GSC Advanced Research and Reviews

"8
eISSN: 2582-4597 CODEN (USA): GARRC2
Cross Ref DOI: 10.30574/gscarr

y @l
GS C Journal homepage: https://gsconlinepress.com/journals/gscarr/

ONLINE PRESS

(REVIEW ARTICLE) W) Check for updates

An investigation of TCP security and performance issues when deployed in high-
speed networks

Patience Mmasi Robai *

Jaramogi Oginga Odinga University of Science and Technology, Bondo, Kenya.

GSC Advanced Research and Reviews, 2024, 21(02), 282-314

Publication history: Received on 03 October 2024; revised on 14 November 2024; accepted on 16 November 2024

Article DOI: https://doi.org/10.30574 /gscarr.2024.21.2.0130

Abstract

As high-speed networks become more prevalent in modern communication infrastructures, the security and
performance of the underlying transport protocols become increasingly important. A few particular problems arise
when Transport Control Protocol (TCP), a crucial component of the internet, is implemented on high-speed networks.
This study delves deeply into the performance and security concerns related to TCP in high-speed networks, including
the effects of higher data rates and shorter round trip durations. It also suggests possible remedies that could lessen
these risks. The study investigates the inefficiencies in TCP's congestion control algorithms, which are optimized for
slower networks, when it comes to making the most use of available bandwidth in high-speed settings. It looks at the
effects of being more susceptible to Distributed Denial of Service (DDoS) assaults, which have the ability to overload
TCP connections and undermine their dependability. The paper examines current TCP variants and additions, such as
TCP BBR and TCP SACK, which attempt to increase TCP's adaptability to high-speed network situations, in order to
address these issues. It assesses how well these solutions work to mitigate the performance difficulties that have been
identified and to sustain dependable and effective communication in high-speed contexts. The primary goals of the
research are to improve our knowledge of TCP security and performance in high-speed networks and to aid in the
development of more robust and secure communication protocols.

Keywords: TCP Performance Issues; TCP Security Issues; TCP BBR; TCP SACK; TCP FACK; RTT; BDP; Packet
Reordering; Sequence Prediction.

1. Introduction

With their ultra-fast data transmission speeds, high-speed networks are now essential for handling bandwidth-
demanding services and applications. Nevertheless, the implementation of conventional protocols, like TCP, in these
settings has security and performance issues that require careful analysis [1]-[5]. These problems include DDoS attacks
[6], latency, and packet loss Attacks using TCP Sequence Prediction and congestion worsen, affecting the general
security and dependability of data transfer. In our linked society, the spread of high-speed networks has completely
changed how information is accessed and transmitted. The Transmission Control Protocol (TCP), which serves as the
foundation for internet connection, has been essential in guaranteeing dependable and well-organized data
transmission. On the other hand, the high-speed networks that define today's digital environment were not around
when the architectural underpinnings of TCP were developed [7]. The inability of TCP's congestion control techniques
to fully utilize high-speed networks is one of the main causes for concern.

Because they were created for lower bandwidths, the traditional algorithms frequently find it difficult to quickly adjust
to the higher data rates, which results in underutilization of the network's resources. The study also examines TCP's
increased susceptibility to Distributed Denial of Service (DDoS) assaults on high-speed networks [8], illuminating the
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consequences of network saturation, congestion, and possible interruptions to TCP connections' dependability. Another
set of difficulties is packet reordering and duplication, which are more common in high-speed networks due to the
greater data transfer rates [9]-[11]. Out-of-order delivery and duplicate packets are discussed in detail, along with the
influence on TCP's throughput, latency [12], and overall performance. This research paper will examine current TCP
variations and changes intended to optimize TCP for high-speed contexts in order to overcome these issues.
Investigating protocols like TCP BBR and TCP SACK will be essential to assessing how well they mitigate the
performance problems that have been found, guaranteeing that TCP will continue to be a reliable and flexible protocol
in the era of high-speed networking.

This research attempts to offer insights that contribute to TCP's improvement for smooth integration and long-term
efficiency in high-speed networks by a thorough analysis of these performance concerns and hence contributing to the
improvement of TCP performance and flexibility in the dynamic world of networking. This paper also addresses TCP's
increased vulnerability to sophisticated attacks, especially those that take advantage of high-bandwidth
communication's quick speed. In the context of high-speed data transmission, the study examines how well traditional
security techniques work to counter risks including man-in-the-middle attacks, session hijacking, and packet
interception [13]-[17]. The response time for identifying and addressing security problems becomes crucial as network
speeds rise, requiring a reassessment of TCP's resistance to various cyber threats. The study also looks at how
Distributed Denial of Service (DDoS) assaults, a common threat in high-speed networks, might take advantage of TCP's
special features to overwhelm systems and perhaps compromise data. The study looks into how TCP's congestion
control algorithms interact with high-speed DDoS attacks to give light on the threats to network availability and the
efficacy of solutions. Encryption is another area in which TCP and security in high-speed networks are intricately
connected [18]-[23]. The effectiveness of encryption protocols, such TLS (Transport Layer Security), is evaluated for its
capacity to preserve the confidentiality and integrity of transmitted data as data travels across networks at previously
unheard-of speeds. This research study will evaluate current security protocols and suggest improvements designed
for high-speed TCP installations in order to navigate these security problems. The goal is to present a comprehensive
picture of the security environment, with insights that help design tactics and protocols that can protect TCP from new
attacks in high-speed networking settings.

2. TCP security issues when deployed in high-speed networks

The concept of security is highly connected to the need for protecting sensitive data from unauthorized access. With the
growing use of internet infrastructure for commercial applications, the demand for Quality of Service has increased at
a very high rate [24]-[28]. An increasing number of application need complex, reliable control protocols for
guaranteeing the Quality of Service. The TCP/IP suite has many design weaknesses as far as security is concerned,
probably because when the development took place (1970) network attacks were almost unknown [29]. These
weaknesses usually present a number of problematic issues which shall be discussed in this paper. Also, we shall look
at the proposed solutions to the same issues, so as to help mitigate their impact on the networks.

2.1. TCP Sequence Prediction Attacks

The TCP Sequence Prediction attacks usually involve an attacker predicting the sequence numbers of TCP packets to
hijack or manipulate a communication session. In the high-speed networks, the impact of these attacks can be
particularly significant due to the increased volume of data and the rapid pace at which the packets are transmitted
[30], [31]. It basically indicates that the packets that were delivered were not formed by the authorized host; rather,
they were created by a third party. How are they going to pull this off? Sending packets with the same source IP address
is one method of doing this, which involves listening in on a discussion between two trustworthy hosts. The attacker
can thus obtain the sequential number that is then used along with the IP address to send the fake packets before the
legitimate host does by keeping an eye on the traffic prior to the attack [32].

The TCP Sequence Prediction attacks affect the security of TCP in high-speed networks in the following ways:

Sequence number predictability - In TCP, the sequence numbers are used to order and reassemble packets at the
receiving end. An attacker can insert harmful material into the communication stream or most likely alter the
connection if they can correctly forecast the sequence numbers [33].

Session hijacking and injection - By inserting malicious packets [34] into the communication stream, an attacker can
take control of a TCP session with precise sequence number prediction. Due to the volume of data being transferred
across high-speed networks, attackers can more easily blend in their injected packets, making it more challenging to
identify and stop such attacks. As shown in Figure 1, the session hijacking attack compromises the session token by
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stealing or predicting a valid session token to gain unauthorized access to the Web Server [35]-[38]. The session token
could be compromised in ways such predictable session token, session sniffing, client-side attacks, man-in-the-middle
(MitM) attacks [39]. In the diagram below, the first attacker uses a sniffer to capture a valid token session called “Session
ID”, then they use the valid token session to gain authorized access to the web server.
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Figure 1 Manipulating the token session executing the session hijacking attack

Denial-of-Service attacks - Through the deployment of malicious reset (RST) packets, which break existing connections,
TCP Sequence prediction attacks can be used to impede communication [40], [41]. An attacker can send out more of
these malicious packets more quickly via high-speed networks, which could result in more severe and destructive
denial-of-service attacks.

