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Two of the fundamental critical national infrastructures, upon which all
others rely heavily, are power and telecom. Emergency services, banking and
finance, water, agriculture and food, the chemical industry, defense industrial
base, public health, and government cannot run effectively without them for
any sustained period of time. As a key infrastructure, central to all others,
understanding and modeling the risk due to communications disruption is a
high priority in order to enhance public safety and infrastructure resiliency.
This paper presents an optimization model for deploying backup generator
power within next-generation networks, which are deployed in an
increasingly mobile, multi-service, and multi-vendor environment. It also
examines how power reserves might be optimally deployed in the mobile
telecom infrastructure during power disruptions or blackouts, in order to
minimize the cascading of disruptions in the power infrastructure into the
wider communications infrastructure. We will describe an example
development of these coupled infrastructure models and their application 
to the analysis of a power disruption or blackout across a metropolitan area.
© 2008 Alcatel-Lucent.

thousands of cell sites spread throughout a given area.

For wireline networks, a dominant access method will

be through remote access arrangements handling just

hundreds of customers each. Today, only about 20 per-

cent of wireline customers are served through remote

access arrangements, but this is postulated to grow to

as much as 80 percent over time with the introduction

of NGNs. Hence, as we move toward NGN deploy-

ment, a dominant percentage of both wireline and

wireless customer access could be served via these

arrangements in the future. Wireline remote access

arrangements and cell towers for wireless access are

generally powered by commercial electric utilities.

When commercial AC power is lost as a result of

an outage, today, most remote devices and cell towers

Introduction
The study of inter-dependencies among critical

national infrastructures has come to the forefront in

recent years [2, 4, 8, 10, 13, 15, 22]. Our interest has

been in the communications infrastructure, and our

recent focus has been on next-generation networks

(NGNs) which have designs that could prove more

reliable or less reliable than the current embedded

base. On one hand, many NGN services are imple-

mented on equipment which can be much more dis-

aggregated and distributed than legacy network

equipment, which often concentrated network func-

tionality in one box. On the other hand, access to these

NGNs is becoming increasingly distributed and closer

to the customers. We see this now in wireless net-

works where access is provided through hundreds or
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have only a small amount of backup power—at most,

a few hours with battery backup—so they would go

silent in a longer blackout. Should this occur, there

would be no access to communications services, espe-

cially emergency services such as police, fire, and

medical [14]. Cell phones will also lose power over

time, though they can remain operational for a long

time if sparingly used, or if recharged in a way other

than from utility power, e.g., from a car battery.

In this paper, we show how to minimize the

impact of a blackout on the telecommunications infra-

structure by strategically deploying backup genera-

tors to a subset of nodes in areas where today they are

not normally deployed. Local, state, and federal gov-

ernment may be interested in mandating minimal

backup arrangements or subsidizing those arrange-

ments in order to protect the communications infra-

structure during an emergency or disaster situation.

We begin with a brief overview of next-generation

networks in the communications infrastructure and

follow with a discussion of power methods and require-

ments in communications networks. Next, we describe

some recent power outages and present a model for-

mulation of the problem to be solved. We show results

for an example network and then provide our con-

clusions.

Next-Generation Networks in Telecom
One example of a next-generation network lay-

ered architecture [17] for converged networks is based

on the IP Multimedia Subsystem (IMS). It can be

characterized by flexible data-driven session control,

standardized interfaces, standardized and flexible

applications, and common subscriber data. The archi-

tecture allows for:

1. Applications provided in centralized common

pools, or distributed separately,

2. Session coordination or synchronization across

applications,

3. Flexibility of core to coordinate end user experi-

ence, and

4. Multiple access networks, supporting multiple

clients and endpoints.

Since NGNs combine aspects of the traditional

telecom network and an information technology net-

work, which power system architectures are best for

NGNs, especially for access arrangements? In this con-

verged architecture, applications will be common

across access media, be it mobile radio, wireline, cable,

or fiber-to-the-home or premise. The distributed

access media will depend largely on power supplied

from commercial sources in combination with battery

reserve when the commercial power fails. In this

paper, to protect against longer outages (i.e., black-

outs), we propose a strategic deployment of backup

generators staged to provide extended coverage for

critical communications. It should also be noted that

for the core network elements, geo-redundancy is

usually provided to deal with large-scale disasters. In

our case, this might include dual backhaul arrange-

ments from cell sites, or from wireline remote nodes

to multiple host switching centers.

