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Physical Infrastructure: Fiber, Conduits, MMRs & Cross-Connects

Modern data centers rely on robust physical network infrastructure to handle data flowing in and out. Fiber
optic cabling forms the backbone, bringing high-speed connectivity from carrier networks into the facility.
Large trunk cables enter through underground conduits into secured entry rooms. Best practices call for
dual fiber entry points on different sides of a building to guard against a single dig-up or cut disabling all
connectivity. Within the data center, fibers terminate in one or more Meet-Me Rooms (MMRs) - secure
areas where external carriers interface with the facility's internal network. An MMR typically houses the
carrier racks (with telecom provider equipment terminating incoming fiber circuits) and the main
distribution area where cross-connections link those external lines to the data center’'s own switches. To
improve resilience, many enterprise-grade data centers deploy multiple MMRs (e.g. two rooms in different
quadrants of the building) so that a fire, flood, or accident in one does not isolate the facility. MMRs are
highly restricted access zones - in colocation facilities, only the operator’s staff typically enter - given they
are critical junctions for all network traffic.

Inside the MMR, connections between networks are made via cross-connects. A cross-connect is a
dedicated, short patch cable linking one party’'s port to another’s port (e.g. connecting a carrier's fiber to a
tenant's router) ' . Cross-connects are usually done on passive patch panels for flexibility: any two
networks in the same data center can be interconnected by simply running a jumper between their ports on
the MMR panel. This setup enables carrier-neutral colocation - customers in the facility can choose among
many carriers and instantly establish new links via a cross-connect, rather than being tied to one provider

T . Cross-connect lines often run overhead in cable trays into the MMR. The use of structured cabling
standards (TIA/EIA-942) and an organized hierarchy (core, distribution, and access layers of patch panels)
ensures these connections scale neatly. For example, a Main Distribution Frame in the MMR might fan out
to Intermediate Distribution Frames on each floor or area, which then connect to Horizontal cabling
reaching each server row. This structured approach using standardized fiber connectors and patch panels
allows thousands of interconnections to be managed, traced, and reconfigured with minimal risk.

Because fiber is fragile, good cable management and protection are important. Data centers often install
fiber raceways and fiber segregation within racks to keep bend radii gentle and separate fiber bundles
from copper power cables (which could induce interference). Fibers can be single-mode for long-distance
reach or multimode within shorter distances inside the building. Typical cross-connects in MMRs use single-
mode fiber jumpers to interface with carrier equipment. Optical Distribution Frames (ODFs) or high-
density fiber panels are commonly deployed to manage hundreds or thousands of fiber strands in an MMR.
These frames provide a central point to administer interconnections, with features like splicing trays, cable
slack management, and labeling to maintain organization.

In summary, the physical network infrastructure of a data center consists of diverse incoming fiber routes
feeding into redundant meet-me rooms, where structured cabling and cross-connects tie external networks
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to internal equipment. This design provides both high capacity and resilience. A server is only as reachable
as the cabling connecting it - hence data centers invest heavily in robust fiber installations, redundant
pathing, and secure MMR facilities to ensure that powered-on servers are also online servers. As one data
center operator put it, “What good is a powered-on server if it has no network access?” - underscoring that
connectivity diversity is as vital as power redundancy.

Network Topologies: Metro vs. Long-Haul, Lit vs. Dark Fiber, and
Neutral Design

Not all networks feeding a data center are equal - they span different scopes and service models. Metro
fiber refers to optical networks within a metropolitan area (tens of km), connecting local ISPs, businesses,
cell towers, and data centers around a city. Long-haul fiber connects across regions and countries
(hundreds to thousands of km), including inter-city terrestrial fiber and undersea cables. Metro fibers
usually form rings or dense meshes in a city for reliability, while long-haul routes follow major rights-of-way
(highways, rail, undersea routes) and use amplification/repeaters to carry signals over vast distances. One
consequence is latency: signals in fiber travel ~203,000 km/s (about two-thirds the speed of light). Over long
distances, that propagation delay adds up. A rule of thumb is ~10 milliseconds of round-trip latency per
1,000 km of fiber route. Metro distances (say 50 km across a city) incur negligible latency (~0.25 ms one-
way), whereas a transcontinental link (New York to Los Angeles, ~4,000 km) might introduce ~40 ms one-
way (~80 ms round-trip) assuming an optimal path. Network topology design tries to minimize unnecessary
distance; for instance, long-haul routes are engineered to be as direct as possible between major hubs, and
metro networks position exchanges and interconnection points close to dense customer clusters to reduce
travel time.

Data traveling into a data center may hop across lit fiber or dark fiber networks. In a lit fiber service, an
ISP or carrier has already placed equipment (lasers, transponders) on the fiber and “lights” it to carry data,
selling bandwidth or circuits to customers. This is the norm for most businesses: the carrier provides a
managed connection (be it an internet IP transit link, an Ethernet circuit, or a wavelength service) for a
monthly fee, and handles all maintenance and operation of the fiber and optics 2 . Lit services are
essentially plug-and-play - the provider sets the capacity (10 Gbps, 100 Gbps, etc.) and guarantees a certain
SLA. The advantage is simplicity and reliability: the carrier's specialized team ensures high uptime and will
troubleshoot issues, allowing the customer to focus IT staff elsewhere 3 . The downside is recurring cost
and less flexibility - scaling up usually means paying for a higher tier service or another circuit.

In contrast, dark fiber refers to fiber strands leased in an unused, unlit state, where the customer lights it
with their own equipment. Large hyperscalers and bandwidth-intensive enterprises (like content providers
or financial traders) may opt for dark fiber on critical routes to gain virtually unlimited scalability and control

4 5 ., With dark fiber, the organization incurs the capital expense of deploying optical transport gear at
each end, but then they can upgrade speeds as needed (simply by replacing transceivers) and use the entire
fiber's capacity. For example, one dark fiber pair could carry multiple 400 Gbps channels via DWDM (Dense
Wavelength Division Multiplexing) if the customer has state-of-the-art optics, whereas a lit service might
limit them to a single 10 Gbps circuit on that fiber. Dark fiber is effectively being your own carrier - it offers
maximum bandwidth and privacy (an entirely private network) 4 6 . However, it requires in-house
expertise to manage and comes with responsibilities for monitoring and repair. Many organizations find lit
fiber more convenient unless their scale justifies owning infrastructure. Indeed, for most enterprises “lit
fiber product capacities are now topping 100 Gbps” and meet their needs cost-effectively 7 , while dark
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fiber becomes attractive mainly for the heaviest users who need custom networks or ultra-low latency paths
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Another nuance is wavelength services - a middle ground where a carrier lights the fiber but sells the
customer a dedicated optical wavelength. For instance, a carrier might run a DWDM system with 40
channels on a fiber and lease one 100 Gbps wavelength to an enterprise between New York and Chicago.
This gives the customer a specific high-capacity pipe (and often lower latency than routing over shared IP
networks), without the burden of managing the whole fiber. Wavelength (or “lambda”) services are popular
for inter-data center connectivity and disaster recovery links, providing near-dark-fiber performance on a lit
basis.

Data centers themselves are often designed to be carrier-neutral. A carrier-neutral data center (or
network-neutral colo) is one that allows interconnection between many telecommunication providers and
customers on equal footing. This contrasts with legacy enterprise data centers that might only have one
carrier’s fiber or a single ISP available. In a carrier-neutral facility, you might have dozens of carriers’ fibers
terminating in the MMR. The benefit is competition and resilience: tenants can pick the best price/service,
and they can contract multiple carriers for redundancy. The data center operator encourages a rich
ecosystem of networks on-site (often hosting not just carriers but cloud on-ramps and IXPs) - in fact, some
large colo campuses in Ashburn, Dallas, or Chicago have 50+ networks present. From a design
perspective, carrier-neutral sites include spacious MMRs and meet-me conduits, sometimes separate
“carrier rooms” for providers to place equipment. As noted earlier, multiple carriers within a facility each
bring their infrastructure to the MMR, where cross-connects tie them to customer gear. The result is a
marketplace of connectivity. This carrier-neutral approach has become standard in colocation because it
attracts customers (who want choice) and fosters an interconnection hub’s growth. It also has compliance
and resilience advantages - for example, financial services firms may require dual carriers to meet uptime
requirements, and certain jurisdictions mandate that critical data have redundant network paths. In short,
embracing an open, neutral topology at the data center level encourages a dense network fabric that
benefits everyone by lowering costs and increasing the routes available.

