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Abstract. Enhanced Data rates for Global Evolution (EDGE) provides

an evolutionary path from existing cellular systems such as Global Sys-

tem for Mobile Communications (GSM) for delivering higher bit rate ser-

vices that facilitate wireless Internet access. Thus, EDGE only de�nes a

new radio access technology to achieve higher bit rates. This paper inves-

tigates the performance of Transmission Control Protocol/Internet Pro-

tocol (TCP/IP) over the enhanced packet-switched transmission mode

of EDGE, i.e., Enhanced General Packet Radio Service (EGPRS). The

Network Simulator (ns) tool was used in the simulation. The performance

of TCP was examined under various channel conditions with and with-

out the link adaptation scheme of EGPRS. The link adaptation scheme

improves the TCP performance under poor channel conditions. In the

simulation, two di�erent methods, BLock Error Rate (BLER) and the

average of measured Carrier-to-Interference ratio (C/I), were employed

to determine the channel quality and subsequently to select the most

appropriate coding scheme to maximize the TCP throughput. The TCP

throughput obtained using the BLER method is higher under poor chan-

nel conditions, while the throughput based on the average of measured

C/I out-performs BLER under good channel conditions. As a result, we

proposed a hybrid method, which selects the BLER method for poor

channel conditions and the average measured C/I for good channel con-

ditions. The simulation results show that the throughput obtained using

the hybrid method is superior compared to the individual method.

1 Introduction

Presently, the Global System for Mobile Communications (GSM) supports not

only speech but data services with user bit rates up to 9.6 kbps. However, this

data rate is not adequate for many Internet applications, especially those that

have a large amount of tra�c to transfer, such as a �le transfer. To ameliorate

this situation, the European Telecommunications Standards Institute (ETSI)

has standardized High Speed Circuit Switched Data (HSCSD) [1] and General
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Packet Radio Service (GPRS) [2] to achieve higher bit rate. Both standards are

evolved from the GSM technology. Since HSCSD and GPRS are based on the

original Gaussian Minimum Shift Keying (GMSK) modulation, the increase of

bit rate is moderate and below the International Mobile Telecommunications

in Year 2000 (IMT-2000) requirement set by International Telecommunication

Union (ITU), which is 384 kbps for high-users mobility with wide-area coverage.

Thus, ETSI is developing the Enhanced Data rates for Global Evolution (EDGE)

[3] to enhance both circuit-switched and packet-switched transmission modes of

GSM. The enhancements de�ned in EDGE are basically in the physical and

data link layers to e�ciently providing the required bit rate. EDGE reuses exist-

ing GSM/GPRS infrastructure including carrier bandwidth and Time Division

Multiple Access (TDMA) structure.

The Internet is the most popular and widely used packet-switched network

that provides applications like File Transfer Protocol (FTP), World Wide Web

(WWW), Email, etc. These Internet applications rely on two commonly used

protocols, namely, Transmission Control Protocol and Internet Protocol (IP)

(TCP/IP) [4], to reliably transport data across heterogeneous networks. IP is

concerned with routing data from source to destination host through one or

more networks connected by routers, while TCP provides a reliable end-to-end

data transfer service. A number of studies can be found in the literature (e.g.,

[5, 6]) have shown that TCP performs poorly over wireless links. However, these

studies are primarily focused on Wireless Local Area Networks (WLANs), e.g.,

WaveLAN. WLANs are di�ered from cellular networks such as EDGE in a num-

ber of ways. Firstly, EDGE provides sophisticated and reliable radio and link

layers. Secondly, EDGE is for wide-area coverage and high-speed user mobility.

As the main goal of EDGE is to provide wireless Internet access, it is impor-

tant to evaluate the performance of TCP over EDGE. This paper evaluates the

performance of TCP over EDGE through a simulation study using the Network

Simulator (ns) [7] jointly developed by the University of California - Berkeley,

University of Southern California (USC) and Xerox PARC.

2 Overview of EDGE

EDGE [3] provides an evolutionary path from Second-Generation (2G) systems

(such as GSM) for delivering Third-Generation (3G) services including Internet

access, which demand higher bandwidth and quality. As such, EDGE only de-

�nes a new radio access technology to achieve higher bit rates and reuses the

infrastructure of GSM/GPRS. The parts in the GSM/GPRS system, which are

a�ected by EDGE introduction, are the Mobile Station (MS) and the Base Sta-

tion Subsystem (BSS), as illustrated in Fig. 1. EDGE o�ers enhancements to

packet-switched and circuit-switched transmission modes of GSM, which refer

to as Enhanced GPRS (EGPRS) and Enhanced Circuit-Switched Data (ECSD)

[8], respectively. EGPRS is the main focus of this paper because it o�ers packet

services and higher user bit rates than ECSD.
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Fig. 1. EDGE Architecture

In order to increase the radio gross bit rate, a linear high-level modulation,

i.e., 8-Phase Shift Keying (8-PSK) is introduced for EDGE. 8-PSK is chosen

because it provides high data rates and high spectral e�ciency. Many EDGE

physical layer parameters are identical to those of GSM. The carrier spacing is

200kHz and GSM's TDMA frame structure is unchanged. Also, the GSM burst

structure and period, which is equal to 576:92�sec remained.

