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Architecture, Implementation, and
Operations at Production Scale

This book treats BGP security as a serious systems-engineering discipline
rather than an introductory networking tutorial. It explains not only what BGP
security technologies do but why they exist, how they work internally, how
their components interact, how to design secure routing architectures around
them, and how to implement and operate them reliably at production scale.
The reader will learn the BGP threat landscape from first principles, the full
RPKI stack including ROV and ASPA, prefix and AS-path filtering, route damp-
ening, blackholing, monitoring and anomaly detection, incident response, and
the operational lifecycle of routing security at Internet scale. The material
is organized as a progressive reference: from foundational concepts and
threat modeling through security architecture, individual technologies, end-
to-end implementation with real router platforms and open-source daemons,
automation and observability, and finally production hardening. Each chapter
is built on primary sources, RFCs, operator experience, and real incidents,
with working code examples in Go, Python, and Rust, complete configuration
examples across FRRouting, BIRD, GoBGP, Cisco IOS-XR, Juniper Junos, and
other widely deployed platforms, and realistic case studies of actual routing
incidents.



Introduction: Why BGP Security Is a
Systems Problem

The Border Gateway Protocol runs the Internet. Every packet that traverses
network boundaries between autonomous systems does so because BGP told
arouter where to send it. BGP is also one of the most dangerous things on the
Internet. It was designed in the 1990s for connectivity and policy flexibility, not
security. It makes no attempt to verify that a route announcement comes from
the owner of the prefix being announced, that the AS path it carries reflects
the route actually taken, or that the announcing peer is authorized to share
that route. It assumes good faith.

That assumption fails. Sometimes it fails accidentally, because someone
misconfigured a router or ran an untested BGP optimizer. Sometimes it fails
maliciously, because an attacker wants to intercept traffic, steal credentials,
hijack cryptocurrency, or conduct surveillance. Either way, the result is the
same: packets go to the wrong place, services go dark, or sensitive data flows
through infrastructure its owners never intended.

BGP security is not solved by a single protocol or product. There is no
silver bullet. RPKI and route origin validation block some prefix hijacks but
do nothing for route leaks. ASPA addresses relationship validation but is still
emerging. BGPsec promises full path security but remains impractical at
scale. Prefix filters, AS-path filters, GTSM, and route dampening are mature
operational controls but require careful design and maintenance. Monitoring,
automation, and incident response are not optional luxuries; they are core
infrastructure.

This book treats BGP security as a layered systems problem. It starts with
the BGP protocol and the Internet routing architecture it operates within,
establishes a threat model based on real incidents and protocol-level analy-
sis, then walks through the full security architecture from trust models and
cryptographic foundations through individual technologies, production-grade
implementations, observability, and operational lifecycle management.

The goal is simple: to give you the knowledge and tools to design, build, and
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operate a secure routing infrastructure that works in production at Internet
scale.



Chapter 1: The Internet Routing
System and the Security Problem Space

The Routing Table: Scale, Structure, and Daily Churn

The global BGP routing table is massive and growing. As of January 2026, the
[Pv4 routing table contained approximately 1.05 million prefixes, up from about
996,000 entries the previous year, representing annual growth of roughly 6
percent [1]. The IPv6 routing table reached approximately 242,000 prefixes by
early 2026, up about 10 percent from the prior year [2]. The number of routed
autonomous systems exceeded 76,700 in 2025 and continues to climb [3].

These are not static numbers. The routing table changes constantly. On
a typical day, routers receive tens of thousands of BGP update messages as
networks announce new prefixes, withdraw old ones, change paths due to
failures or maintenance, or simply reconfigure for load balancing. BGP update
rates have been increasing: after a period of relative stability between 2022 and
2024, daily update volumes nearly doubled in 2025 [4]. This churn matters for
security because it creates noise that can mask malicious activity, and because
convergence delays can extend the impact of routing incidents.

