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ACCEPTED FROM OPEN CALL

INTRODUCTION

Bandwidth exchange and trading as a tool for
investment risk management is lately gathering a
great deal of attention in the telecom industry
[1, 2]. In today’s competitive marketplace where
the price of bandwidth is falling and attaining
profitability is proving to be harder and harder,
carriers are unwilling to see even an ounce of
unsold capacity in their network. They have
come to a realization that in addition to the tra-
ditional wholesale approach to bandwidth, its
commoditization and retail sale across compet-
ing carriers can save lost revenue by comple-
menting each other’s surplus and deficit.

Capacity surplus and deficit are generally a

result of the mismatch between a carrier’s capac-
ity buildout and its anticipated customer
demand. A carrier with temporary bandwidth
deficit or lack of presence in a customer’s site,
and a carrier with surplus capacity in the right
places can be brought together by the emerging
bandwidth exchange technology, which has the
potential to offer a win-win solution to both car-
riers. The carrier with deficit avoids losing rev-
enue by buying capacity from the carrier with
surplus, and the latter makes additional revenue
by retail sale of its excess capacity.

Figure 1 illustrates today’s capacity exchange
and service activation process. The slow process
of manual contracting and exchanging is aggravat-
ed by the lack of any standardization in capacity
availability, dynamic pricing, service level agree-
ment (SLA), and quality of service (QoS) publica-
tion formats among carriers. The service
activation cycle is also lengthened due to the lack
of any just-in-time provisioning infrastructure.
The result is a six-to-nine-month turnaround time
for supporting services involving multiple carriers.

Excess capacity, tied up with this long selling
cycle, loses its liquidity, and that translates into
lost revenue opportunity for a carrier. Also, the
capacity that is surplus only for a duration shorter
than the exchange-activation cycle cannot be sold.
In addition, the sales, general and administration
(SG&A) cost [3] involved in business and legal
contracting adds to the reduction in earnings.

Therefore, the clear business mandate for the
industry is to shrink both the capacity purchase
and service activation cycles; for that, automa-
tion is deemed to be the solution. In this article
we describe an engineering framework and its
necessary components for enabling automated
bandwidth exchange across multiple carriers.

Automatic bandwidth exchange across two or
multiple carriers would require the following:
• A standard framework for SLA specifica-

tion and monitoring
• Physical infrastructure for bandwidth

exchange through pooling points across
multiple carriers’ networks

• Availability publication and resource sharing
across carriers at the operations support sys-
tem (OSS) and network management layers

• Intercarrier service provisioning
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ABSTRACT

A mismatch between demand and supply for
bandwidth is common in transport carrier net-
works. This mismatch is generally a result of the
disparity between a carrier’s capacity buildout
and its anticipated customer demand. A carrier
with temporary bandwidth deficit or lack of pres-
ence in a geographical region and a carrier with
surplus capacity in the right locations can be
brought together by the emerging bandwidth
exchange technology. Bandwidth exchange offers
a win-win solution, in which the carrier with
deficit avoids losing revenue by buying capacity
from the carrier with surplus, and the latter
makes additional revenue by retail sale of its
excess capacity. While the concept of real-time
purchase and exchange of bandwidth has attract-
ed a lot of attention, many technical challenges
stand in the way of making it a reality. The pur-
pose of this article is to provide an engineering
framework for enabling real-time bandwidth
exchange with committed quality of service and
service level agreement among transport carri-
ers. Special emphasis is given to identifying the
architectural requirements and the enabling
infrastructure necessary for building a viable
bandwidth exchage that can be used for creating
revenue out of surplus stranded capacity. In-
depth analysis of cross-carrier SLA specification,
capacity publication, route design, and service
provisioning are also provided in the article.

Intercarrier Bandwidth Exchange:
An Engineering Framework
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The purpose of this article is to address these
issues and to define an engineering framework
that can be used for integrating various architec-
tural subsystems into a real-time bandwidth
exchange infrastructure with committed SLA.

The rest of this article is organized as follows.
We define the scope of bandwidth exchange and,
using a real-life example, explain how it is manu-
ally done in today’s transport networks. An
exhaustive definition and characterization of the
SLA is provided. The issues regarding intercarrier
connectivity and in-carrier capacity surplus are
explained. We present the proposed automatic
exchange architecture and its components, includ-
ing an intelligent exchange layer. Cross-carrier
service management, including capacity advertise-
ment, routing, and provisioning, is also presented.

