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1.1 Introduction

Historically, the radio spectrum has been managed in a rather rigid fashion where

systems have been constrained to very specific bands in order to avoid interfer-

ence and maintain the spectrum’s viability. This regime is extremely inefficient,

because at any one time many systems are not being used thereby leaving their

associated spectrum also unused. Alternative spectrum management, where sys-

tems not designated for a particular band may nevertheless use it if it is available,

would greatly increase spectrum usage efficiency and capacity.

Communications traffic has also historically been managed in a somewhat

intransigent manner, whereby traffic load has usually only been carried on a

specific band as directed by the “owner” of the user/device carrying the traffic.

Improved traffic load management techniques, where the traffic can be shared

among bands and systems, would also increase efficiency or capacity. Although

the end-user may sometimes have a limited choice of which band to receive traffic

on (e.g., via a Wi-Fi interface using a ISM/UNII band, or via a 3G mobile com-

munications interface using a UMTS band), centralized control of that choice, in

a timely fashion, can far better manage efficiency and capacity than the end-user

operating alone.

Such opportunistic load and spectrum management between bands/systems is

being made feasible by operators having an increasingly wide range of spectrum

bands at their disposal, of very different frequencies and physical characteristics.

Operators may typically operate a range of different systems on this range of

spectrum bands. Even considering a single-operator case, already in most major

cities around the world some operators are concurrently providing services in

multiple bands, such as GSM 900MHz and 1800MHz, UMTS 2GHz, and 2.4GHz

Wi-Fi services among others [1]. The introduction of IMT-Advanced bands in the

short-to-medium term future will further increase the range of spectrum bands

available to the operator: There are many such bands widely identified, some

examples being 450-470MHz, 790-862MHz, and 2.3-2.4GHz [2]. The greater use

of unlicensed spectrum such as UNII bands (5.15-5.825GHz), will also facilitate

better spectrum availability hence more opportunistic use of spectrum or traffic

load sharing between bands.
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Other recent developments, from regulatory and technical viewpoints, are also

facilitating freer use of the spectrum, as well as the sharing of traffic loads among

spectrum bands. Some examples here include innovative technical paradigms for

spectrum access [3], novel regulatory ways of managing spectrum which allow

spectrum sharing [4], [5], and pioneering communications network management

techniques [6]. Such developments will in many cases consign the current status

quo, where a particular communications technology is utilized only within in

a particular spectrum band or where traffic load is constrained to a designated

system/band, to history. Alternatively, operators and collaborations of operators,

as well as to some extent independent devices and systems, will be able to utilize

and share their range of spectrum bands for whichever technologies they see fit.

This is, of course, within constraints such as a maximum allowable transmission

power. Technical developments such as software defined radio and other forms of

adaptive radio are also facilitating spectral freedom, leading to scenarios where

operators and devices/systems can adapt Radio Access Technologies (RATs)

to requirements in specific bands, ultimately even being able to dynamically

and autonomously custom-engineer RATs on-the-fly to optimally fit the utilized

spectrum band and purpose.

There is clear evidence emerging that carbon emissions, hence associated

energy consumption, must be reduced to save the planet. Carbon emissions asso-

ciated with mobile communications can be quite significant; a major operator

covering the UK for example emits over 200,000 tonnes of CO2 per year, the

biggest contributor to which is the 35MW consumed in operating the network,

where majority of this (some 26MW) is consumed by Base Stations (BSs) [7].

Like all in areas technology, it is necessary to reduce these emissions by as much

as practically possible. Moreover, means for reducing carbon emissions through

power consumption reduction can significantly reduce operational expenditure,

being beneficial to operators from financial as well as “corporate responsibility”

perspectives.

To reach such ends, this chapter investigates the novel concepts of opportunis-

tic spectrum and load management among the range of spectrum bands avail-

able to the operator or a collaboration of operators, the objective of which is to

reduce power consumption without impacting on QoS. The work concentrates

on improving the efficiency of radio access networks and particularly reducing

power consumption of BSs, given that this is where the majority of the power

is consumed within the network. The context in which this work is placed is

that where an operator or collaboration of operators operates many systems

and has multiple spectrum bands available, spaced significantly in the frequency

domain. It is emphasized again that such a scenario, where there are many net-

works/bands covering the same area with systems operated by a single operator,

is already routinely the case in many areas/countries and the proliferation of

utilized systems and available bands will further increase in the future.

The rest of this chapter is organized as follows. In the next section, the con-

cepts that are leveraged are explained. Section 1.3 investigates aspects of the
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performances of the proposed schemes, showing significant potential for power

consumption reduction. Finally, Section 1.4 concludes this chapter.

