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Abstract. Transmission control protocol (TCP) is one of the core communica-
tion protocols of the Internet protocol suite. For this reason, significant 
enhancements on TCP have been made in both wired and wireless networks. In 
this paper, we propose an end-to-end proactive TCP based on available 
bandwidth estimation with congestion level index (CLI), called CLI-based TCP. 
From the previous TCP schemes, we have found that the TCP sender does not 
know how much the network is congested because network congestion is 
represented by only two status, congestion exists or not. Therefore, we define 
the concept of CLI, outline the procedure of the CLI algorithm, and describe 
how to realize the CLI-based TCP. In addition, we have shown that CLI-based 
TCP can handle network congestion more minutely and improve overall TCP 
performance. Simulation results show that under 90% traffic load, the CLI-
based TCP outperforms TCP New Jersey by 49.8% improvement in goodput. 
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1   Introduction 

The conventional transmission control protocol (TCP) may suffer from severe 
performance degradation in wireless networks due to atmospheric conditions, high 
transmission errors, temporal disconnections and multipath fading. The main reason 
for the TCP performance degradation in wireless networks is that the conventional 
TCP scheme (such as TCP Reno [1]) cannot distinguish between packet losses caused 
by transmission errors and those caused by network congestion, thus, reacting to these 
losses by reducing its congestion window cwnd. Consequently, these inappropriate 
reductions of the cwnd lead to unnecessary throughput degradation [2]. To cope with 
such limitation and degradation, several schemes have been proposed and are 
classified in [3] and [4]. In this paper, we focus on the end-to-end proactive approach 
based on available bandwidth estimation (ABE). 
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ABE estimates current end-to-end bandwidth available to a TCP connection and 
guides the sender to properly adjust its transmission rate. For instance, TCP 
Westwood [5] measures end-to-end available bandwidth by monitoring the interval of 
returning acknowledgments (ACKs) and uses it to compute the cwnd in case of three 
duplicate ACKs (DUPACKs) or a retransmission timeout (RTO) timeout. However, 
TCP Westwood does not discriminate the cause of packet loss. Therefore, it will 
adjust the sending rates constantly even upon experiencing packet losses by 
transmission errors, resulting in a lower throughput in high bit-error-rate (BER) 
wireless networks. In addition, TCP Westwood's ABE is rather complex because it is 
calculated by a low-pass filter using Tustin approximation. 

The other possible approach is to modify the conventional TCP to be implemented 
both bandwidth estimation and loss differentiation algorithm. For example, TCP New 
Jersey [6] aims to improve TCP performance using both the ABE at the sender and the 
congestion warning (CW) at the intermediate router. The CW is an explicit congestion 
notification that helps the sender to effectively distinguish packet losses caused by 
network congestion from those caused by transmission errors. In other words, TCP 
New Jersey calculates the size of its cwnd based on the bandwidth estimation by the 
ABE and the congestion notification by the CW. Consequently, the joint approach with 
the combination of ABE and CW allows to improve TCP performance even in high 
BER wireless networks. However, it requires implementation, deployment and 
management complexities in terms of the addition and modification of the sender-side 
and the intermediate router-side modules. 

Our research goal is to implement a new bandwidth estimation scheme, which has 
simpler bandwidth estimation than TCP Westwood and better performance than TCP 
New Jersey without the help of any router-supported modules just like CW. Toward 
these issues, we propose an end-to-end proactive TCP based on ABE with congestion 
level index (CLI). 

2   Proposed Scheme 

CLI represents the current congestion status of the bottleneck link as a relative value 
of between 0 and 1 as shown in Fig. 1. The highest congestion level is the maximum 
of round trip time RTTmax that is represented by 1, whereas the lowest congestion level 
is the minimum of round trip time RTTmin that is represented by 0. In other words, 
current congestion level index CLIcur is matched by current round trip time RTTcur that 
is a specific value between RTTmin and RTTmax. Therefore, it can be defined as 
follows: 

 
(1) 

The pseudocode of the algorithm of calculating CLI is presented in the following. 
The window size W is a scaling factor that controls the size of the circular queue for 
storing the values of the measured RTTs. Procedure Calculate-CLI with parameter 
RTTcur is invoked upon receiving an ACK. RTTcur is inserted into the circular queue. 
After selecting the maximum and minimum RTT in the current circular queue, the 
current CLI is computed by using the linear function of CLI. 
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Fig. 1. Congestion level index function 

The proposed scheme adopts slow start, congestion avoidance, and fast recovery 
from TCP Reno, but implements the rate-based congestion window control algorithm 
based on ABE. The bandwidth estimation we propose follows the same idea as TCP 
Westwood to observe the rate of the returning ACKs in order to estimate the available 
bandwidth for the connection, but its estimator is simpler. On the other hand, the 
syndromes at the reverse link, such as ACK compression, ACK delay, and ACK 
losses, can have a significant impact on ABE's accuracy, and further on the overall 
performance of the TCP scheme. Thus, we also adopt TCP timestamp option 
proposed in [7] to overcome this problem. In the proposed scheme, instead of using 
the ACK arrival time, the packet arrival time, which is stamped by the receiver and 
delivered by the ACKs, is used in the bandwidth estimation. Its bandwidth estimation 
is thus less affected by the reverse link conditions. Consequently, upon receiving the 
nth ACK, the optimized bandwidth OBn is estimated as: 

 
(2) 

where CLIcur is the current CLI, Ln is the size of data acknowledged by the nth ACK, 
and Δ t is the time interval between nth and (n - 1)th packet arrivals at the receiver. 
Since the timestamp option is widely implemented in most of the TCP protocols, 
there will be no additional overhead.  