AUTOMATIC BANDWIDTH EXCHANGE
The process of automatic bandwidth exchange is
explained using the example scenario shown in
Fig. 2. In this example, carrier 1 and carrier 2
both have network presence in North America
and Europe. While carrier 1 has denser presence
in Europe, carrier 2 provides better geographical
coverage in North America. Consider the situa-
tion in which carrier 2 receives a 2.5 Gb managed
lambda service request from city A in North
America to city B in Europe. Since carrier 2 does
not have a point of presence (POP) in that Euro-
pean city, the only way it can earn revenue from
this request is by spot-purchasing capacity from
carrier 1 in real time. Note that the carriers share
joint presence in a number of cities and POPs.
These shared POPs are referred to as collocation
points and are typically used as junction points for
capacity exchange across the carriers.

Another situation in which real-time purchase
will be useful is for a service request P-to-Q
from a customer of carrier 1. Although carrier 1
has presence in both end cities, it does not have
enough internal capacity to route the service.
Therefore, a solution for carrier 1 would be to
spot-purchase retail capacity from carrier 2.

For reasons outlined earlier, this spot-pur-

chase/exchange process should be automated
and the amount of manual intervention should
be minimized. Our proposed automation cycle is
shown in the flowchart in Fig. 3.

After a customer enters a service request with
the desired protection and SLA specifications,
its servicing transport service provider (TSP)
checks if it has POPs at both ends of the request-
ed service. If the servicing TSP has POPs at both
ends and has enough internal capacity to satisfy
the desired SLA, the service is approved and
provisioned using the TSP’s own resources. This
is the usual flow of events most of the time.
However, when the servicing TSP realizes that
either it does not have POPs at one or both end
cities, or the internal resources are not enough
for supporting the specified SLAs, it invokes
what is referred to as a capacity exchange cycle.

After the initiation of an exchange cycle, the
servicing TSP checks an external resource
database that contains capacity availability infor-
mation published by other TSPs. A TSP publish-
es availability information about its surplus
capacity with the following attributes:

� Figure 1. Today's manual inter-carrier capacity exchange cycle.
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• Amount and topology of the available
capacity that is ready to be sold

• SLA that can be supported on this capacity
• Asking price for real-time spot sell

Based on this external capacity availability
information, the servicing TSP determines if it
can support the requested service with specified
grades of SLA. While making this decision, the
servicing TSP considers its own internal
resources as well as resources available for spot
purchase from other participating TSPs.

If a service route is feasible, the servicing TSP
initiates an intercarrier service provisioning pro-
cess. More about provisioning using OSS and net-
work management system (NMS) infrastructure
will be explained later. The carriers also execute
billing and clearing procedures across each other
for cross-accounting purposes. Finally, after a
cross-carrier service is established, the servicing
TSP continues to monitor SLA and end-to-end
performance on the service. This is done in order
to validate the pre-exchange SLA contracts from
the advertising TSPs.

Note that after service feasibility is con-
firmed, it may or may not be possible to invoke
cross-carrier service activation immediately
because, although the seller carrier has surplus
capacity, there may not be sufficient intercarrier
physical connectivity to sell that bandwidth. In
this situation, the right physical connectivity has
to be manually established through the colloca-
tion points (Fig. 2); only then can the automated
provisioning start.

SERVICE LEVEL AGREEMENT
SLAs [4, 5] specify the service quality commit-
ments of a service provider to its customers. SLAs
first came into prominence in the late 1990s,
when the Frame Relay Forum adopted its “Ser-

vice Level Definitions Implementation Agree-
ment” in document FRF13 [6]. Guidelines in this
implementation agreement have defined accept-
able parameters for several key characteristics of
frame relay services, such as frame transfer delay,
frame delivery ratio, data delivery ratio, service
availability, and uptime. Besides service quality,
SLAs also cover a variety of details, including cor-
rective actions, penalties and incentives, dispute-
resolution procedures, nonconformance,
acceptable service violations, reporting policies,
and rules for terminating a contract.

