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ABSTRACT 5G era opens a new horizon toward communication with new features and capabilities. The
new mobile generation comes up with a multi-gigabit per second data rate along with its huge available
bandwidths provided by millimeter-wave frequency bands. Dispensing a fully connected world throughout
low latency is the supreme aim for 5G networks. However, attaining high-speed, reliable communication is
challenging in the new generation, especially in scenarios with numerous obstacles such as the urban one.
As the frequency rises, the signal’s penetration power declines, which can mislead TCP in adjusting the
sending rate because TCP cannot distinguish that a packet drop in a network is due to congestion or other
shortcomings of the network such as blockage or random packet drops. This paper proposes a new TCP
based on Fuzzy logic, which strives to prevent performance reduction in urban deployments. The Fuzzy
rules are implemented in the congestion avoidance phase of the new protocol to adjust the sending rate
intelligently and prevent blockage impacts. The ultimate aim of the protocol is to control the sending rate
based on the current situation of the network so it can attain the highest possible performance. Moreover,
it tries to reach its goal through low latency and keep the average sending rate as small as possible to restrain
the buffer exhaustion. The extensive conducted simulations showed that the newly proposed protocol could
attain higher performance compared to BBR, HighSpeed, Cubic, and NewReno in terms of throughput, RTT,
and sending rate adjustment in the urban scenario.

INDEX TERMS 5G, end-to-end reliability, fuzzy logic, mmWave, TCP.

I. INTRODUCTION
By appearing new services and high-quality videos, exploit-
ing high frequencies in 5G (Fifth Generation) is inevitable.
As a consequence, millimeter-wave (mmWave) frequency
bands are going to be deployed in the new mobile generation
to provide high bandwidth for the wireless channels in order
to fulfill the demand for large data rates [1], [2]. In addition to
mmWave deployment, sophisticated spectrum management
and a novel design for the core network are other enablers to
support new features [3]. These features can support three pri-
mary use cases, including eMBB (Enhanced Mobile Broad-
band) to deliver high data rates, URLLC (Ultra-Reliable
Low-Latency Communication) for satisfying latency-critical
applications demands, and mMTC (massive Machine Type
Communication) for providing connectivity to a large number
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of devices [4], [5]. The mmWave frequency suffers from a
drawback called NLoS (Non-Line of Sight), which refers to
a situation that a UE (User Equipment) and a gNB (gNodeB)
cannot find each other because of an obstacle blocking the
communication path [1], [2], [6]. When numerous NLoS
to LoS (Line of Sight) transitions occur in a network, they
can force performance degradation and reduce the quality of
user experience. The principal reason is that reliable end-
to-end communication relies on the protocol stack widely
used transport protocol TCP (Transmission Control Proto-
col) [7], and without a suitable protocol that is able to exploit
the 5G full potential, the wide bandwidth of mmWave will be
wasted [2], [8]. So that one of the main pillars of the mmWave
application relies on effective and sufficient TCP implemen-
tation [9].

Many TCPs cannot function sufficiently in high-speed net-
works, especially with the random packet losses, which is one
of the utmost wireless network issues [10], [11]. The reason is
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that most of the protocols are not capable of proper reactions
to 5G mmWave networks’ different statuses, especially LoS
to NLoS changes. Conventionally, TCP assumes a packet
drop as an indicator to congested situations but this might dif-
fer in 5G networks because different reasons such as blockage
or environmental impacts can force random packet losses and
degrade the protocol’s performance [1], [2]. TCP’s improper
reaction to lossy wireless channels of 5G and assuming them
as congestion indicators can strangle the TCP congestion
window (cwnd) mistakenly and cause underutilization of the
network’s resources [12].

A comprehensive analysis of 5G mmWave in practice has
been done in [13], and the obtained results in various tests
corroborate the benefits of deploying mmWave in order to
fulfill the demanding data rate for the new generation, and
its deployment was a success in 5G networks [14]. However,
the susceptibility of mmWave to distance and NLoS states
have been outlined.

As the predictions show, 5G is going to take 60% of the
world population under its coverage by 2026 [15]. As a result,
redefining the transport layer and creating a new TCP com-
patible with 5G is essential. Moreover, beyond 5G networks
such as 6G (Sixth Generation) will exploit the Terahertz
spectrum, where the issue could be more demanding [3].
Employing densification on account ofmicro antennas indeed
is one of the candidates to mitigate higher frequency issues.
However, it could lead to higher expenses, operational efforts,
and energy consumption [14].

Several reasons can make the blockage effect or NLoS
states more intense or relieve its negative impacts. Parameters
such as the number of obstacles, the topology’s layout, or the
distance between a UE and a gNB can play a vital role in the
ultimate performance. All these criteria can be changed based
on the deployed scenario. As a result, one of the important
criteria is the deployed scenarios based on the ITU-R (Inter-
national Telecommunication Union- Radiocommunication)
proposals [16], affecting the final performance.

We have exploited the full buffer traffic pattern, in which
a huge amount of data is waiting to be transmitted [17] in the
urban deployment scenario [18]. In this paper, we will focus
on 3GPP’s most popular scenario called urban deployment
because one of the most important goals of ubiquitous net-
works such as 5G is providing appropriate communication
for the population who reside inside cities in order to support
having smart cities with new features and services. Moreover,
deploying a high frequency in the urban deployment, existing
many obstacles such as buildings, cars, and human bodies
make it difficult for TCP to function properly due to the
existence of dynamic LoS- NLoS transitions [19]. The newly
proposed protocol’s main goal should be utilizing the vast
available resources in 5G mmWave networks. This protocol
can give up being fair to some levels to use the new gen-
eration’s full potential. To be more apparent, the sufficient
use of the resources can be increased at the cost of fairness.
This approach that has been used in BBR [20] (Bottleneck
Bandwidth and Round-trip propagation time), which is one

of the deployed protocols by large companies such as Netflix
and Google, indicates that the era for friendly TCPs has
been broken down, and the priority is using the substantial
available resources [21].

A well-designed model-based TCP can work more effi-
ciently than loss-based TCPs in 5G mmWave. The proactive
mechanism in the nature of this type of TCPs can adjust
the sending rate before the queues are full and packet drops
start to happen [22], so our newly designed FB-TCP protocol
(Fuzzy Based-TCP) adheres to this principle.

The extensive conducted simulations proved the pro-
posed FB-TCP sufficiency over other TCP variants such as
NewReno, Cubic, HighSpeed, and BBR in terms of salient
KPIs (Key Performance Indicators), including throughput,
RTT, and cwnd adjustment. Therefore, we will demonstrate
that the proposed protocol can utilize the 5G mmWave band-
width to its full potential by reaching an acceptable latency

The rest of the paper is organized as follows: section two
presents the related work, section three talks about the Fuzzy
logic, section four explains the newly proposed protocol,
section five incorporates methodology and the simulation
parameters, section six describes the simulation scenarios and
the results, and finally, section seven concludes the paper.

II. RELATED WORK
TCP is the widely exploited protocol in the transport layer,
which dispenses reliable end-to-end communication provided
by its connection-oriented nature. This system tries to achieve
the highest available throughput in a network by preventing
congestion status [2]. There are various TCP variants with
distinct characteristics, making them appropriate for different
situations [10].

Based on the popularity, we have chosen four TCPs to
be compared to FB-TCP. The first one is NewReno [23],
which was created to improve some aspects of Reno [24], and
exploits AIMD (Additive Increase Multiplicative Decrease)
to adjust the sending rate. The second one is CUBIC [25],
which employs a cubic function in controlling the send-
ing rate. The third one is HighSpeed [26], which deploys
an aggressive congestion control mechanism to utilize the
high available bandwidth in a network, and the last one is
BBR [20], [27], a model-based TCP that tries to adjust the
sending rate by accommodating it to the bottleneck band-
width along with retaining low RTTs [22].

NewReno has worked as the default TCP in many appli-
cations for years [1] and was the base one in designing the
following protocols, especially the loss-based ones. CUBIC
is the default protocol from Linux Kernel 2.6.26, Android,
and iOS operating systems [8], [28]. HighSpeed is the default
protocol for designing TCPs with aggressive mechanisms in
increasing and decreasing the sending rate, making it suitable
for networks with high BDP (Bandwidth Delay Product).
Finally, BBR is a cutting-edge protocol deployed in popular
services such as YouTube and Netflix [21]. There is a com-
prehensive analysis of TCP, its procedure, and parameters
in [2].