Resource exhaustion- A high volume of malicious packets may be sent across the network in an attempt to disrupt
communication [44], [45]. This can result in resource depletion on the network, infrastructure, and targeted systems in
high-speed networks [46]. Malicious packets can spread quickly and overload switches, routers, and other network
equipment, negatively affecting their availability and functionality.

2.2, Increased Vulnerability to DDoS Attacks
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Figure 2 Illustration of DDoS Attack scenario
The higher throughput of high-speed networks makes them more susceptible to Distributed Denial of Service (DDoS)

attacks, overwhelming TCP connections and causing service disruptions [46]-[52]. Increased vulnerability to
Distributed Denial of Service (DDoS) attacks can have several implications for TCP in high-speed networks. As shown
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in Figure 2, DDoS attacks aim to overwhelm a network, service, or application with a flood of traffic, disrupting normal
operations.

Increased Vulnerability to DDoS attacks influences the security of TCP when deployed in high speed networks in the
following ways:

Resource exhaustion: DDoS attacks produce enormous amounts of malicious traffic directed at particular network
resources. The sheer amount of attack traffic in high-speed networks can quickly deplete memory, processing power,
and bandwidth [53]-[57]. Resource limitations can affect TCP connections, resulting in decreased performance and
perhaps generating issues for authorized users.

Congestion packet loss: DDoS attacks have the ability to overload a network with traffic, causing congestion. This
congestion may be seen by TCP as an indication of network stress because it depends on congestion management
methods to adjust to network conditions [58]-[63]. In response, TCP's congestion control mechanisms might shrink the
congestion window, which would lower throughput. Congestion can also cause an increase in packet loss, which can set
off TCP's congestion avoidance algorithms and negatively affect performance even more [64].

Increased Latency: A DDoS attack's congestion can significantly increase network latency [65], [66]. The round-trip
duration of TCP connections may be impacted by this latency, which could slow down data transfer rates and have an
effect on real-time applications.

Connection establishment challenges and difficulties in distinguishing the legitimate traffic: TCP connections rely on the
successful completion of the three-way handshake for proper establishment. DDoS attacks can flood the network with
connection requests, making it challenging for legitimate TCP connections to establish and maintain [67], [68]. High-
speed DDoS attacks often involve a mix of legitimate and malicious traffic. Distinguishing between the two becomes
more challenging in high-speed networks, making it difficult for network defenses to filter out malicious packets
effectively. TCP may experience false positives in congestion control, leading to inefficient utilization of available
network resources [69].

Impact on network availability: DDoS attacks have the potential to overwhelm network links to the point that genuine
traffic cannot use them [70], [71]. This may lead to network outages and unavailability, which would impact TCP-
dependent services and apps.

3. Inefficient Congestion Control

Traditional TCP congestion control mechanisms may not scale effectively in high-speed networks, leading to suboptimal
performance and potential security vulnerabilities [72], [73]. Inefficient congestion control in TCP can significantly
impact its performance when deployed in high-speed networks. TCP is a widely used transport layer protocol [74] that
is designed to provide reliable and ordered delivery of data over a network. However, its original congestion control
mechanisms were developed in an era when network speeds were much lower compared to today's high-speed
networks. Figure 3 shows the dynamics of TCP congestion control mechanisms.

Congestion Avoidance Phase

T Packets loss
/ Linear Growth
" X

cwnd [pkts)

e 50%
\ Reduction
Slow Start Phase

(Exponential Growth)

w. cwirrd
wirz: cwnd/2

Time (s)

Figure 3 Dynamics of TCP Congestion Control
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Inefficient Congestion Control mechanisms affect the security of TCP when deployed in high speed networks in the
following ways:

Underutilization of network capacity: TCP's congestion control techniques were primarily developed for networks with
smaller bandwidths. On high-speed networks, these algorithms might not be able to efficiently utilize all of the available
bandwidth [75]-[78]. Slow start times and conservative congestion avoidance technologies that take longer to ramp up
the congestion window might lead to underutilization of the network's capacity.

Long queues and increased latency: Longer lineups might result from network switches and routers that lack efficient
congestion control [79]. This greater queuing delay leads to higher round-trip durations and latency [80], which can
negatively impact the overall performance of an application. For high-speed networks to prevent excessive delay and
queuing, more sophisticated congestion control algorithms are required.

Difficulty in detecting congestion: Packet loss serves as an implicit indicator of congestion for TCP's congestion
management mechanism [81, [82]. Nevertheless, a packet's round-trip time across a high-speed network is shorter,
which makes it difficult for TCP to reliably identify congestion based alone on packet loss. False congestion signals can
cause rapid retransmissions, which can result in inefficient use of network resources.

Inefficient window size adjustments: TCP's window size adjustments may be too cautious for high-speed networks.
Inadequate data transfer speeds may arise from the slow increase of the congestion window relative to the available
bandwidth [83], [84]. Achieving high throughput in high-speed networks [85] necessitates efficient window size
adjustments.

Unfairness in bandwidth allocation: In instances when several TCP connections share a single network, inadequate
congestion control solutions may lead to unfair bandwidth distribution [86], [87]. If some connections are starved while
others consume all of the available bandwidth, this could affect the network's overall fairness.

Limited scalability: Inefficient congestion control algorithms may experience scalability problems in high-speed
networks with a large number of connections [88], [89]. The overhead of managing congestion across numerous
connections is one such barrier.

4. Packet Reordering and Duplication

The rapid transmission of packets in high-speed networks can result in packet reordering and duplication [90],
challenging the standard TCP sequence number verification mechanisms. Packet reordering and duplication can have
notable effects on TCP when deployed in high-speed networks. TCP is designed to provide reliable, in-order delivery of
data, and variations from this order can impact performance [91]. In high-speed networks, the likelihood of
encountering packet reordering or duplication can increase due to factors like parallel processing, multiple paths, and
the inherent complexity of high-speed environments [92].

Packet reordering and duplication influences the performance of TCP when deployed in high-speed networks in the
following ways:

Impact on throughput: In TCP, packet reordering may result in needless retransmissions. TCP reduces the effective
throughput [93] when it detects packet loss from out-of-order packets and initiates retransmission. The effect on
throughput may be greater in high-speed networks because of the potential for a higher rate of reordering, which would
necessitate more frequent retransmissions [94].

Increased latency: Rearranging packets might cause extra latency since TCP must wait for the packets that are out of
order to be rearranged before sending them to the application layer [95]-[97]. This may be especially noticeable in high-
speed networks, where low-latency communication is frequently a crucial need [98], [99].

Duplicate acknowledgments: TCP might get two acknowledgments for the same data segment if there is packet
duplication [100]. This may result in pointless retransmissions and affect how well TCP's congestion control algorithms
work [101]. Because the time window for receiving duplicate acknowledgments may be shorter on high-speed
networks, more aggressive retransmission behavior may result.
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Out-of-order delivery: Data is delivered via TCP in the same order as it was sent [102]. This order may be upset by packet
reordering, which would result in ineffective data transfer to the application layer. Applications that depend on data
sequencing, such multimedia streaming and real-time communication, may find this especially troublesome.