There are different types of SLAs covering
different areas of end-to-end services. For exam-
ple, SLAs can be designed for network services,
hosting services, or application services. For the
purpose of this article, we focus on network
SLAs. A network SLA covers the characteristics
of the network itself, such as network availabili-
ty, throughput, data loss rates, latency, and
sometimes security. In the following we outline
each of these items.

Network Availability: Network availability is
defined as the percentage of time the network is
up and operational. While 100 percent uptime
may be everyone’s goal, 99.5–99.9 percent are
more realistic averages. Some SLAs also list
stricter standards for network availability includ-
ing mean time between failures (MTBF), service
restoration latency, and so on. One key element
of a network SLA is specifying penalties for
downtime. Penalties may vary depending on
when outages occur. For instance, downtime at 2
a.m. may not disrupt a typical enterprise’s busi-
ness, and hence may carry a lesser penalty than
an outage at 2 p.m., which may be catastrophic.

Network Throughput: Throughput is defined
as sustained data rate measured over a period of
time. For private line services this runs from 56

� Figure 3. Automated exchange and activation cycle for cross-carrier service provisioning.

Planning

Available bandwidth

SLA
monitoring

Service activation

Spot exchange

Published
SLAs

Published
pricing

Billing/
clearing

Failed

Customer enters
service request
through Web

Intracarrier
provisioning

Check: if service TSP
has POPs at
both ends

Install intracarrier I/Fs
and intercarrier

capacity
Check: if service TSP
has enough end-to-

end bandwidth

Invoke bandwidth
exchange

engine

Service
provisioning and

activation

Note that after

service feasibility

is confirmed,

it may or may not

be possible to

invoke cross-carrier

service activation

immediately

because, although

the seller carrier

has surplus

capacity, there

may not be

sufficient inter-

carrier physical

connectivity to

sell that

bandwidth.



IEEE Communications Magazine • January 2003 133

kb/s (a dialup connection) up to 10 Gb/s (OC-
192/STM1-6 service). For data services through-
put may vary over time and is more complicated
to specify and measure. For example, for frame
relay it is often specified as a long-term average
rate and a short-term burst rate. For IP services,
service providers often use 95th percentile
throughput measured over time windows of 5
min as the service throughput.

Loss Rates: Another key part of a network
SLA is data loss rate. Low data loss rate is very
important for real-time applications such as voice
over IP (VoIP) or interactive media that cannot
operate effectively at a high loss rate; packet loss
in the 5 percent range is acceptable for non-
streaming applications such as Web browsing.

Data Latency: Data latency, like data loss, is
critical in VoIP and multimedia applications
where delays must not impact end-user perfor-
mance. Real-time interactive applications require
response times of 100 ms or less. Web browsing,
on the other hand, remains viable at 250 ms. In
practice, network providers often guarantee a
round-trip delay of 80–100 ms between the
routers in their core networks.

Security: Security SLAs are becoming increas-
ingly important. A security SLA defines how
data is protected while in transit over the service
provider’s network. Unlike the hard and fast
metrics of the network SLA parameters, a secu-
rity SLA is determined by customer require-
ments and is more subjective. Issues specific to
this SLA include use of public or private encryp-
tion keys and the level of encryption such as
DES or Triple-DES [7].

Some of the manual and most time-consuming
parts of today’s bandwidth exchange are SLA pub-
lication, negotiation, monitoring, reporting, and
management. One of the prerequisites of auto-
mated bandwidth exchange is automating SLA
management, and the first step of that is SLA
standardization. Unfortunately, network SLA
standardization development is still in its infancy.
The Policy working groups in the Distributed
Management Task Force (DMTF) and Internet
Engineering Task Force (IETF) are working on
the first steps of SLA standardization. However,
any real deployment based on these standards is
still a long time away. Meanwhile, private interop-
erability between the service providers is the only
path available for moving forward.

INTERCARRIER CONNECTIVITY
Excess capacity inventory and intercarrier physical
connectivity are two essential components for real-
time bandwidth exchange. To understand the form
of capacity surplus, one needs to look at a typical
capacity deployment scenario. New capacity instal-
lation between two central offices involves:
• Fiber laying through dug-up conduits

between the offices
• Connecting dense wavelength-division multi-

plexing (DWDM) systems at the fiber ends
• Connecting DWDM transponders to the

switch interface cards of the central office
switches
Once a conduit is dug, since the incremental

cost of installing more fibers through it is rela-
tively small, the carriers prefer to lay a large

number of fibers even when not all the capacity
is pre-sold before installation. Installation of
DWDM and the switch interface cards, on the
other hand, is relatively less involved and are
typically done on demand.