Interconnection Ecosystems: IXPs, Carrier Hotels, Peering &
Marketplaces

Data centers don't exist in isolation - they thrive as part of interconnection ecosystems where networks
meet and exchange traffic. Central to this are Internet Exchange Points (IXPs) - platforms (typically
Ethernet switching fabrics) that allow dozens or hundreds of networks to peer (i.e. directly exchange traffic)
in a single location. Many carrier-neutral data centers host IXPs or even multiple IXPs. For example, the
world's largest IXP, DE-CIX Frankfurt, operates in Frankfurt's carrier hotels and interconnects nearly 1,100
networks on its peering fabric. Similarly, LINX (London Internet Exchange) and AMS-IX (Amsterdam)
each host 800+ networks, enabling massive local traffic exchange. The presence of IXPs is a hallmark of a
rich interconnection ecosystem - TeleGeography notes that Frankfurt “boasts unparalleled density of
internet exchange platforms and local peering partners,” which fosters low-latency, efficient data exchange
and attracts even more operators to colocate there. By exchanging traffic at an IXP, ISPs and content
providers can hand off data directly to each other’s networks (often on a settlement-free basis) instead of
paying transit through third parties. This lowers costs and improves performance for everyone involved.
Public peering on IXPs typically uses multi-party Ethernet switches; each member connects a port (e.g. 10Gb
or 100Gb) and can peer with many others via BGP sessions over that single connection.
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Complementing public IXPs is private peering, where two networks establish a direct one-to-one cross-
connect (usually in an MMR) to exchange traffic. Large players (e.g. a tier-1 ISP and a big content company)
often do private peering when traffic volumes between them grow too large for an exchange or if they
require dedicated capacity. Carrier-neutral facilities facilitate this by making cross-connects easy to procure
- within the same building, a cross-connect can link Network A in Suite 100 to Network B in Suite 200
directly, bypassing any Internet Exchange fabric. Many data centers have become famed “carrier hotels”,
essentially meeting hubs for networks. A carrier hotel is typically a dense urban data center where
numerous carriers and customers congregate specifically for interconnection. Examples include 60 Hudson
Street and 111 8th Avenue in New York, One Wilshire in Los Angeles, and Equinix Ashburn in Virginia -
these sites are legendary for hosting hundreds of networks and seeing vast amounts of exchange traffic. In
industry terms, “carrier hotel” is the moniker given only to the most interconnected colo buildings, those that
serve as the central hubs of telecom in their metros. Businesses often seek space in such facilities (or their
modern equivalents) to benefit from immediate access to many carriers, cloud services, and peers.

The peering models that networks follow can be broadly categorized as public peering (at exchanges)
versus private peering (direct links), and bilateral vs multilateral agreements. Public peering is
multilateral by nature - a route server at an IXP can facilitate one-to-many peering sessions so a small ISP
can instantly peer with dozens of others by a single policy. Private peering is usually bilateral - two parties
negotiate a direct interconnect and typically keep it just between them. There are also transit
arrangements where one network pays another to carry traffic. In healthy ecosystems, many networks will
engage in settlement-free peering with each other for mutual benefit (especially if traffic ratios are balanced),
and purchase transit for the remainder. The prevalence of big IXPs has made settlement-free peering far
more accessible; as DE-CIX's CTO noted, “peering is the glue that binds together the different networks that
make up the Internet” - it's fundamental to efficient global data flow.

To coordinate these interactions, interconnection marketplaces have emerged. Traditionally, establishing
a cross-connect or peering session involved manual processes and weeks of coordination. Now, platforms
like Equinix Fabric, Megaport, and PacketFabric provide software-driven, on-demand connectivity. These
act as virtual cross-connect exchanges where through a portal, a customer can spin up a VLAN or virtual
circuit to another participant (cloud provider, SaaS service, another ISP, etc.) in minutes. Such SDN-based
interconnection services overlay the physical cross-connects with elastic, pay-as-you-go links. For example,
Megaport’s marketplace connects over 700 enabled data centers and 240+ cloud on-ramps globally via an
SDN network. A user in one data center can instantly provision a private 1 Gbps link to a cloud in another
data center through the Megaport fabric without needing new fiber pulls. These marketplaces have
effectively virtualized the carrier hotel. Data center operators themselves also offer similar capabilities:
Equinix’s platform links all its IBX centers, and CoreSite’'s Open Cloud Exchange allows one-to-many
connectivity through an automated switch fabric. This trend accelerates interconnection by removing
physical logistics from the equation - connectivity becomes a service, ordered via APIs.

Carrier-neutral exchanges and SDN connectivity also blur lines between metro and long-haul: one can
dynamically route between markets as needed. Still, the physical proximity of networks in major hubs
continues to be crucial - even a virtual circuit often rides a physical cross-connect at some point. That's why
large peering ecosystems cluster in certain cities. The ecosystem analogy is apt: an interconnection hub is
like a rainforest, with diverse species (carriers, content, cloud, enterprises) all symbiotically exchanging
resources (data). TeleGeography identifies seven elements of a healthy interconnection market: robust
networks, IX platforms, cloud infrastructure, ample data centers, reliable power, a strong local economy
generating demand, and supportive governance. These factors reinforce each other. When they reach



critical mass, data gravity takes over - the rich get richer as more networks and investment gravitate to the
established hub. This is why the top hubs in 2025 (like Frankfurt, London, Ashburn, etc.) remain at the top
despite challenges; their dense ecosystems keep attracting growth.

In practice, a company formulating its interconnection strategy will likely colocate in a carrier-neutral data
center (or multiple) that sits in a major hub, cross-connect to several carriers for global reach, join an IXP for
local peering, and perhaps leverage a cloud exchange service for on-demand links to public cloud providers.
This multi-pronged approach ensures optimal performance and cost. As an example, a streaming video
provider in a facility like 350 E Cermak (Chicago) might peer at the local exchange to deliver traffic to
Comcast and AT&T (reducing IP transit costs), set up private cross-connects to large last-mile ISPs for
stability, and use Megaport to connect to AWS for its cloud storage—all within the same data center. The
interconnection ecosystem is thus the lifeblood of the modern internet, and data centers are the physical
marketplaces where these exchanges happen. The ongoing record peaks in internet traffic (for instance, DE-
CIX globally hitting 25 Tbps aggregate throughput in 2025, a 130% increase since 2020) highlight both the
growing demand and the effectiveness of dense peering in handling that demand.

Cloud On-Ramp Designs: Direct Connects to AWS, Azure, Google &
More

Enterprises increasingly extend their data centers into public cloud platforms, but doing so over the public
Internet can introduce unpredictable latency, throughput bottlenecks, and security concerns. To address
this, major cloud providers offer cloud on-ramps - private network connectivity services that let customers
directly connect to the cloud providers’ networks from a colocation facility. Examples include AWS Direct
Connect, Microsoft Azure ExpressRoute, and Google Cloud Interconnect. These typically involve the
cloud provider establishing a PoP (Point of Presence) in carrier-neutral data centers across key metros.
Customers in those facilities (or connected via an exchange) can then purchase a dedicated layer-2 circuit
straight into their cloud VPC, bypassing the public internet.

The advantages of cloud on-ramps are significant. Because the connection is private and often shorter in
path, latency is lower and more consistent. One analysis showed that using AWS Direct Connect through a
data center cut latency by up to 44% compared to sending traffic over the public internet. These links also
support very high speeds - AWS Direct Connect, for instance, offers options from 50 Mbps up to 100 Gbps,
and in some locations up to 400 Gbps for a single connection. Such bandwidth is vital for shifting large
datasets to and from the cloud (common in backup, big data processing, or hybrid computing bursts).
Additionally, data egress fees (the charges cloud providers apply for pulling data out of the cloud) are
massively reduced when using on-ramps. Providers like AWS and Azure charge much lower per-GB rates on
Direct Connect/ExpressRoute traffic than regular internet egress - operators report 60-70% cost savings
on cloud data transfer bills by using direct connections. This addresses the common sticker shock
companies face with cloud bandwidth costs.

Security and reliability are further benefits. A Direct Connect or ExpressRoute link is a layer 2 private
circuit that does not traverse the public internet, greatly limiting exposure to DDoS attacks or other threats.
It also can be combined with the data center’s physical security and the customer’s own encryption if
needed for a highly secure end-to-end pipeline. By reducing the number of hops and networks involved,
there are fewer points that can fail. Cloud on-ramps essentially let you extend your corporate WAN into the
cloud provider as if it were another branch office. Many deployments use dual, diverse cloud connects (two



separate circuits to different cloud edge routers) to achieve carrier-grade uptime. Indeed, these services
often come with strong SLAs, and when housed in top-tier colocation facilities, they ride on that
environment's 100% power/cooling uptime commitments. For example, CoreSite states that combining
Direct Connect with their data center’'s 100% uptime SLA and 24x7 support yields “always-on reliability” for
hybrid deployments.

Crucially, direct cloud connections also help with compliance requirements. By keeping sensitive traffic off
the public internet, companies can more easily meet standards like HIPAA, ISO 27001, PCI DSS, and SOC 2
for data in transit. The controlled entry/exit points make auditing and enforcing security policies simpler.
Many industries that were once cautious about cloud (finance, healthcare, government) have embraced it
via these private on-ramps, satisfying regulators that the connection is as secure as any leased line. In fact,
colocation providers often integrate cloud on-ramps into their overall security ecosystem - layering the on-
ramp with additional firewall/IPS services or SD-WAN capabilities as needed.

A typical cloud on-ramp setup in a data center involves the customer configuring a virtual interface from
their router to the cloud provider's router over the cross-connect. BGP routing is used to exchange routes
between the enterprise and the cloud. This essentially extends the enterprise LAN into the cloud region.
From there, the enterprise can access all its cloud resources as if they were on the same private network,
with low latency. For example, a company might run an Oracle database on-prem and an application server
in AWS - with Direct Connect, the app server can talk to the database over a private 10 Gbps link with, say, 2
ms latency (if in the same metro), whereas over internet VPN it might have been 20+ ms and variable.

Major cloud providers have proliferated their on-ramps in global markets. As of mid-2025, AWS Direct
Connect is available in over 100 colocation sites worldwide, Azure ExpressRoute in similarly many, and
Google Cloud Interconnect in dozens. They often colocate in facilities operated by Equinix, Digital Realty,
CoreSite, NTT, and others that serve as regional interconnect hubs. For instance, in Northern Virginia
(Ashburn), a customer has native on-ramps to AWS, Azure, Google, Oracle, IBM, and others all within a few
Equinix and Digital Realty buildings - enabling a true multi-cloud hybrid strategy. Many colos highlight the
number of cloud on-ramps they host as a selling point; Digital Realty’'s campuses often have all the top five
cloud providers on-site. This cloud density, combined with carriers and IXPs, makes these data centers one-
stop shops for connectivity. Netrality's data centers, as an example, advertise direct links to major clouds
and access via SDN platforms like Megaport, giving tenants multiple options for cloud connectivity.