The growth is driven by several factors. Amazon (AS16509) alone announced
over 81 million new IPv4 addresses in December 2024, contributing significantly
to routing table expansion that year [5]. The largest single address holders
include the US Department of Defense (AS749, approximately 224 million
addresses) and Amazon (AS16509, approximately 155 million) [6]. More gener-
ally, the proliferation of cloud providers, content delivery networks, content
providers, and enterprise multi-homing adds prefixes as organizations take
control of their own routing.

The structure of the routing table reflects the hierarchical allocation of
IP address space by Regional Internet Registries: ARIN (North America), RIPE
NCC (Europe, Middle East, parts of Central Asia), APNIC (Asia-Pacific), LACNIC
(Latin America), and AFRINIC (Africa). Each RIR allocates address blocks to
Local Internet Registries, typically ISPs, which then assign them to end users.
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BGP propagates the announcements made by the entities responsible for each
prefix, building a distributed view of how to reach every reachable address on
the Internet.

This structure has security implications. The allocation hierarchy estab-
lishes a natural trust model: if the RIR allocated a prefix to an ISP, and the
ISP assigned it to a customer, the legitimate origin of that prefix is ultimately
traceable to the allocation record. But BGP itself does not consult allocation
records. It accepts any announcement from any peer for any prefix, provided
the announcement complies with basic protocol rules. This disconnect be-
tween the authoritative allocation hierarchy and the protocol that uses it is
the fundamental security problem that RPKI attempts to address.

How a Packet Travels: From Source to Destination
Through Autonomous Systems

To understand BGP security, you need to understand what BGP actually does.
BGP is an exterior gateway protocol that exchanges reachability information
between autonomous systems. An autonomous system is a collection of IP
networks and routers under the control of a single organization that presents
a unified routing policy to the rest of the Internet. Each AS is identified by a
unique Autonomous System Number: a 16-bit or 32-bit integer allocated by a
RIR.

When a host sends a packet to an IP address outside its local network,
the packet eventually reaches a router that must decide which AS to send it
toward next. That router consults its routing table, which was built from BGP
updates received from its BGP peers. Each BGP update announces a prefix and
includes a path attribute called AS_PATH, which is an ordered list of the AS
numbers the route has traversed. The router selects the best path according
to a well-defined algorithm that considers the AS_PATH length, route origin
type, locally configured preferences, and other attributes, then installs that
path in its forwarding table.

The packet traverses a sequence of ASes until it reaches an AS that origi-
nates the prefix containing the destination address. That AS is called the origin
AS. The ASes between the source and the origin are called transit ASes: they
forward traffic on behalf of their customers or peers. This entire journey is
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determined solely by the BGP announcements that each AS has received and
the policies it applies to select routes.

This simple model hides significant complexity. An AS might receive multi-
ple paths to the same prefix from different peers, each with different AS_ PATH
lengths, qualities, and economic implications. It must choose one path and
advertise that choice (potentially) to its own peers. That choice propagates
outward: when a transit AS changes its best path to a prefix, it generates a new
BGP update to its peers, who may in turn change their best paths and update
their peers, creating a cascade of updates that can take minutes to converge
across the global routing system.

For security purposes, the critical observation is that every hop in this
journey depends on trust. Each AS trusts that the AS_PATH in a received
update accurately reflects the path taken, that the origin AS is authorized to
originate that prefix, that the peer announcing the route is authorized to share
it, and that the next-hop address is valid and reachable. BGP provides no
mechanism to verify any of these assumptions. It propagates what it is told,
filtered only by local policy.

The Economic and Political Architecture of the Internet:
Customers, Peers, and Transit Providers

BGP does not operate in a vacuum. It operates within an economic and political
structure that shapes how routes are exchanged and what attacks are feasible.
Understanding this structure is essential for threat modeling and policy design.

The primary relationship types in Internet routing are customer, provider,
and peer. A customer relationship is a paid arrangement: an AS pays a transit
provider for connectivity to the rest of the Internet. The provider accepts
routes from the customer and advertises them to its own customers, peers,
and upstream providers. In return, the provider advertises its full routing table
(or a substantial portion of it) to the customer.