From an exchange perspective, the unused
bandwidth for which the fiber infrastructure is
already installed (also known as dark fiber) is
considered surplus. An unsold wavelength from
city A to city B through an installed fiber system
is considered excess even if it is not connected to
the DWDM and the switch.

Exchanging surplus capacity requires inter-
carrier physical connectivity, which is achieved
through shared central offices referred to as col-
location (CoLoc) facilities [8]. Participating car-
riers place their switches in a CoLoc office, and
the desired connectivity across carriers is
achieved by connecting the switches. As shown
in Fig. 4, connectivity across these switches can
be established either directly or through carrier-
neutral switches referred to as pooling points. In
direct connectivity, fibers are run directly across
different carriers’ switches. The role of the
CoLoc facility in this case is just to provide floor
space, power, and other resources for hosting
switches from multiple carriers.

Connections through pooling points offer more
flexible intercarrier connectivity and therefore
allow quick reconfiguration with new capacity
exchange requirements. The flip side is the involve-
ment of a third party pooling point provider who
needs to play an intermediary role in the exchange
and service provisioning process. Typically, a
CoLoc facility provider also offers the pooling
point infrastructure for its shared office [8].

Note that an intercarrier service always needs
to be provisioned through one or multiple CoLoc
points, which makes it particularly vulnerable to
a failure or disaster involving the CoLoc facili-
ties. Therefore, if an intercarrier service requires
service protection, its backup service routing
should always be CoLoc-divergent from the pri-
mary service route.

In a metro environment, it is also possible for
carriers to be directly connected through fibers
that are installed between the carriers’ own cen-
tral offices. This method of connectivity has the
advantage of being completely independent of
the CoLoc facility providers.

BANDWIDTH EXCHANGE
ARCHITECTURE

We propose a capacity exchange framework that
leverages the transport carriers’ existing OSS
and NMS infrastructure for automating cross-
carrier availability publication, resource sharing,
service provisioning and performance manage-
ment. As illustrated in Fig. 5, a capacity
exchange protocol layer is proposed on top of
the existing OSS/NMS layer. For a carrier that
participates in spot bandwidth exchange, this
new protocol layer consists of an exchange
engine, which interacts with its peer exchange
engines from other carriers. An exchange engine
also communicates with its local OSS/NMS/EMS
layer software in order to perform capacity avail-
ability and cost publication, cross-carrier service
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route design, provisioning, as well as other stan-
dard fault, configuration, accounting, perfor-
mance, and security (FCAPS) management
operations [9, 10]. In addition, the exchange
engine is also responsible for coordinating cross-
carrier billing/clearing and QoS/SLA monitoring.

Details of the exchange engine, OSS/NMS
layer, and their role in the exchange process are
illustrated in Fig. 6. For simplicity, only the car-
rier 1 infrastructure is shown in this figure.
Other carriers that participate in automated
capacity exchange should maintain similar
exchange infrastructure.

Based on geographical and administration
boundaries, a carrier’s network is partitioned
into multiple subnetworks. In the element man-
agement layer (EML), for each subnetwork
there is one element nanagement system
(EMS), which is responsible for configuration,
provisioning, fault, and performance manage-
ment within its managed subnetwork. The net-
work management layer (NML) is responsible
for similar functions but across multiple EMSs’
subnetworks within the same carrier. For exam-
ple, the NML layer will handle transatlantic
path provisioning within carrier 1’s network in
Fig. 2. In order to handle the technology and
protocol heterogeneity of equipment from mul-
tiple vendors, it is desirable to develop a stan-
dardized interface between the EML and NML.
Such an interface is currently being developed
by the TeleManagement Forum (TMF). TMF’s

MTNM 513 [11] is a Common Object Request
Broker Architecture (CORBA)-based interface
that is widely accepted by transport carriers as
well as equipment vendors, and has already
been implemented within a wide range of trans-
mission networks that comply with the TMN
[12] framework.