The design of cloud on-ramps also continues to evolve. Some providers now offer virtual on-ramps where
even if you aren't in the same building as the cloud router, you can connect via an intermediary network
(e.g. you're in a smaller market data center that backhauls to the nearest on-ramp hub). The rise of SD-WAN
means enterprises can intelligently route some traffic over direct connects and some over internet VPNs
based on application needs, optimizing cost versus performance. And new offerings like AWS Outposts
bring a piece of the cloud hardware into the data center, effectively blurring the boundary - though the
network still rides on direct connectivity back to the AWS region.

In summary, cloud on-ramps have become a fundamental component of data center connectivity. They
provide the private highways into public clouds that modern hybrid architectures demand. By leveraging
them, companies achieve nearly LAN-like performance and security with their cloud workloads. As one colo
provider summed up: Direct connect is “the fastest and most reliable avenue to your digital ecosystem”,
unlocking significant cost savings and performance gains. Little wonder that fast-growing data center
markets are often measured by the number of cloud on-ramps present - TeleGeography's connectivity



score, for instance, factors in “cloud availability” as a key metric. In practice, a well-placed cross-connect to a
cloud can mean the difference between a user experiencing a snappy application versus a laggy one, or an
Al training job finishing overnight versus in two days. The digital enterprise of 2025 sees cloud on-ramps
not as an add-on, but as an essential utility of the interconnected data center.

Latency and Proximity: The Speed of Light and Why Distance
Matters

Physical distance directly translates to latency, so the geography of data centers and networks is crucial for
performance. As noted, signals in fiber travel about 5 microseconds per kilometer. Real-world routes are not
straight lines, but even under optimal conditions, there's a hard floor to how fast data can go from point A
to B. Network engineers commonly use 1 ms of latency per 200 km (one-way) as a guideline, which is ~10
ms per 1000 km round-trip. This means that even if all switching/routing were instantaneous, a transatlantic
link (~6,000 km New York to London) imposes on the order of 30-40 ms one-way (~60-80 ms RTT). Indeed,
modern low-latency subsea cables like Dunant (US to France) and MAREA (US to Spain) achieve around 66-70
ms RTT. Cross-country US links (New York to Los Angeles ~4,000 km) similarly see ~40 ms one-way (~80 ms
RTT) as a best case. Locally, between major East Coast cities (e.g. Washington DC to New York ~330 km)
latency can be ~3-4 ms one-way.

Why does latency matter? For many applications, latency is the enemy of performance. Financial trading
firms spend huge sums to shave even fractions of a millisecond off connections between exchanges, since
lower latency can mean beating a competitor to execute a trade. For these firms, “reducing delay by a few
milliseconds can impact profitability”. They will seek out the shortest fiber paths (even running private
microwave links which travel faster through air) to gain an edge. Web companies like search engines and e-
commerce sites also pay close attention: studies by Google and Amazon found that increases in latency
reduce user engagement and revenue. Amazon famously quantified that every additional 100 ms of latency
in page load time cost them 1% in sales. Over many users, that's billions in potential revenue lost to latency.
Gaming and video streaming are other examples - interactive games become unplayable above certain
ping times, and video streaming quality may drop if latency prevents smooth buffering.

Because of this, proximity to end-users and latency optimization drive decisions on data center
placement and network routing. Content providers strategically distribute data centers to bring content
closer to users (edge caching) and place compute clusters in regions that minimize latency to their
customers. For instance, a major SaaS company might ensure it has an availability zone in Singapore to
serve Southeast Asia, because if the nearest server was in North America, users would be >150 ms away
and experience sluggishness. TeleGeography illustrates this by noting if a provider uses a Singapore data
center, it brings all of Southeast Asia’s population within ~70 ms or less of the servers, whereas serving
them from Europe or the US would be far slower. Indeed, Singapore's position as a hub is partly because it
can reach huge markets (Indonesia, Malaysia, India, Australia) with relatively reasonable latency (20-70 ms)
being at the nexus of so many subsea cables.

Latency is not solely a function of distance; network equipment and congestion add delays too (queuing,
serialization, processing). But as speeds increase (100 Gbps, 400 Gbps links), the serialization delay drops,
and propagation delay dominates long links. Thus, reducing distance is the surest way to cut latency. This
has led to innovations like latency-optimized routing - choosing the geographically shortest path rather
than the cheapest. Some networks offer premium low-latency routes (for example, Hibernia Express was a



transatlantic cable designed to be a few milliseconds faster than older cables by following a great circle
route). Additionally, locating critical systems in proximity can be game-changing. Large tech firms
sometimes build private fiber between their data centers to achieve symmetric latency and fast replication
(e.g. two campuses 50 km apart with 0.25 ms links for active-active storage clustering).

Real-world RTT examples give perspective: Within a metro, latency might be <1 ms. Regionally, New York
to Ashburn ~8 ms RTT; Ashburn to Chicago ~14-20 ms; US coast-to-coast ~60-80 ms; New York to London
~65-70 ms; London to Singapore ~150 ms (there is no direct great circle, and cables route via the Suez or
Pacific). Satellite links (geostationary) infamously add ~500+ ms one-way (due to 35,000 km altitude), though
new LEO satellites like Starlink can have ~20-40 ms. Network architects often map these numbers to user
experience: ~<20 ms RTT is generally unnoticeable even for interactive apps, 20-100 ms is the range where
it starts to “feel” slower for very latency-sensitive tasks, and >100 ms can degrade experiences (video calls
feeling laggy, etc.).

Such considerations are driving trends like edge computing - placing compute nodes in many cities to
keep latency low. It's also why interconnection hubs are so critical: they aggregate traffic in low-latency
ways. If every ISP in a region peers at a common hub, local traffic stays local (resulting in maybe 5-10 ms
latencies within a region, rather than tromboning to distant cities and back). Keeping intra-country traffic in
country, and regional traffic in-region, has big quality benefits.

To put latency into a business context, network SLAs for financial or VoIP services often specify maximum
latency thresholds. Meeting those drives both infrastructure investment and route optimization. It's notable
that even human perception is tied to latency - for instance, studies indicate humans perceive <20 ms audio
latency as real-time, and around 13 ms of network latency roughly corresponds to a frame of video at 75
FPS. So hitting those marks can be the difference between a smooth videoconference vs. a choppy one.

In summary, latency is fundamentally dictated by physics and geography, and thus the locations of data
centers and the length of fiber routes are paramount. Modern networks strive to minimize latency by
shortening fiber paths, avoiding indirect routing, and deploying infrastructure closer to users. The big hubs
of the internet exist not just because of connectivity choice but also because they sit at optimal points to
exchange traffic without added delay. With emerging applications like AR/VR, autonomous vehicles, and
real-time analytics, the requirement for ultra-low latency (<5-10 ms) will push this trend even further, likely
spurring more micro data centers at the edge and specialized low-latency fiber builds. The old adage
remains true: distance is delay. Networks can't break the speed of light, so they instead bend their
topologies to get as close as possible to it.

Redundancy and Resilience: Building Always-On Networks

Network connectivity is a lifeline for data centers, so resilient design means eliminating single points of
failure in network paths. A robust network architecture employs multiple layers of redundancy: diverse
physical paths, redundant devices, and failover protocols. At the physical level, as discussed, data centers
use dual entrance fiber routes and even a mix of underground and aerial fiber. The reasoning is
straightforward - buried fiber is safe from weather but can be cut by backhoes; aerial fiber is quicker to
repair but exposed to storms - using both provides a hedge. Many outages have occurred because all fibers
shared one trench or bridge; industry best practice is true path diversity (e.g. one carrier’s fiber enters from
the north side road, another’s from the south service lane). Dual meet-me rooms internally further ensure
that even if one MMR must be taken offline, the other can carry critical traffic.



Beyond facility entry, data centers should connect to multiple carriers or ISPs. Enterprises often bring two
or more ISP links into their deployments. This is typically coupled with BGP multihoming on the IP routing
side. By announcing the company’s IP prefixes to two providers, if one fails, the internet automatically
reroutes to reach the prefix via the other provider. BGP is the de facto standard for such failover. However,
BGP failover is not instantaneous by default - it can take minutes if routes aren't tuned. Operators reduce
BGP convergence times by using techniques like BFD (Bidirectional Forwarding Detection) and setting
shorter route withdrawal timers. According to network engineers, “BGP won't fail over instantly unless prefixes
are announced correctly and routes are monitored”. Careful configuration (e.g. prepending, MED settings) is
needed to steer traffic predictably in normal operation and to ensure quick switchover during outages.

Redundancy applies inside the data center network too. Dual-homed equipment - each server connecting
to two top-of-rack switches, each switch uplinking via two separate core switches - is standard design so
that a switch failure doesn't sever connectivity. The concept of A/B feeds in power has an analogue in
networking: dual uplinks and even dual network interface cards on critical devices 9 . With modern leaf-
spine fabrics, equal-cost multipath routing (ECMP) across multiple links means a failure can be masked with
little impact as traffic hashes to remaining paths.

