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Abstract—In this paper, we consider TcP-based applications varying and follows a multi-modal distribution. It is théoee
over a high bandwidth wireless channel, such as the High-Speed difficult to compensate for the variations with the currend-e
Downlink Packet Access ISDPA) channel in a wWCDMA system, to-end mechanisms in the wired Internet, suchtas. The

in two setups: a nominal one that employs end-to-endcp Reno | d-t d d-trip time{T) that is common in wire-
and a new one that employs Cross-Layer Adaptation¢LA) in  '@r9€ €nd-to-end rouna-trip ! Inwi

the form of Radio Network Feedback RNF). For the cLA setup, €SS networks makes the control problem even harder [5]-[7]
the Radio Resource Management unit in the Radio Network For high-bandwidth and long-delay networks;p throughput
Controller (RNC) provides a proxy with reports on the radio s limited by the maximunmcp window size, which is less
link bandwidth and the queue level. The proxy transport layer than or equal t@4 k8. The exponential back-off, slow start,

takes appropriate actions on these reports. By doing so, it utilizes d fi id hani ap further limit
the air-interface spectrum more efficiently and keeps the layer-2 and congestion avoidance mechanismst u imi

queue in theRNC close a predetermined level. These new control the thro_UghpUt and may also force over-dimensioned layer-2
mechanisms are evaluated through ns-2 simulations. In a number buffers in the cellular system.

of realistic use cases it is shown that the newLA setup reduces There are several proposals for improvingp performance
the time to serve users, and substantially increases the radio link jar \wireless networks. One approach is to improve the
utilization and decreases the required buffer size in thernC. TCP algorithm in the end points, e.g., Eifel [8] antcp
Westwood [9]. Deploying an improvetcp version, however,
requires changes at the sending server or at the receiving
In a near future, applications traditionally enjoyed oveerminal (or sometimes both), which might be less attractiv
fixed Internet will be requested over high-speed celluldr nén many situations. A different approach to improvepr over
works. File download, web browsing, and video telephony avéreless is to introduce a proxy between the server and the
examples of applications already available today in catlulterminal, i.e., splitting the connection into one connetti
networks [1], [2], whereas applications such as voice orer between the server and the proxy, and another one between the
radio, television broadcast, and real-time gaming, amdyliko proxy and the terminal. This approach is thus often denoted
emerge. Different applications set different requirerseoih  split Tcp [10]. It has the advantage that changes in the system
the systems over which they are carried. Besides large baage made only to the proxy and possibly the terminal; the
width, important performance requirements for good serviserver will see an ordinary wired network. With spiitp, one
delivery are low end-to-end delay and low delay variatioan in many cases use an arbitrary transport protocol batwee
see [3] for performance results on streaming services. Cahe proxy and the terminal. This may be an attractive opfion i
cerns have been raised if the currerdi stack is suitable for the operator has control over the networking software muni
the highly dynamic wireless medium [4]. A plausible modien the terminals, but when supporting off-the-shelf temtsn
fication is to let higher-layer protocols in wireless netir deployment of a specialized transport protocol is difficult
dynamically adapt to varying radio conditions. The main contribution of this paper is a new proxy-based
The available bandwidth in wireless networks is rapidlgcheme for improving both the user experience of wireless

I. INTRODUCTION
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case, the data-link layer within tirnc provides information
to the transport layer within the proxy, and we refer to thilg’lg. 1. TheRNC sendsRNF messages to the proxy, which adjusts its sending
communication as Radio Network Feedbacf). We use rate accordingly.
the layer-2 trigger mechanism presented in [11]. When the
radio link bandwidth changes, tlRnC sends amRNF message
with the radio connection’s new bandwidth to the proxy. The
proxy then takes appropriate action by adjusting thep Grof
window size. The computation of a suitable window size in ———] Proxy w 3G q
the proxy also takes into consideration the queue inrtke, controller Network '
which needs to be controlled at a suitable level due to delay
fluctuations and other uncertainties in the cellular systeate
that the proposed scheme does not require any changes to the _ _
ferminals o to he Internet server, but they may uiize ahy [ % 1 Sortole et Seramines e i used by e pos L
the standard cp protocols. bandwidth. Both are measured by tRec and sent to the proxy in the form

