics for quantifying energy efficiency and illustrate the power savings achieved during Uplink transmissions. The standard hooks required for enabling active mode power savings in the network are also described.  

2 Network Assisted Energy Efficiency

While several upper-layer air-interface protocols are defined to improve sleep and idle periods for mobile clients, limited attention has been paid across the protocol stack to reduce client power consumption in the active mode.  In particular radio-resource management and link layer power control, as well as multi-antenna mode selection can be controlled for improving client energy efficiency.  

Focusing on client transmit power consumption, Shannon’s law for a point-to-point link can be used to provide intuition on how power consumption can be reduced. 
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user respectively.  Given that channel capacity (maximum rate at which reliable communication is possible in the system), is linearly related to bandwidth but exponentially related to power, client transmit energy consumption may be reduced by:

· For a fixed rate of transmission, if transmission bandwidth is increased, power can be exponentially decreased in the system.

· For a fixed rate, user experiencing good channel conditions can be scheduled.

· If delay can be tolerated and transmission rate is reduced, power can be exponentially reduced.

Hence, resource allocation and joint-power bandwidth (as well as spatially multiplexed MIMO) optimization are useful tools to reduce active mode power consumption.  Below, we highlight the additional elements of the 802.16m protocol stack [‎3,‎4], which can contribute to client power savings.
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Figure 1: Examples of 802.16m protocol stack elements involved in energy-efficient design 

3 Other Power Savings Extensions 


Although, this contribution focuses on improvements in transmit energy consumption through resource allocation and link adaptation techniques, we note that the network can deploy additional power savings methods. For example, energy and delay can be traded off based on the QoS constraints. Additionally, multi-antenna mode selection can be geared towards saving power, especially in the active receive mode, if multiple active RF chains consume excessive power, [‎13]. 

4 Client Characteristics 


Client characteristics, such as the power consumed in its electronics, also affect the rate at which client should transmit for lowest power consumption. The total wireless power consumption at the client varies as a function of its state, whether idle or active. When the client is actively transmitting to the network, it not only consumes RF power in the power amplifier to communicate its signal reliably over the air, but also additional power in the electronic circuitry (circuit power,
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), which is greater than its idle power consumption.  The optimal energy-efficient transmission rate is affected by which components of the transmit power dominate the power budget.  From [‎6,‎9], we know that if circuit power is negligible, it is desirable to transmit at the lowest rate possible allowed by the delay constraint.  However, if the circuit power is dominant it is desirable to transmit as quickly as possible to avoid incurring the fixed penalty for transmission [‎9,‎10].  The figure below illustrates this tradeoff and suggests that the optimal transmission rate should be determined based on both the circuit and the RF transmit power.
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Figure 2: Effect of transmission time (rate of transmission) on circuit and RF components of transmit energy 
5 Energy-Efficient Metrics


While throughput, peak rates and spectral efficiency are important metrics for optimization within a cellular system, power consumption and energy-efficiency are also important and can be weighted more heavily when a user is battery-constrained or the system is not fully loaded. Additionally, it is clear that for cellular systems, reducing transmission power will also reduce the overall “other cell” interference. Our results show that energy efficient techniques also enhance throughput performance through effectively reducing interference, and hence may also be preferred under interference-limited conditions. 

In earlier sections we noted that that rate, power and bandwidth may be optimized across users to reduce client’s energy consumption. Here we suggest power aware metrics that can be used for optimizing these system parameters. We note that for a fixed throughput, an energy-efficient metric should consume the lowest power. Alternately, for a fixed power budget an energy efficient scheme will deliver the maximum throughput.  Hence a suitable energy efficient metric measures the “Bits-per-joule” for each user [‎5, ‎7].
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In a multi-user environment, different aggregating mechanisms may be used and system performance may be optimized by improving either the arithmetic average (sum) or the geometric average (product) of throughput per joule across users: 
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The above resource allocation problem for 
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users may be solved through iterative utility based optimization. For further details see, [‎8

 REF _Ref217388155 \r \h 
 \* MERGEFORMAT ‎9].  However, by using time-averaged throughput per joule metric, the iterative solutions described in [‎13], can be replaced by closed-form metrics that can be computed on a per sub-channel basis, greatly simplifying the resource allocation solution. 

6 Simulation Performance

In this section we show the results for energy-efficient link adaptation and resource allocation in a 7 cell interference-limited environment. Simulation assumptions are given in the Appendix. The following schemes are compared.

	Scheme 
	Description 

	Opt-EE
	Energy efficient link adaptation and resource allocation maximizing sum throughput per joule across users. 

	Prop-EE
	Energy efficient link adaptation and resource allocation maximizing product of throughput per joule across users.

	Trad-Prop-X dBm
	Traditional, proportional fair scheduling combined with adaptive modulation w/ average power of X dBm.


Figure 2 shows the average energy efficiency (Bits/Joule) performance as function of the number of users per cell.  The performance is also compared with that of a single cell case (without any interference).  It is clear that optimum energy efficient design more than doubles the throughput for each Joule of energy transmitted when compared with the traditional schemes using different average powers for transmission. This implies that for fixed throughput, over 50% savings in energy can be obtained.  The gains are obtained even when the traditional scheme is used with low power setting.  Of course, if the traditional scheme use higher power to obtain better throughput, their energy efficiency performance can degrade severely. Figure 3 plots the CDF of “Bits per Joule” in the system. It can be seen that the Bits per Joule improvements are obtained across all the users in the system.  Further, as expected, the scheme maximizing the product throughput per Joule across users is fairer, as a large percentage of cell-edge users experience better “Bits per joule” performance when compared to the Opt-EE scheme.
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Figure 3: Average throughput per Joule performance across all users. 
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Figure 4: Cumulative distribution function of throughput per Joule performance across all users.