Typical Power System for a Large
Telecommunications Switching Office

The growth of telecommunications, data com-

munications, and the Internet is impacting power sys-

tems in two ways. It has increased the demand for

higher-capacity central office (CO) power plants, and

it has energized the debate over the preferred method

Panel 1. Abbreviations, Acronyms, and Terms

A—Amperes
AC—Alternating current
ATS—Automatic transfer switch
CO—Central office
DC—Direct current
DSL—Digital subscriber line
DSLAM—DSL access multiplexer
EIRP—Effective isotropic radiated power
HVAC—Heating, ventilation, and air

conditioning
ILEC—Incumbent local exchange carrier
IMS—IP Multimedia Subsystem
IP—Internet Protocol
kW—kilowatt
kWh—kilowatt hour
NGN—Next-generation network
RBOC—Regional Bell Operating Company
UPS—Uninterruptible power supply
VAC—Volts of alternating current
VDC—Volts of direct current
VoIP—Voice over IP
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for powering telecommunications. Direct current (DC)

systems are currently used in telephone central

offices, while uninterruptible power supply-protected

alternating current (AC) systems are used in data

communications.

Telecommunications equipment requires power

to operate [18]. Since the telecommunications indus-

try is a service industry, it is therefore necessary to

have a reliable supply of power in order to provide

service to customers with as few interruptions as pos-

sible. Although commercial AC power generally is

very reliable, the interruption of power supply is a

common phenomenon, sometimes extending a black-

out to many hours over a large area. In order to pro-

tect telecommunications services from power

interruptions, battery backup power is installed to

maintain service for a short-term outage (typically 1

to 8 hours). However, prolonged commercial power

interruptions (i.e., blackouts) will eventually cause

the central offices to fail unless sufficient long-term

power (often referred to as emergency, reserve, or

auxiliary power) is provided by a standby generator,

typically for up to several days. The auxiliary power

supply can be permanently installed or may be

portable to the premise in times of emergency.

Traditional telecommunications equipment gen-

erally requires �48 volts of DC (VDC) input power.

Power systems, consisting of multiple parallel-

redundant rectifiers, convert commercial AC power

to �48VDC power, which then charges lead-acid stor-

age batteries and supplies power to the critical load

equipment. When other voltages are required, con-

verters or inverters are used to provide the other

required voltages from the �48VDC power plant.

Figure 1 shows an example of a typical traditional

telecommunications power system using rectifiers and

�48VDC battery systems to support the critical load

equipment [6]. Virtually all critical information tech-

nology facilities include permanently installed engine-

generator backup systems on site, plus their associated

automatic transfer switches (ATS) to protect against

sustained commercial AC power system failures.

Information technology equipment is tradition-

ally powered by AC power, typically 120, 208, or 240

volts single phase AC in 60 hertz countries or

220–240 volts single phase AC in 50 hertz countries.

Traditional information technology power systems

include the use of AC uninterruptible power supply

(UPS) systems with battery systems sized to provide

either the necessary time for an orderly shutdown or

AC
power
utility

Other AC loads, e.g.,
lighting, HVAC

Rectifiers Distribution

Battery rack
24 cells

3 or 8 hour battery

DC power plant

�48 VDC

Standby
generator

DC/DC converter

DC/AC inverter

�48 VDC

ATS

AC—Alternating current
ATS—Automatic transfer switch
DC—Direct current

HVAC—Heating, ventilation, and
              air-conditioning
VDC—Volts of direct current

Figure 1.
Traditional telecommunications DC power system.
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sufficient time to reliably start the standby engine-

generator power systems. Figure 2 shows a typical

traditional information technology power system

using AC UPS systems to support the critical load

equipment [6].