Our proxy solution uses the estimated bandwidth del&fRNF messages.
product directly for rate control. This idea is also prombse
in [12], which uses cross layer adaptation locally in the iteob
node, and computes its advertised window from informatidhe proxy, and sends anTTP request. The proxy receives
about the radio link bandwidth. Localizing the cross layghe request, initiates anotheicP connection to the server,
interaction to the mobile node is attractive, but it is diffic and forwards the request. Upon receipt of the request, the
to address outage-related problems this way, since duringserver begins to send the file according to its standare
outage, no signalling from the mobile node is possible. tsiralgorithm. The transferred data is received by the proxgreh
a split-connection proxy forcp over wcDMA is evaluated it is buffered and then forwarded to the mobile terminal as
in [13]. The proxy setup in this study improves the slovgoon as possible. Note that the bottleneck for the end-to-en
start behavior, but doesn't consider the response to baitkiwiconnection in most practical situations is in the celluigtem.
changes and outages. Even if there is arcp connection between the proxy and the

The rest of the paper is organized as follows. In Section fgrminal, the proxy does not need to utilize the standard
we describe the new architecture based rRMF signaling congestion control. The idea here is to modify the control
betweerrRNCs and proxies. Section Ill describes how tiier  of the proxy’s sending rate to adapt to the varying wireless
information is used in thecp stack of the proxy, to control conditions. In this way, thercp connection to the remote
the window size and hence also the sending rate. We presggiver does not suffer from the effects of the wireless link,
and discuss our simulation results in Section IV, and catecluand the connection to the mobile terminal is tailored to the
in Section V. current link characteristics. The control algorithm of ivexy

is described next.

Y

Y

Il. ARCHITECTURE

The system architecture is shown in Figure 1, where two I1l. PROXY CONTROLLER
TCP connections have been established: one between the ter-
minal and the proxy and one between the proxy and the serverThe proxy controls the sending rate by adjusting ttae
The RNC encapsulates state information RNF messages, window size based on information about the available radio
which are sent to the proxy viapp. The state information link bandwidth and the&kNc queue. The control output is the
includes the available radio bandwidth for the specifice TCP window size ¢wnd) denotedw. We use feedback from
flow and the corresponding queue length in thec. The the RNC queue length, denotegl which we want to control
RNF messages are sent every time the bandwidth changes,dsuthat it stays close to a desired leygt. We also use feed-
also periodically with a relatively long period time, e.gne forward from the radio link bandwidth, denotédBandwidth
second. variation act as a disturbance which we can measure but not

We will compare this system to the nominal setup, in whicéffect, which is why this part of the controller is a feedviard
there is a directrcp connection between the terminal and theompensator. The control structure is shown in Figure 2.
server. The window size should usually reflect the bandwidth-delay

In a typical scenario, a mobile terminal wants to requestpaoduct, i.e.br, whereb denotes the available bandwidth and
file from a remote web server. It initiatesta&P connection to 7 is the RTT. Since we want to keep theNC queueq close
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varying bandwidth and a one-way delay of 60 ms. We also
use an averagrTT (server-terminal-server) of 300 ms.

The performance of the proxy setup was evaluated in terms
of the average link utilization and the time to serve a user

{ RNFMessage:

e Lhewpaesh (TTsu). TheTTsuis defined as the time elapsed from when the
_ _ connection is establishedYN packet sent by the requester)
Fig. 3. State diagram of the proxy controller until the last data packet is received at the terminal. We

consider three use cases, aimed at modeling common services
to be provided over avcDMA system. Use case 1 models a
small (4 mB) file transfer. Use case 2 imitates web browsing

w = bT + Gref. (1) andis based on statistical data [16], [17]. In this use dhsee

files (whose sizes vary between 5Kk8 and 368.5kB) are

The feed-forward part of the proxy controller handles thgownloaded to a terminal during one web session. Use case 3
bandW|dth Variations a.nd |t iS event driVen: Whenever th‘ﬁode's a |arge (25/|B) f||e transfer' Tab'e | Summarizes the
proxy is informed of a change in the bandwidth a new regylts.
congestion window is computed according to Equation (1). o 113 2kg file download is illustrated in Figure 4, where

