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The purpose of this paper is to design congestion controller for TCP/AQM (transmission control protocol/active queue
management) networks using model following control; the equilibrium of a class of TCP/AQM networks with time-delay is
investigated, and the effect of communication time-delay on the stability is addressed. The features of this design method are
bounded property of the internal states of the control system being given and the utility of this control. Such design exhibits
important attributes including fast convergence with high accuracy to a desired queue length. Simulation results show that the
time-delay nonlinear behavior of the system can be controlled by this method.

1. Introduction

In recent years, with the rapid growth of throughput-de-
manding applications, congestion control has emerged as
a major issue in computer and communication network
design [1]. So many researchers are seeking some methods
to effectively control congestion. TCP congestion control
mechanism is used to prevent congestion collapse.

AQM schemes have been proposed to complement the
TCP network congestion control [2]. Several mathematical
models are developed by some researchers [3–5] and a
variety of control theory-based AQM schemes are proposed
based on these models. The simulated approaches contain a
wide range of variations in network topologies, topological
parameters, load and capacity, and traffic mixtures. The
outperformance of the PFC-AQM in comparison with the
commonest AQM methods such as the RED (random early
detection), PI, and REM (random early marking) emphasizes
the proper applicability of PFC as an AQM method [6–
9]. Based on the system model for congestion control in
transmission control protocol TCP/AQM networks, control
theory-based approaches are utilized either to analyze or
to design the AQM schemes. Based on the system model,
several conventional controllers [10–15] are designed as AQM
methods in TCP networks.

The design of some communication systems requires
the implementation of time-delays within the system. These
time-delays can be accomplishedwith a variety of optics tech-
nologies, which could be readily fabricated and integrated
into the communication system without significant impacts
on the system design [16–19]. Time-delay is very important
for themodeling of networks, occurring both in the control of
networks and in the control over networks [20]. In the context
of communication networks, the term “congestion control” is
generally used to refer to the action of regulating various flows
within a network. In recent years, intense research efforts
are devoted to the application of the Smith predictor for
queue length control of ATM (asynchronous transfer mode)
networks [21]. The TCP was designed in the late 1983s by
Jacobson, which is a critical part of the internet machinery.

The purpose of this paper is to design a congestion
controller based on the model following control system
(MFCS) [22, 23] control theory. The features of this design
method are that bounded property of the internal state of the
system, which is given and confirmed on basis of a numerical
example of the network congestion system in which the
output signal of the control system asymptotically follows
the reference model signal in the case of the existence of
disturbances.
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The paper is organized as follows. In Section 2, the
TCP/AQMnetwork in congestion controlmodel is described.
In Section 3, controller design of the network congestion
system with time-delay is proposed. In Section 4, bounded
analysis of control system internal state is shown. Section 5 is
the simulation results. The paper is concluded in Section 6.

2. The TCP/AQM Networks in Congestion
Control Model

In this paper, the network in Figure 1 is considered. The
network consists of 𝑛 nodes (sender), 1 node (receiver), and 1
bottleneck router. The bottleneck router sends packets from
these senders to the receiver. This network topology denotes
1 server machine to multiple client machines in a computer
network. TCP is only the communication protocol in Figure 1.
Large-scale networks can be simplified as in Figure 1 in
case of designing congestion controllers if only one router is
bottleneck in the large-scale computer network.

In this approach, we overview the dynamical fluid-flow
model developed by [24–29] to describe the behavior of
TCP/AQM networks. A simplified version of that system
model is considered, which ignores the timeout and slow start
mechanism of TCP. The model involves the average value
of key network variables and is described by the following
coupled nonlinear differential equationswith time-delay [25]:

�̇� (𝑡) =

1

𝑅 (𝑡)

−

𝑊 (𝑡)

2

𝑊 (𝑡 − 𝑅 (𝑡))

𝑅 (𝑡 − 𝑅 (𝑡))

𝑝 (𝑡 − 𝑅 (𝑡)) , (1)

̇𝑞 (𝑡) =

𝑊 (𝑡)

𝑅 (𝑡)

𝑁 (𝑡) − 𝐷 (𝑡) , (2)

𝑅 (𝑡) =

𝑞 (𝑡)

𝐷 (𝑡)

+ 𝑇𝑝, (3)

where𝑊(𝑡) is the congestion window size in packets at time
𝑡, 𝑞(𝑡) is the queue length at the congested router in packets,
𝑅(𝑡) is the RTT (round trip time) which represents the time-
delay in TCP dynamics in seconds, 𝐷(𝑡) is the link capacity
in packets per second, 𝑇𝑝 is the propagation time-delay in
seconds,𝑁(𝑡) is the number of active TCP connections, and
𝑝(𝑡) is the packet mark/drop probability.