In addition to the physical layer, EDGE also makes enhancements to the

Radio Link Control (RLC) protocol. EDGE RLC protocol is somewhat di�erent

from the corresponding GPRS RLC protocol due to higher bit rate and the need

to adapt the data protection to channel quality. The main changes are related to

improvements in link quality control scheme. Presently, EDGE includes two link

quality control techniques [3], namely, Link Adaptation (LA) and Incremental

Redundancy (IR).

The LA scheme estimates the link quality and subsequently selects the most

appropriate coding scheme for coming transmissions in order to maximize the

throughput. EDGE de�nes six di�erent coding schemes (PCS-1 to PCS-6) on top

of those of GPRS (CS-1 to CS-4) as described in Table 1. The coding schemes

have di�erent radio interface rates and robustness, and are therefore optimal

for use in di�erent link quality regions. The LA scheme ensures that the most

e�cient scheme is always selected. In other words, a more robust scheme is em-

ployed for bad channel conditions and a less robust one (e.g., PCS-6) for good

channel conditions. LA requires feedback information from the receiver to the

transmitter about the link conditions in order to select the most appropriate
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Table 1. Channel Coding Schemes for EGPRS/EDGE

Coding Scheme Code Rate Modulation Radio Interface Rate per Timeslot

PCS-1 0.33 8-PSK 22.80 kbps

PCS-2 0.50 8-PSK 34.30 kbps

PCS-3 0.60 8-PSK 41.25 kbps

PCS-4 0.75 8-PSK 51.60 kbps

PCS-5 0.83 8-PSK 57.35 kbps

PCS-6 1 8-PSK 69.20 kbps

CS-1 0.49 GMSK 11.20 kbps

CS-2 0.64 GMSK 14.50 kbps

CS-3 0.73 GMSK 16.70 kbps

CS-4 1 GMSK 22.80 kbps

coding scheme. Normally, such information consists of parameters such as mean

Carrier-to-Interference ratio (C/I) or Signal-to-Noise Ratio (S/N). In the simu-

lation study, we use the C/I parameter to determine the link quality. However, it

is impossible to know C/I beforehand, and can only be estimated. Two di�erent

methods [9] can be employed to estimate C/I and both methods were used and

compared in the simulation.

In the �rst method, the C/I is estimated by averaging the measured C/I over

the latest polling interval, which is a number of RLC blocks. This estimation

is used to select the coding scheme providing the highest throughput for the

given C/I. The throughput (Sn) per time slot for each coding scheme, n, can be

determined from the following equation [10]:

Sn = Rn:(1�BLERn(C=I)) (1)

where the radio interface rates (Rn) are given in Table 1, and the BLock Error

Rate (BLERn) for a given C/I can be obtained from [11]. The task of LA is to

always select the coding scheme, n, which maximizes Sn according to Eq.(1). The

second method uses BLER to indicate the C/I level. For each polling interval,

the BLERn for the coding scheme, n, is computed as follows:

BLERn =
Number of ErroneousBlocks

TotalNumber ofBlocks per Interval
(2)

If the BLERn lies above a certain threshold, a more robust coding scheme than

the current one should be used, otherwise a weaker scheme should be chosen.

Both methods always start with the weakest coding scheme, i.e., PCS-6.

In the IR scheme, information is �rst sent with very little coding, yielding a

high bit rate if decoding is immediately successful. If if decoding fails, additional

coded bits are sent until decoding succeeds. As a result, the bit rate is lower and

the delay increases.
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3 Simulation Environment

As mentioned, the focus of the paper is on the enhanced packet-switched trans-

mission mode of EDGE, i.e., EGPRS for wireless Internet access. Thus, the

performance of TCP is simulated over EGPRS. The simulation was carried out

using the ns and its wireless extensions from the Carnegie Mellon University's

MONARCH Project [12]. The network con�guration used for the simulation

study is depicted in Fig. 2(a), which shows end-to-end communications between

a single MS and a Fixed Host (FH). Each of the logical entities in the con�gura-

tion can be realized as an ns node and links are de�ned to connect these nodes.

As illustrated in Fig. 2(b), the FH, GGSN, and SGSN were de�ned as ns wired

nodes, which in turn connected by duplex links. The BSS and MS were de�ned

as ns wireless nodes and they are linked via a wireless channel.

Delays and packet losses introduced by the IP network can be modelled in ns

by attaching an Error Model (see Fig. 2(b)) on the link between FH and GGSN.

The model speci�es the link mean packet loss rate and mean delay.

The protocol layers de�ned for each node is shown in Fig. 2(c). The appli-

cation layer was implemented by attaching an application object, e.g., FTP, to

the TCP agent de�ned for the end nodes (MS or FH). In the simulation, the

FTP object was de�ned at FH to support uni-directional transfer of bulk data

from FH to MS. TCP Agents (source or sink) were de�ned at the end nodes

to implement end-to-end ow control. In the simulation, one-way TCP Tahoe

version was used. The EDGE and TCP/IP parameters used in the simulation

are summarized in Table 2.