VOLUME 9, 2021 82813



R. Poorzare, A. C. Augé: FB-TCP: 5G mmWave Friendly TCP for Urban Deployments

After establishing the deployed protocols and why they
have been chosen, the next pace is detecting the issue on the
way of utilizing the full potential of 5G mmWave networks.
A comprehensive investigation of the 5G mmWave network
and its various aspects was done in [2]. Moreover, TCP’s
functionality and its compatibility to 5G networks were also
analyzed throughout the paper. On the other hand, the impact
of 5G network characteristics on the design of novel con-
gestion control algorithms was discussed in [11]. These two
papers could cover the challenges and hurdles on the way of
designing an appropriate TCP for 5G networks and propose
new insights that can ease the path of researchers in outlining
new protocols befitting for the new mobile communication.

In addition to the presented full guidelines in the previous
papers, a practical investigation was performed in [29] on
the first implemented 5G network in Chicago. The exploited
carrier frequency was 28 GHz, which could indicate the per-
formance of 5G mmWave networks. The results revealed that
the high-frequency ranges could support large bandwidth, but
in reality, the performance showed severe fluctuations both
in LoS and NLoS states. The root of this deficiency is that
TCP cannot operate sufficiently in 5GmmWave networks and
need some modifications.

Thorough analyses of high-Speed and indoor scenarios
were done in [1] and [30], respectively. Both studies proved
the inadequacy of TCP, especially in NLoS states. More-
over, an examination of the urban deployment scenario in [1]
showed that some modifications should be done on TCP for
attaining high throughput and low latency in 5G networks.

An analysis of different blockage types, the impact of han-
dover, along with various flows, has been brought in [8]. The
paper indicated that aggressive TCPs such as CUBIC could
take advantage of modifying RTO (Retransmission Time-
Out) and RLC (Radio Link Layer) buffer by reducing the
former and increasing the latter one. The results also showed
that TCP suffers especially from longer blockage.

As the new mobile generation supports high data rates,
exploiting several interfaces can be beneficial. In this case,
deploying MP-TCP [31] (Multi-Path TCP), which is capable
of handling various interfaces, could be one of the appro-
priate choices. The simulation results in [32] showed that
MP-TCP could have some advantages compared to SP-TCPs
(Single-Path TCP), mostly in LoS states. However, we should
notice that NLoS states can occur more frequently in 5G
mmWave networks and makes it difficult for an MP-TCP
to maintain its functionality. Additionally, when LTE (Long
Term Evolution) and 5G coexist, it affects the MP-TCP func-
tionality in an adverse way, as MP-TCP finds LTE chan-
nels more stable. On the other hand, the mid-band spectrum
deployed in LTE cannot deliver the data rate that mmWave
can support [13].

All the mentioned statements show that TCP suffers from
a dearth of performance in 5G mmWave networks. This
deficiency can be congestion window fluctuation and incom-
petent mechanism of TCP in adjusting its sending rate. More-
over, latency value, which is critical for 5G networks, can be

damaged because of TCP’s scant functionality, especially in
NLoS states, in which the communication path is blocked
by an obstacle, but TCP continues sending packets that
lead to long queues in buffers and can cause a bufferbloat-
ing problem. All these issues can be seen in the results
of [33], [34], which show TCP’s functionality over the urban
deployment. As the results revealed, the throughput can be
degraded along with RTT (Round Trip Time) increment in
NLoS states. Moreover, sending more packets blindly by
different TCP variants in order to gain higher throughput can
exhaust senders’ buffers.

There have been some efforts to alleviate these issues,
such as a Deep learning-based TCP called DL-TCP
(Deep-Learning TCP), which was proposed in [6]. As a dis-
astrous situation happens, numerous collapsed buildings and
trees can act as blockers and make consecutive NLoS states.
In this case, establishing an adequate communication path
between a UAV (Unmanned Aerial Vehicles) and the control
center would be challenging. As a result, DL-TCP, based on
a Deep Neural Network engine, strives to distinguish RTOs
caused by congestion from the ones caused by the block-
age. The simulation results showed that the newly proposed
protocol could outperform other TCP variants. The principal
shortcoming of this scheme is that it has not been tested in
new topologies to see the efficiency of the protocol when the
layout is changed. As a result, being trained and tested in the
same environment can be assumed as a flaw for this protocol.

Another approach called D-TCL (Dynamic-TCP) was pro-
posed in [35]. This protocol’s prime aim is to handle the
adverse impact of random packet drops in 5G mmWave
networks by the appraisal of the at-hand bandwidth. They
tried to adapt the new TCP to the high BDP and lossy nature
of 5G mmWave networks. The authors claimed that D-TCP
can learn the available bandwidth, so it can tolerate high
variations of the paths in higher frequencies. The sending
rate in D-TCP is adjusted by making use of a congestion
control factor, which is derived from the estimated available
bandwidth. Not being compared to aggressive TCPs such as
HighSpeed, which can be one of the well-suited protocols for
5G mmWave networks [33], [34], and not having a discus-
sion on the obtained average RTTs can be mentioned as the
downsides of D-TCP.

Moreover, they have been some efforts in enhancing
TCP’s functionality through Fuzzy logic. As an example,
a Fuzzy-based TCP called TCP-FRTT was proposed in [36],
which was striving to enhance the reliability inWLAN (Wire-
less Local Area Networks). The primary purpose of the new
protocol was handling the mislead TCP due to random packet
losses in wireless networks caused by mobility or the inter-
mittent nature of the wireless channels. The protocol could
achieve its aims by modifying the TCP Vegas congestion
avoidance phase and could attain higher performance in terms
of throughput, delay, and networks resources utilization.
A parameter called FE (Fluctuation Estent) was employed
in TCP-FRTT as an output to measure the scalability of the
network.
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Moreover, two inputs, diff, and p are exploited to calculate
the FE. All of the parameters are computed through some
Fuzzy memberships and rules. The protocol was compared to
two TCPs, including TCP Reno and TCP-RM [37], and the
results proved the superiority of the new protocol over them.

Another scheme called FPRD (Fuzzy Pattern Recognition
based Differentiating) [38] uses a Fuzzy-based algorithm to
distinguish different types of packet losses in a network that
both wired and wireless communications are deployed. The
algorithm tries to link a loss to distinctive patterns, such
as a congestion pattern or a wireless channel error pattern.
The justification behind this protocol is that a loss has a
Fuzzy nature; thus, exploiting this technique can be helpful.
The main chosen parameters for calculating the membership
function are RTT, congestion window size, inter-arrival time
between ACKs, and re-transmit rate, however, the most crit-
ical parameter is ROD (Relative One-way Delay). The sim-
ulation results indicated that the protocol could have better
functionality compared to Reno, New Reno, and Vegas in
terms of throughput.

Another approach based on Fuzzy to improve TCP called
FFC-Snoop was proposed in [39]. This algorithm strives to
give some feedback to the sender by calculating the buffer
size based on Fuzzy memberships. The main goal of the
scheme is to show fast reactions to the network’s current
situation by having a Fuzzy membership that reflects the
buffer’s ongoing situation and omits the historical events. The
simulation results indicated that the proposed protocol could
achieve higher throughput than NewReno.

TCP-C [40], which was a new protocol, used Fuzzy logic
to label various packets. This marking mechanism is done in
order to give some feedback to the sender from the network’s
current situation; thus, it can adjust the sending rate appro-
priately. The results showed that TCP-C could have better
performance compared to NewReno and Westwood in terms
of throughput.

The main drawback of the mentioned protocols is that they
cannot achieve higher possible performance, and they have
been compared to TCPs that generally are not able to attain
the saturated throughput in wireless networks. As a result,
they are not proper candidates for 5G mmWave networks.