1.2 Opportunistic Spectrum and Load Management Concepts

A range of opportunistic spectrum and load management techniques are pro-

posed in this chapter to save energy for operators’ systems. They comprise: (i)

the opportunistic moving of traffic loads into particularly active bands from other

bands, through the sharing of those particularly active bands and the associated

radio network equipment, allowing radio network equipment operating in the

other bands to be switched off or put into stand-by mode when possible, (ii) the

opportunistic moving of traffic loads between bands, or opportunistic spectrum

usage, to take advantage of more appropriate propagation bands and reduce

necessary transmission power, and (iii) the sharing of spectrum to allow chan-

nel bandwidths to be increased or better “balanced”, thus allowing transmission

power to be significantly decreased.

1.2.1 Opportunistic Load Management to Power Down Radio Network Equipment

The switching off (or entering into stand-by) of radio equipment through real-

locating users or traffic loads to other bands at times of low load, illustrated

in Figure 1.1, is extremely promising as it implies a guaranteed power saving

through radio equipment being virtually “switched off at the mains”. It is noted

that for macro-cell BSs in particular, by far the biggest contribution to power

consumption of the BS merely is it being switched on and in an operational

state; variation of power consumption with transmission power is relatively less

significant although such variation depends greatly on the exact manufacture of

the BS hence can only be very broadly generalized. The opportunistic power-

ing down of radio network equipment based on solutions such as presented in

this chapter is a readily achievable way of reducing actual from-the-mains power

consumption.

There are two possibilities concerning the dynamic powering down of radio

equipment considered in this chapter: (i) turning off cells entirely in one network

or spectrum band at that time/location, through traffic being sufficiently carried

by a single network or spectrum band, and (ii) using spare capacity of one net-

work/band to cover the required drop in load of another network/band in order

to enable that other network/band to operate in omnidirectional mode instead

of tri-sectored mode. It should be noted, however, that the former scheme is

also extended to consider cases where it is possible to not only carry all users in

one band, but also to switch off every other cell within that remaining utilized

band when traffic load is low enough. This can be implemented in cases where

there is a sufficient surplus allowable (unused) transmission power at BSs, as

might be the case in urban scenarios where cells are tightly packed. Such a con-
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Figure 1.1 Opportunistic load management to power down radio network equipment.

cept might also be implementable in conjunction with the opportunistic usage

of better propagation spectrum to save power.

Given the assumption that each active radio chain consumes the same from-

the-mains power, the latter sectorization removal (solution (ii), mentioned above)

would save 50% of the overall BS power consumption at the two spectrum bands,

for the case where traffic load is reallocated to enable two out of three radio chains

being switched off at the sectorized network/band while the one radio chain at

the non-sectorized network/band remains switched on. For the case where both

bands were operating in sectorized mode before the schemes were employed, the

scheme would reduce six operational radio chains (three at each band) to four

operational radio chains (one remaining operational at the band that users were

reallocated from, and the three remaining operational at the other band), thus

saving 33% power. Considering solution (i) mentioned above, switching off one

of two networks/bands by collating all users into the other network/band saves

50% of the power consumption at the times when it can be implemented. The

ability to switch off every other cell would save an additional 25% compared

with the case where the networks were both operating in omnidirectional mode

beforehand. Considering both schemes in operation together (i.e., solution (i) and

solution (ii)), the maximum power saving that is implied is some 91.6%, reflect-

ing the situation where both bands were operating in tri-sectored mode before

implementation of the power saving solution, meaning that six radio chains in

total were active. If traffic considerations were to allow all of the load to be suffi-

ciently carried by a single band operating in omnidirectional mode, the six active

radio chains would be reduced to one, and if traffic load were further reduced

and spectrum propagation or the network power budget allowed, it would be

possible for only every other cell to be switched off while sufficiently carrying

traffic in the remaining band. This gives a saving of eleven out of twelve radio

chains, i.e., 91.6%. However, the opportunities where such significant savings are

likely to be possible are very few and far between.
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It is noted that these schemes might be employed on a macro-scale taking

advantage of variations in loads at certain times of the day over large areas, or

might be employed on a micro-scale also taking advantage of statistical varia-

tions in traffic loads in individual cells or small groups of cells. The latter of

these solutions presents better overall power saving performance, although of

course introduces network coordination challenges, for example, in terms of fre-

quency reuse. In this context and others, we observe that in order for such radio

network equipment dynamic powering down solutions to be possible, centralized

management by the operator or a collaboration of operators of the range of net-

works/frequencies is required, as well as means of informing devices dynamically

of the altered range of connectivity options. Solutions for conveying information

about changed connectivity options have been under consideration/development

by industry, academia and regulators for some time, one possibility for which

is the Cognitive Pilot Channel (CPC) concept [8]. The CPC, at least in the

“in-band” form, would be very easy to implement. As regards centralized man-

agement, one viable solution aimed at precisely the kinds of spectrum/network

management scenarios considered in this chapter, which also considers/maintains

QoS in the resource management process, is the IEEE 1900.4 standard architec-

ture [9].