To avoid packet bursts, a small delay is introduced betweg, ayajlable bandwidth of the wireless link is shown by
the initial packets sent from the proxy. Such an approach Wgs, gashed line. The bandwidth variations are due to the
suggested in [14] to reduce the impact of bursts in slow stakrying conditions of the radio link. The dotted line shows

The feedback part of the proxy controller is intended igye" ilization for the nominal setup witicP Reno and

adapt to delay changes and uncertainties in the netwoglioyt proxy. For this setup the slow start Threshold was
Periodically, e.g., once every second, teC sends arkRNF

S ) set to 50, in order to ensure that thepr sender does not
message with its average queue length. The proxy adjustsdfer congestion avoidance phase prematurely. The sobd |i
window size by shows the utilization with the new proxy solution. Examigin
this figure, we can make the following observations:

to gret, it is reasonable to set

Wnew = Wold + (C]ref - Q) 2
None of the setups achieves full link utilization, but the
proxy setup tracks the bandwidth variations much better
than the nominal setup, and it adjusts more quickly to the
available bandwidth.

There is an initial delay of 0.4 seconds, which corre-
sponds to thercp connection establishment, and affects
both setups equally.

In the proxy setup, it still takes some time to reach full
speed. This is because the rate is limited by the slow start
phase of thercp connection between the server and the
proxy.

« In the nominal setup we see oscillations in the rate during
the slow start phase. This is a result of the bursty behavior
of standardrcp slow start.

It appears that the sending rate in the proxy setup
occasionally exceeds the available bandwidth. That is not
possible, and the apparent excesses are artifacts of the
sampling of the ns-2 simulation.

When the delay in the network increases, more of the packets
in a window will be in transit, and fewer will be waiting in the
RNC buffer, leading to a decreased queue length. The feedback
law of Equation (2) responds by increasing the window size
w. Figure 3 shows the state diagram of the resulting proxy
controller.

A challenge in splitrcp is how to handle the buffer in the
proxy, which is needed because of the bandwidth variations®
in the connection between the proxy and the terminal. Even
if the traffic to the terminal is controlled as described ahov
the amount of buffered data in the proxy can increase con-
siderably, leading to scalability problems when applyihg t
proposed proxy controller in practice. It is necessary tb se
a limit on the amount of data per connection that the proxy
can buffer. The remote server should thus be informed when
the proxy is running out of space. The connection between
the server and the proxy uses the receive window sent from
the proxy to adjust the server sending rate. A reasonable
buffer size for arcp flow is the bandwidth-delay product for Outages and disconnections, which are typical for wireless
connection between the server and the proxy [15]. connections, affect the performance wfp connections con-
siderably. Let us study the time to transfer avg file for
both setups, when there is an outage in the middle of the file

In order to evaluate the performance of the proposed protransfer. Figure 5 shows how tligsu depends on the duration
controller in some practical situations, a set of use casefthe outage. For the proxy setup, an outage only increases
was defined and a ns-2 simulation study was performed five TTSu by the precise duration of the outage. The proxy
each of them. The proxy setup in Figure 1 is compared tontroller is able to successfully resume the transmission

IV. SIMULATION RESULTS
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Fig. 6. Queue length at thenc for a 4 MB file transfer. We compare the
nominal setup with a large, 60 packet, buffer (dashed), a em&0 packet,
buffer better suited forcp (dotted), and for the proxy setup with periodic
feedback about the queue (solid). The proxy controller ie &b keep the
gqueue at a small and fairly constant length.

Fig. 4. Available bandwidth (dashed) over the wireless,ledmpared to the
actual utilization for the proxy setup (solid) and the nonhisetup (dotted).