Another Fuzzy-based scheme for improving the downlink
performance in 5G networks was proposed in [41]. The pro-
tocol strives to use fuzzy membership and rules to control
the downlink flow in order to enhance buffering mechanism
in the network. The results revealed that the new protocol
could adequately handle the queue sizes and achieved better
performances in terms of buffer occupancy, loss rate, and
delay compared to previous protocols. The main issue of this
algorithm is increasing the computational overhead in the
network, which should be reduced in future work.

To sum up, the effect of 5G mmWave characteristics on
the performance of TCP is more intense than sub-6 GHz
frequencies deployed in LTE or 3G. 5G mmWave can pro-
vide high data rates through a wide spectrum, but it brings
novel characteristics that can degrade the transport layer’s

functionality; as a result, the user experience. These issues
incorporate: (i) a lossy environment that can create numerous
random packet losses, which leads to a high value for BER
(Bit Error Rate). (ii) Being susceptible to obstacles, which
creates NLoS states and makes it difficult to have stable
channels for communication. (iii) Decreased throughput and
increased RTT in NLoS states. (iv) Difficulties in sending
rate adjustment, which leads to cwnd fluctuations. (v) Most
TCPs cannot distinguish the drops caused by blockage and
congestion and decrease or increase their sending rate without
having a clue from the network’s status, which can lead to
the underutilization of the resources, exhausting the buffers,
or creating bufferbloating problem. The latter issue can be
alleviated by deploying some techniques of AQM (Active
Queue Management) such as CoDel [42] or Fq-CoDel [43].
However, they are not sufficient and need some modification
to be deployed in 5G mmWave networks [1].

III. FUZZY LOGIC
In this section, we are going to have a brief discussion on
Fuzzy logic as the background in determining some of the
deployed parameters in the FB-TCP protocol proposed in this
paper. Fuzzy logic [44] or Fuzzy sets, a subset of AI (Artifi-
cial Intelligence), is for indicating membership of an object
in a class with a membership function, which is between zero
and one. If we have domain X as our objects, a fuzzy set of
fA(x) links individual points of ‘x,’ a value of membership
degree in A. In the classical sets or ordinary sets, fA(x)= 0 or
1, which indicates whether x belongs to A or not. As a result,
themain difference between the ordinary sets and fuzzy sets is
that the membership function is zero or one in the former one,
but in the latter one, the membership function is between zero
and one. For example, if X is the real numbers and we have a
set of numbers greater than 100, our fA(x) for different values
can be fA(50)=0, fA(100)=0, fA(200)=0.1, fA(1000)=0.5,
and fA(10000)=1.

fA(x) is called the membership function, and the corre-
sponding values are membership degrees. In fA(x), member-
ship degrees show the belonging degree of x in A. In general,
zero indicates non-membership, one shows full membership,
and the values between them are for partial membership [44].

One of the main aims of introducing Fuzzy was enabling
machines to do tasks that had been difficult and complex
for decades because of the lack of intelligence. Historically,
machines have not been able to perform tasks that human
could do easily. Fuzzy has been excelling systems in reaching
pinnacles that were impossible before. As a result, Fuzzy
strives to model real-world events, which were hazy before
it. The primary tool, which Fuzzy has is mathematical calcu-
lations that help it in order to model indeterminate problems.
With the help of the inputs, output, and rules, Fuzzy enables
systems to communicate with their surroundings and solve
the issues that were not possible to be handled before [45].

As a result, Fuzzy logic is a suitable paradigm for
decision-making and clustering problems, which can be used
in complicated systems. In our proposal, we deploy Fuzzy
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logic to modify the TCP congestion control mechanism in
order to work properly in 5G mmWave networks. The new
protocol’s primary goal can be dividing the network into
different clusters and then adjust the sending rate based on
the current cluster that the network is. Because of the nature
of the Fuzzy, it can address various aspects in 5G mmWave
networks. One of these features is handover, which is for
changing the gNB that the user is connected to. In this case,
the best antenna can be selected based on some Fuzzy mem-
berships. This procedure provides intelligence so that the han-
dover process can benefit from this smartness. Another usage
of Fuzzy can be in the 5GCN (5G Core Network) design.
SDN (Software-Defined Networking)/NFV (Network Func-
tion Virtualization) are two paramount enablers in the core
of 5G, and if Fuzzy can yield smartness to these features,
their functionality can be enhanced dramatically. In addition
to the mentioned features, Fuzzy can be employed in the
queueing algorithms and improve their performance. In this
case, the RLC buffer can be controlled efficiently and reduce
the end-to-end delay. As a result, lower latency, which is one
of the essential pillars in 5G, especially in URLLC, can be
decreased intensely. Finally, Fuzzy can be used to improve the
controlling mechanism in always-on; as a result, it can assist
in reaching an ultra-lean design [2]. All of the mentioned
aspects can be refined with the help of Fuzzy logic. However,
in this paper, we have decided to concentrate on the protocol
side of the communication and improve throughput, latency,
and sending rate adjustment.

IV. FB-TCP: FUZZY BASED-TCP
As it was mentioned, the first goal of designing a new pro-
tocol should be attaining the highest available throughput
along with acceptable latency. Moreover, the protocol should
be able to tolerate random packet drops, because if not,
consecutive losses in NLoS states impair its functionality
dramatically. Furthermore, the protocol should be able to
detect different situations from each other and function based
on the current one. To sum up, a newly proposed protocol
should:
• Function close to the UDP saturated value.
• Prevent cwnd high fluctuation.
• Prevent consecutive RTO triggering in NLoS states.
• Prevent bufferbloating problem.
• Have a constant functionality.
• Be immune to random packet losses.
• Be immune to losses caused by NLoS states.
• Reach the highest available throughput through fast

paces.
•Reach the highest available throughput through low aver-

age cwnd.
• Prevent consecutive RLC buffer overflow in NLoS states.
As a result, dividing the network into various sections from

non-desirable to the desirable range is essential. In this case,
LoS and NLoS states can be distinguished, and a proper
functionality can be achieved. The critical aspect of the pro-
tocol is the time that the UE is in a NLoS state. In this way,

FIGURE 1. How clustering works.

the cwnd should be adjusted carefully to prevent the buffer
overflow and keep the RTT as low as possible along with high
throughput.

FB-TCP strives to handle the issues that TCP encounters
in 5G mmWave networks by relying on Fuzzy logic and
deploying some novel features and parameters. The operation
of FB-TCP is based on the division of the network into several
sub-states and decides based on the current state. The main
goal behind this clustering is to set a range of parts in the
network representing a set of conditions from non- desirable
to desirable ones. In this case, when the network is moving
toward desirable situations, the protocol can operate opti-
mistically. In contrast, when the protocol is in non-desirable
conditions, FB-TCP will function pessimistically. The factor
for the increasing and decreasing the cwnd is based on a
higher level division that will be explained in the rest of this
section. Not changing the sending rate is an option for the
time that the network is between desirable and non- desirable
situations. Figure 1 indicates these states and how FB-TCP
reacts.

Furthermore, individual clusters can be divided into sub-
clusters in order to assist the protocol in making more accu-
rate decisions.

The first step is to calculate the maximum available send-
ing rate by estimating the current BDP. As a consequence,
every 100 ms, the number of delivered packets are counted,
and by exploiting (1), themaximumvalue for cwnd is figured:

maxCwnd = ((DP∗minRtt)/8)/MSS))∗ρ (1)

where maxCwnd is the maximum value needed for cwnd to
reach the highest available throughput in the network, the DP
is the number of delivered packets every 100 ms in our exper-
iments (a tradeoff of simulation time and performance), and
minRtt is the minimum RTT in the network for a connection.
MSS (Maximum Segment Size) is also the largest value for a
TCP connection that a node can receive. The calculated value
is multiplied to ρ. In our study, we choose 1.05, so we can set
the upper bound 5%more than the estimated value to discover
more bandwidth in the network. This value can be selected
based on the level of aggressiveness that we want the protocol
to have. By choosing 5%, the protocol always will try to turn
up the extra available bandwidth in the network. Selecting a
large number will lead to high throughput at the cost of RTT.
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However, a small value can enhance RTT at the expense of
throughput.