A further consideration in the implementation of this concept is that of how

to select the band at which to turn radio equipment off. In the powering down

of cells, if one band supports the sum traffic load (or sum number of users)

at both bands but the other band doesn’t, then clearly users should be moved

to the higher capacity band such that equipment at the lower capacity band

can be switched off. Alternatively, if both bands can support the sum number

of users, then the band with the higher number of users already present might

remain on such that the number of users to be reallocated between the bands,

hence complexity, is reduced. In the case of sectorization removal, if one band is

operating in omnidirectional mode but the other is in sectorized mode, clearly

users should always be moved from the sectorized band to the omnidirectional

band such that sectorization in the sectorized band can be removed. If both bands

were operating in sectorized mode, the consideration in deciding which band to

switch to omnidirectional mode would, again, most likely be the minimization of

the number of users moved between bands.

Another consideration in the decision of which band to remove users/links from

hence which band to switch off is, of course, the relative power consumptions of

bands. It is noted that, in many cases, these bands may be at considerably

different frequencies in which case it would generally be preferable to switch off

the higher frequency band due to the higher power consumption of such a band.

Such a decision must, again, be made by the centralized management entity on

a case-by-case basis.
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Figure 1.2 Opportunistic spectrum management to improve propagation
characteristics.

1.2.2 Opportunistic Spectrum Management to Improve Propagation
Characteristics

The opportunistic reallocation of links or users to lower frequency spectrum

bands at times when that spectrum becomes available, illustrated in Figure 1.2,

decreases necessary transmission power due to improved propagation. Alterna-

tively in a frequency reuse scenario, the opportunistic use of spectrum bands

with more appropriate propagation characteristics based on the user density

hence necessary cell density, as well as the local propagation environment, can

reduce inter-cell interference through leading to less power “leaking” into other

cells operating on a co-channel basis. Note that in the former case, such a con-

cept might be employed in tandem with the above-mentioned powering down of

radio network equipment, through the higher-frequency always being powered

down and its users being reallocated to the lower frequency, thereby allowing

the network at the high frequency band being switched off while maintaining

coverage.

Considering a GSM example, for a range of path loss models, at least 6dB

less path loss occurs at a given distance for 900MHz transmission compared

with 1800MHz transmission; for many path loss models this value may be a lot

higher. This simple and crude model, ignoring aspects such as antenna gain,

implies that at least 75% less, and often a lot more than 75% less, transmission

power can be used in the 900MHz band compared with the 1800MHz band. As

an alternative solution, a network might be able to switch off half of its BSs

when traffic load is reduced by 50% or more if it opportunistically operates at

900MHz, as 900MHz can travel at least twice as far as 1800MHz before suffering

an equivalent level of path loss even according to the most conservative path

loss models. This latter solution knits nicely with the observation that if traffic

is reduced by 50% or more in the 900MHz band in the small hours of the night

for example, 50% or more of the 900MHz band might be used by the other
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conventionally high frequency system through dynamic spectrum reallocation.

Of course, the reallocated high frequency network will also be experiencing a

50%+ reduction in traffic load, hence will require only half of its prior cell density

so will be able to switch off half of its BSs while maintaining adequate coverage

by opportunistically operating at the new lower frequency band.

In frequency reuse scenarios, it is noted that operators are conventionally

tied to the usage of each system at its particular spectrum band. Such default

spectrum allocation, due to differences in propagation characteristics of differ-

ent bands, is inherently sub-optimal. Optimality could be improved through the

opportunistic usage of more appropriate spectrum in which the power level in

electromagnetic waves falls away with a more suitable exponent against distance,

in view of propagation characteristics in the local area, based on the necessary

cell density hence necessary propagation distance (whereby the necessary cell

density is, of course, dependent on the active user density hence traffic density).

Opportunistic selection of more appropriate spectrum in this way could signifi-

cantly decrease inter-cell interference, therefore reducing necessary transmission

power or alternatively improving capacity.

1.2.3 Power Saving by Channel Bandwidth Increase or Better Bandwidth
Balancing

Repartitioning of spectrum bands and/or the reallocation of users in order to

increase or balance channel bandwidths, illustrated in Figure 1.3, significantly

reduces necessary transmission power. If there is an imbalance in the spectrum

allocated in transmissions to users, far better power efficiency can be achieved

by moving users among bands to address this imbalance. This is simply a conse-

quence of the power saving proportion against bandwidth increase factor being

an increasing function of decreasing gradient—the reader is referred to the later

Section 1.3.4 for an expression of this. If the bandwidths allocated in transmis-

sions to users are made more equal by moving users/traffic loads from crowded

bands to less crowded bands, the power saved by the increase in channel band-

widths for the users moved from the crowded band is generally far higher than

the extra power expended by decreasing channel bandwidths for the users in the

non-crowded bands to which the other users are moved. Of course, if the traffic

loads (in bits per second) to users are different, the spectrum allocated to each

user should be proportional to its traffic load.