Reduced TCP performance: For optimal performance, TCP depends on precise acknowledgment and sequencing
algorithms [103]. Subpar performance can result from these techniques being confused by packet reordering and
duplication. Reordering and duplication events may occur more frequently in high-speed networks due to their larger
data rates, which can have an increasing effect on TCP performance.

Increased complexity for TCP implementations: Complicating TCP implementations are handling out-of-order packets
and controlling packet duplication [104]. It becomes imperative to build strong and efficient techniques for handling
reordering in high-speed networks, because the frequency of such events may be higher.

5. Some solutions to TCP security issues

TCP security issues can be addressed through various means. One approach involves implementing encryption
mechanisms such as Transport Layer Security (TLS) to secure data in transit, mitigating eavesdropping and tampering
risks. Additionally, employing firewalls and intrusion detection/prevention systems helps to filter and monitor network
traffic, safeguarding against unauthorized access and malicious activities. Regular security audits and updates to patch
vulnerabilities in TCP/IP implementations are crucial, along with enforcing strong authentication mechanisms like two-
factor authentication (2FA) to prevent unauthorized access to network resources [105]-[109]. Moreover, adopting best
practices such as segmenting networks, limiting access privileges, and maintaining robust access controls bolster
overall TCP security posture, reducing the likelihood of breaches and data compromise.

5.1. Implementation of security measures to enhance the robustness of TCP connections

Enhancing the resilience of TCP connections through the implementation of multiple security measures is necessary to
mitigate TCP sequence prediction attacks in high-speed networks. Some suggested remedies that can assist in lowering
the dangers resulting from security vulnerabilities include the following:

Randomization of initial sequence numbers: To generate initial sequence numbers for TCP connections, use robust
randomization algorithms [110], [111]. As a result, attackers will find it far more difficult to correctly guess the sequence
numbers and carry out sequence prediction attacks.

TCP timestamps: To further increase the sequence numbers' complexity, use TCP timestamps. Since attackers must take
into account the timestamp value, timestamps can make it more challenging for them to predict the sequence number
with accuracy [112], [113].

Encryption and authentication: Employ encryption (e.g., TLS/SSL) to secure the communication between parties [114],
[115]. Encrypted connections make it more challenging for attackers to manipulate or inject malicious data into the
communication stream. Implement strong authentication mechanisms to verify the identity of communicating parties,
reducing the risk of session hijacking.

Intrusion Detection and Prevention Systems (IDPS): Install cutting-edge intrusion detection and prevention systems that
can manage a lot of traffic. These systems have real-time capabilities to monitor network behavior, identify anomalies,
and react to possible TCP sequence prediction assaults [116], [117].

Rate limiting and traffic shaping: Control network traffic flow by implementing traffic shaping and rate limiting methods
[118]. Attackers find it more difficult to overwhelm the network and carry out denial-of-service [119] assaults when the
pace of incoming packets is regulated.

Stateful firewalls: Use Stateful firewalls that can inspect and track the state of TCP connections [120]. Stateful inspection
allows firewalls to identify and block malicious packets by analyzing the context of the communication, including
sequence numbers.

Regular software updates and patching: Update any network hardware, such as firewalls, switches, and routers, with the

most recent security updates [121]. Updates on a regular basis aid in mitigating known vulnerabilities that sequence
prediction attacks might exploit.
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Network monitoring and anomaly detection: Use network monitoring technologies that can identify odd actions and
trends [122]. Systems for detecting anomalies in network traffic can spot abnormalities and send out automated
answers or notifications [123].

5.2. Enhanced Congestion Control Algorithms

In order to curb the increased vulnerability to Distributed Denial of Service (DDoS) attacks in TCP when deployed in
high-speed networks, there is a need to use a multifaceted approach that involves both network architecture and
security mechanisms.

Traffic filtering and rate limiting: At the network perimeter, put in place traffic filtering measures to detect and stop
malicious traffic linked to DDoS assaults [124], [125]. By limiting the pace at which incoming traffic is handled, rate
limitation can be used to avoid overusing resources.

Intrusion Prevention Systems (IPS) and firewalls: Install firewalls and intrusion prevention systems that examine
incoming communications for irregularities and recognized attack patterns [126], [127]. By recognizing and blocking
malicious packets, these systems can lessen the effect of DDoS attacks.

Anycast routing: Implement Anycast routing to distribute incoming traffic across multiple servers or data centers [128],
[129]. This distributes the load and makes it more challenging for attackers to concentrate their efforts on a single point,
enhancing resilience against DDoS attacks.

Content Delivery Networks (CDNs): To cache and distribute content among geographically dispersed servers, use content
delivery networks [130]. A sizable amount of DDoS traffic [131] might be absorbed by CDNs, lessening the toll on the
main servers and enhancing service availability.

Cloud-Based DDoS protection services: Leverage cloud-based DDoS protection services that specialize in mitigating large-
scale attacks [132], [133]. These services often have the capacity and expertise to absorb and filter out malicious traffic,
keeping the network and services accessible.

Border Gateway Protocol Flow spec (BGP Flow spec): To dynamically distribute flow specification rules around the
network, implement BGP Flow Spec [134], [135]. This makes it possible to control network flows more precisely and to
identify and stop DDoS attack patterns instantly.

Rate-based traffic policing: Use rate-based traffic policing techniques to set thresholds for what constitutes an
acceptable amount of incoming traffic [136]. By doing this, the network is kept from becoming overloaded with requests
all at once.

Behavioral analysis and machine learning: Employ behavioral analysis and machine learning algorithms [137] to detect
abnormal patterns in network traffic. These systems can adapt to evolving DDoS attack strategies by learning from the
network's historical patterns [138].

Incident response and communication plans: Develop robust incident response plans to facilitate a coordinated and
timely response to DDoS attacks [139]. Clear communication channels and predefined response strategies ensure a
more effective defense against ongoing attacks.

Collaboration with ISPs and security communities: Collaborate with Internet Service Providers (ISPs) and participate in
security communities to share threat intelligence [140]. Timely information exchange can help in identifying and
mitigating DDoS attacks at an early stage.

5.3. DDoS Mitigation Strategies

DDoS mitigation strategies encompass a multifaceted approach aimed at minimizing the impact of such attacks on
network and service availability. Firstly, network-level mitigation involves filtering and traffic scrubbing to differentiate
between legitimate and malicious traffic, often utilizing specialized hardware or cloud-based services. Additionally,
application-layer protection involves configuring web servers and applications to withstand high volumes of requests
and implementing rate limiting and authentication mechanisms [141]-[143]. Employing redundancy and failover
systems ensures service continuity, while threat intelligence sharing and collaborative defense mechanisms allow for
timely response and adaptation to evolving attack vectors. Continuous monitoring and analysis of traffic patterns are
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integral to detecting and mitigating DDoS attacks swiftly, thereby safeguarding the stability and accessibility of online
services.

Traffic scrubbing services: Make use of traffic scrubbing services offered by knowledgeable DDoS mitigation companies
[144]. These services filter out DDoS attack traffic before it reaches the target network, analyze incoming traffic, and
spot harmful patterns.

Rate limiting and traffic shaping: Control the rate of incoming traffic by implementing traffic shaping and rate limitation
methods [145]. By establishing acceptable traffic thresholds, the network can stop excessive requests and lessen the
damage caused by DDoS attacks.

Behavioral analysis: Use behavioral analysis to detect deviations from normal traffic patterns [146]. Behavioral analysis
systems can identify anomalies in real-time and trigger automatic responses or alerts to mitigate potential DDoS attacks.

Anomaly detection systems: Distribute incoming traffic across multiple servers or data centers using techniques such as
Anycast routing [147]. This helps distribute the load and makes it more challenging for attackers to concentrate their
efforts on a single point.