The next step is choosing some parameters and formulas
that assist us in adjusting in-flight packets. The principal
criteria in selecting these parameters were: 1) they could
be exploited as Fuzzy membership functions, 2) they could
reflect the current status of the network, and 3) they were
independent of packet losses. One of the primary choices
can be exploiting the difference between the current sending
rate and the rate the cwnd should be adjusted to attain the
maximum throughput, i.e., targetedCwnd. This can give a
vision of how bad the sending rate has been tuned andwhether
we are moving so fast or not. If the difference between these
two parameters gets higher, it can be assumed as a negative
sign. In contrast, when the value is close to zero, it can be a
positive sign.

RTT is another principal element that can indicate the
different conditions of the network. The reason is that this
KPI is differentiated in LoS, NLoS, or other situations such
as congestion in the network. Moreover, by having the rela-
tionship between the minimum RTT of the connection and
minimum RTT of the window, a proper insight from the
network can be obtained.

The maxCwnd parameter will be exploited to divide the
network into two main phases called Convergence and Diver-
gence. Then, each phase is divided into several sub-phases
using some parameters including, Diff (Difference), CSI
(Congestion Status Indicator), and CAD (Cwnd ADjuster).
The main reason behind dividing the network into two major
sections is for determining the upper bound of the network
and making decisions based on it. The crucial point of the
network is the size for cwnd that can utilize the network’s
full potential. In FB-TCP, this point is ascertained by the
maxCwnd parameter. Being below this point means that the
network is not functioning at its full potential so we can
increase the cwnd based on the difference between maxCwnd
and the current cwnd size.

In contrast, being above this spot indicates that the cwnd
is forcing more packets than the network’s current capacity,
and FBTP should decrease the cwnd. The intensity of this
decrement is due to the difference between maxCwnd and
current cwnd. As seen in Figure 1, when the cwnd size is
around maxCwnd, FB-TCP assumes that the network is func-
tioning normally. However, when the cwnd is less than this
point, the network is in its desirable status, and the number of
sent packets can be increased because the available capacity
in the network can handle more data.

On the other hand, when cwnd is more than maxCwnd,
the network is in its undesirable status, so FB-TCP reduces
the sending rate to prevent more burden on the network.
This can happen in different situations, such as congestion or
NLoS states. In both cases, the network’s capacity is less than
its normal situation, and FB-TCP strives to adapt the sending
rate to the available capacity. To sum up, the Convergence
phase tries to handle desirable modes, and the Divergence one
is tackling undesirable situations.

Different clusters are subsets of desirable or non-desirable
states that are shown in Figure 1. As a result, being in
the desirable situation in the Convergence is different from
non-desirable in the Divergence. For example, the Conver-
gence phase’s aggressiveness during the desirable condition
is much higher than the one for the Divergence.

The main aim is to divide the network into several sections,
which can indicate different conditions from non-desirable to
desirable ones. As the network moves toward non-desirable
states, FB-TCP employs a conservative approach to relieve
the conditions. This degree of conservativeness is based on
how bad the network’s current situation is. On the other hand,
as the network moves toward desirable states, the protocol
takes an aggressive mechanism in increasing the sending rate,
which the level of the aggressiveness depends on to what
extent the network’s current condition is good. There is a
direct relation between the accuracy of the protocol and the
number of clusters so that as the number of clusters increases,
the protocol functions more precisely.

Diff is calculated by deploying (2):

Diff = currentCwnd − targetedCwnd (2)

where currentCwnd is the value of the sending rate at the
moment, and targetedCwnd is the optimal value of cwnd,
i.e., the minimum value that we need to set cwnd to attain
the available throughput. The targetedCwnd has a direct cor-
relation to RTT and current sending rate, which is calculated
based on (3):

targetedCwnd = currentCwnd∗CSI (3)

where CSI is calculated based on (4):

CSI = baseRtt/minRtt (4)

where baseRtt is the minimum value for a connection and
minRtt is the minimum value for a congestion window. CSI
is always between zero and one; as a result, it can function
as a Fuzzy membership, and based on the obtained values
between zero and one, the Fuzzy rules can be set. This param-
eter is one of the principal leverages in dividing the network
into several clusters.

These values are exploited in different parts of the protocol
to help FB-TCP adjust the sending rate adequately. All these
parameters are used in the protocol’s congestion avoidance
phase after exiting the slow start phase.

The Convergence phase is initiated when the current send-
ing rate is lower than the estimated upper bound. This phase’s
primary aim is to ramp up to the highest available sending
data rate and utilize the full potential of the network. Sit-
uations such as NLoS to LoS transitions, in which a quick
increment in the sending rate is essential, can benefit from
this phase. Moreover, it helps to prevent bandwidth wastage
and save time in recovering from low data rates.

On the other hand, the Divergence phase is commenced
when the sending rate is higher than the estimated upper
bound. In this case, the protocol strives to use the available
resources in the network and discover more bandwidth.
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The Convergence and Divergence phase’s ultimate goal is
to create a framework for FB-TCP to function around the
highest available sending rate in a way that can satisfy BDP
for the packets in-flight. The first output of this mechanism
is tackling the high fluctuation for the congestion window in
a way that by approximating the highest available sending
rate and trying to accommodate it, we can adjust cwnd more
elaborately. Secondly, by keeping the cwnd a slight factor of
the BDP, the protocol can attain a throughput close to the
saturated value. Thirdly, by quick and attentive reactions to
different conditions such asNLoS states, FB-TCP can prevent
RTT increment in the network to avert bufferbloating issue.

Moreover, while the protocol sets the sending rate around
the highest estimated available data rate, it does not increase
the cwnd blindly because it has a clear insight from the
network’s current condition. In contrast, it tries to take careful
steps in adjusting the congestion window; thus, it can achieve
high throughputs along with low average congestion win-
dow size through a constant functionality. Finally, because
FB-TCP controls the sending rate based on the feedbacks it
gets from the network and is a model-based TCP, it is immune
to random packet drops.

A. CONVERGENCE PHASE
Being in this phase means that the sending rate is less than
maxCwnd, sowe take an aggressivemode to reach the highest
possible sending rate in fast paces or control the sending
rate in an aggressive approach. Convergence and Divergence
are parts of FB-TCP’s congestion avoidance phase and are
initiated when the slow start is finished.

Conventional TCPs double their sending rate when an
acknowledgment is received during the slow start phase.
However, the FB-TCP functionality is close to BBR and
Vegas in this phase, as it doubles the sending rate in every
RTT change. This approach might be slightly slower than
the doubling approach of the conventional TCPs in every
ACK. However, this mechanism helps FB-TCP to probe the
bandwidth more appropriately. After reaching the cwnd to
900, which is roughly double the conventional TCP’s slow
start threshold, the congestion avoidance phase is initiated.
The reason for choosing this value is to exit the slow start
soon but not so fast that the protocol cannot examine the
network. Because of that, we have decided to set its size twice
the conventional one. This value can be used as a general
threshold in FB-TCP in different use cases, scenarios and is
an optimal value that could be achieved through extensive
simulations among different topologies and layouts.

By triggering the congestion avoidance phase, if (5) is
correct, the Convergence phase starts:

currentCwnd <= maxCwnd (5)

We also need another parameter that can help us adjust
the sending rate when moderate tuning is required. One of
the appropriate approaches can be deploying the relationship
between the targetedCwnd and currentCwnd. Thus, we can
have an estimation of how far we are from the optimal value

FIGURE 2. How the Convergence phase functions.

and to what extent the protocol is functioning poorly. If this
value is close to one, it shows that the protocol is performing
well. In contrast, being close to zero is not a good sign.
By deploying CAD, we can adjust the sending rate more
appropriately. This value is calculated based on (6):

CAD = targetedCwnd/currentCwnd (6)

CAD is also between zero and one all the time and can be
used as another Fuzzy membership function to help FB-TCP
decide properly.

The Convergence phase’s primary goal is to utilize the
available high bandwidth of 5G mmWave networks when
the network is empty by increasing the sending data rate in
fast paces. As can be seen in Figure 2, when CSI is close
to one, it is a sign that the protocol can increase the sending
rate. In this case, if diff is a minor value, it indicates that the
network is empty and its full potential is not utilized; thus,
the sending rate can be increased dramatically. On the other
hand, if diff is not close to one, it is a manifestation of slight
underutilization, so that the sending rate will be increased
negligently.