Such a concept might alternatively increase average channel bandwidths

among users per se. Refer to the depicted example in Figure 1.3, in which the

bandwidth for one user in the case prior to reallocation of users between the

bands is already at the maximum allowed bandwidth for the radio access tech-

nology being used, and there is still spare capacity in the band. As shown, the

opportunistic reallocation of users between the bands could increase bandwidth

by 50% for three out of four users, while the bandwidth would remain the same

for the other user. As again shown via the latter expression in Section 1.3.4, such
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Figure 1.3 Opportunistic spectrum management to increase or balance channel
bandwidths.

a bandwidth increase could give a significant decrease in necessary transmission

power for three of the four users.

It is noted that, statistically, if there is a large number of users on average in

the cell there is less likely to be a significant variation in number of users as a

proportion of the average number. If there is a low number on average in the

cell, this variation as a proportion might be quite significant, thereby more often

leading to there being a significant difference in bandwidths for users among the

bands. This observation tends to suggest that such schemes are far better suited

to pico- or femto-cells, or other cases where there is likely to be a lower number

of users being served per cell on average.

1.3 Assessment of Power Saving Potential

Using numerical simulations, here we put some numbers to the power consump-

tion savings that are achievable through some of the aforementioned concepts.

Various different approaches to the simulations are taken; these approaches are

introduced at appropriate points throughput this section.

1.3.1 Example Reflecting GSM Networks

First investigated is performance for network configurations broadly reflecting

GSM. We choose GSM as one example of where our spectrum/load management

solutions might be readily employed with particularly advantageous properties

for power saving.
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Figure 1.4 Hourly variation of traffic load as a percentage of busy hour load over a
typical day for a mobile network operator in London, UK.

One of the most important factors affecting the performance of such solutions

is of course the offered traffic load. Regarding our utilized traffic model, the

average traffic load over a 24-hour period at each network/band is seen as varying

according to a scaled (in both time and amplitude) and shifted sine cycle [10],

[11], parameterized by the time of day of the busy hour load φ, the busy hour load

itself in terms of average number of active users in the cell (given as BusyLoad),

and the quiet hour load (given as QuietLoad). This average traffic load, at time

of day t, is therefore given by,

L(t) =
BusyLoad+QuietLoad

2
+
BusyLoad−QuietLoad

2
cos (2π(t− φ)/24).

(1.1)

Further to this, it is assumed that the number of active users in the cell is Poisson

distributed, the expectation of which at any one time of day can be set using the

aforementioned average traffic load at that time of day. Assuming this model,

the probability of there being k number of users in the cell at time of day t is

expressed as

P (k, t) =
L(t)ke−L(t)

k!
, (1.2)

where L(t) is as in Equation 1.1.

Our utilized traffic is parameterized to closely match real operator statistics

in terms of average traffic load as a proportion of busy hour load. Given this, our

sine-cycle representation achieves results in terms of power saving performance

that are very similar to those for real operator average traffic loading statistics,
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Table 1.1. Simulation configuration parameters (GSM example).

Parameter Value

System configuration Reflecting GSM [12]

Operating frequency, 900MHz
low frequency network

Operating frequency, 1800MHz
high frequency network

Channel path loss model Lenient path loss, reflecting,
e.g., rural scenario, implying

the high-frequency network requires
twice the power to operate

Number of channels available 252 ([12], pp. 28-30)
to the system

Blocking probability 1% ([12], pp. 28-30)

Number of users supported per cell 25 ([12], pp. 28-30)
in omnidirectional mode

Number of users supported per cell 38 ([12], pp. 28-30)
in tri-sectorized mode

Busy hour load (users per cell) Varied

Quiet hour load (users per cell) 25% of respective busy hour load

although this comparison is omitted here for conciseness. These real operator

statistics pertaining to the Vodafone 3G network in London, UK, are plotted in

Figure 1.4, and are utilized later in this chapter. They were obtained via internal

communication within the Mobile VCE Core 5 Green Radio research program.

We simulate an Erlang-based approach, which is appropriate in the GSM case

where each active user consumes the same amount of resource. For our GSM-

like example, we assume that 252 channels are available to the system in each

band, and that the maximum acceptable blocking probability is 1%. Given this

configuration, an omnidirectional cell can support 25 Erlangs per band, whereas

the use of tri-sectored cells can support 38 Erlangs per band ([12], pp. 28-30).

Our pertinent simulation parameters are summarized in Table 1.1.