A peer relationship is a mutual arrangement, typically between networks
of comparable size and reach. Each peer agrees to exchange routes for its
own prefixes and those of its customers, but not routes learned from its own
providers or other peers. Peering is often traffic-based rather than settlement-
free: the economics depend on the traffic ratio between the two networks and
their respective costs of delivering traffic to their shared destinations.
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A transit provider relationship is asymmetrical. The provider has a more
complete view of the Internet than the customer and uses that view to route
the customer’s traffic. The customer pays for this service. A tier-1 provider
is a network that has transit relationships with all other tier-1 providers and
thus has complete Internet reachability without paying for transit itself. The
number of true tier-1 providers is very small, typically cited as fewer than a
dozen.

These relationship types define the valley-free routing model. In a valley-
free path, traffic flows uphill from customer to provider, then optionally
laterally between peers, then downhill from provider to customer. It never
flows uphill after going downhill or laterally. This model reflects the economic
reality that ASes are willing to carry traffic for their customers but not for free
transit to arbitrary destinations.

For security, the valley-free model matters because it constrains what paths
are economically rational. A route leak occurs when an AS violates the valley-
free model by announcing a route it learned from one provider to another
provider, or by announcing routes in a way that violates its peering agreements.
Route leaks can be accidental (misconfiguration, poor testing) or intentional.
Both are common.

ASes also use BGP as a policy tool. They prepend their AS number to
AS_PATHs to make certain paths less attractive. They use local preference
and MED attributes to control inbound and outbound traffic engineering.
They use BGP communities to signal preferences to peers and providers. All
of these mechanisms assume a cooperative environment. An attacker who
controls an AS can abuse any of these mechanisms to manipulate traffic flows,
create suboptimal routing, or even redirect traffic through infrastructure they
control.

Why BGP Inherently Lacks Security: Design Trade-offs
of the 1990s

BGP was designed in the 1990s to replace the Exterior Gateway Protocol
(EGP), which had fundamental limitations in scalability and expressiveness.
The designers faced a clear set of requirements: support classless routing and
aggregation, allow flexible routing policy, scale to the growing Internet, and
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converge reasonably well in the face of topology changes. Security was not
among those requirements.

RFC 4271, the current specification for BGP-4, defines a protocol that
relies entirely on TCP for transport reliability and makes no provisions for
authentication, integrity, confidentiality, or authorization [7]. BGP sessions
run over TCP port 179. The protocol specifies four message types: OPEN
(used to establish a session), UPDATE (used to advertise or withdraw routes),
NOTIFICATION (used to signal errors), and KEEPALIVE (used to maintain the
session). Updates carry path attributes that encode routing policy: ORIGIN,
AS_PATH, NEXT_HOP, LOCAL_PREF, MULTI_EXIT_DISC, and others.

The RFC mandates TCP MD5 authentication per RFC 2385, which provides
session-level integrity against outside attackers but does nothing to prevent a
legitimate peer from sending fraudulent updates [7]. The RFC does not require,
or even suggest, that a receiving BGP speaker verify that an announcing AS is
authorized to originate a prefix, that the AS_PATH is accurate, or that the peer
has the right to share a particular route.

RFC 4272, published the same year as RFC 4271, explicitly analyzes these
vulnerabilities. It documents that BGP is susceptible to replay attacks, message
insertion, deletion, modification, man-in-the-middle attacks, and denial of
service, both from outside attackers and from malicious insiders [8]. It notes
that a malicious peer can inject bogus routing information that causes traffic to
be blackholed, looped, or congested. It recommends operational mitigations
like filtering and TCP MD5 but acknowledges that protocol-level security
requires more fundamental changes.

The designers’ trade-off was deliberate. Adding cryptographic authentica-
tion to BGP would have increased complexity, reduced performance, and re-
quired a coordinated global deployment that was impractical in the late 1990s.
Instead, they relied on the assumption that the Internet routing system would
be operated by honest actors following established norms and conventions.