Application layer protection: Implement application layer protection mechanisms to filter out malicious traffic at the
application level [148]. This can include the use of web application firewalls (WAFs) and application-layer DDoS
protection solutions.

Rate-based filtering: Use rate-based filtering to identify and block traffic based on predefined rate thresholds. This can
help in preventing the network from being overwhelmed by a sudden surge in requests [150], characteristic of DDoS
attacks.

TCP connection management: Optimize TCP connection management by setting reasonable timeouts for idle
connections [151]. This helps in freeing up resources and preventing attackers from tying up resources with idle
connections as part of a DDoS attack.

Automated incident response: Implement automated incident response mechanisms that can detect and respond to DDoS
attacks in real-time [152]. Automation allows for swift responses, reducing the impact of attacks and minimizing
downtime.

Collaboration with ISPs: Collaborate with Internet Service Providers (ISPs) to implement upstream filtering and traffic
diversion during DDoS attacks [153]. ISPs can play a crucial role in mitigating attacks before they reach the target
network.

Cloud-based DDoS protection: Leverage cloud-based DDoS protection services that can absorb and filter out malicious
traffic before it reaches the on-premises infrastructure [154]. Cloud services often have the capacity to handle large-
scale DDoS attacks effectively.

5.4. Packet Reordering and Duplication Strategies

Packet reordering and duplication strategies are essential components of network optimization and fault tolerance
mechanisms [155]. In scenarios where packets encounter varying network paths or experience delays, reordering
strategies prioritize packet delivery based on sequence numbers or timestamps [156], ensuring that data is
reconstructed correctly at the receiving end. This prevents performance degradation and minimizes the risk of data loss
or corruption. Moreover, duplication strategies involve replicating packets at various points along the network route,
enhancing fault tolerance by providing redundant data streams. These strategies are particularly crucial in real-time
applications, such as multimedia streaming or online gaming, where maintaining packet order and minimizing latency
are paramount for a seamless user experience.

Selective Acknowledgment (SACK): The TCP protocol has an addition called Selective Acknowledgment (SACK) that
enables the recipient to notify the sender of non-contiguous data blocks that have been successfully received [157]. This
minimizes the number of pointless retransmissions by allowing the sender to retransmit just the segments that are
missing or out of order.
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Forward Error Correction (FEC): FEC transmits redundant data in addition to the original data so that errors can be
corrected by the receiver without requiring retransmission [158]. FEC can be used to lessen the effects of reordering
and packet loss, particularly on high-speed networks where retransmissions could cause delays.

Packet reordering buffer: rearranging out-of-sequence packets at the recipient using a buffer before sending them to the
higher tiers [159]. By keeping packets until they can be transmitted in the right order, this buffer can assist lessen the
effects of reordering.

Increasing TCP window size: More outstanding packets can be present in the network at any given time with a bigger
TCP window size, which might be advantageous when reordering happens [160]. Depending on the features of the
particular network, adjusting the TCP window size could need fine-tuning.

Timestamps and Round-Trip Time (RTT) measurements: RTT measurements and TCP timestamps can be utilized to
detect and control reordering [161]. Both the sender and the recipient can reorder packets in accordance with network
delays by adding timestamp information.

Path Maximum Transmission Unit (PMTU) discovery: confirming that the TCP Maximum Segment Size (MSS) is
configured correctly and figuring out the best path based on packet size using PMTU discovery [162], [163]. Reordering
may result from fragmentation and reassembly at routers; minimizing these problems can be achieved by raising the
MTU.

Explicit Congestion Notification (ECN): Routers can alert endpoints of approaching congestion using ECN without losing
packets [164]. By doing this, needless retransmissions brought on by packet loss resulting from congestion may be
avoided.

Use of middleboxes and load balancers: Certain middleboxes, such load balancers, have the potential to cause reordering
[165]. It is crucial to make sure that these devices are set up correctly and do not result in excessive reordering.

6. The performance issues of TCP when deployed in high-speed networks

For reliability, many high-speed networks rely on the TCP/IP protocol, which is implemented in software and thus
buffer size sensitive. To ensure almost 100% link optimization, TCP requires a buffer size of bandwidth delay product
in switches/routers. However, a buffer this size will complicate hardware design, increase power consumption, and
cause jitter and queueing delays.

6.1. Bandwidth Delay Product

At jitter speeds, the performance of TCP’s congestion control algorithms may degrade sharply. The fault lies mainly in
the way TCP dynamically adapts its congestion window, both in the absence of packet loss and when the losses occur
[166]. As shown in Figure 4, in the congestion avoidance phase, a TCP sender increases the congestion window roughly
by only one segment per round-trip time (RTT). When the sender detects packet loss, the congestion window is cut by
at least a half. Whenever the BDP of the end-to-end path is high, the combination of these two policies for updating the
congestion window often result in poor performance [167]. When a packet is lost, it may take many RTT cycles before
the sender attains a large window.

Jacobson'’s classical rule-of-thumb states that the size B of a buffer in a bottleneck router should be: B = C*RTT, where
C=The rate of the egress bottleneck link, and RTT= The average RTT experienced by connections that use that link. The
basis of this rule expresses the minimum amount of buffering needed to avoid link underutilization, assuming there is
a single long-lived flow (or a set of fully synchronized flows) using the link. In high BDP links, such rule often yields huge
impractical values of B.
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Bandwidth Delay Product
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Figure 4 Bandwidth Delay Product
Other ways in which BDP influences the performance in TCP when deployed in high speed networks include:

Optimal throughput and window size: More data can potentially be transmitted before being acknowledged, according
to a higher BDP [168]. The amount of unacknowledged data, or TCP window size, must be scaled appropriately in order
to make the most of the available bandwidth. Suboptimal throughput [169] may result from the network not being fully
utilized if the window size is too small in comparison to the BDP.

TCP slow start and initial congestion window: The rate at which a connection can increase its throughput is largely
dependent on the TCP Slow Start phase [170]. TCP may take longer to reach an ideal window size during the Slow Start
phase in high-speed networks with a big BDP. Particularly for connections that are temporary, this delay may have an
effect on the initial data transfer rate and lead to less than ideal performance.

Round-trip time sensitivity: Performance of TCP is very dependent on round-trip time. Even a little RTT in high-speed
networks can lead to a big BDP [171]. TCP finds it more difficult to efficiently modify its window size and congestion
control parameters the longer the round-trip time.

Efficient bandwidth utilization: TCP seeks to use available bandwidth as effectively as possible without creating
congestion [172]. High throughput in high-speed networks is dependent on TCP's capacity to maintain an acceptable
quantity of data in transit, and the BDP directly affects the amount of "in-flight" data.

Retransmission Timeout (RTO) calculation: For the purpose of identifying and recuperating from packet loss, the RTO is
computed using the BDP. Because of the enormous BDP in high-speed networks, calculating RTO might be difficult [173].
An RTO set too high could cause a delay in recovering from packet loss, while an RTO set too low could result in pointless
retransmissions.

Congestion control efficiency: High BDP may cause traditional TCP congestion control strategies to scale poorly.
Underutilization of the network or, on the other hand, significant congestion might result from ineffective congestion
control [174]. Congestion control mechanism optimization is a prerequisite for attaining effective performance in high-
speed networks [175].

Buffer sizing and queuing delays: The necessary buffer size at switches and routers along the network path is determined
by the BDP. Reduced performance and missed packets could result from too tiny of buffers [176]. However, excessive
buffering can have a detrimental effect on TCP performance by increasing queuing delays and causing buffer bloat.