On the other hand, by using CSI and CAD, FB-TCP can
have proper reactions to NLoS and congestion states when
the cwnd value is below the estimated upper bound. In this
case, when CSI is close to zero, it shows that the network’s
condition is getting worse. FB-TCP measures the intensity
of the worseness based on CAD. As a result, if CAD is
close to one, the protocol takes it as a worse situation but
no very severe. However, when CAD is not close to one,
it indicates that the network situation is heavily poor, and a
drastic decrement in the sending rate is needed.
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TABLE 1. How the convergence phase functions- sub-phase 1.

In a nutshell, the protocol tries to keep the sending, rate a
slight portion of the BDP, which helps prevent unnecessary
buffer overflows and reduce the RTT value close to the mini-
mum possible one. In addition to RTT, this mechanism stably
adjusts the cwnd size and alleviates the fluctuations.

Consequently, one of the Fuzzy primary memberships that
FB-TCP employs in its initial steps to divide the network into
different sections is CSI.When the value of CSI is decreasing,
it shows that minRtt is increasing. The CSI value can be used
as a sign of NLoS states, and in combination with CAD, they
can help distinguish LoS states from NLoS and congestion
ones. The reason is that when a UE is in NLoS states, pack-
ets are enqueued in buffers, and the RTT increases, which
leads to high CSI values. A similar conclusion is correct for
CAD, in which the difference between targetedCwnd and
currentCwnd increases in NLoS states.

The Convergence phase functions are based on the rules in
Table 1, Table 2, Table 3, and Table 4. When cwnd is lower
than the upper bound, i.e., Convergence phase, we should
notice that Diff is deployed to control the protocol’s aggres-
siveness in the beginning sub-phases of the Convergence, and
CAD is for slowing down. As the value of Diff is close to
zero, it shows ideal conditions; thus, FB-TCP can increase

TABLE 2. Deployed parameters in the increasing sub-phases of the
convergence.

the sending rate rapidly. However, if Diff is getting far from
zero, it indicates a situation that the protocol can increase the
sending rate but moderately till 0.98 <= CSI.

From C1 to C9 are the increasing sub-phases for the
Convergence phase. Throughout these phases, FB-TCP tries
to increase the cwnd in an aggressive way, which the
aggressiveness of the protocol can depend on the deployed
approach. This aggressiveness is determined by setting the
values for a to i. As these parameters set to high values,
the protocol will be more aggressive, but if they are set to
smaller ones, the protocol decreases its aggressiveness. The
primary goal of the selected values for FB-TCP is to make the
protocol suitable for different scenarios. As a result, we have
conducted numerous simulations in various conditions to
determine the optimal values as shown in Table 2. However,
we believe that the protocol is dynamic, and values can
be changed in order to adapt to different scenarios. As an
example, if the RTT is the most important KPI, so by tuning
the values, the minimum RTT can be attained at the cost of
throughput.

The increasing sub-phases, i.e., Table 2, are used when
the network is in desirable conditions, and the available
bandwidth is not utilized to its full potential, such as the
switching times from NLoS to LoS states, when the protocol
needs to recover its high sending rate quickly and ramps up
to the highest available sending rate in the network. As an
example, if we look at C1 in Table 1, (0.98 <= CSI) &&
(CSI <= 1) indicates that minRtt is close to baseRtt, which
shows an empty network. Moreover, Diff <= 10 reveals
that currentCwnd is near the optimal value of cwnd; thus,
another positive sign, so by considering these conditions, it is
concluded that the network’s state is desirable and large band-
width is available so that FB-TCP can increase the sending
rate drastically.

The rest of the Convergence sub-phases control the sending
rate when the network is going toward being congested or
when NLoS states happen, i.e., non-desirable states. CSI and
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TABLE 3. How the convergence phase functions- sub-phase 2.

CAD are used in these phases to adjust the sending rate. As a
Fuzzy membership, CAD is a key parameter in adjusting the
sending rate because it indicates that the network is moving
toward desirable or non-desirable conditions.

If FB-TCP remains for thirty consecutive RTTs in C10,
(7) will replace currentCwnd=currentCwnd, i.e., the send-
ing rate will not be kept fixed. Reducing the sending rate
will drain the buffers and prevent the network from moving
toward non-desirable situations. Thirty has been chosen based
on extensive simulations and is an arbitrary number, which
can be tuned hinged on the desired tradeoff between RTT
and throughput. For validating the sufficiency of our chosen
parameters, we have tested them in four different scenarios.
Moreover, the door toward attuning the parameters for vari-
ous scenarios and layouts has been kept open in a way that
the protocol has the capability of being altered.

currentCwnd = α∗currentCwnd (7)

where α is for keeping a tradeoff between throughput and
RTT, as we increase α, the throughput value will be improved.

TABLE 4. Deployed parameters in the decreasing sub-phases of the
convergence.

In contrast, by decreasing α, the RTT value will be enhanced
at the cost of throughput. As we want to reduce the sending
rate when a user is stuck in this condition, α should be
between zero and one. We have used 0.9 for setting α in
order to keep high throughput by slightly improving the value
of RTT. Moreover, maxCwnd will be reduced by using (8)
to lowers the upper bound and reduces the aggressiveness
of the protocol when it remains in C10 for more than thirty
consecutive RTTs:

maxCwnd = β∗maxCwnd (8)

Large β means more aggressiveness, and small β means
less aggressiveness for the protocol. As a result, we have used
0.9 for setting β to attain high throughputs through acceptable
RTTs. β also can be tuned to be suitable for different use cases
based on needs and necessities. For example, by reducing β,
we will have an enhancement in the value of RTT at the cost
of throughput and vice versa.

We should notice that all the b sub-phases are the time that
the protocol remains in the same sub-phase, i.e., the same
state, for more than two consecutive RTTs. As an example,
when the network is in the C12 sub-phase for two successive
RTTs, adjusting the cwnd size will follow the rules in c12.b.
These situations indicate that the network’s condition is not
ideal, and the sending rate should be decreased quickly in
order to empty the network; thus, FB-TCP waits for a maxi-
mum of two RTTs.

The protocol operates more conservatively during sub-
phases, i.e., b-subs, as the values of the parameter indicate
for C11.b and Table 4.

We tried to select values that can be generally used in
different urban deployment layouts and strived to prove it by
extensive simulations. To prove our claim, we run FB-TCP
in different layouts and various situations. However, indi-
vidual TCPs can be sufficient for a particular scenario and
show flaws in other ones [46]–[48]. Considering this fact,
our protocol’s targeted scenario is the urban deployment;
nevertheless, it can show sufficiency in other ones.
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FIGURE 3. How the Divergence phase functions.

For choosing the values that can cover a vast range of urban
deployments, shown in Table 2 and Table 4, we have con-
ducted more than 200 simulations, and based on the obtained
results, the best ones have been selected. The primary moti-
vation behind choosing these values was satisfying the net-
work’s available capacity in different circumstances. The
main goal was achieving high throughputs through acceptable
RTTs among with preventing cwnd fluctuations. Moreover,
the protocol can have stable functionalities through different
conditions and is immune to the network’s changes.

B. DIVERGENCE PHASE
In contrast to the Convergence phase, the Divergence strives
to increase the sending rate conservatively, so it can pre-
vent buffer overflows and also discover more capacity in the
network if available. The reason is that cwnd is larger than
maxCwnd, i.e., the estimated upper bound for the network,
and moving faster can exhaust the buffers. Moreover, when it
detects that the network is not functioning in the LoS state,
it reacts more intensely in a way that can prevent consecutive
packet drops in NLoS or congested states. This approach
can drain the buffers, especially when a UE is behind an
obstacle, and not having an appropriate strategy can lead to
underutilization of the large bandwidth or packet losses.

Figure 3 depicts an overview of the Divergence phase’s
functionality. The critical parameter in this phase is CSI.
When it is close to one, it gives some guarantees to the
protocol in increasing the sending data rate in order to find
more capacity in the network; however, as this parameter
moves closer to zero, it indicates that the network’s condition
is getting worse and an aggressive reduction in the sending

TABLE 5. How the divergence phase functions.

rate is necessary. When CSI is not so close to zero or one,
CAD is the key player in adjusting the sending rate, and if it
is close to one, FB-TCP can increase the sending rate because
it seems that there could be more capacity. In contrast, when
it is not close to one, the combination of CSI and CAD shows
that the networ’s functionality is neither very desirable nor
non-desirable; thus, the sending rate can be kept fixed.