That assumption has held well enough that the Internet has functioned for
nearly thirty years. But it has not held perfectly. The incidents described
below demonstrate that when bad things happen, BGP does exactly what it
was designed to do: propagate whatever it is told, trusting every peer, verifying
nothing.
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Real-World Consequences: A Brief History of Major
Routing Incidents

The BGP security problem is not theoretical. It has caused real disruptions,
real data breaches, and real financial losses. Examining the history of major
routing incidents illuminates the threat landscape and motivates the security
technologies covered in this book.

The AS7007 incident of April 1997 was arguably the first major Internet
disruption caused by a routing anomaly. A software bug in a Cisco router’s
BGP implementation caused AS7007 to announce a default route to the rest of
the Internet, drawing a substantial fraction of global transit traffic into a black
hole [9]. The incident lasted hours and affected large portions of the Internet.
It demonstrated that a single network’s BGP misconfiguration could have global
consequences.

The Pakistan Telecom / YouTube incident of February 24, 2008, is the
textbook case of accidental prefix hijacking. Pakistan Telecom (AS17557) was
ordered by the Pakistan Telecommunication Authority to block YouTube within
Pakistan. An engineer attempted to implement the block by announcing a
more specific prefix for YouTube’s address space, 208.65.153.0 /24, with a next
hop pointing to a null interface [10]. The announcement was leaked to the
global routing system via Pakistan Telecom’s upstream provider, PCCW Global
(AS3491). Because BGP prefers more specific prefixes, networks around the
world began sending YouTube traffic to Pakistan, where it was blackholed.
YouTube was inaccessible globally for approximately two hours until they re-
announced /25 subnets of the affected prefix, reclaiming traffic via longest-
prefix match [10].

The MyEtherWallet incident of April 2018 demonstrated how BGP hijacking
could be used for financial theft. A Ukrainian ISP, eNET (AS10297), announced
routes for Amazon Route 53’s authoritative DNS IP space for approximately
two hours [11]. Traffic to MyEtherWallet's DNS servers was redirected through
eNET’s infrastructure, where attackers intercepted DNS responses and redi-
rected users to a phishing site. Approximately $170,000 in cryptocurrency was
stolen. Users who noticed HTTPS warnings dismissed them to access what
appeared to be the legitimate wallet interface.

The Rostelecom incident of April 1, 2020, was one of the largest known prefix
hijacking events. The Russian telecommunications provider announced routes
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for approximately 8,800 prefixes belonging to Google, Amazon, Facebook, Aka-
mai, Cloudflare, and other major content providers and CDNs [12]. Traffic to
these services was redirected through Rostelecom’s network for approximately
one hour. Whether the incident was malicious or accidental remains disputed,
but its scale demonstrated the potential impact of a large operator announcing
unauthorized prefixes.

The China Telecom incidents between 2017 and 2019 represent a more
insidious form of manipulation. Researchers documented multiple cases where
China Telecom (AS4837) appeared to originate routes for North American and
European address space, causing traffic between those regions to traverse
Chinese infrastructure [13]. The traffic was not dropped or intercepted visibly,
but it did traverse additional infrastructure that would not have been on the
path without the manipulation. The incidents lasted over two years before
being publicly reported.

The MainOne / China Telecom incident of November 2018 caused a major
Google outage when a route leak between two providers caused Google traffic
in West Africa to be misrouted through China Telecom [14]. The incident lasted
several hours and affected millions of users.

The cryptocurrency theft attacks of 2022, including the KLAYswap hijack
where attackers used a BGP hijack to trick a certificate authority into issuing a
fraudulent TLS certificate for klayswap.org, demonstrated that BGP hijacking
combined with other protocol vulnerabilities can enable sophisticated attacks
[15].

These incidents span accidental misconfigurations, intentional hijacks,
long-term manipulation, and cross-protocol attacks. They involve small ISPs,
large national operators, and content providers. They have targeted consumer
services, financial infrastructure, and cloud providers. They demonstrate that
the BGP security problem is real, diverse, and ongoing.

Every incident listed above would have been prevented or significantly
mitigated if modern routing security controls had been in place. The rest of
this book is about what those controls are, how they work, and how to deploy
them.