Resilient network design also considers route diversity at wide-area scales. Enterprises with multi-data-
center deployments will get links from different carriers that travel along different corridors. For example,
one WAN link might go west-to-east via a northern route and another via a southern route. This protects
against regional disasters (cutting a major fiber bundle can disrupt one corridor - e.g. a backhoe cut in
Phoenix once knocked out multiple providers using the same route). Diverse carriers often equals diverse
routes, but not always - sometimes carriers share fibers. Hence, due diligence like requesting maps or
using carrier-neutral exchange services can ensure true path separation. High-availability institutions
(exchanges, cloud providers) often maintain dozens of backbone routes to dynamically reroute traffic if any
one path fails.

On top of physical and link redundancy, software and protocols provide resilience. We discussed BGP for
internet failover. Within data centers, link aggregation (LACP) and rapid failover protocols (like Cisco's
FastHello or routing protocol BFD) can detect a link down within sub-second and shift traffic. Routing
protocols (OSPF, IS-IS, BGP) inside networks are tuned for fast convergence as well. There's also increasing
adoption of SD-WAN and intelligent routing software that can actively probe multiple links and steer traffic
over the healthiest path in real-time 10 . SD-WAN appliances use multiple WAN links (MPLS, broadband, LTE,
etc.) and can do things like forward error correction, jitter buffering, and instantaneous failover - providing
a seamless experience even if one circuit has issues.

Despite all this, network outages do happen - and when they do, they can be crippling. Uptime Institute’s
global surveys have found that networking issues are a leading cause of data center outages in recent
years. In fact, according to Uptime's 2022 outage analysis, network-related problems were the single
biggest cause of IT service downtime incidents over the prior three years, outpacing even power failures.
This is a sobering statistic that reflects the increasing complexity of hybrid, distributed systems - a
misconfigured router, a failed firewall, or a DNS issue can bring down services just as surely as a power loss.
It underscores that investing in network resilience is as important as redundant UPS/generators. Every
additional ‘9’ of uptime requires not just N+1 power, but N+1 networks.

Consider a real example: in 2021, an improperly applied BGP update by a major cloud provider took down
its entire network for minutes - a cascade effect illustrating how fragile things can be without safeguards.


https://www.meter.com/resources/data-center-redundancy#:~:text=Dual%20uplinks%20from%20rack%20to,improving%20uptime%20and%20troubleshooting%20options
https://www.meter.com/resources/data-center-redundancy#:~:text=SD,to%20adapt%20than%20BGP%20alone

To mitigate human error (another common factor), rigorous change management and testing in networks
is needed. Uptime Institute noted that most human-error outages involved not following procedures or
inadequate processes. On the network side, that means having clear runbooks for failover testing,
maintenance, and emergency response.

A fully resilient data center network might have: dual entrance fibers, dual MMRs, multiple carriers (one
using buried east route, one using aerial west route, for instance), redundant routers connected in a mesh,
automatic failover, continuous monitoring, and regular drills (e.g. simulate a carrier loss to see if BGP shifts
correctly). Data from real incidents shows why each layer matters. When Hurricane Sandy hit NYC in 2012,
some data centers stayed online with generators but lost connectivity because flooding knocked out carrier
infrastructure. Those with diverse routes out of Manhattan fared better.

Beyond prevention, resilience also considers recovery - if an outage occurs, how quickly can service be
restored? Technologies like automated fiber monitoring (OTDR systems in real-time) can detect and
pinpoint fiber breaks quickly for dispatch. Some advanced networks use self-healing rings that
automatically switch direction when a cut is detected. Service Level Agreements (SLAs) for carriers often
specify mean time to repair for fiber cuts (often a few hours) - selecting carriers with good track records
and maintenance capabilities is part of resilience planning.

Finally, data center interconnect (DCI) redundancy is worth mentioning: many enterprises operate in at
least two sites for disaster recovery, using high-speed links between their data centers to replicate data
(synchronously or asynchronously). For critical applications (banking systems, etc.), these DCI links are
made redundant as well - e.g. dual diverse 100 Gbps waves between two sites, perhaps through different
carriers or via a optical ring. This ensures that even if one replication link fails, the data stays in sync over
the other, and if one data center fails completely, the other can take over with up-to-date information. The
challenge here is latency too - synchronous replication (zero data loss failover) usually only works within
~100-150 km (due to latency under ~5 ms). Hence, high resilience often pairs with metro clustering (for
immediacy) plus a longer-distance backup copy (for geo-diversity but with slight lag).

In essence, network resilience comes down to avoiding single points of failure at every layer and testing the
failover mechanisms regularly. The old network engineering adage “Two is one, and one is none”
encapsulates it - if you only have one of something (one switch, one router, one cable), you have no backup
when it fails. Thus, critical infrastructure demands at least two of everything, preferably more, with true
separation. The most future-proof data centers invest heavily in this: “diverse fiber routes, dual entrances, dual
meet-me rooms” are table stakes for a facility touting high availability. Those that don't incorporate such
measures risk what TRG Datacenters called “hidden fragility” - a data center that looks robust but collapses
under a network disruption because it wasn't properly planned.

Security and Compliance: Segmentation, Diversity, and Standards
in the Network Fabric
Data center networks must not only be fast and reliable, but also secure and compliant with various

regulatory standards. This spans physical separation of sensitive traffic, logical segmentation, encryption,
and governance of how connectivity is managed.
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One key principle is network segmentation - dividing the network into zones with controlled interactions.
Standards like the Payment Card Industry Data Security Standard (PCI DSS) emphasize segmentation to
isolate the Cardholder Data Environment from other IT systems. By partitioning card processing servers on
their own VLANs or physical networks and strictly filtering what can talk to them, organizations reduce
scope and risk. Proper segmentation means even if another part of the network is compromised, the
sensitive zone remains walled off. As Tufin's guidance notes, “segmentation works by controlling data flows
between the CDE and other network areas, ensuring only authorized traffic can penetrate these secure zones.”
This typically involves firewalls or access control lists at junctions, and often separate switching
infrastructure for the most sensitive enclaves. In a data center context, an operator might provide private
cage-to-cage cross-connects that never touch the shared fabric for a customer handling credit card data, or
the customer might maintain their own isolated rack switches.

Fiber segregation can also play a role for high-security networks. In some cases, rather than sharing fiber
paths or equipment, sensitive networks run on completely separate, dedicated fibers or optical systems - a
form of physical air gap. For example, a government classified network might have its own termination
panel and fiber run that does not intermix with other traffic in multiplexers. While costly, this eliminates
potential cross-talk or interception risk in shared infrastructure. At the very least, data centers use
techniques to segregate cable pathways (as mentioned, fiber trays, color-coded conduits) so that, say, a
military network’s cables are traceable and physically apart from general population cables.

Encryption is another layer often mandated by compliance. If data is highly sensitive (personal data,
financial transactions), organizations will encrypt it in transit. Some regulations require this explicitly - for
instance, HIPAA (health data) expects encryption over any external link. Many companies now deploy
MACsec (Layer 2 encryption) or IPsec/VPN tunnels over even their private leased lines for an extra layer of
defense, such that if someone tapped the fiber they'd get only gibberish. Modern equipment can encrypt at
line rate (100 Gbps+) with minimal latency, making this a no-brainer for compliance in many cases.

Access controls and monitoring in the network fabric are critical for frameworks like SOC 2 and ISO
27001. These standards require demonstrable controls over who/what can access systems, network traffic
monitoring, and incident response processes. In practice, data center networks are set up with firewall tiers,
DDoS protection at the perimeter, and continuous traffic monitoring (via IDS/IPS) to detect anomalies. For
example, a compliance audit may check that the data center operator can show logs of all cross-connects
provisioned, approvals for each, and monitoring of those links. Colocation providers that meet SOC 2 Type II
have to control not just physical access but also how customer networks interconnect - e.g. preventing one
tenant from accidentally or maliciously accessing another’s network. Many will implement port isolation
and strict MAC address controls on their meet-me switches to enforce tenant separation at Layer 2.
Additionally, features like private VLANs or VRFs are used in exchange fabrics to ensure that even if two
networks share a switch, they only see traffic intended for them.

Carrier diversity plays into both resilience and compliance for continuity. Some industries (finance,
telecom) are required by regulators to have contingency plans that include alternate network providers. For
instance, a stock exchange might be mandated to have at least two telecommunications providers for
connectivity to avoid single-vendor risk, or a bank might need a secondary communications path to meet
uptime obligations. Also, certain government workloads require communications to travel via approved
carriers or routes - leading to the concept of “clean pipes” where traffic for secure environments only flows
through vetted network paths. This sometimes means using carriers that offer government-grade
networks or physically distinct infrastructure.
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Another compliance aspect is visibility and auditability of the network. Regulations like NIST 800-53 or
ISO 27001 require that organizations know what is happening on their networks and can audit connections.
In data centers, this translates to tools and processes: the use of NetFlow analytics, regular network
penetration testing, maintaining up-to-date network diagrams, and being able to demonstrate controls like
“we only connect to approved networks in the MMR and each cross-connect is reviewed and authorized.”
Some colocation providers even obtain PCI or FedRAMP certifications for their interconnection services, to
assure customers that using those services won't jeopardize compliance.

Segregation of duties is another concept - network admin roles should be separated such that no single
person can covertly set up an unauthorized connection. This is more of an internal policy, but in high-
security environments data centers implement two-person rules for network changes or have monitoring
systems watch for any config changes on peering switches.

Physical security of network gear ties in too. A rogue actor plugging into a switch in an MMR could be
disastrous. Hence MMRs are high-security zones (biometric access, cameras), and even within, specific
cabinets might be locked (with unique keys or electronic locks) so only the intended carrier can access their
patch panel. Some data centers offer encrypted cross-connects or fiber monitoring to detect tampering.