These differential equations in the block diagram of
Figure 2 are taken from [24] highlighting TCP window-
control and queue dynamics.

Set up a model for nonlinear TCP networks dynamic
model. Let 𝑥1(𝑡) = 𝑞(𝑡) − 𝑞0, 𝑥2(𝑡) = �̇�1(𝑡), and 𝑢(𝑡) = 𝑝(𝑡),
where 𝑞0 is a desired queue length in the router. Assume that
the rate of the change for 𝑥1(𝑡),𝑁(𝑡), 𝐶(𝑡), and 𝑅(𝑡) is slower
than 𝑊(𝑡), 𝑞(𝑡); (1) can be expressed in the following form
[30]:

�̇� (𝑡) = 𝑓 (𝑥 (𝑡)) + 𝑔 (𝑥 (𝑡)) 𝑢 (𝑡 − 𝑅 (𝑡)) , (4)

Sender 1

Sender 2

Sender n

...

Router
Receiver

Figure 1: The network of the congestion control.

where

𝑥 (𝑡) = [𝑥1 (𝑡) 𝑥2 (𝑡)]
𝑇
,

𝑓 (𝑥 (𝑡)) = [𝑓1 (𝑥 (𝑡)) 𝑓2 (𝑥 (𝑡))]
𝑇
,

𝑔 (𝑥 (𝑡)) = [𝑔1 (𝑥 (𝑡)) 𝑔2 (𝑥 (𝑡))]
𝑇
,

𝑓1 (𝑥 (𝑡)) = 𝑥2 (𝑡) ,

𝑓2 (𝑥 (𝑡)) =
𝑁 (𝑡)

𝑅
2
(𝑡)

,

𝑔1 (𝑥 (𝑡)) = −

[(𝑥2 (𝑡) + 𝐶 (𝑡) ] + [𝑥2 (𝑡 − 𝑅 (𝑡)) + 𝐶 (𝑡)]

2𝑁 (𝑡)

.

(5)

Therefore, the system is defined by

�̇� (𝑡) = 𝑓 (𝑥 (𝑡) , 𝑢 (𝑡 − 𝑅 (𝑡))) , (6)

𝑦 (𝑡) = [0 1] 𝑥 (𝑡) . (7)

3. Controller Design of the Network
Congestion System with Time-Delay

Based on (6), the system in (4) can be rewritten in equivalent
form as follows:

�̇� (𝑡) = 𝐴11𝑥 (𝑡) + 𝐴12𝑢 (𝑡) + 𝑓1 (𝑥 (𝑡) , 𝑢 (𝑡 − 𝑅 (𝑡))) ,

�̇� (𝑡) = 𝐴21𝑥 (𝑡) + 𝐴22𝑢 (𝑡) + 𝑔1 (𝑥 (𝑡) , 𝑢 (𝑡)) + 𝐵𝑢1 (𝑡) ,

(8)

where 𝐴11 ∈ 𝑅
𝑛×𝑛, 𝐴12 ∈ 𝑅

𝑛×𝑙, 𝐴21 ∈ 𝑅
𝑙×𝑛, and 𝐴22 ∈ 𝑅

𝑙×𝑙.
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Figure 2: Block diagram of TCP congestion avoidance mode.