6.2. Packet Loss and Retransmissions

Packet loss in high-speed networks can be caused by a number of things, including noise, congestion, and network
failures [177]. Because TCP depends on retransmitting dropped packets, throughput can be negatively impacted in high-
speed situations due to the time it takes to identify and recover from losses. TCP performance can be significantly
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impacted by packet loss and retransmission [178], particularly in high-speed networks. TCP is a dependable,
connection-oriented protocol developed to guarantee data transmission reliability and integrity.

Round-Trip Time (RTT) impact: The Round-Trip Time (RTT) may still be minimal in high-speed networks, but it becomes
increasingly important. The round trip time (RTT) of a packet is the time spent traveling from sender to recipient and
back [179]. TCP starts a retransmission, which increases the RTT, if it detects a packet loss and believes it is the result
of congestion. Even slight improvements in RTT can have an impact on the connection's throughput on high-speed
networks.

Congestion window size: Depending on the state of the network, TCP's congestion control mechanism modifies the size
of its congestion window. TCP lowers its congestion window when a packet is dropped, which results in a brief drop in
the quantity of data that can be transferred [180]. Rapid changes to the congestion window in high-speed networks
could result in less-than-ideal throughput even though the network can handle more data.

Bandwidth utilization: Although high-speed networks are built to accommodate a lot of data, retransmission and packet
loss can cause wasteful use of the available capacity [181], [182]. TCP starts retransmissions when a packet is dropped,
which may cause the network to use less bandwidth as it waits for the retransmitted packets to be acknowledged.

Performance oscillations: TCP's congestion control algorithms may have trouble telling the difference between
temporary problems like packet reordering or random packet loss and true network congestion in high-speed networks
[183][. Due to this, the congestion window may be needlessly reduced, which could result in performance oscillations
where the throughput fluctuates between high and low values.

Buffering and queuing issues: Increased buffer sizes are used in high-speed networks to accommodate spikes in traffic.
On the other hand, excessive overloading of these buffers may lead to longer wait times and even packet loss [184].
Even if the network could handle the data, TCP perceives this packet loss as an indication of congestion and reacts by
decreasing its transmitting rate.

Long Fat Networks (LFNs): The TCP performance may be especially impacted on networks with large capacity and long
round-trip times (LFNs) [185]. Significant RTT in conjunction with high-speed networks can result in wasteful
utilization of available bandwidth, particularly in the event of packet loss.

6.3. Window Size Limitations

To regulate how much data is in the network that is not acknowledged, TCP employs a sliding window method [186].
The default window size on high-speed networks can become restricting, and raising the window size necessitates
careful tuning to strike a balance between dependability and efficiency. Because window size is a critical parameter in
TCP that controls the amount of unacknowledged data that can be in transit between the sender and receiver, its
constraints can have a substantial effect on the protocol's performance [187].

Bandwidth-Delay Product (BDP): The Bandwidth-Delay Product (BDP), which is the result of multiplying the available
bandwidth by the round-trip time (RTT), is directly proportional to the window size [188]. A tiny window size may not
completely utilize the available bandwidth in high-speed networks [189] with large bandwidth, which could lead to
underutilization of the network capacity.

Throughput limitations: The TCP throughput is restricted by the window size. A high-speed network may have limited
throughput and a connection that falls short of its promise if the window size is not set adequately [191]. Inefficient
data transport might result from a decreased window size, particularly when using high-latency or long-distance
connections.

RTT impact: Even though the RTT may not increase much on high-speed networks, it is still a crucial component of TCP
performance. To ensure that there is enough data in transit without having to wait for acknowledgments, the window
size needs to be sufficiently large [191]. A TCP connection may not completely utilize the available bandwidth if the
window size is too tiny, which would result in less than ideal performance.

TCP slow start and congestion avoidance: TCP gradually increases the window size until it reaches a number that makes
the best use of the network capacity through a method known as slow start. Slow starts in high-speed networks can
cause a delayed ramp-up of the window size, which would impair throughput in the connection's early stages [192]. In
order to properly manage high-speed links, congestion avoidance algorithms might also need to be adjusted.
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Buffering challenges: Large buffers are a common feature of high-speed networks to manage the intermittent nature of
traffic. TCP may not completely utilize these buffers, though, if the window size is too short, which would result in an
inefficient use of the resources that are available [193]. Issues with buffering can lead to poor TCP performance and
underuse of the network.

Packet loss and retransmission: High-speed networks that have inadequate window sizes may have more packet loss
and retransmission [194]. Retransmissions brought on by packet loss may increase in frequency if the window size is
too short, resulting in wasteful network use and decreased throughput overall.

7. TCP Slow Start

TCP Slow Start is an algorithm that gradually increases the congestion window size when a connection is initiated or
after a timeout, as shown in Figure 5. In high-speed networks, the Slow Start phase may take longer, leading to
suboptimal performance during the initial stages of data transfer. TCP Slow Start is a mechanism used by TCP to control
the rate at which a sender increases its congestion window size during the initial phase of a connection [195]. While
Slow Start is essential for network stability and fairness, its impact on performance can be particularly pronounced in
high-speed networks.

Gradual window size increase: In the Slow Start phase, TCP starts with a small congestion window and gradually
increases it exponentially. This initial conservative approach helps prevent network congestion [196], [197]. However,
in high-speed networks, the slow and exponential increase may cause the connection to take longer to reach its optimal
throughput.

Underutilization of bandwidth: High-speed networks are designed to handle large amounts of data. The slow and
cautious increase in the congestion window during Slow Start might result in underutilization of the available
bandwidth [198], especially during the initial phase of the connection. The network might be capable of transmitting
data at a faster rate, but TCP Slow Start delays the process.
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Figure 5 TCP Slow Start

Impact on short-lived connections: For short-lived connections, the Slow Start phase becomes a more significant portion
of the overall connection time in high-speed networks [199]. This can lead to suboptimal throughput for short-lived
connections, where the connection may be established and terminated before reaching its potential throughput.

Round-Trip Time (RTT) sensitivity: Slow Start's duration is influenced by the Round-Trip Time (RTT) of the network. In
high-speed networks, the RTT might be relatively small, but the slow and exponential growth of the congestion window
can still affect performance [200]. Adjusting Slow Start parameters to be more adaptive to high-speed networks may be
necessary.

Impact on bursty traffic: Slow Start might not be well-suited for bursty traffic patterns often seen in high-speed networks
[201]. Bursty traffic could lead to frequent retriggering of Slow Start, resulting in a less efficient use of the available
bandwidth.
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Congestion window limitations: The maximum size of the congestion window reached during Slow Start can be limited
by factors such as the Maximum Segment Size (MSS) and other network parameters [202]. In high-speed networks, if
this maximum size is not adjusted appropriately, it might prevent TCP from fully utilizing the available bandwidth.

Congestion avoidance transition: After the Slow Start phase, TCP transitions to the Congestion Avoidance phase, where
the congestion window grows linearly [203]. However, the transition from Slow Start to Congestion Avoidance might
be delayed in high-speed networks, impacting the overall performance [204] during the connection.

8. Congestion Control Challenges

Traditional TCP congestion control mechanisms may not be well-suited for high-speed networks. In particular, the
conservative nature of congestion control algorithms can result in underutilization of available bandwidth. Figure 6
gives an overview of the congestion control process. Congestion control challenges can significantly impact the
performance of TCP when deployed in high-speed networks [205]. Congestion control is a crucial aspect of TCP's
operation as it ensures fair and efficient use of network resources. However, in high-speed networks, certain challenges
can arise that affect TCP's ability to manage congestion effectively [206].
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Figure 6 Congestion Control overview

Round-Trip Time (RTT) sensitivity: TCP relies on observing Round-Trip Times (RTT) to make decisions about the
network's congestion state. In high-speed networks, the RTT might still be relatively small, but the combination of high
bandwidth and small RTT can make TCP more sensitive to small variations [207]. This sensitivity can lead to oscillations
in the congestion window and suboptimal performance.