Compliance impacts on design can be seen in examples like: financial exchanges build “dual PoP”
connectivity - they require clients to connect in two separate buildings (to two separate matching engines),
often for regulatory resilience. Government clouds (like AWS GovCloud) only interface via certain approved
on-ramps and encrypted links, meeting FedRAMP rules. Payment processors might insist their primary and
backup network links exit via entirely separate telco facilities to satisfy oversight expectations.

In summary, ensuring network security and compliance in data centers involves a combination of
segmentation, segregation, encryption, diversity, and monitoring. By isolating networks (both logically
with VLANs/firewalls and physically with dedicated gear or fibers), one breach doesn't immediately grant
access everywhere. By using multiple carriers and paths, critical services remain up even if one network has
an issue. By following standards (PCI, ISO, SOC, etc.), organizations put in place structured controls that
auditors can verify - things like annual penetration tests, documented network diagrams, alerting systems,
and strict change controls on network devices.

The network is often an overlooked piece of compliance (people tend to focus on data encryption at rest,
software vulnerabilities, etc.), but as data centers scale and interconnect more, regulators have zeroed in on
it. In fact, the Monetary Authority of Singapore (MAS) updated guidelines requiring financial institutions
to ensure “robust network perimeter defenses and monitoring” for any cloud or data center usage - a
response to some high-profile cyber incidents. Similarly, the European GDPR implicitly necessitates secure
transmission of personal data, which networks must provide via encryption and access control. So the
network team now works hand-in-hand with security and compliance officers. Choosing a colocation
provider with the right certifications (SOC 2, ISO 27001, PCI DSS attestation, etc.) and services (like secure
direct cloud connects) can significantly ease the burden on an enterprise to tick those compliance boxes.

Ultimately, a secure network fabric is one that limits exposure (through segmentation and private links),
has multiple layers of defense (firewalls, IDS, DDoS protection), and is run under strong governance. The
data center industry has responded by making security a selling point of interconnection offerings - for
instance, Equinix and others tout that their exchanges are not just fast but secure, monitored, compliant-
ready environments. In an era of ever-more connectivity, that reassurance is vital. A data center can be a
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crossroads of thousands of networks; good design makes sure they only cross when and where they're
supposed to.

Interconnection Market Hubs: Ashburn (IAD), New York, Dallas,
London, Amsterdam, Singapore, etc.

Certain metropolitan areas have become global nexus points for data exchange, housing enormous
concentrations of data centers and network infrastructure. These hubs often arise due to a mix of
geography, business need, and infrastructure history - and they reinforce their position as more networks
congregate there (the earlier “data gravity” effect).

In the United States, Northern Virginia (Ashburn/DC area) is the undisputed king. With over 13.5 million
square feet of data center space and ~300 data centers in the region, it's frequently dubbed the “Data
Center Capital of the World". Ashburn’s prominence began with MAE-East (one of the original internet
exchange points) and AOLs campus there in the 90s, and grew explosively as Equinix and others built
massive campuses in the 2000s. Today, 70% of the world’s Internet traffic is estimated to pass through
Loudoun County’s Data Center Alley - an oft-cited (if somewhat debated) statistic that underscores just
how central Ashburn’s fiber routes are to global connectivity. This region’s dense intersection of fiber
backbones and the presence of ~200 networks have created unparalleled interconnection opportunities.
Major IXPs like LINX NoVA and Equinix IX operate there, and every major cloud has multiple availability
zones in Ashburn. The market is so large that as of 2023 it accounts for over half of all new data center
capacity being leased in top U.S. markets. One challenge, however, is emerging: power constraints.
Northern Virginia's grid and substations are struggling to keep up with the ravenous demand of new data
centers, leading to delays and concerns. Yet, despite this, Ashburn remains at the top of TeleGeography’s
connectivity rankings (scoring ~51.6) due to its entrenched ecosystem. In short, Ashburn is to the internet
what NYC once was to telephony - a central hub where everyone connects.

New York City is another major hub, historically important as the landing point for many transatlantic
cables and the home of legacy telecom “carrier hotel” buildings. Facilities like 60 Hudson Street, 111 8th
Avenue, and 32 Avenue of the Americas host dozens of carriers and IXPs (e.g. NYIIX). The NYC metro
(including Northern New Jersey) benefits from being a financial center - low-latency connectivity for
banking/trading has driven robust infrastructure. It's also a gateway: almost all cables from Europe land in
NJ/NY, making it a natural interconnection point between North America and Europe. TeleGeography ranks
New York among the top ten most connected cities globally (MCS ~52). Its connectivity ecosystem includes
massive bandwidth; for instance, new cables like Dunant (US-France) come ashore nearby with 250 Tbhps
design capacity. New York’s challenge is high cost and space constraints, but the existing carrier hotels and
exchange points keep it a critical hub. Many content networks cache data in New York to serve the U.S.
Northeast efficiently (tens of millions of eyeballs within 10 ms).

Dallas-Fort Worth (DFW) has risen as the primary hub for the central and south-central U.S. Dallas sits at a
geographic crossroads - roughly equal latency to East and West coasts - and has long been a major point in
long-haul fiber routes (many cross-country backbones have a node in Dallas). It also historically had large
carrier hotels like the Infomart (1950 N. Stemmons Freeway). Today DFW is the #2 or #3 data center market
in the U.S. by capacity and is known for robust connectivity at relatively lower costs (power and land are
cheaper than coasts). Dozens of carriers are present, and it's a key interchange for traffic to Latin America
as well. For example, one of DE-CIX's newer IXPs is in Dallas, and in 2025 DE-CIX noted that Dallas, along
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with Frankfurt, contributed significantly to its global traffic peak of 25 Tbps 11 . Dallas’s centrality and lack
of natural disaster risk (no hurricanes, minimal seismic activity) also attract disaster recovery sites for
networks - many firms cluster in Dallas as a backup for primary nodes on the coasts.

Moving to Europe, the “FLAP” markets - Frankfurt, London, Amsterdam, Paris - are long-standing hubs.
Frankfurt in particular ranks as the world’s most connected city by TeleGeography's metrics (MCS 61.6). It
earned this crown thanks in part to DE-CIX Frankfurt, the largest internet exchange on the planet with
nearly 1,100 networks and peering traffic that peaked at 14+ Tbps locally (and 68 Exabytes over 2024 across
DE-CIX globally). Frankfurt's location in central Europe, excellent infrastructure, and Germany's economic
might all contribute - it's a meeting point for Eastern and Western Europe’s networks. London is similarly
huge - historically the landing for transatlantic cables and home to LINX, it has an MCS over 61 as well.
London’s many data centers (especially in Docklands) connect over 600+ networks and it remains the hub
for UK and much international traffic despite concerns like high power costs and Brexit. Amsterdam
punches above its weight as a smaller city but with AMS-IX (one of the oldest exchanges) and a very
progressive telecom policy, it scored ~54.9 (top 5 globally). The Netherlands' positioning and peering-
friendly environment have attracted countless networks to Amsterdam - it's common for a carrier to state
presence in “Amsterdam, Frankfurt, London, Paris” as the core nodes. Paris itself is significant (Ile-de-France
area has many cables from Africa/ME), though in connectivity score it was slightly behind the others (still
top 10). Each hub has its specialization too: London for transatlantic finance, Frankfurt for pan-European
peering, Amsterdam for international clouds, Paris for connecting francophone regions, etc. Together, FLAP
dominate Europe’s interconnection, and importantly, all face challenges of power and permitting as they
grow - Amsterdam and Frankfurt even saw moratoriums on new DC builds recently due to power/grid
strain. But their gravitational pull means growth finds a way (e.g. Frankfurt expanding in nearby locales,
Amsterdam spillover to Almere/Rotterdam).

In the Asia-Pacific, Singapore stands out as the primary network hub. With its strategic location at the
crossroads of Southeast Asia, it is “the largest hub for subsea cable connectivity” in the region. Over 20 major
submarine cables land in Singapore, linking it to Europe (via India/Middle East), to the U.S. (via transpacific
routes through Guam or via India), and to East Asian hubs like Hong Kong and Tokyo. This has made
Singapore a natural meeting point for international carriers and a gateway into the vast Indonesia/
Malaysia/Thailand markets. TeleGeography ranks Singapore the 5th most connected city globally (score
~54.6). It's home to huge carrier-neutral facilities (like Equinix SG1/2/3 and Digital Realty) and multiple IXPs
(SGIX, Equinix IX). Singapore's government has also actively fostered the hub via policy (though also
instituting a temporary data center construction pause to manage power use). One interesting facet:
Singapore is so desired that when it limited new builds, growth spilled into nearby Johor (Malaysia) and
Batam (Indonesia), essentially extending the metro - but the purpose was still proximity to Singapore’s
connectivity. Other APAC hubs include Hong Kong (historically a major subsea landing with Hutchison/
Equinix facilities, though political changes raise uncertainty) and Tokyo (score ~59.8, a huge domestic hub
with extensive regional cables). Sydney is big for Oceania, and Mumbai and Chennai are fast-rising hubs in
South Asia with many new cables landing.

Elsewhere globally, UAE (Dubai) and Qatar are becoming Middle East hubs, Johannesburg in Africa (with
growing cable landings around South Africa), and Sao Paulo in Latin America. But none yet rival the big six
mentioned in the prompt in scale. A common trait is that hubs often coincide with major population or
business centers and have supportive infrastructure. Also, once established, hubs tend to be self-
perpetuating (data gravity).
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To illustrate the concentration: TeleGeography's data shows the top 10 cities account for a very large share
of the world’s interconnection bandwidth. For example, Frankfurt, London, Amsterdam, and Paris (FLAP)
together likely contain the majority of Europe’s 13+ Tbps exchange traffic and over a million square meters
of colo space. Northern Virginia by itself has more capacity than many countries combined. These hubs are
where the Internet core converges.