While NML and EML perform provisioning,
fault, and performance management, the OSS
layer is responsible for managing the business
aspects of a service. Typical OSS layer functions
[12] include service fulfillment (ordering and
provisioning), service assurance (QoS, SLA man-
agement), and customer billing. TMF is develop-
ing a standard interface, Connection and Service
Management Information Model (CaSMIM),
[13] that can be used for interaction between the
OSS and NML layers. CaSMIM provides a
means of translating the service definitions made
in service management systems into technology-
and network-specific implementations.

Components of the bandwidth exchange layer
are shown within the shaded area in Fig. 6. The
resource availability engine taps the inventory
and configuration databases at multiple layers
and maintains a database of excess inventory
that can be potentially sold to other carriers.
Available capacity is qualified with attributes
such as pricing, QoS, and feasible SLA specifica-
tions. The availability engine also includes a pol-
icy module that enforces any resource
publication policy based on intercarrier business
agreements. Examples of such policies include
variable intercarrier pricing, capacity visibility to
selected partner carriers, and planned oversub-
scription to surplus capacity.

It is the exchange agent that, with appropri-
ate security and authentication semantics, makes
these published quantities available to its peer
agents within participating carriers. Through this
automated and mutual inventory publication
process, a carrier knows how much of other car-
riers’ bandwidth is available for real-time pur-
chase during service creation for its own
customers. Purchasing and service creation take
place based on these published quantities. Note
that the exchange agent of a carrier represents
the only point of contact with other carriers.
Cross-carrier service provisioning and manage-
ment is performed through these peering agents.

The cross-carrier billing engine is responsible
for billing the spot sells among the carriers. Peri-

� Figure 4. Intercarrier connectivity scenarios at CoLoc facilities.
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odic clearing, instead of a transaction for every
sale, keeps the cross-carrier accounting overhead
under control. Note that this billing engine is
different from the usual billing entity built into
the OSS layer, primarily for customer billing.
This cross-carrier billing engine works in syn-
chronization with the OSS layer billing for han-
dling the sold cross-carrier services.

CROSS-CARRIER
SERVICE MANAGEMENT

AVAILABILITY PUBLICATION
A participating carrier publishes its surplus capac-
ity through its availability engine and the exchange
agent. An example of availability publication is
illustrated in the example network in Fig. 7. Con-
sider two carriers’ networks interconnected
through CoLoc facilities at cities A, B, and C.
Between two CoLoc points i and j, the surplus
capacity intended for real-time sale is designated
by an availability vector Vi,j. A carrier publishes its
surplus capacity to another carrier in the form of
a table of availability vectors as shown in Fig. 7.
Carrier 1, for instance, in Fig. 7 publishes an
availability table with entries for A–C, B–C, C–A,
and C–B. This indicates that carrier 1 intends to
sell its excess capacity between cities A and C,
and B and C, but not between A and B.

In addition to the sellable bandwidth infor-
mation, an availability vector contains pricing,
provisioning granularity, duration of availability,
and offered protection and SLA guarantees.
Depending on the specific cross-carrier relation-
ship, a carrier may publish different availability
vectors for the same sellable bandwidth to differ-
ent carriers. Based on the external capacity
availability information in its availability tables, a
servicing TSP determines if it can support a
cross-carrier service with the required grades of
SLA specification.

ROUTING

Cross-carrier service provisioning involves route
design based on local resources as well as remote
resources that appear in a servicing carrier’s avail-
ability tables. We will explain the route design pro-
cess using the example shown in Fig. 8. Consider a
scenario in which carrier 1 intends to buy retail
capacity from carrier 2 in order to support service
A–Z that it otherwise cannot accommodate with
its internal available capacity. To compute a cross-
carrier route, carrier 1 first creates its own network
graph, which is shown as the blue dashed graph. It
then overlays additional links based on the avail-
ability information published by carrier 2. These
overlay links and their costs are assigned based on
the information published by seller carrier 2. The
overlay links are depicted as solid orange lines in
the graph in Fig. 8. Path computation for service
A–Z is performed based on this overlaid graph
consisting of the solid as well as dashed links.

After it computes an end-to-end route for the
service, carrier 1 identifies its route segments. In
this example, the end-to-end service A–Z has
three segments among which segments A–B and
C–Z are to be routed using  arrier 1’s capacity
and segment B–C is to be routed using capacity
that needs to be bought from carrier 2. After the
service route is designed, carrier 1 provisions seg-
ments A–B and C–Z, and informs carrier 2 about
segment B–C. Upon receiving this information,
carrier 2 provisions segment B–C with committed
SLA, QoS, and protection specification.