Both traditional telecommunications and infor-

mation technology facilities generally include other

critical support equipment, such as lighting and air

conditioning. This equipment must also be available

for reliable operation of the telecommunications or

information technology equipment. Depending on the

susceptibility of these support systems to momentary

power failures and the availability of standby genera-

tors, these critical support systems may be powered

differently. For traditional telecommunications power

systems without permanently installed standby sys-

tems, it is common to have these miscellaneous sup-

port loads powered from inverters that are connected

to the  �48VDC power system. With the convergence

of telecommunications and information technology

equipment, the critical electronic loads in any one

facility will require both �48VDC power and one or

more of the commercial AC power voltages. These sys-

tems are often operated in such a way that both types

of loads are required for the site to remain operational.

This paper does not attempt to provide a blue-

print for telecommunications power system design,

but to provide an overview of the requirements for a

telecommunications power plant.

DC Power System
The power load that the DC distribution system

feeds is determined by the type, quantity, and mix of

telecommunications equipment in an office. Once

that load has been determined, a distribution system

and a power source with adequate capacity to power

the load, taking into account the distribution losses,

must be available.

DC rectifier and battery plants. Figure 1 shows that

telecommunications equipment requires a DC power

source of various voltages and polarities. Since the

DC power source comes from the AC power utility,

the AC power must first of all be rectified into DC.

Rectifiers therefore are the most important part of a

DC power plant. The basic function of a rectifier is to

convert AC to DC to supply the load demands and 

to charge the DC reserve batteries. Different technolo-

gies of rectifications commonly used in central offices

are thyristor (SCR), controlled ferroresonant, and

switchmode. Switchmode is very popular for remote

locations because of its reduced weight and size.

AC
power
utility

Other AC loads, e.g.,
lighting, HVAC

AC UPS

AC power
distribution

unit

Battery rack
120–240 cells

(15 minute battery)

Standby
generator

Rectifier

AC/DC converter

120/240 VAC

ATS

AC—Alternating current
ATS—Automatic transfer switch
DC—Direct current

HVAC—Heating, ventilation, and
              air-conditioning
UPS—Uninterruptible power supply

Figure 2.
Traditional information technology AC power system.
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DC/DC converter plants. There are other loads that

require DC voltages other than the standard  �48VDC.

Many newer telecommunications systems utilize 

DC-to-DC converters to support these loads. These

converters are constant power devices; i.e., during a

power outage, as the battery voltage decreases, the

current required to maintain operations increases. This

increase in current may impact the available reserve

time of the batteries and therefore must be considered

very carefully during the design of the system.

DC distribution. As shown in Figure 1, the primary

DC distribution ties the rectifiers, battery, and loads

together. The loads can be either a secondary DC dis-

tribution network, or equipment loads, or both.

Overcurrent protection is provided at the power dis-

tribution panel before being handed off to the next

level of DC distribution network. In most cases, the

primary distribution is designed with redundant A/B

feeds to ensure the reliability of the primary system.

Battery Reserve System
Several types of batteries are commonly found in

telecommunications central offices [7]. These include

lead-acid storage cells using lead-antimony, lead-

calcium, or pure-lead, and valve regulated lead-acid

cells. Although lead-antimony cells were the ones most

commonly used in the past, they are no longer the pre-

ferred battery choice for power system designers.

Battery types.
• Lead-antimony cells. The lead-antimony cell is simi-

lar to a conventional lead-acid battery, except that

antimony is added to the lead plates to increase its

mechanical strength. These batteries have a higher

self-discharge rate and require higher trickle cur-

rents compared to a conventional lead-acid battery.

• Lead-calcium cells. The lead-calcium cells have a

lower discharge, lower trickle charge current, and

require less maintenance than the lead-antimony

cells. However, the condition of the lead-calcium

cell is difficult to determine using the conventional

specific gravity and voltage readings method.

• Pure-lead cells. These batteries are designed to min-

imize the physical deterioration associated with

conventional design. The expected life of this type

of battery is much longer than that of lead-anti-

mony and lead-calcium.

• Valve regulated lead-acid cells. These cells are some-

times called sealed lead-acid cells. Under normal

voltage and temperature operating conditions,

they are expected to be virtually maintenance-

free and gassing free. Although these cells may

be referred to as sealed cells, they are vent-

regulated to relieve excess internal pressure.