Looking forward, there are emerging hubs to watch (e.g. Manila, Jakarta, Lagos are seeing big
investments). But they will take years to approach the connectivity richness of an Ashburn or Singapore. The
established hubs also continuously upgrade - e.g. Ashburn now has new subsea cables landing directly in
Virginia (the MAREA and Dunant cables terminate in Virginia Beach, with onward connectivity to Ashburn),
ensuring it remains a transoceanic gateway in addition to a national hub.

In summary, market hubs like IAD, NYC, DFW, LON, AMS, SGP are linchpins of the global digital
infrastructure. They host the largest interconnection ecosystems of networks, IXPs, and cloud on-ramps,
enabling low-latency, high-bandwidth exchange of data at scale. Enterprises often design their network
around connecting into these hubs to instantly reach partners and users. For instance, a content provider
might have major deployments in Ashburn, Frankfurt, Singapore to cover the Americas, EMEA, and APAC
respectively - because from those hubs, they can distribute to everywhere else with minimal additional
latency. The dominance of these hubs shows in metrics like TeleGeography's Market Connectivity Score:
Frankfurt, London, Amsterdam, Singapore, New York, and Washington DC are all in the very top tier
globally. As digital demand grows, these hubs are investing in power grid upgrades and new cable routes to
handle future needs. We're also seeing second-tier hubs trying to rise (e.g. Portland or Atlanta in the US,
Madrid in Europe, etc.), but it will take a lot to unseat the primary ones.

Ultimately, if data centers are the factories of the digital economy, these cities are the boom towns where
the factories cluster. They will continue to be focal points for network growth, and what happens in these
hubs can shape internet trends (for example, decisions by local regulators on power or data sovereignty
could send ripples through global connectivity). For now, their status is secure - the largest ships go where
the biggest ports are, and in the network world, Ashburn, London, Singapore and their peers are the mega-
ports through which the currents of data flow.

Emerging Trends: AI/HPC Networking, New Subsea Routes, Open
Optical Systems, and Automation

The period 2020-2025 has seen rapid shifts in demands on data center networks, driven by emerging
technologies and evolving operational paradigms. A few key trends stand out:

1. AI and HPC Network Demand: The explosion of artificial intelligence (AI) and other high-
performance computing (HPC) workloads is creating unprecedented bandwidth needs within and between
data centers. Training advanced machine learning models involves moving petabytes of data between
distributed GPU clusters, often in tight synchronization. This is straining network fabrics and spurring
development of new architectures. Meta (Facebook), for instance, has had to design an entirely new intra-
data center network fabric to interconnect Al training servers at massive scale - their Disaggregated
Scheduled Fabric (DSF) and Non-Scheduled Fabric (NSF) architectures enable tens of thousands of GPUs
to communicate across a data center with low latency. These Al clusters also drive huge inter-data-center
traffic for redundancy and pooling compute across regions. The content provider demand for long-haul
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bandwidth is “rapidly growing everywhere” and outpacing other segments, largely due to hyperscalers
moving insane volumes of data for Al and cloud services. TeleGeography’'s State of the Network 2025
highlights that even in regions like Africa or LATAM, where telcos historically dominated capacity,
hyperscaler (content/cloud) demand is now growing fastest. In practical terms, this means backbone
upgrades - 100 Gbps links are giving way to 400 Gbps and 800 Gbps wavelengths on long-haul routes, and
data center interconnect is adopting technologies like 400ZR pluggable optics to push enormous flows
between facilities. We're also seeing Al needs influence topology: intra-region latency becomes critical
when an Al job is distributed - clusters spanning multiple data centers need ultra-fast links (sometimes <1
ms, leading to ideas like clustering data centers in campus formats or using dedicated fiber between sites).
In short, Al is supercharging network throughput requirements and accelerating the timeline for adopting
next-gen optical tech. It's telling that “bandwidth is exploding to all-time highs... driven by cloud services and the
emergence of AI”, and the industry expects this growth curve to continue. Providers are already planning for
networks that can handle perhaps terabits per second between Al hubs as routine. One concrete example:
NVIDIAs HGX Al clusters come with built-in 200 Gbps+ NICs and encourage that sites be wired with
minimally oversubscribed fabrics (often 1:1 up to the spine) - a far cry from typical enterprise
oversubscription. All this pushes data center network designs closer to HPC/InfiniBand styles but at
ethernet scale.

2. New Subsea Cables and Route Diversity: The years 2020-2025 have been a boom time for submarine
cable construction. There are currently 500+ active or planned cables worldwide, and 2024-2026 will see
over $10 billion invested in new cables - a volume of construction never before seen. Hyperscalers (Google,
Meta, Microsoft, etc.) are directly financing many of these to secure capacity for cloud and content. These
new cables not only add raw capacity (multi-hundred-terabit design capacities) but also new routes for
resilience. For example, historically, a huge chunk of intercontinental traffic went via a few corridors (like the
Suez for Europe-Asia, or through Florida for U.S.-Latin America). This created choke points; now, operators
are actively pursuing diverse routes: avoiding the Red Sea by going south of Africa or over land through
Middle East, and adding cables that circle the globe in alternate ways. We have cables like Google’s Equiano
running down Africa’s west coast, 2Africa circumnavigating Africa, and plans for a trans-Arctic cable. The
trend is to increase route diversity to mitigate risks of single points of failure (be it earthquakes in one
zone or geopolitical risks). The Equinix blog noted that alternatives to traditional chokepoints (e.g. new
terrestrial fiber across the Middle East instead of only Red Sea, or the Great Southern Route connecting Asia
via the South Pacific and Indian Ocean) are being developed to bypass bottlenecks and unstable areas.
Additionally, more cables mean more landing stations in new places - instead of just a few hub beaches, we
see landings in places like Oman, South Africa, Chile, etc., which then can spur local interconnection
development. However, more cables also highlight maintenance and security challenges - with over 200
subsea cable repairs per year (about 3 per week globally), the industry is straining its limited fleet of repair
ships. So expect focus on faster repair techniques and maybe redundancy in submarine paths (rings
undersea, not just point-to-point). On security, cables are critical infrastructure; there’s growing concern
about sabotage or espionage, leading to calls for better monitoring of undersea lines (even ideas like using
the cables as sensors to detect disturbances). The takeaway: The inter-data center connectivity between
continents is getting a lot more robust thanks to these investments, which in turn supports the growth of
cloud regions and international data replication. It also underscores the need for data centers to be at or
near these landing points - hence Equinix and others opening data centers in second-tier markets like
muscat, oman or Cape Town to integrate with new cables 12 .

3. Open Optical and Disaggregated Networks: Another trend is the move toward open optical
networking and disaggregation of network hardware. Traditionally, long-haul optical transport was
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delivered via proprietary vendor systems (closed DWDM boxes). Now, hyperscalers and some carriers are
pushing for standardized interfaces so they can mix and match transponders, line systems, and ROADMs
from different vendors - achieving cost savings and flexibility. The Telecom Infra Project (TIP) and Open
Compute Project have initiatives like Open Optical & Packet Transport, promoting open hardware designs
for everything from reconfigurable add-drop multiplexers to white-box routers. By 2025, we see real
adoption: multiple vendors offer open line systems where third-party 400G ZR optics can run over them.
This means a data center operator could plug an off-the-shelf 400G coherent module into a router and send
it down a dark fiber that's managed by an open line system - no vendor lock-in to a single optical vendor
stack. Meta'’s blog on OCP 2025 highlights that “open hardware plays a crucial role in enabling disaggregation”
of data center networks, breaking traditional vertically integrated tech into flexible components. They've
contributed designs for 51.2 Tbps open switches and are working with others on using Ethernet (with open
specs) for large-scale Al clusters instead of proprietary interconnects. This open ethos extends to software
too (e.g. open network operating systems like SONiIC and FBOSS). For data center connectivity,
disaggregation could lower costs for connecting sites - e.g. using merchant silicon transponders and open
ROADMs can significantly cut the price of lighting dark fiber. Open networking also encourages
interoperability - imagine a future where an Equinix customer port could directly speak to a Digital Realty
fabric port because both use open standardized SDN APIs. We're not fully there yet, but the trend is away
from vendor-specific solutions and towards more commodity, software-driven networks. This is certainly
driven by hyperscalers who operate at such scale that even small per-bit cost savings justify custom
engineering. But as with prior innovations, these open tools will filter out to others in the ecosystem in
time.