Then, from (8), we can obtain the following system:

�̇�1 (𝑡) = 𝐴1𝑥1 (𝑡) + 𝐵1𝑢1 (𝑡) + 𝑓2 (𝑥1 (𝑡)) ,

𝑦 (𝑡) = 𝐶1𝑥1 (𝑡) ,

(9)

where

𝑥1 (𝑡) = [𝑥 (𝑡) 𝑢 (𝑡)]
𝑇
,

𝑓2 (𝑥1 (𝑡)) = [𝑓1 (𝑥1 (𝑡)) 𝑔1 (𝑥1 (𝑡))]
𝑇
,

𝑓1 (𝑥1 (𝑡)) = 𝑓 (𝑥1 (𝑡)) − 𝐴11𝑥 (𝑡) − 𝐴12𝑢 (𝑡) ,

𝐴1 = [

𝐴11 𝐴12

𝐴21 𝐴22

] ,

𝐵1 = [0 𝐵]

𝑇
,

𝐶1 = [𝐶 0] .

(10)

Let 𝑝 = 𝑑/𝑑𝑡; we have

𝑦 (𝑡) = 𝐶1[𝑝𝐼 − 𝐴1]
−1
𝐵1𝑢1 (𝑡) + 𝐶1[𝑝𝐼 − 𝐴1]

−1
𝑓2 (𝑥1 (𝑡)) .

(11)

Then the representations of input-output are given as

𝐷(𝑝) 𝑦 (𝑡) = 𝑁 (𝑝) 𝑢1 (𝑡) + 𝑁𝑓 (𝑝) 𝑓2 (𝑥1 (𝑡))

= 𝑁𝑟𝑝
𝑛+𝑙−2

𝑢1 (𝑡) + 𝑁1 (𝑝) 𝑢1 (𝑡)

+ 𝐶1𝑝
𝑛+𝑙−2 𝑑

𝑑𝑡

𝑓2 (𝑥1 (𝑡)) + 𝑁𝑓
1

(𝑝) 𝑓2 (𝑥1 (𝑡)) ,

(12)

where𝑁(𝑝)/𝐷(𝑝) = 𝐶1[𝑝𝐼 − 𝐴1]
−1
𝐵1,

𝑁𝑓 (𝑝) = 𝐶1adj (𝑝𝐼 − 𝐴1) ,

𝑁 (𝑝) = 𝑁𝑟𝑝
𝑛+𝑙−2

+ 𝑁1 (𝑝) ,

𝑁𝑓 (𝑝) = 𝐶1𝑝
𝑛+𝑙−1

+ 𝑁𝑓
1

(𝑝) .

(13)

Now we have

𝐷(𝑝) 𝑦 (𝑡) = 𝑝
𝑛+𝑙−2

(𝐶

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑢
𝑇
(𝑡)

𝐵) 𝑢1 (𝑡)

+ 𝑁1 (𝑝) 𝑢1 (𝑡) + 𝑝
𝑛+𝑙−2

× {𝐶(

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑢
𝑇
(𝑡)

− 𝐴12)

× (𝐴21𝑥 (𝑡) + 𝐴22𝑢 (𝑡) + 𝑔1 (𝑥1 (𝑡)))

+𝐶(

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑥
𝑇
(𝑡)

− 𝐴11)𝑓 (𝑥1 (𝑡))}

+ 𝑁𝑓
1

(𝑝) 𝑓2 (𝑥1 (𝑡))

= 𝑝
𝑛+𝑙−2

(𝐶

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑢
𝑇
(𝑡)

𝐵) 𝑢1 (𝑡) + 𝑁1 (𝑝) 𝑢1 (𝑡)

+ 𝑝
𝑛+𝑙−2

{𝐶(

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑢
𝑇
(𝑡)

− 𝐴12)

× (𝐴21𝑥 (𝑡) + 𝐴22𝑢 (𝑡) + 𝑔1 (𝑥1 (𝑡)))

+ 𝐶 (

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑥
𝑇
(𝑡)

− 𝐴11)𝑓 (𝑥1 (𝑡))}

+ 𝐶1Γ𝑛+𝑙−2𝑝
𝑛+𝑙−2

𝑓2 (𝑥1 (𝑡))