Given the segment size segsize, the size of the congestion window in units of 
segments upon the receipt of the nth ACK is calculated as: 

  
(3) 

To verify the effectiveness of our proposed scheme, called CLI-based TCP, we 
conducted the following simulation using the NS-2 network simulator [8]. The 
network topology consists of two network nodes, the sender node and the receiver 
node. The bottleneck link is configured as a 2 Mb/s error free duplex link with 
propagation delay of 1 ms. The bottleneck queue is a drop-tail queue that can contain 
a number of packets equal to the bandwidth-delay product of the connection. FTP 
traffic and CBR background traffic are simulated between the sender and the receiver. 
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Their packet sizes are all equal to 1000 bytes. The rate of the CBR traffic varies 
during the simulation as follows. From time 20 to 30 s, the CBR source generates 
traffic at the rate of 1 Mb/s; from 30 to 40 s, the CBR generates traffic at the rate of 
0.5 Mb/s, and then stops till the end of the simulation time. The total simulation time 
is 50 s. 

 

 
(a) RTT trace (b) CLI trace 

Fig. 2. Behavior of CLI-based TCP 
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(c) Estimated bandwidth 

Fig. 2. (continued) 

Under the considered scenario, we first monitored a part of time traces of RTTs 
and CLIs as shown in Fig. 2(a) and 2(b), respectively, in which we can see the 
operation of the proposed scheme. In addition, Fig. 2(c) shows that the CLI based 
bandwidth estimation follows the changes of the available bandwidth fairly closely. 
Note that CLIs are based on RTTs and the values of CLIs become one of the main 
input parameters for the optimized bandwidth estimation. 

3   Performance Evaluation 

The main performance metrics used to evaluate TCP schemes are the average goodput 
of a single TCP connection and the fairness index between a set of TCP connections. 
We also compare the proposed scheme with TCP Reno, Westwood and New Jersey in 
terms of average goodput and fairness index. More specifically, the average goodput 
of a single TCP connection is defined as the bandwidth delivered to the receiver from 
the sender, excluding duplicate packets. Meanwhile, the fairness index is normally 
used to show the fairness between a set of n TCP connections.  

We first investigated the average goodput for window size W. As mentioned in the 
previous section, window size W is the length of circular queue that can be optimized. 
As can be seen in Fig. 3(a), the average goodput for window size W is almost the 
same in the window sizes of between 1 and 5 regardless traffic loads. However, as the 
window size increases, the performance decreases significantly beyond the traffic 
load of 50 %. In addition, the selection of the window size presents a tradeoff: smaller 
values increase time responsiveness to network changes, but incur more CLI 
oscillations. Thus, we select window size of 3 in the following simulation.  

We setup the simulation for the average goodput where a TCP connection running 
the FTP application and CBR background traffic generated by UDP connections share 
a 2 Mb/s bottleneck link. UDP sources offer the traffic load of from 10 to 90 % 
between the sender and the receiver. Even if the performance of TCP Reno, 
Westwood and New Jersey decreases significantly as shown in Fig. 3(b), the CLI-
based scheme is robust to high traffic loads because the CLI can indicate the level of 
current network congestion explicitly. Under 90 % traffic load, the CLI-based TCP  
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(a) Window Size (b) Goodput 

 
(c) Fairness 

Fig. 3. Performance comparisons of TCP schemes 

outperforms TCP New Jersey by 49.8 % improvement in goodput without any router-
supported modules.  

Next we run the simulation for fairness index between a set of 10 TCP 
connections. The value of fairness index is between 0 and 1. If the throughput of all 
TCP connections is the same, the index will take the value of 1. Fig. 3(c) shows all 
TCP schemes maintain satisfactory fairness index, but the CLI-based TCP provides a 
more stable fairness than the other schemes in case of high traffic load. 

4   Conclusion 

We have presented a new bandwidth estimation scheme, CLI-based TCP, which has 
simpler bandwidth estimation than TCP Westwood and better performance than TCP 
New Jersey without the help of any router-supported modules just like CW. The CLI 
measured at the sender side explicitly represents the current network congestion status 
of the end-to-end bottleneck link fairly closely and the optimized bandwidth 
estimation based on the CLI is calculated upon receiving the ACK arrival with TCP 
timestamp option. Throughout the simulation, we have evaluated that the CLI-based 
TCP is fairly robust to high traffic loads with the help of the direct indicator CLI.  
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