Protection offered to individual segments is
typically local to the carrier. In this example,
while carrier 1 provides and executes protec-
tion/restoration protocols for segments A–B and
C–Z, carrier 2 protects segment B–C. Note that
the protection commitment for B–C is part of
the availability information published by carrier
2, and the protection type is considered while
computing the end-to-end path.

� Figure 6. Architectural components of the capacity exchange layer.
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PROVISIONING

The exchange, provisioning, and billing cycle for a
cross-carrier service is explained through the tim-
ing diagram shown in Fig. 9. After a carrier’s
OSS/NML/EML software decides it cannot sup-
port a service with its own available capacity, it
decides to buy retail bandwidth from one or mul-
tiple participating partner carriers. Prospective
seller selection is performed based on the avail-
ability databases available in the buyer’s availabili-
ty engine. After a seller is chosen, the buyer’s
exchange agent queries the seller’s exchange
agent about the proposed spot purchase and
potential cross-carrier service provisioning. The
agents exchange a number of messages for medi-
ating any unsynchronized availability information
before a transaction is agreed upon.

At this point, the exchange engines on both
sides check if the necessary interconnectivity
exists between the carriers in question. If not
present, work orders are generated to connect
them through appropriate CoLoc POPs, through
either direct connectivity or third party pooling
switches. The seller’s exchange engine also
checks if the published excess capacity is con-
nected or unconnected. If it is unconnected, the
seller’s exchange agent generates work orders
for installing appropriate DWDM and switch
interface cards for converting the involved capac-
ity status from unconnected to connected. It
should be noted that this part of the exchange
cycle is manual and, if needed, can slow the pro-
visioning process in certain situations.

Once capacity installation is performed, the
buyer carrier’s NML and EML layers perform
route computation based on the internally avail-
able and purchased external capacity. Different
segments of the multicarrier service route are
provisioned as described in the previous section.
After provisioning is completed, the exchange
agents of both carriers initiate billing and clear-
ing processes. Also, SLA and QoS objects are
created with which the buyer carrier starts moni-

toring the health of the provisioned service.
Monitored parameters are relayed back to the
billing server so that the billing and clearing can
be performed based on the committed SLA and
QoS compliance from the seller’s side.

In this example, cross-carrier service provi-
sioning was illustrated with only two participat-
ing carriers. The same principles can be extended
for scenarios where a buyer carrier spot pur-
chased bandwidth from multiple carriers and an
end-to-end service is routed through all the
involving carriers’ networks. The exact business
model and pricing for the spot exchange will
decide the nature of the cross-carrier service
route chosen by a servicing carrier. In some situ-
ations, it may make perfect sense for a servicing
carrier to route a service entirely through pur-
chased bandwidth from carriers that offer low-
price deals to sell off their surplus capacity. This
will help the servicing carrier to better service its
internal capacity only to local customers.

SUMMARY AND CONCLUSIONS
This article provides an engineering framework
for enabling automatic cross-carrier bandwidth
exchange with committed QoS and SLAs. It sur-
veys today’s manual exchange technology and
demonstrates how its lengthy business, legal, and
engineering contracting processes are responsible
for limited asset liquidity and subsequent revenue
loss in transport carriers’ networks. It is shown
that automated bandwidth exchange, coupled with
near-real-time service activation, has the ability to
translate surplus capacity into short-term revenue.

We have proposed an architecture in which
an intelligent capacity exchange layer is added
on top of carriers’ existing OSS/NMS/EMS lay-
ers. This new exchange layer offers a number of
exchange-related functions, including cross-carri-
er capacity availability publication, billing,
exchange peering, and cross-carrier provisioning.
The role of OSS/NMS/EMS and their integra-
tion with this new layer was addressed.

� Figure 7. Capacity availability publication vector.
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The article identifies a set of standardization
requirements on which the telecommunication
industry and carriers have to agree in order to
support the proposed exchange framework.
Some of these standards have already started
and are in a reasonably mature state of develop-
ment. The role of these standards in the
exchange process and their current developmen-
tal state are also addressed in the article.
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� Figure 8. Route computation for cross-carrier services.
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� Figure 9. A timing diagram for a cross-carrier capacity exchange and provisioning cycle.
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