+ 𝑁𝑓
2

(𝑝) 𝑓2 (𝑥1 (𝑡)) ,

(14)

where𝑁𝑓
1

(𝑝) = 𝐶1Γ𝑛+𝑙−2𝑝
𝑛+𝑙−2

+ 𝑁𝑓
2

(𝑝).
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Let

Γ𝑛+𝑙−1 = 𝐼,

Γ𝑛+𝑙−2 = 𝐴1Γ𝑛+𝑙−1 + 𝛼𝑛+𝑙−1𝐼

= 𝐴1 + 𝛼𝑛+𝑙−1𝐼

= 𝐴1 − 𝑇𝑟 (𝐴1) 𝐼,

(15)

where 𝛼𝑛+𝑙−1 = −𝑇𝑟(𝐴1).
Now the representations of input-output (12) are given as

follows:

𝐷(𝑝) 𝑦 (𝑡) = 𝑝
𝑛+𝑙−2

(𝐶

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑢
𝑇
(𝑡)

𝐵) 𝑢1 (𝑡)

+ 𝑁1 (𝑝) 𝑢1 (𝑡) + 𝑝
𝑛+𝑙−2

𝑓4 (𝑥1 (𝑡))

+ 𝑁𝑓
2

(𝑝) 𝑓2 (𝑥1 (𝑡)) ,

(16)

where

𝑓4 (𝑥1 (𝑡))

= 𝐶{(

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑥
𝑇
(𝑡)

− 𝑇𝑟 (𝐴1) 𝐼)𝑓 (𝑥1 (𝑡))

+ (

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑢
𝑇
(𝑡)

) 𝑔1 (𝑥1 (𝑡))

+ (

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑢
𝑇
(𝑡)

− 𝐴12)

⋅ (𝐴21𝑥 (𝑡) + 𝐴22𝑢 (𝑡)) + (𝑇𝑟 (𝐴1) 𝐼 − 𝐴11)

⋅ (𝐴11𝑥 (𝑡) + 𝐴12𝑢 (𝑡)) } .

(17)

Let𝑁𝑟V𝑧(𝑡) = (𝐶(𝜕𝑓(𝑥1(𝑡))/𝜕𝑢
𝑇
(𝑡))𝐵)𝑢1(𝑡) + 𝑓4(𝑥1(𝑡)).

We have

𝐷(𝑝) 𝑦 (𝑡) = 𝑝
𝑛+𝑙−2

𝑁𝑟V𝑧 (𝑡) + 𝑁1 (𝑝) 𝑢1 (𝑡)

+ 𝑁𝑓
2

(𝑝) 𝑓2 (𝑥1 (𝑡)) .

(18)

The reference model is given as

�̇�𝑚 (𝑡) = 𝐴𝑚𝑥𝑚 (𝑡) + 𝐵𝑚𝑟𝑚 (𝑡)

𝑦𝑚 (𝑡) = 𝐶𝑚𝑥𝑚 (𝑡) .

(19)

Choose a stable polynomial 𝑇(𝑝) which satisfies the
following conditions. (1)The degree of 𝑇(𝑝) is 𝜌 ≥ 𝑛𝑑 + 2𝑛 −
𝑛𝑚 − 2 − 𝜂𝑖. (2)The coefficient of the maximum degree term
of 𝑇(𝑝) is the same as𝐷(𝑝).

Consider the following equation:

𝑇 (𝑝)𝐷𝑚 (𝑝) = 𝐷𝑑 (𝑝)𝐷 (𝑝) 𝑅 (𝑝) + 𝑆 (𝑝) , (20)

where the degree of each polynomial is 𝜕𝑇(𝑝) = 𝜌, 𝜕𝐷𝑚(𝑝) =
𝑛𝑚, 𝜕𝐷𝑑(𝑝) = 𝑛𝑑, 𝜕𝐷(𝑝) = 𝑛, 𝜕𝑅(𝑝) = 𝜌 + 𝑛𝑚 − 𝑛𝑑 − 𝑛, and
𝜕𝑆(𝑝) ≤ 𝑛𝑑 + 𝑛 − 1. 𝑇(𝑝), 𝐷𝑚(𝑝), 𝐷𝑑(𝑝), 𝐷(𝑝), and 𝑅(𝑝) are
monic polynomials.