The main constructed framework in this phase aims at cre-
ating some clusters that are suitable for the time that FB-TCP
operates higher than the estimated upper bound; because of
this, sending rate increment is done conservatively. However,
when the network is close to non-desirable states, cwnd is
decreased based on large factors. Table 5 indicates how the
Divergence phase functions.

When FB-TCP remains in D3 andD4 for thirty consecutive
RTTs, (9) will be applied instead of keeping the sending rate
fix. Selecting thirty RTTs is an arbitrary choice and depends
on how aggressive we want to react to situations that RTT is
high; we have decided to choose thirty after testing a great
number of values.

currentCwnd = γ ∗currentCwnd (9)

where γ is for keeping a tradeoff between throughput and
RTT. As γ becomes larger, the throughput value will be
increased. In contrast, by reducing γ , the RTT value will be
reduced. We have exploited 0.9 for γ in order to achieve high
throughputs through acceptable RTTs. Moreover, maxCwnd
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TABLE 6. Deployed parameters in the divergence.

will be set by using (10) to drain the buffers, where θ equals
0.9 in our simulations:

maxCwnd = θ∗maxCwnd (10)

D5.b and D6.b indicate that the status of being in this con-
dition has continued for the last two consecutive RTTs, and
a more aggressive approach is needed to empty the network
and prevent RTT increment and buffer overflows. This can
happen by more aggressive reactions, as shown in Table 6.

The main difference between the two phases can be sum-
marized as follow. The Convergence phase’s primary aim is
to reach the estimated upper bound whenever cwnd is lower
than this threshold. Moreover, it can have a proper reaction to
different situations such asNLoS states or transitions between
different states. The increasing approaches for this phase are
more aggressive, however, the recovery can be made through
moderate mechanisms as the network is working at lower
sending rates than the possible highest one.

On the other hand, the Divergence phase functions more
conservatively in increasing the sending rate but intensely
in recovering. In the former one, it tries to discover more
capacity in the network, and in the latter one, it aims at drain-
ing the buffers. By combining these two phases, FB-TCP
can have passable reactions to different conditions that a 5G
mmWave can have in an urban deployment. It can increase
the sending rate when LoS states exist, can have appropriate
cwnd values in NLoS states, and show proper reactions to
packet drops caused by buffer overflows or random ones. The
principal aim of FB-TCP is operating around the maximum
available sending rate by preventing buffer overflows in away
that can tolerate packet drops to some levels. The extensive
simulations showed that the protocol could achieve these
purposes and can outperformNewReno, CUBIC, HighSpeed,
and BBR. The code for the FB-TCP is available online [49].

V. METHODOLOGY AND THE SIMULATION PARAMETERS
In this section, we elaborate step-by-step methodology and
evaluation process of FB-TCP. To ensure that the new
protocol works properly and can outperform conventional
TCPs, we have conducted extensive simulations and ana-
lyzed various parameters and layouts. There exist different

simulation tools such as LENA [50], which is available
at [51], or 5G library for MATLAB [52], or another tool
proposed by Seoul National University called K-SimNet [53].
Each one of these tools has advantages and disadvantages
that make them suitable for distinct situations. However,
we have decided to exploit a popular simulation tool called
ns3-mmWave [54], [55], which is based on ns-3 (Network
Simulator-3) [56], [57]. This module can support and provide
various features such as channel model implementation [58],
dual connectivity and handover [59], [60], and the possibility
of connecting to Direct Code Execution [61] in order to
deploy Linux stack TCP/IP.Moreover, it can support different
spectrums in the range of 6-100GHz to cover 3GPP’s channel
model [62]. A thorough analysis and tutorial of this module
can be found in [63]. NS3-mmWave is a simulation tool
that has been deployed in various researches such as [1],
[6], [8], [32]–[35]. This module has proven its functional-
ity and can be deployed as a powerful simulation tool for
5G mmWave.

After selecting the simulation tool, we have defined the
scenarios and topologies that can manifest the operability
and performance of FB-TCP in urban deployments. We need
to test the new protocol in different circumstances to cover
simple to complicated scenarios. We should figure out how
FB-TCP reacts to various conditions such as small or big
obstacles. Moreover, the protocol’s functionality should be
tested in static situations when the UE stops behind an obsta-
cle such as a building.

After gathering the results, the final step is to have a thor-
ough comparison between FB-TCP and other TCP variants.
In order to satisfy all of the necessities mentioned above,
we have decided to have four different scenarios, which can
cover various conditions that a UE can have inside a city. It is
worth saying that the parameters of the network are the same
in different topologies, however, the layouts will be different.
In all scenarios, a UE is connecting to a gNB at the height
of 15 meters, which working at 28 GHz with a 1 GHz channel
bandwidth. This antenna is connecting to a server operating
at a 1000 Mbps sending rate. The simulation parameters can
be seen in Table 7.

Moreover, we have used four different BERs to emulate
situations with large (1.25e-10), moderate (1.25e-9), small
(1.25e-8), and zero random packet drops. Random packet
drops are one of the misleading sources in inducing the
congestion control algorithms in a way that they cannot
distinguish various losses from each other and reduce their
sending rate even if the network is not congested [11]. Due
to these reasons having this type of losses in the network is
indispensable.

Moreover, selecting 2.5 MB of the RCL buffer is for satis-
fying the BDP buffer size in the network. The deployed path
loss model is Buildings Obstacle Propagation Loss Model,
and the BERs are spanned through the simulation and can
occur in LoS or NLoS states. Finally, for simulating the
obstacles, we have put some boxes and set their boundaries
to mime small and big obstacles.
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TABLE 7. Simulation parameters.

VI. SIMULATION SCENARIOS AND THE RESULTS
This section incorporates the results for various scenarios
and compares them when five variants of TCPs, includ-
ing NewReno, CUBIC, HighSpeed, BBR, and FB-TCP, are
deployed. As mentioned, we have evaluated the functionality
of FB-TCP in four different scenarios to ensure the conclu-
sions’ validity.

A. SCENARIO ONE
This scenario can assist us in evaluating the functionality
of FB-TCP in scenarios that contain short NLoS states.
It includes a user standing at a distance of 68 meters from the
gNB and starts to move at the speed of 1.5 m/s at the second
one. There are ten trees at the height of ten meters with
1.5 meters distance from each other on the user’s path that
are blocking the communication between the UE and the
gNB. The simulation time is twenty seconds, the user starts
walking at the second one and will stop at the second twenty.
Figure 4 depicts the exploited layout in scenario one.

1) SIMULATION RESULTS FOR SCENARIO ONE
The obtained results in the first scenario confirm that obsta-
cles can create blockage states and make the received SINR
(Signal-to-Interference-plus-Noise Ratio) weaker, which is
the main reason for TCP’s confusion. The value for SINR
is depicted in Figure 5. This figure reveals that individual
trees can degrade the received signals’ strength, and after
passing the last tree, the UE is in the LoS state, and a proper
connection can be established.

Based on the results, we can see that FB-TCP can have
proper reactions to various situations and function better than
other TCPs.

FIGURE 4. Scenario one.

FIGURE 5. SINR fluctuation.

FIGURE 6. Average throughputs for different TCPs.