1.3.1.1 Opportunistic Load Management to Power Down Radio
Network Equipment
First we investigate the opportunistic reallocation of traffic loads to power down

radio network equipment. We presume that an operator or collaboration of oper-

ators has the aforementioned GSM-like systems operating at both 900MHz and

1800MHz, and, in order to assess performances against different network/band

traffic loads, we assert that there can be different busy hour loads at each net-

work/band, i.e., network/band 1 has the busy hour load BusyLoad1 and net-

work/band 2 has the busy hour load BusyLoad2. QuietLoads for both net-

works/frequencies are set at 25% of respective BusyLoads in order to mirror the

real operator statistics presented in Figure 1.4.
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Given this configuration, our numerical assessment cycles in outer loops

through a 24-hour period in steps in time of one tenth of an hour, and uses

the value of the average traffic load according to the sine cycle representation

(Equation 1.1) at each time instance to parameterize the mean of the Poisson

distribution (i.e., L(t) in Equation 1.2), representing the statistical distribu-

tion of the number of users in the cell at that time instance. In inner loops,

for each time instance, it then cycles through each possible value of k repre-

senting each possible number of users in the cell (thus populating the other

parameter of the Poisson distribution), for each participating spectrum band in

the process, and for each set of k’s among the spectrum bands ascertains the

power consumption that would be required given the dynamic spectrum access

power saving solution being applied. The actual power consumption for each

such case is then given as this power consumption multiplied by the probabil-

ity of it happening, which is of course the product of the Poisson probabilities

P (k, t)network1 · P (k, t)network2 for the participating networks/frequencies. This

result is then summed with equivalent results for all possible chosen values of

k at each spectrum band to obtain the overall power consumption at that time

instance. The same operation is performed over all time instances in the 24-

hour period, and the average power consumption is then taken among all time

instances. This average power consumption is then compared with the average

power consumption that would be required without the dynamic spectrum access

power saving solution taking place, as ascertained through the same process.

To illustrate the radio network equipment powering down concept, Figure 1.5

gives an example of variation in traffic loads over a 24-hour period for two net-

works/frequencies, before and after applying the sectorization switching and cell

powering down solutions in tandem, using the sine cycle traffic load representa-

tion. Furthermore, Figures 1.6 and 1.7 give the proportion of “from-the-mains”

power that is saved by applying the schemes, first for the cell powering down

solution only, then for both solutions, including sectorization switching. It is clear

from these Figures that very significant savings can be achieved: Most significant

savings are realized by switching off the system at one spectrum band and allo-

cating its users to another spectrum band, particularly if networks are lightly

loaded as might occur in urban areas at vacations times, for example. Addi-

tional significant improvements in efficiency can be achieved by the sectorization

adjustment concept, especially if one network is heavily loaded and the other is

lightly loaded as might occur, for example, after a network is newly deployed.

Referring to Figure 1.7, the combined effect of these two concepts, for the most

realistic traffic configurations (i.e., busy hour loads for the two networks being

close to their capacities), is typically of the order of 20-30% power saving. For

less common traffic configurations these savings can be up to 50%.

While absorbing these results, it might be noted that the benefits of these solu-

tions are greatly accentuated if there is a low correlation between traffic loads

at the two spectrum bands or networks. Indeed, our further results which are

not plotted in this chapter, where the traffic loads for the networks/frequencies
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Figure 1.5 Example of loads before (upper plot) and after (lower plot) applying the
sectorization switching and network equipment powering-down solutions in tandem
(busy loads for spectrum band 1 and spectrum band 2 are 35 users and 25 users
respectively, quiet loads are 25% of respective busy loads, supported number of users
in omnidirectional mode is 25 users per band).

in question are set to be not so highly correlated, show significant performance

increase of more than 50% better than the power savings in this chapter, par-

ticularly if the networks/bands are highly loaded. Other further results indicate

that savings can be far more significant (of 60%, or greater) if there is a disparity
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Figure 1.6 Power saving proportion vs. busy hour loads at the two participating
frequencies with the opportunistic cell powering down solution only applied (GSM
example).

Figure 1.7 Power saving proportion vs. busy hour loads at the two participating
frequencies with the opportunistic cell powering down solution and sectorization
switching solutions both applied (GSM example).
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Figure 1.8 Power saving proportions under the same configuration as Figure 1.7,
where in this case the high frequency network consumes twice the from-the-mains
power as the low frequency network (GSM example).

in the power consumptions of the networks at the two spectrum bands, as might

occur, for example, due to differences in hardware capabilities and physical char-

acteristics at different spectrum bands. Figure 1.8 plots such results for the case

where the higher frequency network requires twice the “from-the-mains” power

consumption of the lower frequency network.

1.3.1.2 Opportunistic Spectrum Management to Improve Propagation
Characteristics
Next assessed is the concept of user/link reallocation for propagation improve-

ment, under the same GSM example. We maintain precisely the same dynamic

traffic configuration over the 24-hour period, where the high-frequency and low-

frequency bands are assumed to be 1800MHz and 900MHz; as discussed in Sec-

tion 1.2.2, this implies that links at the higher frequency require at least four

times more transmission power than the lower frequency at an equivalent prop-

agation distance, although this factor is generally far higher for more specific

propagation models. Here we assess only the concept of opportunistically reallo-

cating users/links to a lower frequency to reduce necessary transmission power

by bettering propagation; we don’t investigate the concept of opportunistically

using spectrum of more appropriate propagation distance as would be useful in

frequency reuse scenarios.
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Figure 1.9 Transmission power saving proportion through propagation improvement
achievable by opportunistically allocating users/links to the lower frequency band
when possible (GSM example).