Chapter 2: BGP Protocol Mechanics
Relevant to Security

The BGP Finite State Machine and Session
Establishment

BGP uses a TCP transport and a well-defined finite state machine to manage
sessions between peers. Understanding the FSM is essential for security
because it defines how sessions are established, maintained, and torn down,
and it reveals attack surfaces at each transition.

The FSM has six states: Idle, Connect, Active, OpenSent, OpenConfirm, and
Established [16].

In the Idle state, the BGP speaker refuses all incoming connections and waits
for a start event, typically triggered by configuration or a manual restart. When
a start event occurs, the speaker initializes its internal data structures, resets
connection timers, initiates a TCP connection to the peer, and transitions to
the Connect state.

In the Connect state, the speaker waits for the TCP connection to complete.
If the connection succeeds, it sends an OPEN message and transitions to
OpenSent. If the connection fails, it may transition to Active to attempt
accepting an incoming connection instead.

In the Active state, the speaker attempts to accept an incoming TCP
connection from the peer while also possibly attempting to initiate a new
outgoing connection. This state handles the race condition where both peers
might try to initiate connections simultaneously.

In the OpenSent state, the speaker has sent an OPEN message and is waiting
to receive one from the peer. It also waits for the TCP connection to be fully
established. If a valid OPEN message is received, it sends a KEEPALIVE and
transitions to OpenConfirm.

In the OpenConfirm state, the speaker has received a valid OPEN message
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and sent a KEEPALIVE in response. It waits for a KEEPALIVE or NOTIFICATION
message from the peer. If a KEEPALIVE is received, it transitions to Established.

In the Established state, the two peers exchange UPDATE, KEEPALIVE,
and NOTIFICATION messages. This is the operational state where routing
information is exchanged.

Several security-relevant observations follow from this FSM:

First, the OPEN message establishes session parameters: the BGP version,
the local AS number, the hold time, the BGP identifier (a 32-bit value, typically
a router IP address), and optional parameters including authentication data,
address families, and capabilities. If the parameters are incompatible, the
session fails. A malicious peer could send a crafted OPEN message to confuse
an implementation, but RFC 4271 defines clear error conditions that should
cause the session to be reset [16].

Second, the TCP connection itself is a security boundary. By default,
BGP does not authenticate the peer beyond what TCP provides: if a TCP
connection completes, BGP assumes the peer is whoever it claims to be in the
OPEN message. TCP MD5 authentication (RFC 2385) and TCP-AO (RFC 5925)
add session-level authentication, but the initial TCP handshake itself has no
cryptographic verification of the peer’s identity. This means that if an attacker
can spoof the peer’s IP address or manipulate the network to intercept the
TCP connection, they can potentially establish a BGP session impersonating
the legitimate peer.

Third, the session is vulnerable to denial of service. A sustained flood of TCP
SYN packets targeting port 179 can prevent a BGP session from establishing
or can cause it to flap. TCP RST injection attacks can tear down established
sessions. BGP has no built-in rate limiting on session establishment attempts.
Operational defenses like BGP TTL security (GTSM, discussed later) and TCP-
AO mitigate some of these risks, but they are not universally deployed.

Fourth, graceful restart and non-stop routing mechanisms, while valuable
for operational resilience, expand the attack surface. They allow a BGP speaker
to continue forwarding traffic using stale routing information while it re-
establishes its BGP session. A malicious peer could exploit this by repeatedly
tearing down sessions and relying on stale routes to persist.
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BGP Message Types: Open, Update, Notification,
Keepalive

BGP defines four message types, each with a specific role in the protocol [16].

The OPEN message is sent once per session establishment. It carries the
following fields:

* BGP version (currently 4)

My AS (the sender’s Autonomous System Number)

Hold Time (the maximum time in seconds to wait for a KEEPALIVE or
NOTIFICATION before declaring the session down)

BGP Identifier (a 32-bit router ID)

» Optional Parameters Length (followed by optional parameters)

Optional parameters can include authentication information (MD5 or TCP-
AO keys), address family support (IPv4 unicast, IPv6 unicast, etc.), multi-
session capabilities, route refresh capability, four-octet AS number support,
and many others defined in subsequent RFCs.