7 Interference Reduction Capabilities 

As mentioned earlier, reducing transmit power can help reduce interference in the system. In the following figures we compare the throughput performance of the energy-efficient schemes with the traditional schemes.  Figure 5, plots the average throughput across all users. Simply comparing the throughput and energy efficiency performance of single cell schemes (without any interference) in Figure 3 and Figure 5, it is clear that traditional schemes transmitting with high power can achieve higher throughput at the expense of severe degradation in energy efficiency.  However, Figure 5 shows that in the presence of interference, energy optimal schemes are also efficient at interference reduction and can improve throughput over traditional schemes. This improvement is due to the lack of power optimization by traditional schemes, causing too much interference.  Figure 6 plots the CDF of the throughput and it is observed that throughput is improved uniformly across all users.
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Figure 5: Average throughput performance across all users.
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Figure 6: Cumulative distribution function of throughput performance across all users.
An important observation from Figure 6 is that while the throughput performance of traditional scheme using 25dBm and 33 dBm average transmit power is virtually identical, the energy efficiency performance of the 33dBm scheme is considerably worse.  Hence, it is important to consider both energy-efficiency and throughput (spectral efficiency) while allocating system resources.

8 Required Standard Support 


Support required to enable energy efficient transmission within the 802.16m standard are minimal. Only terminal capabilities in terms of electronic power consumption need be known at the base-station, which controls resource allocation. A metric capturing user quality-of-service preference, such as preference for “power saving mode”, or the “remaining battery level” at the client, also needs to be communicated. Clients may communicate this information to the base-station upon network entry (or provisioning) and perform slow periodic updates thereafter. The following information may be communicated upon network entry and periodic MAC management messages, which may be initiated by either the base station or the mobile users in an unsolicited manner.
1. A user’s power consumption profile (circuit power, idle power etc.)

2. User’s preferred power savings mode (“on”, “off”, “intermediate”)

3. User’s remaining battery level 
Energy optimization methods not covered in this contribution may require additional parameters.  For example, methods such as tolerating increased delay, or to optimize MIMO modes to save power, can also require communication of user’s delay requirements and preference for power-efficient MIMO modes.  The base station has the final control on how to use the user-preferred parameters. The additional parameters may be:
4. User’s delay requirements 

5. User’s preference for power-efficient MIMO mode selection 

6. Unused fields for future extensions.


While explicit targets across energy efficient metrics may be difficult to introduce, the notion of optimizing transmission performance across a power aware metric such as “bits per joule” should also be included as “informative text” within the SDD. 

9 Conclusions 


This contribution describes techniques for saving client’s active mode power consumption, through optimizing resource management schemes with respect to a power-aware metric that measures performance in bits/Joule.   Gains of greater than 50% in client’s active mode energy savings are illustrated with such techniques. It is also shown that energy-efficient transmission can significantly reduce interference in the system and, therefore, is also effective at improving the throughput performance in the system.  An important observation from our work is that system performance should be benchmarked, both in terms of throughput as well as energy efficiency, to avoid schemes providing poor tradeoff between these two metrics.   

Enabling energy-efficient transmission in 802.16m is relatively straightforward.  An additional management message must be supported that can allow a client to communicate its power consumption profile and preference for “power-savings” mode to the base-station. We also suggest that “informative” text around benchmarking of system performance with respect to an energy-aware metric be included within the SDD.

10 SDD Text Recommendation 

Add section 10.5.3 to the power savings section 10.5 of the SDD, which will add support for power savings at the client in the active “connected mode”.  

-----------------Begin SDD text modifications-----------------------

10.5.3 Power Management for the Connected Mode

Enhanced power savings when the MS is in connected mode and is actively transmitting to the network may be supported.  In this mode, the base station optimizes resources and transmission parameters to optimize energy savings at the MS. A power aware metric may be used for such optimization. An example power aware metric is the “Bits per Joule” metric.
For active mode energy optimization, base station must have information related to a user’s power consumption profile, as well as user’s preference for energy saving mode. Such information may be made known to the base station upon terminal provisioning and initialization, as well as through slow updates using suitably defined MAC management messages.  The details of the information as well as the exact format and communication of these messages are FFS.

-----------------End SDD text modifications-----------------------

11 Appendix A: Simulation Assumptions

Multi-cell system simulations are performed according to the following parameters. A simplistic model is assumed to illustrate gains.

	System Parameters 
	Values 

	7 Cell 
	1x1x1 configuration 

	Cell Radius 
	2 Km

	Carrier Frequency
	2.5 GHZ

	Sub-channel Bandwidth
	10 KHz

	BER
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-



	Thermal Noise Power
	-141 dBW/MHz

	User Antenna Height
	1.6 m

	BS Antenna Height
	40 m

	Environment
	Urban Macro cell

	Circuit Power
	100 mW

	Maximum Transmit Power
	33 dBm

	Propagation Model
	Okumara-Hata model

	Modulation
	Uncoded M-QAM

	Fading
	Flat Fading
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