Slow start challenges: Slow Start is a mechanism in TCP where the sender initially starts with a small congestion window
and gradually increases it exponentially [208]. In high-speed networks, Slow Start may lead to underutilization of the
available bandwidth as it takes time for the congestion window to grow to a level that fully exploits the network capacity.

Queue management: High-speed networks often have larger buffers to handle bursts of traffic. However, if these buffers
become full, it can lead to increased queuing delays and the possibility of packet loss [209]. TCP interprets packet loss
as a sign of congestion and responds by reducing its sending rate, impacting overall throughput.

TCP incast: The term "TCP Incast" describes a networking phenomenon that happens in data center settings, especially
when several servers are requesting data from one server at once. Congestion and decreased network performance may
result from this circumstance [210]. It is basically the synchronization of TCP acknowledgements. In scenarios where
multiple senders are trying to transmit data to a common receiver simultaneously, a phenomenon known as TCP Incast
can occur. This situation can lead to congestion at the receiver [211], causing a reduction in throughput for all senders.
High-speed networks can exacerbate the effects of TCP Incast due to the rapid arrival of packets.

Short flows and fairness: Short-lived flows in high-speed networks may experience difficulties in achieving fairness with

long-lived flows [212]. Congestion control mechanisms in TCP may not be optimized for short flows, leading to less
efficient utilization of the available bandwidth for these types of connections.
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Large windows and bufferbloat: High-speed networks may allow for large congestion windows, leading to the potential
for bufferbloat [213]. Bufferbloat occurs when large buffers in networking devices are filled, causing increased latency.
TCP may not always respond optimally to bufferbloat, resulting in degraded performance.

Congestion window limitations: The Maximum Segment Size (MSS) and other factors can limit the maximum size of the
congestion window in TCP [214]. In high-speed networks, if these limitations are not appropriately adjusted, the
congestion window might not scale to fully utilize the available bandwidth.

9. Queuing Delays

Queues at routers and switches can introduce delays, especially in the presence of bursty traffic or congestion. High-
speed networks may experience these queuing delays, impacting overall latency and throughput [215]. As shown in
Figure 7, queuing delays can significantly influence the performance of TCP in high-speed networks. Figure 8 shows the
calculations of the queuing delays, which occurs when packets experience delays in network queues, either at routers
or switches, before being transmitted to their destination. In high-speed networks, the interaction between TCP and
queueing delays can lead to several performance issues:

Increased Round-Trip Time (RTT): Queuing delays contribute to the overall Round-Trip Time (RTT) experienced by TCP
connections. In high-speed networks, where the RTT might be relatively small, additional delays due to queuing can
become a more significant portion of the total RTT [216]. This can impact TCP's ability to accurately estimate the
network conditions and adjust its congestion window size.

Bufferbloat: High-speed networks often use large buffers to handle bursts of traffic efficiently. However, if these buffers
become too large, it can result in a phenomenon known as bufferbloat [217]. Bufferbloat occurs when excessively large
buffers introduce additional queuing delays, leading to increased latency and jitter. TCP may interpret these delays as
signs of congestion, triggering unnecessary reductions in the congestion window.
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TCP inefficiency: Queuing delays can cause inefficiencies in TCP's congestion control mechanisms. Long queues can lead
to delays in receiving acknowledgment signals, preventing TCP from accurately gauging the available bandwidth and
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causing suboptimal throughput [218]. TCP may not fully utilize the available capacity due to conservative window
adjustments based on perceived congestion.

Head-of-Line blocking: Queuing delays can result in head-of-line blocking, where a delayed packet holds up the
transmission of subsequent packets [219]. This can impact the efficiency of TCP, particularly in scenarios with multiple
flows. Head-of-line blocking can prevent timely delivery of packets [220], affecting overall throughput and
responsiveness.

Fairness issues: Queueing delays can introduce fairness issues, especially when there are competing flows sharing a
bottleneck link [221]. Flows experiencing longer queueing delays may receive less bandwidth compared to those with
shorter delays, leading to an unfair distribution of network resources. This can affect the fairness and equality of TCP
connections in high-speed networks.

Tail drop and packet loss: In extreme cases, when the queue sizes are limited, high-speed networks may experience tail
drop, where incoming packets are dropped if the queue is full [222]. This can lead to packet loss, triggering TCP's
congestion control mechanisms and causing reduced throughput. Tail drop can occur if the queue is not sized
appropriately for the network conditions.

10. Bufferbloat

Excessive buffering in network devices, known as bufferbloat, can occur in high-speed networks. This can lead to
increased latency and jitter, affecting TCP's ability to adapt to changing network conditions [223]. As shown in Figure
9, bufferbloat is a phenomenon that can significantly influence the performance of TCP (Transmission Control Protocol)
in high-speed networks. Bufferbloat occurs when excessively large buffers are used in network devices such as routers
and switches, leading to increased latency, jitter, and suboptimal performance.
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Figure 9 Bufferbloats in TCP

Increased latency: Excessive buffering introduces additional latency as packets spend more time waiting in queues
before being transmitted [224]-[226]. In high-speed networks, where low latency is a key expectation, bufferbloat can
result in longer Round-Trip Times (RTT). Increased latency affects the responsiveness of TCP connections, impacting
real-time applications such as video conferencing and online gaming.

Impact on TCP congestion control: TCP uses congestion control mechanisms to adapt its sending rate based on network
conditions. Bufferbloat can lead to delayed feedback, causing TCP to interpret increased latency as a sign of congestion
[227]. In response, TCP may unnecessarily reduce its sending rate, leading to underutilization of available bandwidth
and reduced throughput.

Jitter and variability: Bufferbloat introduces jitter, which refers to variations in packet arrival times. Jitter can negatively
impact the performance of real-time applications that rely on consistent and predictable data delivery [228]. High-speed
networks with bufferbloat may experience increased variability in packet arrival times, affecting the quality of service
for applications sensitive to delay variations.
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Inefficient use of bandwidth: Large buffers can lead to bursts of packet transmissions followed by periods of inactivity.
This bursty behavior can result in inefficient use of available bandwidth [229]. TCP may not fully exploit the network's
capacity during periods of low congestion, leading to suboptimal performance and lower throughput than what the
network could otherwise support.

Unnecessary retransmissions: Bufferbloat can contribute to packet loss when buffers become full and overflow [230].
TCP interprets packet loss as a sign of congestion, triggering retransmissions. However, in the presence of bufferbloat,
the loss may be due to temporary overflow rather than persistent congestion. Unnecessary retransmissions can further
exacerbate the inefficiency of TCP in high-speed networks.

Fairness issues: Bufferbloat can introduce fairness issues, particularly when multiple flows sheer a bottleneck link. Flows
experiencing varying degrees of bufferbloat may receive different levels of service, leading to an unfair distribution of
network resources [231]. This can affect the equality of TCP connections in high-speed environments.

11. Inefficient Window Scaling

In some cases, inefficient window scaling or misconfigured Maximum Segment Size (MSS) settings can hinder TCP
performance in high-speed environments. Inefficient window scaling can have a significant impact on the performance
[232] of TCP when deployed in high-speed networks. Window scaling is a mechanism used by TCP to extend the range
of its window size, allowing it to better utilize the available bandwidth, especially in networks with high speeds [233].
However, if window scaling is not implemented or configured efficiently, it can lead to suboptimal TCP performance in
high-speed environments [234].

Limited throughput: In high-speed networks, the default window size of TCP may become a bottleneck, limiting the
amount of data in transit at any given time [235]. If window scaling is not employed or is inefficiently configured, the
congestion window may not grow to a size that fully utilizes the available bandwidth, resulting in suboptimal
throughput.