Sealed cells recombine evolved oxygen at the

negative plates, eliminating the need for water and

reducing ventilation requirements. That is why this

type of battery is sometimes referred to as a recombi-

nation-type. Sealed cells are available in a variety of

models designed for numerous applications. They

range in capacity from 25 ampere-hours to over 4000

ampere-hours and have float voltages between 

2.17 and 2.29 volts per cell. Some sealed cells have

ampere-hour ratings that compare favorably with

those of commonly used lead-acid flooded cells and

are similar in size and weight.

In a central office environment, the battery of

choice is typically a lead-acid 1680 amp hour cell. For

remote confined locations, the battery of choice is

valve regulated because of its compact size, current

density, and low maintenance.

Battery reserve time. Battery reserve time is the

amount of time a battery plant can supply DC power

within the circuit voltage limits of the load equipment

at the expected current drain. Traditional battery sup-

port times range from a minimum of 1 hour to over

24 hours, with typical battery support ranging from 3

to 8 hours. For the DC powered loads, if a location is

easily accessible and a backup generator is available,

then 3 hours of reserve power is typically required.

For locations that have only battery backup, the bat-

tery reserve time is typically 8 hours. If an extended

outage is expected, a portable generator will have to

be used for powering the office.

Backup Generators for Long Term Outages
A wide variety of options must be considered for

backup generators [21], including the following:

• Portable versus permanent generator installation,

• Generator engine fuel source, e.g., natural gas,

propane, butane, liquefied petroleum gas, or gaso-

line, or diesel fuel,

• Automatic or manual control,



132 Bell Labs Technical Journal DOI: 10.1002/bltj

• Single, large versus multiple, small generators,

• Single-, sectional-, or dual-bus distribution, and

• Single-phase versus three-phase generators at

120-, 208-, 230-, 240-, 460-, or 480 volt output.

The following application questions must also

be addressed when choosing or specifying a gen-

erator:

• What loads should be connected to a standby gen-

erator?

• What type of fuel best suits a particular applica-

tion?

• What acoustic requirements and space require-

ments must be met?

The generator options are evaluated and selected

with site-specific requirements in mind.

Large central offices will continue to employ both

short term reserve power (batteries) and long term

reserve power (generators), so redundancy is really

not an issue for the core nodes in our NGNs. The

backup power issue becomes important for smaller

wireline remote sites, and for cell sites.

Remote unattended or partially attended plants. The

current trend is to install unattended (or partially

attended) plants, and many existing plants are also

being converted for unattended or partially attended

operation. This may require a standby generator to be

equipped with automatic start and transfer capabilities.

Standby generator loads. There are three types of

standby plant loads: essential, non-essential, and 

special.

1. Essential loads. Essential loads must operate

during a prolonged commercial power outage

and must be connected to the standby generator.

The loads must be able to tolerate an interru-

ption on the order of 5 seconds or more. Typical

interruption times range from 10 to 90 seconds

for automatic standby systems, and up to 15

minutes or more for manual systems. Some of

the suggested loads that fall into the essential

load category are listed below:

a. Telephone equipment. The generator must

maintain full operation of all recharge

rectifiers in all DC plants in the building 

and all power needed for essential switching

and transmission equipment and for other

AC loads, such as:

• Clocks and timers,

• Convenience outlets located in the base

of all central office equipment,

• Status boards and equipment for network

management,

• Inverter plant powering protected and

UPS loads,

• Auxiliary equipment associated with the

generator, and

• Antenna deicers, ventilation equipment,

navigating lights, and other ancillary

equipment.

b. Building equipment. The generator must

maintain essential building facilities,

including the following:

• Sump pumps, house pumps, and fire

pumps,

• Heating and ventilating systems,

• Cooling systems (e.g., when the ventila-

tion system is inadequate or equipment

temperature requirements cannot be met

otherwise),

• Essential lighting and ventilation for areas

such as operator rooms, interior corridors,

and lavatories,

• Electronic security systems, and

• Elevator service (e.g., provisional power

to lower all elevators to the ground

floors in multi-story buildings, and a

minimum amount of power for elevator

service.)