From a security perspective, the OPEN message is critical because it estab-
lishes the identity of the peer. The My AS field claims that the peer belongs to
a particular autonomous system. The BGP Identifier is supposed to uniquely
identify the specific router. Neither is cryptographically authenticated by
default. The optional parameters negotiate the capabilities of the session,
including which security mechanisms (like MD5 or TCP-AO) will be used.

The UPDATE message is the workhorse of BGP. It carries routing informa-
tion: reachability for prefixes and withdrawals of previously announced routes.
An UPDATE message contains:

» Withdrawn Routes (a list of prefixes being withdrawn)

Total Path Attribute Length

Path Attributes (a sequence of attributes describing the announced route)
NLRI (Network Layer Reachability Information: the prefixes being an-
nounced)

The UPDATE message is where almost all security vulnerabilities manifest.
A malicious or misconfigured peer can send an UPDATE that:



Chapter 2: BGP Protocol Mechanics Relevant to Security 14

* Announces a prefix it does not own (prefix hijack)

* Announces a prefix with a fabricated AS_PATH (path forgery)

* Announces a prefix it is not authorized to share (route leak)

* Announces an excessively specific prefix to capture a subset of traffic
(subprefix hijack)

» Withdraws a legitimate route to cause a black hole

* Crafts path attributes to manipulate route selection

BGP provides no mechanism to validate any of these claims. The receiving
BGP speaker trusts the UPDATE based solely on the fact that it arrived from an
established peer session.

The NOTIFICATION message signals an error condition and immediately
terminates the BGP session. It contains an Error Code and Error Subcode that
identify the type of error: message header error, OPEN message error, UPDATE
message error, hold timer expiry, finite state machine error, and so on. The
session is reset when a NOTIFICATION is sent or received.

NOTIFICATION messages are important for security because they are the
protocol’s only built-in error signaling mechanism. If a peer receives an
UPDATE with a malformed attribute, it sends a NOTIFICATION and resets the
session. This can be a nuisance for legitimate misconfigurations but can also
be a defense against certain attacks: a malformed UPDATE from an attacker
tears down the session.

The KEEPALIVE message is a minimal packet sent periodically to maintain
the session. Its only purpose is to prove that the peer is still alive. If no
KEEPALIVE, UPDATE, or NOTIFICATION is received within the hold time, the
session is considered down.

KEEPALIVE messages are targets for denial of service. An attacker who
can flood a router with spoofed KEEPALIVE messages from a BGP peer can
potentially keep the session alive when it should be torn down. Conversely,
blocking legitimate KEEPALIVE messages causes the session to timeout.

Path Attributes and Their Security-Relevant Properties

BGP path attributes carry the policy and routing information that determine
route selection and propagation behavior. RFC 4271 classifies attributes as
well-known or optional, and mandatory or discretionary [16]. Well-known
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mandatory attributes must be recognized by all BGP implementations and must
be present in every UPDATE. Optional discretionary attributes may or may not
be present, and if present and unrecognized, they may be ignored or cause the
route to be rejected depending on a transitive or non-transitive flag.

The well-known mandatory attributes are:

ORIGIN: Indicates how the route was originated. Values are IGP (injected
into BGP from an IGP), EGP (learned via EGP, now deprecated), or INCOM-
PLETE (learned by some other means). The ORIGIN attribute is not security-
critical in itself but can be used as a tiebreaker in route selection.

AS_PATH: An ordered list of autonomous system numbers through which
the route has propagated. This is the single most important attribute for
security. The AS_PATH is used for loop detection: a BGP speaker rejects any
route whose AS_PATH contains its own AS number. It is also used for route
selection: shorter AS_PATHs are preferred, all else being equal.

The AS_PATH attribute is completely unauthenticated in standard BGP. Any
peer can insert, delete, or reorder AS numbers in the path. This enables several
attacks:

* AS_PATH prepend: A legitimate technique where an AS adds its own
number multiple times to make a path less attractive. An attacker can
use this to deflect traffic away from a competitor.