4. Automation and Zero-Touch Provisioning: Finally, the way networks are managed is evolving via
increasing automation. Zero-Touch Provisioning (ZTP) is a prime example - the ability to roll out new
network devices or services with minimal human intervention. When deploying a new top-of-rack switch or
a new virtual connection, instead of an engineer manually configuring it line by line, the device can
automatically fetch a config from a central server and apply security policies, etc. This vastly speeds up
deployments and reduces errors. As BizTech notes, “ZTP allows configuration of devices in a network without
manual intervention... bringing new devices online more quickly and efficiently”. For data center operators, this
means they can commission new cross-connects or customer ports in minutes rather than scheduling tech
visits. Many colos have self-service portals which, behind the scenes, leverage automation to configure
switches and provision VLANs on the fly (the essence of those SDN marketplaces we discussed). ZTP extends
to wide-area too - for instance, some carriers now offer API-driven provisioning of circuits (AKA Network-as-
a-Service). The benefits are clear: reduced provisioning times (from days/weeks to seconds) and fewer
mistakes. Human error is still a major cause of outages, so automating routine tasks helps - if done right. It
also enables scalability - networks can grow to thousands of devices, something only feasible to manage
with automated and orchestrated systems. We see heavy use of tools like Ansible, NetConf/REST APIs on
devices, and controllers (e.g. Cisco DNA, Juniper NorthStar) to program networks holistically. This is crucial
as networks become more complex (hybrid cloud, many endpoints) - manual management doesn't scale.
ZTP in practice: a switch boots, grabs an IP via DHCP, contacts the ZTP server, authenticates, pulls a config
script, and configures itself for its role - all without an engineer on site typing commands. Beyond initial
provisioning, automation is enabling self-optimizing networks - for example, traffic engineering systems
that automatically reroute traffic if latency or loss on a path degrades beyond a threshold, or systems that
add capacity (spin up an extra AWS Direct Connect) when utilization spikes.

Another aspect of automation is orchestration across domains - tying network events with IT systems. For
instance, if an app in a hybrid cloud needs more capacity, it triggers an API to the DC fabric to provision
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another 10 Gbps to the cloud. Such tight integration was rare a few years ago but is becoming common
with software-defined everything.

In summary, networks are becoming more dynamic and software-driven, which is essential to keep up
with cloud agility. Where it used to take weeks to get a circuit, now with a few clicks or API calls one can
establish a private 1 G link to Azure and tear it down next day - all automated.

In conclusion, these emerging trends - AI/HPC pushing capacity and new architectures, massive subsea
expansion improving global connectivity, open/disaggregated systems lowering cost and vendor lock, and
automation revolutionizing operations - are collectively shaping the next-generation data center network.
We are moving toward a world of fast, flexible, and intelligent networks. The challenges will be
managing the complexity (as networks become more like distributed compute, with lots of moving parts)
and continuing to secure these more open, dynamic systems. But the trajectory is set: future data center
connectivity will be defined by scale (multi-terabit flows), software control, and ubiquitous
interconnectivity. For businesses and providers alike, staying on top of these trends will be key to ensuring
their digital infrastructure remains competitive and resilient in the years ahead.
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Fact Cards (Claim — Fact — Source)

* Physical Infrastructure — Large data centers implement multiple independent Meet-Me Rooms
and fiber entrances for reliability. Fact: A facility can have 2+ MMRs with diverse fiber feeds; one MMR
houses external carrier racks and cross-connects to internal networks, so if one room or entry path is
compromised, connectivity persists via the other = EDP Europe (2025).

* Structured Cabling & Cross-Connects — Cross-connects in colocation data centers create flexible,
on-demand links between any two parties. Fact: A cross-connect is a short, dedicated cable linking
two equipment ports (e.g. tenant to provider) on a patch panel. It isolates active gear and makes
moves/adds/changes easy - new service is as simple as patching a cord between customer and
carrier inthe MMR 1 — Fluke Networks (2021).

* Carrier-Neutral Design — Carrier-neutral colo facilities host many networks and allow easy
interconnection among them. Fact: In a neutral data center, multiple carriers’ fiber terminate in one
site. For example, an MMR might have dozens of carriers’ racks. Cross-connects in the Main
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Distribution Area tie the data center’s internal network to these carriers’ outbound lines, giving
tenants choice and resiliency — EDP Europe (2025).

Metro vs. Long-Haul Fiber — Distance directly adds latency, shaping network topology decisions.
Fact: Signals in fiber travel ~203,000 km/s (~2/3 speed of light). A rule of thumb is ~10 ms round-trip
delay per 1000 km of fiber path. Thus, a 5000 km cross-country link imposes ~50 ms one-way latency
that cannot be eliminated, driving networks to shorten routes and place data centers closer to users
— TeleGeography (2025).

Lit Fiber Services = Most organizations use lit fiber managed by providers for convenience and
reliability. Fact: With lit fiber, an ISP lights and operates the link, providing a set bandwidth (often now
up to 100 Gbps) with SLA guarantees 7 . The ISP handles maintenance and monitoring, so the
enterprise gets a plug-and-play high-performance network without having to invest in optical gear
— CoreSite (2021) / DCD-Lightyear (2020).

Dark Fiber — Dark fiber gives ultimate control and scalability to heavy network users. Fact: Dark
fiber are unused fiber strands leased out - the customer lights them with their own transceivers. It
provides essentially unlimited dedicated bandwidth (limited only by equipment capabilities) and very
low latency, which is why the most bandwidth-intensive or latency-sensitive enterprises (like
hyperscalers or trading firms) opt for dark fiber 5 6 . However, the business then takes on all
operating costs and must manage/maintain the network itself — DCD-Lightyear (2020).

Wavelength Services — Carriers offer wavelength services as a middle ground between lit and dark
fiber. Fact: A wavelength service gives a customer one optical channel on a DWDM system - e.g. a
dedicated 100 Gbps lambda between two sites. It's delivered over lit fiber but behaves like a private
circuit, often used for data center interconnects to get near dark-fiber performance without owning
the fiber. (E.g., an ISP lights a fiber with 40 channels and leases out 1x100G wave to the client.) 2 —
DCD-Lightyear (2020).

Peering Ecosystems — Major Internet Exchange Points enable hundreds of networks to
interconnect in one place. Fact: Frankfurt's DE-CIX, the world's largest IXP, has nearly 1,100
connected networks exchanging traffic locally, handling over 68 Exabytes in 2024. Such dense
peering hubs drastically reduce IP transit costs and latency by allowing direct network-to-network
traffic exchange — Telco Magazine - DE-CIX (2025).

Carrier Hotels — “Carrier hotel” refers to an ultra-connected colocation building where numerous
carriers and customers meet. Fact: Examples are 60 Hudson St. and 111 8th Ave in NYC or One
Wilshire in LA - these sites host dozens of providers and critical meet-me rooms. Carrier hotels serve
as central nodes: Rackspace notes the term is reserved for “the most interconnected downtown data
centers... that serve as the hubs” of telecom in their region. In carrier hotels, businesses can access
many networks with simple cross-connects — Rackspace (2020).

Public vs. Private Peering — Public peering occurs over multi-party IX fabrics, whereas private
peering is a direct one-to-one link. Fact: At large exchanges (IXPs), networks establish public peering
sessions where one port can reach many participants via route servers. In contrast, private peering
uses dedicated cross-connects between two networks for heavy traffic exchange or more security.
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Many large CDNs/ISPs do both: they peer openly at IXPs and also maintain private interconnects
with key counterparts (often once traffic between two networks exceeds a certain threshold, they
add a private link for it) = Cologix (2021) / Industry knowledge.

Cloud On-Ramps — Direct cloud connects provide private, low-latency links to public cloud
platforms. Fact: Using an AWS Direct Connect or Azure ExpressRoute from a colo can reduce latency
by ~44% vs internet VPN and support much higher throughputs (50 Mbps up to 400 Gbps).
Additionally, cloud on-ramps cut cloud egress costs by 60-70% and improve security since traffic
bypasses the public internet — Netrality (2024), CoreSite (2023).

Hybrid Cloud Compliance — Private cloud connectivity helps meet security and compliance needs.
Fact: Connecting via direct fiber on-ramps limits exposure to threats and allows layering of enterprise
and colo security controls. CoreSite notes that direct connect “enables you to layer colocation provider
security with third-party services” and streamlines compliance for standards like HIPAA, ISO 27001, PCI
DSS, SOC 2. Essentially, the controlled network path to cloud makes regulatory auditors happier than
using open internet — CoreSite (2023).

Latency Impact — Distance-induced latency can degrade user experience and business outcomes.
Fact: Financial firms find even a few milliseconds of network delay can impact algorithmic trading
profits. Amazon observed that every additional 100 ms in page load time reduced sales ~1%. This is
why companies invest in edge caching and geographically distributed data centers - to keep latency
to customers as low as possible (ideally under that ~50-100 ms threshold where users start noticing
slowness) — TeleGeography (2025).

Proximity & Hubs — Placing servers near users vastly improves latency and performance. Fact: By
using a Singapore data center, a provider can bring all of Southeast Asia’s population within ~70 ms
latency of its services, whereas serving them from a distant region would be >150 ms. This illustrates
data gravity: robust hubs like Singapore attract more infrastructure because they offer fast access to
entire regions — TeleGeography (2025).

Network Outages — Network failures are a leading cause of data center incidents, underscoring
redundancy needs. Fact: Uptime Institute’s analysis found networking issues have been the single
biggest cause of IT service downtime incidents (all severities) over the past 3 years, even above
power problems. Networking-related outages are rising due to the complexity of hybrid
architectures. This drives home the importance of multi-path networks, rigorous change
management, and monitoring — Uptime Institute (2022).

Path Diversity — True path diversity means using completely separate physical routes (and ideally
providers) for network links. Fact: Best practice is dual fiber paths - e.g. one buried, one aerial - so
that a single event (dig-up or storm) can't cut off connectivity. Also, dual entry points into the
building (different duct banks) ensure even if one entry is severed, the other is live. Leading data
centers implement “two of everything” in network paths as part of Tier III/Tier IV designs — TRG
Datacenters (2023).