In large, fully attended central office build-

ings, consideration should also be given to

loads such as necessary dining room, cook-

ing, and food refrigeration equipment; vend-

ing machines; and at least one elevator in

buildings with three or more floors (local

codes may be more stringent).

c. Business office equipment. Power should be

provided for:

• Equipment necessary for protecting com-

pany revenues, including bill receipting

and other business machines,

• Visual signals on attendant-operated office

equipment, and

• Essential lighting.
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d. Emergency lighting. Emergency lighting is

suggested for operator positions, power equip-

ment rooms, battery rooms, and engine

rooms.

2. Non-essential loads. Non-essential loads are loads

that are not required to operate during com-

mercial power outages and therefore are not

connected to the backup generator system.

3. Special loads. During commercial power failures,

essential loads are switched to the standby

generator. Standby power plants and their loads

need to be tested to discover and resolve system

problems before a power failure occurs. During

these standby generator tests involving simula-

ted power failures, certain types of loads are kept

on the commercial AC power source and are not

switched. These loads are classified as special

power loads, which include the most important

essential loads.

Typical Power Consumption by Office Type
Power consumption in a telecommunications

node whether at a central office or a remote location

can vary significantly depending on the type of

installed equipment. The following sections provide

an estimate of the power consumption for traditional

telecommunications nodes and Internet hosting/

server-based telecommunications sites. The power

requirements for different types of facilities are sig-

nificantly different from each other. See Table I for a

summary. The last column, amp hours, is the amount

needed by the generator to sustain 3 days (or 72

hours) without refueling.

Telecommunications central offices. In the United

States, for example, the biggest incumbent local

exchange carriers (ILECs) are the regional operating

companies or regional bell operating companies

(RBOCs). A typical RBOC owns about 3500 buildings

and stations with about 780 million square feet of

equipment space and uses more than 3 billion kilo-

watt hours (kWh) of electricity annually [11]. This

amounts to approximately 100 kilowatts (kW) per

building but varies widely. This includes all switching

and transmission equipment together with network

power and the associated subsystems, such as heating,

ventilation, and air conditioning (HVAC); and the

security, fire suppression, and building management

systems that are connected to network manage-

ment systems.

Depending on the equipment and size of the cen-

tral office, typical maximum power supply ratings for

the switching and transmission equipment range from

50 amperes (A) to 800 A [11, 19], which is equivalent

to 2.5 kW to about 40 kW. The typical power require-

ment for switching equipment on average is estimated

to be approximately 1 kW per 1000 lines (however,

during busy days such as Mother’s Day, the power

consumption can be as high as 4 kW per 1000 lines).

Power requirements for the transmission equipment

associated with switching equipment, and the re-

charge power needed for the batteries, are both

approximately one-fifth that of the switching equip-

ment itself, or approximately 0.5 kW in total [1]. For

a CO of moderate size, handling 20,000 lines, the total

power consumption will be about 30 kW.

Power Power Amp hours of
Office type consumption/unit Example size consumption reserve required

Large central office 2.0 watts/line 50,000 lines 100 kW 144,000

Medium central office 1.5 watts/line 20,000 lines 30 kW 43,200

Small central office 1.0 watts/line 4,000 lines 4 kW 5760

Data center 200 watts/sq.ft. 40,000 sq.ft. 8,000 kW 691,200

Wireline DSLAM remote site 1.5 watts/line 1000 lines 1.5 kW 108

Wireless base station 4.0 watts/user 1500 users 6.0 kW 432

Table I.  Example power consumption of various nodes.

DSLAM—Digital subscriber line access multiplexer
kW—Kilowatt
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Data centers, Internet hosting, and server-based
telecommunications sites. Typical data centers, Internet

hosting sites, and server-based telecommunications

sites usually have a mix of AC-powered loads in the

range of 85 to 95 percent of the total electrical load

(kW) with only 5 to 15 percent of the total electrical

load (kW) being DC-powered. The size of typical sites

tends to be in the 10,000 to 100,000 square foot range

with power densities of the electronic equipment in

the range of 35 to 100 watts per square foot [20]. 