Table 2. Simulation Parameters

Parameter Value Parameter Value

Simulation Time 2000 seconds C/I range 6 - 30 dB

TCP version Tahoe RLC Polling Interval 10 blocks

TCP Packet Size 512 bytes Frequency Hopping Ideal

TCP Window Size 16 segments Modulation Schemes 8-PSK, GMSK

Mean Internet Delay 100 s Number of Timeslot(TS) 1

Mean Internet Loss 0.01 Number of MS 1

Coding Schemes PCS-1 to PCS-6, Environment Typical urban,

CS-1 to CS-4 low mobility (user

speed 3km/hr)

4 Simulation Results and Observations

End-to-end TCP performance over EGPRS was evaluated for bulk data trans-

fer from FH to MS based on the scenario in Fig. 2(a) under various channel

conditions. Trace agents were attached to the TCP source and sink so that ar-

rival and departure time of each packet was recorded on the packet header. The
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Fig. 2. (a) Top-Level Simulation Environment; (b) Realization of the Top-Level Sim-

ulation Environment in ns; (c) Protocol Structure in ns
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TCP throughput is then computed from the trace output. In the simulation, the

throughput was measured for each EGPRS coding scheme under various chan-

nel conditions with and without the LA scheme. Firstly, we will consider the

throughput without the LA scheme. Fig. 3(a) depicts the simulated throughput

without the LA scheme and Fig. 3(b) illustrates the theoretical throughput deter-

mined using Eq.(1). By comparing Figs. 3(a) and 3(b), the simulated throughput

levels are signi�cantly lower than the corresponding theoretical values under all

channel conditions. This is because the throughput computed using Eq.(1) as-

sumes that most of the RLC blocks are successfully transmitted on the �rst

attempt. However, for EGPRS coding schemes, which are highly sensitive to

noise, signi�cant retansmissions occur that can contribute to additional latency,

resulting in throughput degradation. If we take latency into account then Eq.(1)

can be re-written as follows:

Sn =
Rn:(1�BLERn(C=I))

(1 +BLERn(C=I))
(3)

The theoretical throughput, which is computed using Eq.(3) is shown in Fig. 3(c)

and the peak throughput levels under good channel conditions are in agreement

with the simulated throughput as in Fig. 3(a).

For the throughput performance with the LA scheme, there are two methods

that can be used to estimate C/I as described in Section 2. Both methods were

considered in the simulation. Figs. 4(a) and 4(b) depict the throughput obtained

by averaging the measured C/I and BLER, respectively. In addition, both �gures

show the maximum simulated throughput in the case of ideal link adaptation,

which is determined by selecting the maximum throughput at each C/I over

all the coding schemes. For the case where C/I is estimated by averaging the

measured C/I, the throughput approximates the performance of the ideal link

adaptation under very good channel conditions (when C/I > 25 dB) but fails to

deliver useful throughput as channel conditons deteriorate. The BLER method,

on the other hand, achieves throughput performance of the ideal link adaptation

for bad channel conditions (when C/I < 12 dB) but unable to reach the ideal

link adaptation performance when channel conditions improve.

Hence, we propose a hybrid method, which selects the BLER method for

bad channel conditions and the average measured C/I method for good channel

conditions. The throughput obtained using this hybrid method is plotted in Fig.

4(c) and compared with the average measured C/I and BLER. As shown in the

�gure, the throughput performance of the hybrid method is superior compared

to the individual method.

5 Conclusions

EDGE is a radio-access technology capable of providing wireless Internet access

within the framework of 3G. It reuses GSM technology and o�ers higher bit rates.

In this paper, we investigated the performance of TCP/IP over EDGE using the

ns simulation tool. We presented the simulated TCP throughput results with and
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Fig. 3. (a) Simulated Throughput; (b) Theoretical Throughput (computed using

Eq.(1)); (c) Theoretical Throughput (computed using Eq.(3))
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Fig. 4. (a) Simulated Throughput obtained using Estimated C/I Method; (b) Simu-
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without the link adaptation scheme and compared with the theoretical results.

The simulated throughput results without link adaptation scheme are compa-

rable to the theoretical one. However, the throughput deteriorates under poor

channel conditions. Hence, the link adaptation scheme is designed to cope with

poor channel conditions. The link adaptation scheme uses the C/I parameter to

determine the link quality and subsequently selects the most appropriate coding

scheme. In the simulation, the link adaptation employs two methods, BLER and

the average of measured C/I, to determine the link quality. The throughput ob-

tained using the BLER method is higher under poor channel conditions. On the

other hand, the average measured C/I out-performs BLER under good channel

conditions. As a result, we proposed a hybrid method, which selects the BLER

method for poor channel conditions and the average measured C/I for good

channel conditions. The simulation results show that the throughput obtained

using the hybrid method is superior to the individual method.
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