Results in Figure 1.9 are for the case where cells are omnidirectional only.

These results show a significant transmission power saving potential for the pro-

posed scheme, of up to 55% or more in low load conditions for the network (at

holiday times, for example), and a lesser power saving potential of some 25-35%

in more normal conditions. It should be emphasized that these results are con-

servative in the sense that the chosen propagation model is the least conducive

to good performance for the scheme: Our further results not depicted in this

chapter, which utilize more realistic/severe propagation models, show savings of

far higher—in some cases in excess of 80%.

1.3.2 Example Reflecting LTE Networks

Next we investigate the performance of the proposed concept for networks reflect-

ing LTE. As opposed to the GSM example, here we focus on single cells at each

band and utilize a per-cell/sector system capacity limit to parameterize the traf-

fic load that can be supported in omnidirectional mode. Various configuration

parameters for this case are as given in Table 1.2.



16 Chapter 1. Opportunistic Spectrum and Load Management for Green Radio

Table 1.2. Simulation configuration parameters (LTE and HSDPA examples)

Parameter Value

Spectral efficiency (LTE) 1.5b/s/Hz [13]

Spectral efficiency (HSDPA) 0.8b/s/Hz [13]

Bandwidth per LTE band 20MHz [13]

Bandwidth per HSDPA band 5MHz

Ratio of loading at busy hour to capacity 60% [13]
(used in LTE simulations)

Channel path loss model (where applicable) Weissberger

Weissberger foliage depth 3m

Transmission center frequencies 460MHz, 820MHz, 2.35GHz
(for propagation improvement work (reflecting allocated IMT-Advanced bands) [2]

under LTE example)

Video communications rate per user 384kb/s

Data (FTP) communications Exponentially distributed, mean 180s [14]
OFF period duration

Data (FTP) communications Pareto distributed file size, mean 2MB [14],
ON period duration α = 1.5 (unless otherwise stated).

Pareto parameter k calculated from the mean
and α, and ON duration calculated from each

sampled file size assuming a fixed data
rate of 1Mb/s per user

Data (HTTP) traffic reading time Exponentially distributed, mean 30s [14]
(OFF duration)

Data (HTTP) traffic parsing time Exponentially distributed, mean 0.13s [14]
(OFF duration)

Data (HTTP) traffic main Truncated Lognormally distributed,
object size (contributes to σ = 1.37, µ = 8.35, min =100B,

ON duration) max =2MB [14]

Data (HTTP) traffic embedded Truncated Lognormally distributed,
object size (contributes to σ = 2.36, µ = 6.17, min =50B,

ON duration) max =2MB [14]

Data (HTTP) traffic number of Truncated Pareto distributed,
embedded objects per page α = 1.1, k = 2, max =55

(contributes to ON duration) (k subtracted from each
sampled value) [14]

Per-user rate in FTP/HTTP ON 1Mbps (LTE), 64kbps (HSDPA)
durations

1.3.2.1 Opportunistic Load Management to Power Down Radio
Network Equipment
Again, we start by investigating the opportunistic reallocation of traffic loads

to power down radio network equipment. Results in Figure 1.10 are for the

case where BusyLoad is varied and the QuietLoad is 25% of each respective

BusyLoad, whereby the same simulation procedure is taken as in Section 1.3.1

although here it is assumed that each active user is receiving a video traffic

flow of rate 384kbps, and the number of users supported per cell is calculated

according to the quoted spectral efficiency, bandwidth, and the appropriate ratio
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Figure 1.10 Power saving against busy hour load for network powering down solutions
(video traffic example in LTE).

of loading at busy hour to available capacity in Table 1.2. The system capacity

estimation procedure in [13] is used. These results consider cases where two, three

and four bands are participating in the process, where in all cases it is assumed

that BusyLoad and QuietLoad are the same for each participating band. From

these results, it is clear that very significant savings can be achieved, of up to

50% or more if more than two bands are participating in the process, and more

typically in the range of 20-50% if there are lesser bands participating or there

is a greater network loading. Moreover, among the two-band cases, it is noted

that the sectorization switching solution considerably improves performance if

the networks are heavily loaded, but gives little or no improvement if networks

are lightly loaded. Other simulations that we have performed show an additional

significant improvement in performance attained by the sectorization switching

solution if there is a significant difference in traffic loads among the participating

bands.