By looking at Figure 6, we can figure out that FB-TCP
can attain higher average throughput compared to the other
four TCPs, and it can function close to the saturate UDP
value, which equals 886.72 Mbps and is shown by a red
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FIGURE 7. Throughput for BBR, BER=0.

dashed line in the figure. Moreover, FB-TCP is immune to
random packet drops because of its mechanism and can have
stable performance through the four different circumstances.
Between other TCPs, HighSpeed can work close to FB-TCP
when BER is zero. However, this functionality is impaired
when random packet drops appear in the network. This con-
clusion can be veracious for the other two loss-based TCPs,
as they lose their performance in the existence of packet
drops. The reason is that every single packet drop is assumed
as a congestion indicator in loss-based TCPs and can trigger
back off mechanism. However, in 5G mmWave networks,
packet drops can happen because of other reasons such as
blockage or environmental impacts. On the other hand, BBR,
based on its estimated bottleneck bandwidth, can have a
proper functionality but not close to the saturated UDP value.
The principal reason is that NLoS states confuse the protocol
in having an accurate estimation, and when the network is
in a blockage state, it assumes the network is congested, and
the buffers are filled, so initiates the drain phase, probe band-
width phase, or miscalculate the bottleneck bandwidth, which
lead to reducing the sending rate dramatically and empty the
buffers as are clear in Figure 7, when the throughput degrades
dramatically.

Another interesting point for FB-TCP is its higher average
throughput when BER is moderate than the time BER is
zero. This can be justified by looking at the instantaneous
throughputs for these two circumstances.

Figure 8 shows the throughput for FB-TCP when there are
no random packet drops in the network. If we compare this
figure to Figure 9, it is evident that there are more drops
when BER is zero. The fewer drops of the protocol when
BER is moderate might be because of the emptier network
than the former one that helps the protocol make appropriate
decisions, inwhich the network is not so congested nor empty.

In terms of RTT, the five TCP variants can work closely as
the NLoS states are short, and the time of filling the buffer
cannot last for long. Figure 10 indicates the average RTTs for
different TCPs in scenario one.

FIGURE 8. Throughput for FB-TCP, BER=0.

FIGURE 9. Throughput for FB-TCP, Moderate BER.

FIGURE 10. Average RTTs for different TCPs.

The main improvement of FB-TCP is the same attained
RTT values compared to the other protocols by reaching high
throughputs.

Based on the average throughputs and RTTs, we can com-
pare FB-TCP and HighSpeed as the best candidate of the
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FIGURE 11. FB-TCP and HighSpeed throughput comparison, BER=0.

FIGURE 12. FB-TCP and HighSpeed RTT comparison, BER=0.

conventional TCPs to see the differences between them and
having a more precise insight for the following scenarios.
Figure 11 indicates that FB-TCP has a stable functionality,
can react adequately to different situations, and can attain
higher throughputs in NLoS states.

By looking at both protocols’ beginning steps, we can see
that FB-TCP can reach the highest available throughput later
than HighSpeed. This is because of the attentive paces that
FB-TCP takes and may lead to a little delay in utilizing the
full potential but gives a clear insight to the protocol from the
network.

The RTT comparison indicates that both protocols have
similar functionality as shown in Figure 12. However, in some
cases, in NLoS states, FB-TCP can reach lower values. Con-
sidering the high throughput value achieved by FB-TCP, this
functionality for RTT is acceptable, as it can achieve higher
throughput and lower RTT.

The principal cause of FB-TCP’s sufficient functional-
ity is behind its proper cwnd adjustments technique, which
makes it capable of decision-making based on the current
situation of the network. The protocol does not make blind

FIGURE 13. cwnd adjustment for HighSpeed, BER=0.

decisions, and it gets help from various parameters to reach
proper conclusions. This can be seen in the comparison of the
cwnd adjustment of the two protocols. Figure 13 shows how
HighSpeed controls the sending rate. The slow start threshold
should be a very high number [9], and we should notice that
if we use a small slow start threshold, the protocol can not
utilize the available bandwidth of the network and is not able
to reach the highest sending rate in fast paces because of
the premature congestion avoidance initiation. As a result,
a large slow start threshold is exploited for conventional TCPs
in 5G mmWave networks, and the window scaling option is
enabled [2]. As an example, if we set the slow start thresh-
old to its conventional value, i.e., 65500 bytes, the average
throughput for HighSpeed decreases from 763.03 Mbps to
649.60Mbps, for CUBIC from 591.39Mbps to 532.18Mbps,
and for NewReno from 592.52 Mbps to 113.94 Mbps when
BER is zero.

By considering the mentioned reasons, HighSpeed
increases its sending rate in the slow start phase, and after
entering a NLoS state, due to the high sending rate, a buffer
overflow happens, and a packet drop occurs. However,
increasing the sending rate in this way may exhaust senders’
buffers.

To have a clear view of the HighSpeed’s cwnd adjustment,
we can look at the time after exiting the slow start and the
initiation of the congestion avoidance, as seen in Figure 14.

The figure reveals the aggressiveness of HighSpeed in
increasing its sending rate and recovering from losses,
which makes it reach higher throughputs compared to other
loss-based TCPs.

On the other hand, FB-TCP can control the sending rate
sufficiently, as seen in Figure 15. This figure shows that
FB-TCP reacts properly to different situations and increases
or decreases the sending rate based on the received feedback
from the network. One of the intriguing points of the figure is
the moderate decrement of the cwnd size in NLoS states. This
can help the protocol attain a higher throughput, reduce RTT’s
sharp increment, and prevent buffer overflows.
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FIGURE 14. How HighSpeed adjust the cwnd in the congestion avoidance
phase, BER=0.

FIGURE 15. How FB-TCP adjust the cwnd, BER=0.

TABLE 8. Average cwnd values comparison of FB-TCP and HighSpeed.

FB-TCP strives to estimate the available maximum send-
ing rate at different conditions and move based on this value.
Moreover, the Convergence and Divergence phases and their
sub-phases succor the protocol to have a clear view of the
network and control the sent packets into the network. This
mechanism prevents from exhausting senders’ buffers and
deploys the available space in intermediate buffers more effi-
ciently. For more clarity, we can have a look on Table 8 to see
the average values for cwnd in different BERs.

FIGURE 16. FB-TCP and HighSpeed throughput comparison, small BER.

FIGURE 17. FB-TCP and HighSpeed throughput comparison, moderate
BER.

This table reveals that HighSpeed increases its sending rate
aggressively in a blind way without considering the sender’s
buffer exhaustion and the network’s conditions. However,
FB-TCP can attain higher throughputs by considerably low
values for its cwnd. Moreover, the model-based mechanism
of the protocol makes it capable of tolerating random packet
drops.

For more detailed analysis and having a guideline for the
other scenarios, we have a look on the throughput of these
two protocols in other BER values.

Figure 16 indicates the two protocols’ throughput when
BER is a small value. In contrast to HighSpeed, FB-TCP is
not affected by random packet losses because of its immune
mechanism to packet drops.

The degradation in the functionality of HighSpeed can be
more intense by increasing the number of packet drops in the
network, as depicted in Figure 17.

This figure shows the deficiency of HighSpeed in hav-
ing proper reactions to random packet drops, which leads
to underutilization of the wide available bandwidth in the
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FIGURE 18. FB-TCP and HighSpeed throughput comparison, large BER.

FIGURE 19. Scenario two.

network. If we increase the BER value to a large number, this
insufficiency can be more obvious, as seen in Figure18.

A large number of packet drops can mislead HighSpeed
in a way that it loses its functionality and performs in lower
throughputs.

B. SCENARIO TWO
This layout’s main goal is to evaluate the performance of
different protocols when the communication channel can be
blocked by large obstacles. The specifications for the UE
and the gNB are similar to the previous scenario. However,
instead of ten trees, in this scenario, we have three buildings
with a width of eight meters and a height of thirty meters that
are at a distance of five meters from each other. The simula-
tion time for this scenario is thirty seconds. Figure 19 indi-
cates the deployed layout in the second scenario.

1) SIMULATION RESULTS FOR SCENARIO TWO
The conducted simulations revealed that FB-TCP could also
outperform other TCPs in the existence of large obstacles.

FIGURE 20. Average throughputs for different TCPs.

FIGURE 21. Average RTTs for different TCPs.

By looking at Figure 20, it can be seen that FB-TCP is the
only protocol that can operate near the saturated UDP value,
which equals 636.62 Mbps. Moreover, FB-TCP can retain
this high functionality throughout different BERs, relying on
its immunemechanism to random packet drops and analyzing
the current condition of the network. Similar to scenario
one, BBR shows a stable functionality. However, it cannot
function close to the saturated value. Between the four TCPs,
HighSpeed can attain the best throughput for low BERs,
but when the number of packet drops increases dramatically,
it loses its functionality.