In this paper, we propose a design of model following
control system with disturbances. We can prove that all the
internal states are bounded and output error

𝑒 (𝑡) = 𝑦 (𝑡) − 𝑦𝑚 (𝑡) (21)

converges to zero asymptotically. Then the following form is
obtained:

𝑇 (𝑝)𝐷𝑚 (𝑝) 𝑒 (𝑡)

= 𝐷𝑑 (𝑝) 𝑅 (𝑝) {𝑝
𝑛+𝑙−2

𝑁𝑟V𝑧 (𝑡)

+𝑁1 (𝑝) 𝑢1 (𝑡) + 𝑁𝑓
2

(𝑝) 𝑓2 (𝑥1 (𝑡))}

+ 𝑆 (𝑝) 𝑦 (𝑡) − 𝑇 (𝑝)𝐷𝑚 (𝑝) 𝑦𝑚 (𝑡) ,

(22)

where𝑁1(𝑝) = ∑
𝑛+𝑙−3

𝑘=0
𝐶1Γ𝑘𝑝

𝑘
𝐵1 = 𝑁𝑓

2

(𝑝)𝐵1.
The control law (controller) V𝑧(𝑡) can be obtained by

making the right-hand side of (22) equal to zero.
Thus,

V𝑧 (𝑡) = −𝑁
−1

𝑟
𝑄(𝑝)
−1
{𝐷𝑑 (𝑝) 𝑅 (𝑝) 𝑝

𝑛+𝑙−2
− 𝑄 (𝑝)}𝑁𝑟V𝑧 (𝑡)

− 𝑁
−1

𝑟
𝑄(𝑝)
−1
𝐷𝑑 (𝑝) 𝑅 (𝑝)𝑁𝑓

2

(𝑝)

⋅ {𝐵1𝑢1 + 𝑓2 (𝑥1 (𝑡))}

− 𝑁
−1

𝑟
𝑄(𝑝)
−1
𝑆 (𝑝) 𝑦 (𝑡) + 𝑟𝑚 (𝑡) ,

V𝑚 (𝑡) = 𝑁
−1

𝑟
𝑄(𝑝)
−1
𝑇 (𝑝)𝑁𝑚 (𝑝) 𝑟𝑚 (𝑡) .

(23)

Therefore, V𝑧(𝑡) of (22) is obtained from 𝑒(𝑡) = 0. The
model following control system can be realized if the system
internal states are bounded.

4. Bounded Analysis of Control System
Internal State

Let 𝑧1(𝑡) = [𝑥
𝑇

1
(𝑡) 𝜉
𝑇

1
(𝑡) 𝜉
𝑇

2
(𝑡) 𝜉
𝑇

3
(𝑡)]

𝑇

; then the system is
defined by

�̇�1 (𝑡) = 𝐴 𝑠 + 𝜓 (𝑧1 (𝑡)) ,

𝑥1 (𝑡) = 𝐶𝑠𝑧1 (𝑡) ,

(24)
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where

𝐴 𝑠=

[

[

[

[

𝐴1 − 𝐵1𝐸2𝐶1 −𝐵1𝐻1 −𝐵1𝐻2 −𝐵1𝐻3

−𝐺1𝐸2𝐶1 𝐹1 − 𝐺1𝐻1 −𝐺1𝐻2 −𝐺1𝐻3

𝐺2𝐶1 0 𝐹2 0

−𝐺3𝐵1𝐸2𝐶1 −𝐺3𝐵1𝐻1 −𝐺3𝐵1𝐻2 𝐹3 − 𝐺3𝐵1𝐻3

]

]

]

]

,

𝐶𝑠 = [𝐼 0 0 0] ,

𝜓 (𝑧1 (𝑡)) = 𝑓2 (𝑥1 (𝑡)) − 𝐵1(𝐶

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑢
𝑇
(𝑡)

𝐵)

−1

⋅ (𝑊 (𝑥1 (𝑡)) V𝑧 (𝑡) + 𝑓4 (𝑥1 (𝑡))) ,

𝜓 (𝑧2 (𝑡)) = 𝐺3 (𝑓2 (𝑥1 (𝑡))

− 𝐵1(𝐶

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑢
𝑇
(𝑡)

𝐵)

−1

𝑓4 (𝑥1 (𝑡)))

= 𝐺3𝐵1(𝐶

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑢
𝑇
(𝑡)

𝐵)

−1

𝑊(𝑥1 (𝑡)) V𝑧,

𝐶

𝜕𝑓 (𝑥1 (𝑡))

𝜕𝑢
𝑇
(𝑡)

𝐵 = 𝑁𝑟 +𝑊(𝑥1 (𝑡)) .