Underutilization of bandwidth: Window scaling allows TCP to use larger window sizes to take advantage of the higher
bandwidth available in high-speed networks. Inefficient window scaling may lead to underutilization of the network's
capacity, as the congestion window may not scale appropriately [236]. This can result in the network not reaching its
full potential in terms of data transfer rates.

Increased Round-Trip Time (RTT) sensitivity: Inefficient window scaling can make TCP more sensitive to Round-Trip
Time (RTT) variations. In high-speed networks, where the RTT might still be relatively small, inefficient window scaling
may lead to suboptimal performance, as TCP may not adjust its window size adequately to accommodate the network
conditions [237], [238].

Delayed congestion window growth: Window scaling is essential for the efficient growth of the congestion window
during the Slow Start phase of TCP [239]. Inefficient window scaling may cause the congestion window to grow more
slowly than necessary, delaying the sender's ability to fully exploit the available bandwidth, particularly during the
initial phase of the connection.

Inefficient handling of packet loss: In the presence of packet loss, TCP needs to adapt its congestion window to mitigate
the impact of network congestion. Inefficient window scaling may lead to a less responsive adjustment, causing TCP to
underutilize the available bandwidth after encountering packet loss, resulting in degraded performance [240].

Failure to accommodate bursty traffic: High-speed networks often experience bursts of traffic. Inefficient window scaling
may prevent TCP from efficiently handling bursty traffic patterns, limiting its ability to send a significant amount of data
during periods of congestion-free network conditions [241].

12. Head-of-Line Blocking

Head-of-line blocking occurs when a single lost or delayed packet prevents the delivery of subsequent packets in the
same TCP connection. In high-speed networks, the impact of head-of-line blocking can be more pronounced [242]. Head-
of-Line (HoL) blocking can significantly influence the performance of TCP in high-speed networks. HoL blocking occurs
when a delayed or lost packet in a TCP flow holds up the delivery of subsequent packets, creating inefficiencies in the
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data transfer process. In high-speed networks, where the capacity for rapid data transmission is substantial, HoL
blocking can have several implications:

Throughput limitations: HoL blocking can limit the overall throughput of a TCP connection in high-speed networks. If a
packet is delayed or lost, subsequent packets are held back until the missing or delayed packet is retransmitted or
acknowledged [243]. This can lead to underutilization of the available bandwidth and result in lower throughput [244]
than the network is capable of supporting.

Impact on TCP window size dynamics: TCP relies on efficient acknowledgment and congestion control mechanisms to
dynamically adjust its congestion window size [245]. HoL blocking disrupts the smooth flow of acknowledgments,
preventing TCP from accurately assessing the network conditions. This can lead to suboptimal window size
adjustments, affecting TCP's ability to fully exploit the available bandwidth in high-speed networks.

Delayed flow completion: HoL blocking can delay the completion of a TCP flow. In high-speed networks where rapid data
transmission is expected, delays in flow completion may result in decreased efficiency and responsiveness of
applications relying on timely data delivery [246].

Real-time application performance: Real-time applications, such as video streaming or VolP, are particularly sensitive to
delays [247]. HoL blocking can introduce additional latency, negatively impacting the performance of these applications
in high-speed networks. Consistent data delivery is crucial for maintaining the quality of service for time-sensitive
applications.

Inefficient resource utilization: HoL blocking may lead to inefficient utilization of network resources, as the available
bandwidth is not fully leveraged during periods of congestion-free transmission [248]. This inefficiency becomes more
pronounced in high-speed networks, where the network can support rapid data transfer.

Fairness issues: In scenarios with multiple TCP flows sharing a bottleneck link, HoL blocking can create fairness issues
[249]. Some flows may experience delays due to blocked packets, leading to an uneven distribution of available
bandwidth and affecting the fairness of the networks.

13. Proposed solutions

Deploying TCP in high-speed networks presents significant challenges related to both security and performance. At high
speeds, TCP's congestion control mechanisms may struggle to keep pace with rapidly changing network conditions,
leading to inefficient bandwidth utilization [250] and potential performance degradation. Additionally, the increased
volume of traffic in high-speed environments can exacerbate security vulnerabilities, such as amplification attacks and
resource exhaustion, making networks more susceptible to DDoS (Distributed Denial of Service) attacks. Moreover, the
reliance on packet headers for flow control and error detection becomes more pronounced, increasing the risk of header
manipulation and packet spoofing, which can compromise data integrity and confidentiality. Consequently, deploying
TCP in high-speed networks necessitates robust security measures and optimization techniques to mitigate these risks
while maintaining optimal performance and reliability. The following are some of the probable solutions to these issues.

13.1. Bandwidth Delay Product issue

The TCP window size can be increased above the standard 64 KB limit with the use of this technology. By scaling the
TCP window, it makes better use of the network by supporting larger bandwidth-delay products [251]. In addition, we
can use TCP Acknowledgment Selective (SACK). Basically, using the TCP SACK extension, a recipient can acknowledge
multiple non-contiguous blocks of data. SACK enhances the ability of high-speed networks to recover from multiple
packet losses, hence increasing overall throughput [252]. Another option will be to use

TCP Cubic and BBR Congestion Control Algorithms. Modern congestion management methods like TCP Cubic and BBR
(Bottleneck Bandwidth and Round-trip propagation time) are made to optimize TCP performance on high-speed, high-
latency networks [253]. These algorithms improve throughput and lower latency by dynamically modifying their
behavior in response to network conditions.

13.2. Packet Losses and Retransmission

The possible solutions here include Forward Error Correction (FEC), Selective Acknowledgment (SACK) as well as TCP
Fast Retransmit and Recovery. In order to prevent the need for retransmission when errors are repaired at the receiving
end, FEC entails adding redundant information to the transmitted data. TCP can recover from packet loss without
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waiting for retransmissions by using FEC [254], which is advantageous on high-speed networks where delays are more
apparent. On the other hand, the TCP protocol has an extension called SACK that enables the recipient to notify the
sender of the packets that were successfully received. SACK reduces needless retransmissions and boosts overall
efficiency by allowing the sender to retransmit only the specific lost packets instead of the full window of data, in
contrast to standard acknowledgment systems [255]. According to [256], TCP Fast Retransmit is a mechanism that
enables the sender to retransmit a lost packet based on the detection of duplicate acknowledgments. When the sender
receives three duplicate acknowledgments for a particular packet (indicating that subsequent packets were successfully
received), it assumes that the original packet was lost and initiates a fast retransmit, minimizing the time spent waiting
for a timeout. Coupled with Fast Recovery, this mechanism allows TCP to quickly recover from packet loss and maintain
a more consistent flow of data.

13.3. Window Size Limitations

TCP Window Scaling, TCP SACK and Use of High Performance TCP Variants (e.g.,, BBR) are the probable solutions. TCP
Window Scaling makes it possible to raise the TCP window size above the customary 64 KB limit [257]. The bandwidth-
delay product (BDP) in high-speed networks can lead to a lot of data being transferred. Window scaling makes it
possible for the TCP window to represent a bigger BDP, improving bandwidth consumption and lessening the effect of
throughput constraints. An addition to the TCP protocol called TCP SACK enables the recipient to acknowledge several
non-contiguous data blocks. SACK increases TCP's efficiency [258] in high-speed networks by giving it more latitude
when it comes to recognizing received data. In the event of a packet loss, it permits the sender to retransmit only the
absent segments, negating the need to retransmit the complete data window. On the other hand, High-performance TCP
variants, such as Bottleneck Bandwidth and Round-trip propagation time (BBR), are designed to optimize data transfer
in high-speed networks [259]. BBR, for instance, employs a model that estimates the available bandwidth and adjusts
the sending rate accordingly. It dynamically adapts to changing network conditions, providing better throughput and
reducing the impact of limitations associated with traditional TCP congestion control algorithms.