In today’s data center environments, the highest density

racks can exceed 200 watts per square foot, so design-

ers are specifying new data centers to handle heat loads

of 350 and even 500 watts per square foot [16].

With these requirements, the critical power sys-

tem sizes tend to fall in the range of 350 kW to over

8 megawatts (MW). At �48VDC, these power levels

equate to 7000 amps to over an astounding 160,000

amps. At 480 volts of alternating current (VAC) 3-phase,

these same power levels equate to a more manageable

420 amps to over 9600 amps. This is why data

telecommunications sites are generally powered by

AC instead of DC.

The Internet has increased the demand for sec-

ond residential lines, broadband access lines via digi-

tal subscriber line (DSL) or cable, data services, and

accelerated co-location and the deployment of power-

hungry high speed fiber networks. This has caused an

upsurge in CO power loads and a demand for higher

capacity (3000 A to 10000 A) plants that is expected

to grow at 20 to 25 percent annually for next few

years [16].

Remote access arrangements. High speed Internet

access for data only or for combined voice and data

using Voice over Internet Protocol (VoIP) is typically

provided by DSL to the customer premise, and due

to limited range, it is concentrated on remote systems

called DSL access multiplexers (DSLAMs) located 

in the access plant between the customer premise and

the central office. The typical power consumption for

a DSLAM is on the order of 1500 watts serving

approximately 1000 lines.

Wireless base stations. For cell phones, access to

the network is provided through base stations.

Depending on the configuration of the base station,

the power requirements may vary significantly from

one to another. A typical Alcatel-Lucent OneBTS®

base station can support 140 simultaneous users per

carrier and handle up to 11 carriers, so the total num-

ber of potential users is approximately 1,540.

Since the power consumption of a base station

depends heavily on the configuration and the type of

wireless network it supports, Table II provides a sam-

ple of the power requirements calculated and/or

measured for various networks. As the table shows,

the power consumption for a base station is quite sig-

nificant and is comparable to that of a typical small-

sized central office.

Power Outages
Power outages occur frequently, and significant

ones happen every few years. For example, an outage

in 2003 affected a large portion of the eastern United

States [23]. Approximately half of power outages are

caused by bad weather, such as storms or hurricanes

[12]. The other half are caused by network overloads,

procedural errors, and similar occurrences. Our inten-

tion here is not to model power outages—that has

been done elsewhere [3]—but rather to show how to

mitigate their effects on the telecommunications infra-

structure by providing backup generators strategically

placed at nodes where they traditionally have not

been provided.

Model Formulation
Our goal is to minimize the total cost of providing

backup generators to a metropolitan area that expe-

riences a blackout lasting more than 4 hours, the

point at which most short-term battery power

Example base Calculated DC Measured
station types power (watt) DC power

CDMA 4.0 Compact ~2600 ~2700

CDMA 4.0 ModCell ~6000 ~5500

UMTS ModCell 4.0 ~12500–13000 ~7000–9000

Table II. Example base station power consumption.

CDMA—Code division multiple access
DC—Direct current
UMTS—Universal Mobile Telecommunications System
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reserves would have been depleted. Generators come

in various sizes. Figure 3 shows four different sys-

tems with different cost curves. We assume that 

a given system will incur a fixed start-up cost and a

variable cost per amp hour.

The total cost of a generator of type j for A amp

hours, where j � 1, . . . J, is given by

GCj (A) � aj � bj A (1)

where aj is the fixed startup cost and bj is the variable

incremental cost per unit.

For any given system size, for amp hours

required, we would choose the system which carries

the minimum total cost. The unit cost by system is

shown on the right side of Figure 3, which makes it

obvious which system should be used.

Let

N � number of nodes in the network that could

be powered during an extended blackout.

Pi � power requirements in amp hours for a

backup generator for nodes i � 1, . . . N

For a given Pi, we would pick the minimum cost

generator type j, or

GC (Pi) � min (GCj (Pi) ) over j � 1, . . . J (2)

If all nodes were equipped with a generator, then

the total cost of generator equipment for power

backup during blackouts would be

Total Cost(TC) � GC(Pi) (3)

Now, summing this over all potential nodes in a

metropolitan area, it would amount to hundreds of

millions of dollars, which is not affordable.