In terms of RTT, BBR could show a better function-
ality compared to FB-TCP. However, considering higher
throughput values that FB-TCP can attain compared to BBR
compensate for this downside. The difference between the
throughputs of the two protocols can reach 119.29 Mbps in
some cases. Comparing to loss-based TCPs, FB-TCP can
attain better RTT values. We should notice that the low RTT
values for loss-based TCP in high BERs are because of the
low throughput that they achieve. In this case, they send
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FIGURE 22. FB-TCP cwnd adjustment, BER=0.

FIGURE 23. FB-TCP cwnd adjustment, small BER.

fewer packets to the network; as a result, long queues are not
established in the buffers. Figure 21 indicates average RTT
for different TCPs.

In contrast to other TCPs, FB-TCP tries to calculate some
parameters that can reflect the network’s status, and then,
based on these parameters, it decides to adjust the sending
rate. For more clarity, we can look at the cwnd adjustment of
FB-TCP in the second scenario. Figure 22 indicates the cwnd
adjustment for this protocol when there is no packet drop in
the network.

This figure shows that FB-TCP can have proper reactions
to different situations. It can reduce its sending rate when
NLoS states happen in the network, it can recover quickly
after finishing these states, and reach high sending rates in
fast paces. Moreover, the protocol can find the upper bound
of the network step-by-step, as can be seen in the beginning
seconds, then when it is necessary, i.e., NLoS to LoS tran-
sitions, it can utilize the available bandwidth quickly. The
most intriguing fact about Figure 22 is about the last building.
After passing the two first buildings, FB-TCP can have a

FIGURE 24. FB-TCP cwnd adjustment, moderate BER.

FIGURE 25. FB-TCP cwnd adjustment, large BER.

better insight into the network and can control cwnd in a
way that by reaching the third building, no buffer overflow
happens, which prevents unwanted packet losses. Instead of
that, it reduces the sending rate a little sharper to drain the
network.

Figure 23 depicts the cwnd adjustment for FB-TCP when
a small number of packet drops appear in the network, i.e.,
a low value for BER.

This figure shows that the functionality of FB-TCP is
immune to packet drops because of its model-based conges-
tion avoidance mechanism

This can be proven by looking at Figure 24 and Figure 25.
The first figure shows the cwnd adjustment when BER is a
moderate value. The next two figures’ appealing point is that
when the number of random packet losses increases in the
network, the network gets emptier, and it helps FB-TCP to
analyze the network more efficiently. This can be emphasized
by not having a single RTO triggering in the following two
figures.
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FIGURE 26. Average throughputs for different TCPs.

FIGURE 27. Average RTTs for different TCPs.

Figure 25 also shows FB-TCP cwnd adjustment when BER
is a large number.

To sum up, FB-TCP tries to estimate the upper bound of
the network and updates it every 100 ms, or in some other
circumstances such as having congestion or NLoS for more
than two consecutive RTTs, or having the same sending rate
for more than thirty successive RTTs. This mechanism aids
the protocol function around the maximum sending rate and
adjusts its cwnd size precisely in different conditions.

C. SCENARIO THREE
Scenario three is almost similar to scenario two, with some
changes in the layout and some parameters. There are three
buildings like the previous testbed in this scenario by increas-
ing the distance between the buildings to eight meters. More-
over, the UE stops behind each building for five seconds to
simulate static NLoS states, one of the common conditions
that can impair the functionality of TCP over 5G mmWave
networks drastically. The main purpose is to emulate a realis-
tic situation inside a city. The simulation time is fifty seconds.

FIGURE 28. FB-TCP and HighSpeed RTT comparison, BER=0.

FIGURE 29. FB-TCP and HighSpeed RTT comparison, small BER.

1) SIMULATION RESULTS FOR SCENARIO THREE
The obtained results showed that, like the previous scenar-
ios, FB-TCP could outperform other TCPs. By looking at
Figure 26, we can figure out that the new protocol can have
more efficient performance in terms of throughput and can
work close to the UDP saturated value, which equals 590.66
Mbps.

In addition to throughput, FB-TCP can reach low RTTs,
which can be noteworthy by achieving higher throughputs.
The average RTT for different TCPs can be seen in Figure 27.

For more clarity, we can have a comparison of RTT
between FB-TCP and HighSpeed as the best candidate of
the other tested TCPs. When there are no random packet
drops, both TCPs’ functionalities are almost the same as
FB-TCP can reach 0.035264 seconds, and HighSpeed can
reach 0.035266. These similarities are shown in Figure 28.

By increasing BER, FB-TCP can have a better function-
ality both in terms of throughput and RTT. The difference
between the average RTT of the two protocols could reach
0.001845 seconds, which is an acceptable enhancement by
achieving 29.54 Mbps throughput superiority for FB-TCP.
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FIGURE 30. Average throughputs for different TCPs.

Figure29 indicates how FB-TCP could attain lower RTTs by
having more efficient reactions than HighSpeed in different
conditions. We should notice that by increasing the BER,
the throughput of HighSpeed declines drastically, and low
RTTs can be achieved, which is not worthy of comparing
because of the low throughput values for HighSpeed.

D. SCENARIO FOUR
The primary aim of scenario four is to analyze the behavior
of TCP in a long connection. As a result, we have set the
simulation time to two minutes and put ten large buildings
with a distance of eight meters from each other by a width
of eight meters to make the topology sophisticated. When
the UE is between the fifth and sixth buildings, it stops for
ten seconds to mime static LoS situations. Moreover, having
a long time for the simulation can assist in investigating
the behavior of individual protocols in the presence of a
large number of random packet losses. In addition to the
previous BERs, we also analyzed the topology under 1.25e-
7 and 1.25e-6 bit error rates to see how various protocols
functionality under very lossy conditions.

1) SIMULATION RESULTS FOR SCENARIO FOUR
Like the previous scenarios, FB-TCP outperforms other TCPs
in terms of throughput, as shown in Figure30. FB-TCP is the
only protocol that can function close to the saturated value in
all conditions.

By increasing the random packet drops in the network,
other TCPs suffer from throughput impairment, especially
the loss-based ones. In terms of RTT, FB-TCP can attain a
significant superiority compared to other protocols, as shown
in Figure 31.

This supremacy is because of the intelligent mechanism
that FB-TCP exploits in adjusting the sending rate by dividing
the network into different clusters and decides based on the
current condition.

Moreover, we analyzed all TCPs in very lossy environ-
ments, i.e., BER 1.25e-7 and 1.25e-6, to see how different

FIGURE 31. Average RTTs for different TCPs.

FIGURE 32. Average throughputs for different TCPs.

FIGURE 33. Average RTTs for different TCPs.

protocols function in very large and extremely lossy environ-
ments. As Figure 32 indicates, the only TCP that can have a
proper functionality is FB-TCP. Among the other TCPs, BBR
can attain higher throughputs than loss-based TCPs, as they
lose their performance as random packet losses increase in
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the network. The degradation of different TCPs performance
in lossy environments was also proved in [35].

The interesting part of higher throughput for FB-TCP is
that it can achieve this value through acceptable RTTs, as seen
in Figure 33.

To sum up, the new protocol relies on its model-based
mechanism and can enhance the transport layer’s function-
ality in 5G mmWave over the urban deployment.

VII. CONCLUSION
Due to the susceptibility of high frequencies, 5G mmWave
networks encounter a drawback called blockage. This flaw
can impair TCP’s functionality by confusing the protocol in
adjusting its sending rate adequately, which leads to through-
put degradation, RTT increment, and cwnd fluctuation. In this
paper, we proposed a new TCP called FB-TCP based on
Fuzzy logic to tackle the existing issues. FB-TCP can esti-
mate the upper bound of the network, analyze the current con-
dition, and control the sending rate accurately. The extensive
simulation results indicated that FB-TCP could outperform
other TCP variants such as NewReno, CUBIC, HighSpeed,
and BBR. It can also function close to the UDP saturated
value, prevent throughput degradation and RTT increment in
NLoS states, and control the cwnd fluctuation. Based on the
attained results, FB-TCP can be exploited as one of the appro-
priate transport layer protocols in 5G mmWave networks,
especially in the urban deployments.
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