13.4. Mitigating TCP Slow Start issues

TCP initial window size increase, congestion control algorithms modification, as well as Explicit Signaling or Explicit
Congestion Notification (ECN) are some of the solutions here. Increasing the size of the initial congestion window is one
simple strategy. The quantity of data that can be transferred before getting an acknowledgment is determined by the
congestion window. By raising the initial window size, TCP can start with more data in high-speed networks, which
shortens the time it takes to attain the ideal data rate [260]. Modifying the congestion control algorithms used by TCP
is another solution. Traditional TCP slow start uses an additive increase, meaning it adds a fixed amount to the
congestion window for each round-trip time [261]. In high-speed networks, a more aggressive increase may be
beneficial. Some proposals suggest using a multiplicative increase or a hybrid approach to accelerate the growth of the
congestion window. On the other hand, ECN is a mechanism that allows routers to signal congestion to the endpoints
without dropping packets [262]. In high-speed networks, ECN can be used to provide early feedback to the sender about
network congestion, allowing TCP to react more quickly and adjust its congestion window accordingly. This can help in
avoiding unnecessary slow start phases.

13.5. Congestion Control Challenges

TCP BBR, TCP CUBIC and TCP Vegas are the feasible solutions. TCP BBR is a congestion control algorithm developed by
Google. It focuses on estimating the available bandwidth and round-trip time to optimize data transmission [263]. BBR
is designed to handle both low and high-speed networks effectively. It uses a model that estimates the bandwidth-delay
product, helping it adapt to varying network conditions. The algorithm aims to maintain high throughput while being
responsive to network congestion, making it well-suited for high-speed networks.TCP CUBIC is another congestion
control algorithm designed to improve TCP performance [264] in high-speed and long-distance networks. Unlike
traditional TCP variants, CUBIC uses a cubic growth function to increase the congestion window size during the slow
start and congestion avoidance phases. This allows it to make more efficient use of available bandwidth in high-speed
networks. CUBIC has been included in the Linux kernel and is widely used to address congestion control challenges in
modern networks [266]. TCP Vegas is an alternative congestion control algorithm that focuses on reducing network
latency by proactively detecting congestion before it causes packet loss. Instead of relying solely on packet loss as an
indicator of congestion, Vegas monitors the round-trip time and estimates the ideal congestion window to achieve
maximum throughput without causing congestion [267]. Vegas aims to provide better performance in high-speed
networks by preventing unnecessary packet loss and optimizing the utilization of available bandwidth.
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13.6. Techniques to mitigate Queueing Delays

Active Queue Management (AQM), TCP Variants and Enhancements, as well as Quality of Service (QoS) Policies are some
of the solutions for this problem. AQM mechanisms, such as Random Early Detection (RED) or Explicit Congestion
Notification (ECN), aim to proactively manage queue lengths and signal congestion before it becomes severe [268]. This
helps prevent excessive queueing delays and bufferbloat. On the other hand TCP variants like TCP BBR are designed to
handle queueing delays more efficiently in high-speed networks. These variants often employ advanced algorithms to
optimize throughput and reduce latency. As explained in [269], QoS policies can be implemented to prioritize certain
types of traffic and reduce the impact of queueing delays on critical applications or services.

13.7. Techniques to mitigate Bufferbloat

Some of the basic solutions include AQM, Buffer Size Optimization, as well as Traffic Shaping and Policing. AQM
mechanisms, such as Random Early Detection (RED) or Explicit Congestion Notification (ECN), aim to actively manage
queue lengths and prevent excessive buffering [270]. These mechanisms can help reduce bufferbloat and improve the
responsiveness of TCP. On the other hand, proper sizing of buffers based on network characteristics [271] and traffic
patterns is essential. Avoiding excessively large buffers helps prevent bufferbloat and ensures more responsive TCP
performance [272]. Similarly, implementing traffic shaping and policing mechanisms can help control the rate of
incoming traffic, preventing excessive queuing and bufferbloat [273].

13.8. Inefficient window scaling

TCP Window Scaling, SACK and use of high performance TCP variants are some of the probable solutions to this
problem. TCP Window Scaling is a mechanism that allows the TCP window size to be increased beyond the traditional
limit of 64 KB. In high-speed networks, the bandwidth-delay product (BDP) may result in a large amount of data in
transit [274]. Window scaling enables the TCP window to represent a larger BDP, allowing for better utilization of
available bandwidth and reducing the impact of limitations on throughput. On the other hand, TCP SACK is an extension
to the TCP protocol that allows the receiver to acknowledge multiple non-contiguous blocks of data. SACK enhances the
efficiency of TCP in high-speed networks by providing more flexibility in acknowledging received data [275]. It enables
the sender to retransmit only the missing segments, reducing the need to retransmit the entire window of data in the
case of packet loss. According to [276], high-performance TCP variants, such as BBR, are designed to optimize data
transfer in high-speed networks. BBR, for instance, employs a model that estimates the available bandwidth and adjusts
the sending rate accordingly. It dynamically adapts to changing network conditions [277], providing better throughput
and reducing the impact of limitations associated with traditional TCP congestion control algorithms.

13.9. Head of Line Blocking

This problem can be addressed by techniques such as SACK, FEC, TCP Variants and Improvements, as well as QoS)
Policies are some of the recommended solutions. SACK is an extension to TCP that allows the receiver to acknowledge
non-contiguous blocks of data [278], enabling more efficient recovery from packet loss and reducing the likelihood of
HoL blocking. On the other hand, FEC mechanisms can be employed to proactively correct errors without the need for
retransmission, minimizing the impact of packet loss on subsequent data packets [279], [280]. As explained in [281]
and [282], some TCP variants, such as TCP New Reno or TCP BBR, incorporate enhancements to address issues related
to congestion control, retransmission, and flow control, improving performance in high-speed networks. Finally,
implementing QoS policies to prioritize time-sensitive traffic, such as real-time applications, can help minimize the
impact of HoL blocking on critical services [283], [284]. By assigning higher priority to packets associated with real-
time applications, QoS mechanisms ensure that these packets are processed and delivered with minimal delay, even in
the presence of congestion or buffering issues. This prioritization reduces the likelihood of HoL blocking, where delayed
packets hinder the transmission of subsequent packets, thus ensuring timely delivery and minimizing latency for critical
services. Additionally, QoS policies can allocate sufficient network resources and bandwidth to accommodate the
requirements of real-time applications, further enhancing their performance and reliability in dynamic network
environments.

14. Conclusion

This study has examined the complex interactions that occur between high-speed networks and the Transmission
Control Protocol (TCP), providing insight into security and performance issues. After a thorough analysis, we have
identified the difficulties that TCP deployment presents in settings with high data throughput. Our results highlight the
fine tuning that must be done between the requirements of high-speed networks and TCP's intrinsic design. Even though
TCP has shown to be robust in conventional environments, as network speeds increase, its performance quirks become
more noticeable. In addition to identifying constraints and bottlenecks, this study investigated possible improvements
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to address these problems and maximize TCP in high-speed situations. In addition, our investigation into TCP security
issues in high-speed networks has uncovered vulnerabilities that require close attention. Threats against networks
change along with them. The significance of putting strong security measures in place to protect data integrity and
confidentiality in contexts with rapid transmission has been highlighted by our investigation. To sum up, this study
offers insightful information that advances the current discussion on networking protocol development. Through
recognition and resolution of TCP's performance and security complexities in high-speed networks, we open the door
to a more robust and effective communication infrastructure in the digital era.
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