As such, proper placement of backup generators

requires some decisions.

Let

xi � 1 if a generator is deployed at node i

� 0 if a generator is not deployed at node i (4)

Let X � {x1, x2, . . . xN} the set of 0, 1 decision

variables representing whether backup generator

would be placed at that location.

So our optimization problem is to minimize the

total cost or

Minimize TC (X) � GC(Pi)xi (5)

subject to a set of constraints on coverage of the

metropolitan area, and capacity of the nodes serving

that area.

a
N

i�1

a
N

i�1

Total generator cost ($)

System
1

System
1System

2
System

2
System

3 System
3

System
4

System 4

Unit generator cost per amp hour ($)
using best system

Amp hours of capacity Amp hours of capacity

Figure 3.
Total cost and unit cost of generators.
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Wireless Signal Strength vs. Distance
The Okumura-Hata model [9] of propagation for

dense metropolitan areas is shown below:

log10 (R/1000) �

PL � 69.55 � 26.16 log f � 13.82 log hb � Ch (6)

44.9 � 6.55 log hb

where:

R: cell radius in meters (m)

PL: propagation loss or path loss effective isotro-

pic radiated power (EIRP) in dB

f: carrier frequency (MHz), e.g., 900 MHz or

1800 MHz

hb: base station effective antenna height above

ground in the range 30 to 200 m

hm: mobile station antenna height above ground

in the range 1 to 10 m

Ch: correction factor for the mobile 

station antenna height 

� 3.2 log (11.75 hm)2 � 4.97

Typically, a region is planned with a uniform lay-

out of cell hexagons when everything is working. In

actual practice, the cell sizes vary by population and

building density, with cells in dense urban areas being

the smallest at hundreds of meters in radius, to urban,

suburban, and rural cells spanning many miles in

radius. Excellent call quality is provided to the cell

boundaries when everything is working. Figure 4
shows an example of the signal strength as a func-

tion of distance. It shows the potential extended range

of a cell site when its adjacent cells aren’t working. For

a given radius of a cell site serving area, mobile cus-

tomers farther away can be served at a larger radius

with acceptable service.

Let Ri � extended radius of each node i giving

acceptable call quality. Figure 5 shows that the

extended radius is generally bigger than the size of

the normal hexagon serving area of the cell site. So,

an adjacent out-of-service cell without a standby gen-

erator may be covered by a working cell with a

standby generator.

Coverage for an Area
Another set of constraints involve coverage, that

is, providing communications services during a black-

out to a certain fraction of the population, which

could be as much as 100 percent. Coverage is defined

for an area when working nodes cover demand in an

area for non-working nodes. It should also be noted

that while the coverage area for a given cell site is

expanded, its call-carrying capacity (or bandwidth) 
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is not expanded. Hence, with an expanded area and

more demand, congestion may result, but calls can

still get through.

Expansion of a coverage area can only be done

with wireless systems, as wireline nodes have fixed

boundaries. For example, if a cell tower isn’t working,

another adjacent cell tower may cover its area if its

radius is big enough.

Let

Li � location of node i in the network (by

latitude and longitude, for example)

For wireless nodes, node j is covered by node i if

distance (i,j) � Ri.

Cij � 1 if node i covers node j, i � 1, . . . N, and j � 1,

. . . N, a square matrix

Note: for all wireline nodes, if they are to be con-

sidered in the analysis,

Cij � 1 for all i � j i � 1, . . . N, and j � 1, . . . N

� 0 for all i � j

Dj � level of peak demand (say during busy

hour) for node j for j � 1, . . . N

Coverage of demand for the whole area is defined as

Dj Maxi (Cijxi) (7)

where the max is over i � 1, . . . N.

a
N

j�1

Recall that the xi are the decision variables on

where generators would be placed. This avoids double

counting of nodes that might be covered more than

once.

Let

C � coverage factor for a whole area, at 100 per-

cent when everything is working.