* Dual Meet-Me Rooms — Having two geographically separated meet-me rooms adds internal
network redundancy. Fact: If a disaster or error knocks out an MMR (fire, flood, electrical fault), all
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connections in it could go down. That's why top-tier facilities build dual MMRs on opposite sides of
the facility. Providers and carriers can deliver links to both, giving tenants alternate internal routing.
Dual MMRs are becoming a hallmark of fully resilient colo design (akin to dual power feeds) = TRG
Datacenters (2023).

BGP Multi-homing — Using BGP with multiple ISPs enables automatic internet failover, but it
requires correct tuning. Fact: BGP will reroute traffic if one ISP link fails, but not instantly unless
configured properly. Fast failover demands techniques like shorter BGP timers and health
monitoring (since default BGP can take minutes). Network architects note “BGP won't fail over
instantly unless prefixes are announced correctly and routes monitored”. With the right setup, multi-
homed BGP can switch traffic in a few seconds or less upon an outage — Meter (2023).

SD-WAN & Dynamic Routing — Software-defined WAN technology adds smart traffic steering atop
redundant links. Fact: SD-WAN can dynamically balance and reroute traffic across multiple
connections based on real-time performance, reacting faster than traditional routing. It's “easier to
manage and faster to adapt than BGP alone” for branch connectivity 0. In practice, many
enterprises overlay SD-WAN on dual ISP links; if one has packet loss or high latency, SD-WAN
automatically shifts critical application traffic to the better link, improving reliability and user
experience = Meter (2023).

Human Error & Processes — Many network outages are due to process failures, so rigorous
procedures are vital. Fact: Nearly 40% of organizations had a major outage caused by human error in
the last 3 years, and in 85% of those cases the cause was staff failing to follow procedures or the
procedures themselves being flawed. This implies that even with redundant tech, training and
disciplined change management (like two-person reviews for BGP updates, standardized configs) are
necessary to avoid downtime — Uptime Institute (2022).

Security Segmentation — Network segmentation is crucial for containing breaches and meeting
compliance like PCI DSS. Fact: PCI guidelines strongly recommend isolating the cardholder data
environment from other networks. By “partitioning the network, organizations can isolate the CDE...
ensuring only authorized traffic can reach it”. This reduces scope of audits and limits damage if
another segment is compromised. Techniques include firewalls between zones, dedicated VLANS,
and strict ACLs - all which are audited in PCI assessments — Tufin (2023).

Encrypted Connectivity — Encrypting data in transit over shared networks is a common compliance
requirement. Fact: Regulations (HIPAA, GDPR, etc.) often mandate or encourage encryption for
sensitive data traversing external links. Many enterprises now use MACsec or IPsec on all WAN
circuits - even private lines - as an added layer. Modern hardware supports wire-speed encryption
(100 Gbps+) with minimal latency, so security doesn't have to trade off performance. This helps
satisfy SOC 2 and ISO 27001 controls around protecting data confidentiality on networks —
Compliance standards & industry practice, 2020-2025.

Cloud Connectivity Compliance — Direct cloud on-ramps help with regulatory compliance by
offering private, controlled links. Fact: By using direct connect instead of the public internet,
organizations can limit exposure points and log all access, aiding compliance. CoreSite notes this “of
course, dovetails with industry compliance;, addressing HIPAA, ISO 27001, PCI, NIST, and SOC 2 is
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streamlined” when using a direct connect, since the connection is essentially part of the firm's private
network with consistent security policies. Many compliance audits now include checks on how cloud
connections are secured (e.g. asking if a company uses VPN vs private connect) — CoreSite (2023).

Ashburn (IAD) Hub — Northern Virginia is the world's largest data center hub by capacity and
traffic. Fact: Loudoun County’'s “Data Center Alley” in Ashburn handles an estimated 70% of global
internet traffic at some point in its journey. The area contains 25% of all US hyperscale data centers
and over 1 GW of data center load, with 1,027 MW supported as of 2019. Ashburn’s dense fiber
(highest dark fiber density globally) and massive interconnection ecosystem (MAE-East legacy,
Equinix campuses) create a gravitational center for networks — VEDP / Cardinal News (2019).

Top Global Interconnection Hubs — Frankfurt, London, Amsterdam, Singapore, Ashburn/
N.Virginia, New York are consistently top-ranked markets for connectivity. Fact: TeleGeography's Q1
2025 rankings of “most connected cities” put Frankfurt #1 (score 61.6), London #2 (61.1), Tokyo #3,
Amsterdam #4 (54.9), Singapore #5 (54.4), New York #6, Washington DC #8, etc.. These cities
combine large colocation footprints, many carriers, major IXPs, cloud regions, and favorable
economics, which is why they lead the world in interconnection density — TeleGeography (2025).

Singapore Hub — Singapore is the premier hub in Asia due to subsea cable concentration and
strategic location. Fact: Singapore is the largest nexus for submarine cables in Asia, serving as “a
critical gateway for international data traffic.” It consistently ranks top 5 globally in connectivity.
Dozens of cables land there, and despite land constraints for new data centers, neighboring
countries’ facilities are essentially extensions serving demand to reach Singapore’s hub
(demonstrating its centrality). All major cloud providers have Singapore regions, underscoring its
hub status — TeleGeography (2025).

Hyperscale Bandwidth Growth — Content providers and cloud companies are driving most new
network capacity. Fact: Uptime's 2025 report notes content provider demand is growing fastest
everywhere, even on routes historically dominated by carriers. On many long-haul routes,
hyperscalers now consume more bandwidth than telcos. For example, Google, Meta, Microsoft are
investing in new transoceanic cables (Dunant, 2Africa, etc.) largely to meet their own traffic needs.
This shift means networks between data centers (rather than between ISPs) are the primary growth
area — TeleGeography State of the Network (2025).

AI Networking — The rise of Al workloads is reshaping data center network design for ultra-high
bandwidth and low latency. Fact: Meta'’s OCP Summit 2025 disclosures show they built a new dual-
stage fabric to interconnect up to 18,432 Al accelerators in one non-blocking cluster, and are
working on open Ethernet-based fabrics for “gigawatt-scale” Al clusters. This highlights
unprecedented East-West traffic inside data centers. Similarly, Al training between sites demands
dedicated high-capacity links - Microsoft, for instance, has spoken of needing multiple 400 Gbps
connections between its Al data centers. Al is pushing networks to adopt 400G/800G and advanced
routing sooner than planned — Meta Engineering (2025).

Subsea Cable Boom — 2020s are a record period for new submarine cable deployments to boost
global connectivity and resiliency. Fact: Between 2024 and 2026, over 80 new cables are planned,
valued above $10 billion - the highest volume of subsea investment ever. These include routes to
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previously under-served areas (e.g. around Africa, new transpacific paths) and provide much-needed
route diversity (e.g. avoiding traditional choke points like the Suez). The new cables collectively add
tens of terabits of capacity and improve latency on key routes (e.g. newer transatlantic cables cut
latency by a few milliseconds vs older ones). More landing stations in more countries are also being
built, expanding the map of global internet hubs — Equinix (2025).

Route Diversity (Subsea) — Operators are actively pursuing geographically diverse cable routes to
mitigate regional risks. Fact: To reduce vulnerability, new cable corridors are being explored - e.g.
instead of all Europe-Asia traffic going via Egypt, alternatives like terrestrial Middle East routes or
South Africa (“Great Southern Route”) are in development. This way, a single point failure (like an
earthquake in the Luzon Strait or political issue in one canal) won't knock out connectivity between
continents. The industry has learned from past incidents (e.g. 2008 Mediterranean cable cuts) and is
investing in redundancy at the macro scale — Equinix (2025).

Cable Landing Data Centers — New cables drive growth of regional interconnection hubs at
landing points. Fact: Equinix has opened data centers in second-tier markets like Salalah (Oman),
Johannesburg, and upcoming in Jakarta and more 12 specifically to serve new cable landings and
extend carrier-neutral colocation to those locations. By terminating cables directly in carrier-neutral
DCs, providers get instant access to cloud on-ramps and ecosystems, and emerging markets get
better connectivity. This trend blurs the line between “cable landing station” and “edge data center” -
they are becoming one and the same for modern deployments — Equinix (2025).

Open Networking Hardware — Hyperscalers and the OCP community are pushing open,
disaggregated network gear for more flexible scaling. Fact: Meta (Facebook) has contributed designs
for 51.2 Tbps Ethernet switches to OCP and uses an open network OS (FBOSS) on them. They state
“open hardware... enabling disaggregation” is crucial as Al and new tech demand more flexible
networks. This means instead of proprietary vendor chassis, hyperscalers use commodity “white
box” switches and open-source software, achieving cost savings and the ability to customize
features. Telcos too, via Telecom Infra Project, are trialing open optical transport systems to mix
transponders/ROADMs from different vendors. By 2025, open networking is mainstream in cloud
data centers and gaining ground in carrier networks — Meta OCP Summit (2025).

Zero-Touch & Automation — Network automation (including zero-touch provisioning) is
streamlining operations and deployments. Fact: With ZTP, new network devices configure
themselves automatically from a central template, eliminating manual setup. This “drastically reduces
deployment time, minimizes human error and allows IT staff to focus on strategic tasks”. For example, a
switch can be shipped to a site, plugged in, and within minutes download its config and be ready -
no onsite engineer needed. Automation extends to provisioning services (APIs to spin up VLANs or
virtual circuits on demand) and to dynamic traffic engineering (software that reroutes around
congestion or failures in real-time). Leading data center operators attribute significant
improvements in agility and reliability to automation; many now advertise on-demand provisioning
times of minutes, where before it was days. Overall, networks are becoming as software-defined as
servers are, enabling the rapid scalability that cloud-era businesses require — BizTech (2024).
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