» AS_PATH injection: An attacker inserts their AS into the path to appear
as a transit AS.

* AS_PATH shortening: An attacker removes AS numbers from the path to
make a route more attractive.

* AS_PATH forgery: An attacker constructs a completely fabricated path.

RFC 4271 specifies that when a BGP speaker advertises a route to an
external peer, it prepends its own AS number to the AS_PATH. But there is no
verification that the speaker is actually the owner of the AS number it prepends.
The protocol assumes good faith.

NEXT_HOP: The IP address of the next hop router to reach the announced
prefix. For eBGP, this is typically the peer’s IP address on the shared link. For
iBGP, it may be an address external to the AS. A malicious peer could announce
an invalid NEXT_HOP to cause traffic to be misdirected, but this is limited by
the fact that the traffic must be routable to the NEXT_HOP.
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The well-known discretionary attributes include:

LOCAL_PREF: A value used to prefer one path over another within an AS.
Higher values are preferred. LOCAL_PREF is only exchanged between iBGP
peers within an AS; it is not advertised to eBGP peers. It is the primary mecha-
nism for internal policy control. From a security perspective, LOCAL_PREEF is
an internal control; an external attacker cannot directly manipulate it, though
they can influence which routes are available to be selected.

ATOMIC_AGGREGATE: A flag that indicates a route has been aggregated
and that some path information may have been lost. It is a signal to downstream
ASes that the AS_PATH of the aggregated route may not fully reflect the actual
path taken. It is not security-critical.

AGGREGATOR: An optional attribute that identifies the AS and router that
performed aggregation. Rarely used in practice.

Optional discretionary attributes include:

MULTI_EXIT_DISC (MED): A hint to an external AS about which entry point
into the sending AS is preferred. Lower values are preferred. MED is compared
only between paths from the same neighboring AS. It can be used for traffic
engineering between multi-homed networks and their providers. A malicious
peer could manipulate MED values to influence traffic flows, but the impact is
limited because MED is only compared within the same neighboring AS.

COMMUNITIES: A list of 32-bit tags that can be used to signal policy pref-
erences to peers and providers. Communities are widely used in production
for traffic engineering, routing policy, and signaling special handling (like
blackholing). They can be standard (2-byte AS + 2-byte value), extended (4-
byte AS + 4-byte value), or large (8-byte + 4-byte + 4-byte value, per RFC
8092). A malicious peer can set arbitrary communities on routes it announces,
potentially causing unexpected policy behavior in downstream networks if
those networks honor the communities.

The security implication of the attribute system is straightforward: every
attribute is unauthenticated. Any peer can set any value for any attribute
it controls. The protocol provides no integrity check on the attributes, no
verification of their accuracy, and no mechanism to detect when they have
been manipulated.
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Route Selection and Path Preference Logic

When a BGP speaker receives multiple paths to the same prefix from different
peers, it must select a single best path. RFC 4271 defines a stepwise algorithm
for this selection [16]. The algorithm proceeds through a series of tiebreakers,
stopping when a single path is chosen:

Highest weight (Cisco-specific, not in RFC)
Highest LOCAL_PREF

Prefer locally originated routes

Shortest AS_PATH

Lowest ORIGIN type (IGP < EGP < INCOMPLETE)
Lowest MED

Prefer eBGP over iBGP paths

Lowest IGP cost to NEXT_HOP

Oldest route (for eBGP, to prefer more stable paths)
Lowest peer AS number (tiebreaker)

Lowest peer IP address (tiebreaker)

© 0 T E W=

—_
—_
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The order matters. LOCAL_ PREF is checked before AS_PATH, which means
that an AS can use LOCAL_PREF to override the natural preference for shorter
paths. This is essential for policy control: a provider might prefer a longer path
to a prefix because it was learned from a customer rather than a peer, and it
wants to pay less for transit.