(25)
The characteristic polynomial |𝑝𝐼 −𝐴 𝑠| can be calculated

as follows:




𝑝𝐼 − 𝐴 𝑠





=




𝑄 (𝑝)






2
𝑉𝑠 (𝑝) 𝑇(𝑝)

𝑙
𝐷𝑚(𝑝)

𝑙 (26)

with stable polynomials of 𝑇(𝑝), 𝐷𝑚(𝑝), |𝑄(𝑝)|, and 𝑉𝑠(𝑝).
Therefore, 𝐴 𝑠 is also a stable system matrix.

Now, the system can be rewritten as
�̇�2 (𝑡) = 𝐴 𝑠𝑧2 (𝑡) + 𝜓 (𝑧1 (𝑡)) , (27)

𝑥1 (𝑡) = 𝐶𝑠𝑧2 (𝑡) . (28)
Consider a quadratic Lyapunov function candidate:

𝑉 (𝑡) =

1

2

𝑧
𝑇

2
(𝑡) 𝑃𝑠𝑧2 (𝑡) ,

(29)

�̇� (𝑡) = 𝑧
𝑇

2
(𝑡) 𝑃𝑠 (𝐴 𝑠𝑧2 (𝑡) + 𝜓 (𝑧1 (𝑡)))

= −

1

2

𝑧
𝑇

2
(𝑡) 𝑄𝑠𝑧2 (𝑡) + 𝑧

𝑇

2
(𝑡) 𝑃𝑠𝜓 (𝑧1 (𝑡))

≤ 𝑧
𝑇

2
(𝑡) 𝑃𝑠𝜓 (𝑧1 (𝑡)) < 0,

(30)

𝑃𝑠𝐴 𝑠 + 𝐴
𝑇

𝑠
𝑃𝑠 = −𝑄𝑠,

(31)
where 𝑄𝑠 and 𝑃𝑠 are symmetric positive definite matrices
defined by (27). If 𝐴 𝑠 is a stable matrix, we can get a unique
𝑃𝑠 from (31) when 𝑄𝑠 is given. Therefore, 𝑧2(𝑡) is bounded.

5. Simulation Results

This simulation, which proposes static state feedback AQM
controller for the time-delay system, verifies the perfor-
mance.

Table 1: Sender 1-2 node and receiver node parameters.

Parameter Value
Application ftp
Transport layer protocol TCP
TCP agent SACK bit False
Packet size 1448 (byte)
Acknowledgment size 40 (byte)
Flow number (TCP session number)
(disturbance) 8 (+1) (flow)

3 4

Line 1

Line 2

Router Receiver

Sender 1

Sender 2

1

2

Figure 3: The network topology.

The network topology is simple and it is shown in
Figure 3. But this small-scale network is developed by using
four computers, and some experiments are carried out.

This network consists of two senders with four data flows
(this means four sessions and𝑁 = 8), one bottleneck router,
and one receiver, which receives data from senders through
the bottleneck router (see Table 1).

In the responses (Figures 4, 5, and 6) of the congestion
system with time-delay, the output errors converge to zero.
So the effectiveness of this method is verified.

6. Conclusions

In this paper, a new design method for the congestion
controller of the TCP/AQM networks is introduced. The
developed approach can theoretically guarantee the system
performances, including the disturbance rejection and the
implied stability of the closed-loop system. This property is
useful for congestion controller design. This paper studies
a control system with time-delay using a model following
method which is one of the effective means of solving
time-delay problems in a control system. The method can
efficaciously control time-delay under disturbances and has
excellent practicability.

By using this model, the nonlinear input time-delay sys-
tem, which describes a TCP/AQM network, is transformed
into an equivalent nonlinear system, and it is possible to
design controllers based on nonlinear control theories. For
a congestion control problem, a round packet trip time is
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Figure 6: Responses of the congestion system with time-delay (the
reference queue size is 𝑞
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𝑑(𝑡) is white noises).

not stationary and depends on the actual traffic. Finally, it is
pointed out that the effectiveness of the proposed approach is
only verified via simulations.
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