During a blackout, since it may be cost prohibitive

to cover 100 percent of the area, an objective might be

set somewhat lower, say at 50 percent or 75 percent

coverage. As such the coverage constraint is

Dj Maxi (Cij xi) � C Dj (8)

Now, coverage is one thing, but service providers

also require sufficient capacity in the selected nodes to

effectively service the area being covered. Hence, a

minimum capacity might be required during the

blackout across the nodes with backup generators.

Let

CAP � fraction of total capacity that must be

provided during the blackout, say 40 per-

cent. CAP could be as high as 100%.

Djxj � CAP Dj (9)a
N

j�1
a
N
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Figure 5.
Potential servicing area of a cell site with a generator.
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As a result, the optimization problem is to min-

imize equation (7), subject to coverage constraint

(8) and capacity constraint (9). This can be a rather

large mathematical programming problem with j

running into the thousands, and difficult since it

is both non-linear and integer. Such large prob-

lems can be reasonably solved by using packages

such as Excel Solver [5]. For any given non-linear,

integer problem instance, optimal solutions are

usually not guaranteed, so in practice, one seeks a

good solution from many different starting places

(feasible solutions which are easy to find in 

this problem), and then chooses the best overall

solution.

Example Analysis on a Small Network
To make this example tractable, a small area of

a city was chosen with just 49 cell sites, arranged

in a 7 � 7 hexagonal pattern, an example of which

is shown in Figure 6 with a solution showing 11

generators spread throughout the area. Note that

cell site boundaries are usually not so neatly organ-

ized as in Figure 6, but the methodology applies

with any arrangement of cell sites. For this example,

we have ignored the fixed wireline sites (central

offices) with fixed boundaries, since all of those will

have backup generators and serve the wireline

demand within their wirecenter boundary. We have

also ignored the wireline remote arrangements for

simplification because a standby generator at one of

those remote sites cannot be used to extend service

beyond the serving boundary for that remote site.

The methodology allows for their inclusion if

desired.

Normally, a city will have hundreds or thousands

of cell sites. For simplicity here, we assume that all

cell sites have the same size in boundary but can

have different demand levels. The optimal cost

results are shown in Figure 7 as a function of the

capacity of the sites with generators. Obviously, 

the more sites with generators, the more costly the

solution. More importantly, Figure 8 shows the per-

cent of population coverage versus a given capacity

of the nodes with generators. If we want to have 100

percent of the capacity available, we would need to

put a backup generator at every site and incur the

largest cost. This is likely to be cost prohibitive. In fact,

we can cover 50 percent of the population with just

under 20 percent of the capacity equipped with gen-

erators, and we can cover more than 80 percent of

the population with just over 30 percent of the

capacity equipped with backup generators. After that

point, there are diminishing returns to increasing

coverage at larger and larger costs. In fact, Figure 6

shows the solution where 11 sites out of 49 have

backup generators. These sites contain 30 percent of

the capacity of the original network but cover

approximately 80 percent of the population in a

blackout. The cost for this coverage would be about

$4 million, as shown in Figure 7. If we were to

demand 100 percent coverage of the population, the

cost would increase to more than $16 million, so an

extra $12 million would yield only an additional 20

percent increase in population covered.
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Conclusions
For next-generation networks, where remote

access arrangements dominate, we can expect to see

a transition regarding backup arrangements. While

today wireline access continues to work during a

blackout and cell service may go down except in those

locations where generators are placed, in the future,

certainly the wireline and wireless central offices will

continue to have backup generators, but the remote

nodes (DSLAM sites or cell sites) will not, unless 
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generators are strategically placed. Hence, it will be

cell service, where generators might be deployed, that

backs up landline service. It is also a fact that more

and more people, particularly the younger genera-

tions, may only have wireless access and no wireline

access in their residences. Or, they may have VoIP for

their home, which would be knocked out if there is a

commercial AC failure (unless they have UPS at

home, which most residences will not have).

Backup generators for cell towers are not nor-

mally deployed today, and there is little economic

incentive to deploy these costly arrangements for

blackout events. However, for societal purposes in

giving access to emergency services during a black-

out, it may be the greater good to supply this level of

cross-infrastructure backup. As such, the govern-

ments of cities and states may want to subsidize these

arrangements in order to protect communications

throughout their areas during these emergency 

situations.
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