Step 4 (shortest AS_PATH) is security-relevant because an attacker can ma-
nipulate the AS_PATH to influence this comparison. If an attacker announces
a route with a shorter AS_PATH than the legitimate origin, and the route is
otherwise valid, some networks may prefer the attacker’s path. If the attacker
also originates the same prefix length as the legitimate owner, the shortest-
AS-PATH tiebreaker can be decisive.

Step 1 (highest weight, Cisco-specific) and LOCAL_PREF are internal to
an AS and cannot be directly influenced by external peers, though they are
influenced by which routes are available. The attacker’s best strategy is to
make their route available and attractive enough that it beats the legitimate
route through the natural algorithm, without requiring the target networks to
change their policies.
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The most powerful attack on route selection is the subprefix hijack. If a
legitimate owner announces a /24 prefix and an attacker announces a /25
of that same prefix, BGP’s longest-prefix-match rule means that all traffic to
the /25's address range will prefer the attacker’s route, regardless of AS_PATH
length or any other attribute. The legitimate /24 route only receives traffic
for the remaining half of the address space. This attack works even if the
legitimate owner has deployed route origin validation, because the attacker’s
announcement of a /25 may be covered by the ROA if the ROA's max-length
permits more specific announcements.

This is why ROA max-length policy is critical and why subprefix hijacking
is one of the most common and effective BGP attack techniques. It exploits
a fundamental property of IP routing that BGP cannot easily defend against
without more granular origin authorization.

IBGP, EBGP, Confederations, and Route Reflectors

BGP distinguishes between internal BGP (iBGP) and external BGP (eBGP).
eBGP runs between peers in different autonomous systems. iBGP runs be-
tween peers within the same autonomous system, distributing external routes
learned from eBGP peers to internal routers.

The distinction matters for security because eBGP and iBGP have different
trust assumptions. An eBGP peer is an external entity, operated by a different
organization, with which you have negotiated a routing relationship. An iBGP
peer is internal to your own organization, and you trust it implicitly.

RFC 4271 defines a key rule for iBGP: a route learned from one iBGP peer
must not be advertised to another iBGP peer [16]. This is called the iBGP full-
mesh requirement. It prevents routing loops within an AS, where a route could
circulate endlessly between iBGP peers.

The full-mesh requirement does not scale. In a large AS with N iBGP-
speaking routers, every router must establish an iBGP session with every other
router, requiring N(N-1)/2 sessions. For large networks, this is impractical.
Two mechanisms address this: route reflectors and confederations.

Route reflectors relax the full-mesh rule. A route reflector (RR) is an iBGP
speaker that is allowed to reflect routes learned from one iBGP client to other
iBGP clients. All other iBGP speakers configure their sessions to the route
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reflector instead of to each other. The RR maintains the loop-prevention
properties of iBGP while reducing the session count to a manageable level.

Route reflectors are widely deployed in large networks and data centers.
They introduce a single point of failure: if the RR goes down, its clients lose
connectivity to external routes until they can establish sessions with other RRs
or until the full-mesh topology is restored. From a security perspective, the
RR is trusted implicitly because it is internal to the AS. A compromised RR can
inject arbitrary routes to all its clients.

Confederations divide a large AS into smaller sub-autonomous systems.
Each sub-AS runs eBGP with its neighbors within the confederation and iBGP
within itself, but presents itself as a single AS to external peers. Confederations
reduce the iBGP session count while maintaining external-facing simplicity.
They are less commonly deployed than route reflectors in modern networks.

Both mechanisms are internal to the AS and operate under the assumption
that all participants are trusted. They do not add security features and do not
change the fundamental trust model: external routes are accepted based on
eBGP peer trust, and internal distribution is assumed to be correct.

For security architecture, the distinction between iBGP and eBGP is critical.
Security controls like prefix filtering, RPKI validation, and route selection
policies are applied primarily to eBGP sessions: routes coming from outside the
AS. Once routes are accepted into the AS’s routing table, they are distributed
internally via iBGP under the assumption that they are already validated.
This creates a clear trust boundary: the AS perimeter, where eBGP sessions
terminate and security controls are enforced.
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