We have also performed simulations where each user receives an independent

ON/OFF traffic flow, with ON and OFF durations mirroring FTP traffic. Con-

figuration parameters again are as given in Table 1.2, whereby the number of

users at time of day t, each of which receives an ON/OFF traffic flow, is rep-

resented by the same sine cycle as Equation 1.1 (i.e., Equation 1.2 is omitted).

Results are again averaged over the 24-hour period. Parameters for ON/OFF

durations from [14] are chosen, with the exception that a Pareto distribution is

used for ON periods, in order to be able to represent power-tailed file sizes and

associated traffic self-similarity. The mean file size is the same as configured in

[14].
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Figure 1.11 Power saving against busy hour load and quiet hour load, for network
powering down solutions (FTP ON/OFF traffic example in LTE).

Results in Figure 1.11 again show a considerable saving, which decreases as the

busy hour load increases. Moreover, these results show that as the QuietLoad is

decreased as a proportion of the BusyLoad, further improvement in performance

is possible, especially if the BusyLoad is high. Furthermore, it is shown in Fig-

ure 1.12 that if there is a difference in the from-the-mains power consumptions

of networks, additional significant savings are possible, increasing from a peak

saving of 50% to a peak saving of 80% if the power consumption difference factor

is increased from 1 to 4.

Finally, simulations have also been performed for the alternative configuration

where average traffic loads depicted in Figure 1.4 have been used instead of

the sine cycle configuration in Equation 1.1, moreover, HTTP (Web Browsing)

traffic flows have been simulated in addition to the aforementioned FTP flows,

as parameterized in Table 1.2. Figure 1.13 plots power saving results for the FTP

and HTTP (web browsing) ON/OFF traffic models over the LTE configuration,

where two bands are participating in the process and the assumption is that

the network powering down solution only is employed. Results again show a

significant power saving potential of up to 50% for low network loads. In the

FTP case, power saving begins to reduce at a BusyLoad of ≈20 users, reaching

as low as 10% at a BusyLoad of ≈50 users. In the HTTP case, power saving

begins to reduce at a BusyLoad of ≈150 users, and hits 10% at a BusyLoad of

≈500 users. It is emphasized here that per-user traffic load for the HTTP (web

browsing) case is very light compared with FTP downloads.
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Figure 1.12 Power saving against busy hour load and power consumption difference,
for network powering down solutions (FTP ON/OFF traffic example in LTE).

It is also clear from Figure 1.13 that power savings greatly increase as the

difference factor in power consumption between the bands is increased.

1.3.2.2 Opportunistic Spectrum Management to Improve Propagation
Characteristics
Next we look at the opportunistic reallocation of traffic loads to improve propa-

gation. Here we revert to the prior dynamic traffic configuration combining the

operator statistics in Figure 1.4 with Equation 1.2, under the assumption of the

per-user video flow traffic in Table 1.2 under LTE. The Weissberger loss model

is assumed as one example of a continuous function loss model that appropri-

ately applies across an extremely wide range of spectrum bands. As results are

applicable to any allowed propagation distance under the Weissberger model,

propagation distance is not specified.

We investigate both the two-band and three-band opportunistic reallocation

cases, where configuration parameters are as in Table 1.2 and it is assumed that

all bands have the same BusyLoad to simplify representation of results. For

the two-band case (bands operating at 460MHz and 820MHz bands), results in

Figure 1.14 indicate that there is transmission power saving potential of some 20-

50%, particularly if the network is lightly loaded (at holiday times, for example).

For the three-band case, given that the upper band is of much higher frequency

(poorer propagation), transmission power saving is far greater, of up to 90%.
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Figure 1.13 Power saving against busy hour load and power consumption difference,
for network powering down solutions in LTE: (a) FTP ON/OFF traffic, (b) HTTP
ON/OFF traffic.
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Figure 1.14 Power saving against busy hour load through opportunistic use of better
propagation bands (video traffic example in LTE).

1.3.3 Example Reflecting HSDPA Networks—Combining Opportunistic
Reallocation to Power Down Radio Network Equipment and Opportunistic
Reallocation to Improve Propagation

Here we attempt to combine the effect of opportunistic reallocation to power

down radio network equipment and opportunistic reallocation to improve prop-

agation, whereby we look at overall from-the-mains power consumption as a

result of these efforts, not merely saving in transmission power consumption. To

this end, it is necessary to understand the mapping between transmission power

(which is, for the purpose of this section, analogous to traffic load), and overall

from-the-mains power consumption for a modern base station. Given that the

most modern such statistics we could obtain were for an HSDPA Release 7 base

station, we hereby work with HSDPA Release 7.

For an anonymous manufacturer responding to a call for information, internal

documentation within the Mobile VCE Core 5 Green Radio Research Program

indicates from-the-mains power consumption for an HSDPA BS at 100% trans-

mission power to be 857W, and at 20% transmission power to be 561W. It is

widely observed that from-the-mains power consumption against transmission

power broadly varies with an m · p+ c relationship, comprising a fixed term c

that is independent of transmission power p, and a term that varies with trans-

mission power, m · p. Given this, the above numbers regress to give 487W as the

fixed part from-the-mains power consumption c, and the gradient of variation

with transmission power m as 9.25 from-the-mains Watts per transmission Watt.