60

TTSU [s] | Utilization [%]

Use case 1| Nominal 47.3 7%

551 1 Proxy 39.2 98%

Use case 2| Nominal 3.9 51%

Proxy 3.0 78%

oy il Use case 3| Nominal | 233.6 61%

Proxy | 220.5 98%
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COMPARISON OF TIME TO SERVE A USERTTSU) AND LINK UTILIZATION
FOR THREE USE CASES

A
5
T

401

—<— Proxy
—©~ Nominal smaller buffer, the queue would become periodically empty,
o “ : é of‘ageTime%s) g 7 0 ° which leads to reduced link utilization.
Finally, the solid curve shows the queue size in the proxy
Fig. 5. Comparison of the time to serve a user as a function ofitiation ~Ssetup. The feedback control maintains a small and fairly
of an outage during a #iB file transfer for the proxy and the nominal setupsconstant queue. Hence the buffering needs in rhe is
reduced significantly compared to the nominal setup where
the sender usescP's congestion avoidance algorithm.
immediately after the terminal is reconnected. For the maini  Finally, we summarize the achievedsu link utilization
setup, on the other hand, the increaseisu is significantly for the three use cases, in Table I. The results for use case 1
larger than the outage duration, due to the exponential-btick show thattTsu is reduced by about 17% for the proxy setup.
mechanism irmcp Reno. The average link utilization is close to 100% for the proxy
The queue length at thenc (the bottleneck) is important setup, while it is about 77% for the nominal setup. Similar
to study, because it affects not only the response time amd timprovements are present also for the other use casesalbasic
radio link utilization, but also the necessary buffer adiben reflecting that the nominal setup is not able to fully utilire
at the RNC. Figure 6 shows the length of theNc queue wireless resources, while the proxy adapts to achieve ahigh
during a 4mB file transfer for, three different cases. Currenttilization. The improvements are larger when (possiblyiya
RNC implementations often use very large buffers, representshall files are transferred, as indicated by the web browsing
by the dashed curve in the figure. In the nominal setup, this use case 2. Many outages and bandwidth variations also
leads to a build up of a large queue, since thec never worsen the performance for the nominal setup, compared to
drops packets due to overflow. The dotted curve corresporitie new proxy solution.
to a smaller buffer of 25 packets, which is better suited
for Tcp. We see that the sendingcP enters the congestion
avoidance phase. The buffer is sufficiently large to achielle = TcpP-based applications in\@CbDMA system were studied in
utilization during congestion avoidance; with a signifidan two setups: a nominal one that employs end-to-ead Reno

V. CONCLUSIONS



and a new one with and intermediate proxy. The proxy soluti¢re] M. Gerla, M. Y. Sanadidi, R. Wang, and A. Zanella, “TCPsteood:
uses Radio Network FeedbadkNF) messages from the data- Congestion window control using bandwidth estimation.”

link | in th h | in th [16] C. H. Muntean, J. McManis, and J. Murphy, “The influené&\&b page
Ink layer In the RNC to the transport layer in the proxy. images on the performance of Web servekssture Notes in Computer

The proxy uses feed-forward control to adjust to a varying Science, vol. 2093, 2001.
bandwidth, and feedback control to maintain thec queue [17] B.A Huberman, P. L. T. Pirolli, J. E. Pitkow, and R. M. Lage, “Strong

. . . regularities in World Wide Web surfingZcience, vol. 280, no. 5360,
length close to a desired value. It was shown in three realist pp9 9597 1998. g

use cases that the new setup reduces time to serve ugegs,N.Moller, I. Molero, K. Johansson, J. Petersson, R. Skog Aarktvids-

substantially increases radio link utilization and desesa son, “Using radio network feedback to improve TCP performamesr
. . cellular networks,” inlEEE Conference on Decision and Control, 2005,
the needed buffer size in thenc. The proposed control (submitted).

architecture might substantially improve the user expege

of wireless Internet. The proposal is transparent to both en
points, so no modifications need to be done to the terminal or
the server.

Control theoretic analysis of our proposed controller is
ongoing [18]. From the analysis, we gain understanding of
the dynamical behavior of the system, we can find the relevant
time constants, and we get help choosing the right values for
the various control parameters.
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