These values are used throughout this section.
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Figure 1.15 Power saving against busy hour load through opportunistic link
reallocation to use better propagation bands (FTP ON/OFF traffic in HSDPA).

In ascertaining necessary transmission power, we use values in Table 3 of refer-

ence [15] which gives the total transmit power to support a maximally loaded BS.

We set 80% of this available power as being scaled by the number of users present

in the system and 20% as being allocated to pilot transmission. The work in [15]

is for full HSDPA networks operating at 2GHz (as per current HSDPA deploy-

ments), and at 5GHz as argued is an interesting future (additional) deployment

option in [15]. A 600m cell radius is chosen by us, where again we assume the

aforementioned FTP ON/OFF traffic model as described at the start of Section

1.3.2. Moreover, we again assume that the BusyLoad is the same for both bands,

facilitating the depiction of results.

Results in Figure 1.15 show that there is significant transmission power saving

potential through the opportunistic reallocation scheme. Power saving initially

increases to some 58% as the busy hour load is increased to 30; this is because it

is always possible to reallocate users to power down radio equipment so adding

more users simply increases the number that are reallocated to better spectrum

thereby saving additional transmission power. However, as the traffic load is

further increased, power saving decreases and a difference begins to emerge in

performance of the solutions with and without opportunistic reallocation to save

transmission power. It is noted that especially if the networks are experiencing

moderate load, the opportunistic reallocation of links to save transmission power

saves up to an additional 10% compared with just opportunistically reallocating

users/links to be able to power down radio equipment. This additional saving

would be far higher if the value of m, the gradient of the from-the-socket power

to transmission power relationship, were greater than the modest value of 9.25

assumed here. Moreover, further results not depicted in this chapter show a far



Opportunistic Spectrum and Load Management for Green Radio 23

greater power saving if there is a difference in the traffic loadings at the two

bands, particularly if the high frequency band is heavily loaded and the low

frequency band is lightly loaded.

1.3.4 Power Saving by Channel Bandwidth Increase or Better Bandwidth
Balancing

Finally, through a simple capacity analyses, we consider the concept of power

saving by increasing or better balancing channel bandwidths. Our assessment is

independent of the type of deployed system. A simple manipulation of the Shan-

non capacity formula for a given initial bandwidth B indicates that increasing

that bandwidth by a factor A under the same required (Shannon) capacity C in

the before and after increase cases, leads to a power saving proportion of

Power Saving Proportion =
(2C/(B·A) − 1)A

2C/B − 1
. (1.3)

We simulate the concept of bandwidth “balancing” to save energy, whereby

the case where users’ bandwidths are automatically maximized in each band

independently is compared with the case where active users (those currently in

the ON state) can be moved between bands to make the bandwidths allocated to

users more equal. We consider a two-band case where the busy load for each band

varies independently between 5 and 50 users, and the simulation configuration is

otherwise as utilised previously, under the FTP traffic model described in Table

1.2 as parameterised by the operator statistics in Figure 1.4.

Results in Figure 1.16 show a power saving of up to 15% under this concept,

for the range of network loadings investigated. Moreover, power saving is more

significant if the number of users per band is lower, or there is a difference in

the average loading of each band. Both of these situations lead to it being more

likely that there will be a significant difference in the number of users in each

band, which presents opportunity for energy saving by moving users between

bands to make users’ bandwidths more equal.

1.4 Conclusion

Radio spectrum is a precious resource, which to-date has been used with poor

efficiency. Furthermore, traffic load is often managed in a suboptimal manner,

whereby it is frequently constrained to being carried by a particular system and

associated spectrum band as provided by the “owner” of the user and device

creating that traffic. This has commonly been done for reasons such as simplicity

and to facilitate/allow charging for carrying that traffic.

Spectrum usage and traffic management intransigence lead to inefficiency, in

terms power consumption of the systems carrying traffic, and in terms of realiza-
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Figure 1.16 Power saving against busy hour load through user reallocation to better
balance bandwidths (FTP ON/OFF traffic).

tion of achievable capacity by the associated systems and spectrum bands. This

chapter has discussed various concepts through which the dynamic adaptation

of spectrum and traffic load allocations by an operator or collaboration of oper-

ators can reduce power consumption in providing mobile and wireless services.

Although these concepts are being worked on primarily to save power, it is noted

that they can also apply to capacity improvement for the operator. Indeed, there

is something of a trade-off between the power consumption saving and capacity

improvement advantages of such approaches.

The range of results in this chapter have shown real potential for power saving

of up to 50% or more for the individual schemes, with greater power saving being

possible if combinations of the schemes are appropriately applied together.
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