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tTwo te
hniques have been proposed to provide high speed Internet a

ess to homesand small businesses. One is the Asymmetri
 Digital Subs
riber Line (ADSL). Theother is the 
able modem. This paper des
ribes resear
h into studying the inter
hange-ability of the two te
hniques. This resear
h 
onsists of two steps. In the �rst step, awide-range link speed simulator was developed in the FreeBSD kernel. This simulatoris able to simulate links of speed ranging from 10Kb/s to 100Mb/s. Thus, two te
h-niques were simulated without spe
ial hardware support. In the se
ond step, a testingenvironment was set up using this simulator and experiments were 
ondu
ted to testthe two te
hniques. The results of the experiments show that the two te
hniques areinter
hangeable.1 Introdu
tion1.1 ADSL and the Cable ModemAs the Internet plays a growing role in our daily life, more and more people want to haveInternet a

ess at home. A typi
al home only has, at most, three lines 
onne
ted to theoutside world, whi
h are the telephone line, the TV 
able and the power line. Due to itshigh voltage and low bandwidth, the power line is not suÆ
ient to transmit data . So thetelephone line and the TV 
able are used for data network a

ess. Though the telephone linehas already been used for network a

ess, the 
urrent telephone data modem is slow|evenISDN (Integrated Servi
es Digital Network) at most provides a 128Kb/s data rate. TheAsymmetri
 Digital Subs
riber Line (ADSL) [1℄ and the 
able modem [3℄ are two bettersolutions. They provide a mu
h higher data rate using the existing telephone line and TV
able, respe
tively. Multimedia data su
h as voi
e and video, whi
h require a high datatransmitting rate, 
an be transmitted with low delay and high quality.ADSL uses the high spe
trum of the 
opper telephone line to transmit data. As voi
esignals for telephone 
onversations only use up bandwidth between 0 and 4Khz, higher band-width 4Khz-2.2Mhz 
ould be utilized for data transmission. Be
ause in typi
al Internet use,end users download more data than they send, more bandwidth is allo
ated to downstreamtraÆ
 (towards users) than to upstream traÆ
 (away from users). Thus, the bandwidth1



of the old telephone lines is divided into three parts. The bandwidth between 0-3.4Khzstill holds for ISDN 
hannels. This bandwidth either provides two 64Kb/s voi
e 
hannelsor one 128Kb/s data 
hannel. The bandwidth between 30Khz-138Khz is allo
ated for theADSL upstream 
hannel, whi
h provides a 800Kb/s data transmission rate. The bandwidthbetween 138Khz-1104Khz is allo
ated for the ADSL downstream 
hannel, whi
h provides a9Mb/s data rate. ADSL is a Frequen
y Division Multiple A

ess system, whi
h 
an transmitvoi
e and data simultaneously.The 
able Data modem provides high speed data a

ess over a di�erent medium|the
oaxial TV 
able instead of the 
opper phone line. It uses a 6Mhz video 
hannel, whi
h isone of the 
hannels that transmit TV program signals, to provide a 30Mb/s downstreamdata transmission rate and a 3Mb/s [6℄ upstream data transmission rate.The di�eren
e between ADSL and the 
able modem is the servi
e type: ADSL providesdedi
ated servi
e and the 
able modem provides shared a

ess servi
e. ADSL uses a dedi-
ated 
ir
uit 
onne
tion. A user 
onne
ts to the host 
omputer via a dedi
ated telephoneline. The 
able modem uses a shared TV 
able. A single high bandwidth 
able is sharedamong users. The available bandwidth per user depends on how many users are 
urrentlya
tive on the same 
hannel. Thus, an ADSL user is guaranteed a 9Mb/s data a

ess rateno matter how many other users use the servi
e simultaneously. The 9Mb/s data rate isthe user's maximum available bandwidth. Unlike ADSL, the 
able modem user 
an have amu
h higher peak data a

ess rate|30Mb/s. As there are other 
able modem users sharingthe same 
hannel, there is no guarantee what data rate is available to a single user. Duringa busy period, the available bandwidth may be lower than the data rate ADSL provides.In this paper, the performan
e analysis of the two te
hniques is presented. AlthoughADSL and the 
able modem both have te
hni
al advantages and weaknesses, it is not knownwhether the two te
hniques perform di�erently from the users' perspe
tive. Moreover, theQuality of Servi
e (QoS) of the Internet depends on many fa
tors. For example, if thebottlene
k of a 
onne
tion happens in the middle of the Internet, or at the other end ofthe 
onne
tion, su
h as a busy web server, the available data a

ess rate is limited bythe bottlene
k speed or the busy web server's responding time. Thus, whether the userhas a 9Mb/s ADSL 
onne
tion or a 30Mb/s 
able modem 
onne
tion, it does not improvethe QoS. Besides, as a large amount of appli
ations, su
h as WWW(HTTP), FTP-dataand Email(SMTP) are implemented on top of TCP, the performan
e of these appli
ationsalso depends on the implementation of TCP [12℄. In addition, when evaluating the twote
hniques, the pattern of human's web sur�ng behavior has to be 
onsidered. When a userrequests a web page, he needs some time to pro
ess it before he issues another request. Thus,it is unlikely that a single user will fully load a high speed link.1.2 Testing MethodsNetwork proto
ols or te
hniques are tested in two ways: simulation experiments and exper-iments on real fun
tional networks or hardware. In [10℄, Henrik and others tested networkperforman
e e�e
ts of HTTP on three di�erent environments: LAN(Lo
al Area Network),WAN(Wide Area Network) and PPP(Point-to-Point Proto
ol). A

ording to their experi-en
e, data 
olle
ted from WAN were unstable due to the 
u
tuation of the Internet traÆ
.Only 3-5 repeated experiments were listed in their paper. Our tests fa
ed the same prob-2



lem. Operational networks and hardware are less 
ontrollable than a simulated environment.Therefore, it is diÆ
ult to reprodu
e experiments under the same environment. In addition,di�erent vendors of ADSL modems and 
able modems have produ
ts of di�erent qualify.Our results should not be based on spe
i�
 hardware. Thus, we de
ided to perform our testson a software simulation environment.The most widely used simulator in a
ademia is ns [5℄. The old version of ns does notemulate real traÆ
. A new software module|the ns emulator|is still under development.Luigi Rizzo has built a simulator 
alled \dummynet" [11℄, whi
h is 
apable of simulatingfour features of a link: the maximum queue length, the propagation delay, the bandwidthand the loss rate. However, the implementation of dummynet uses the unix timer interruptto a

ount for the time elapse. Usually, the granularity of unix timers, by default, is 10ms,whi
h implies dummynet 
annot a

urately simulate links with speed faster than 1 pa
ketper 10ms. In
reasing the timer's granularity 
auses other performan
e problems. Anotherwide area network emulation tool, Delayline[7℄, is built into user spa
e. Appli
ations haveto be re
ompiled in order to use the simulation tool.As no satisfying simulation tools were found, we developed our own one as the �rst stepof our proje
t. This simulation tool will also fa
ilitate other resear
hers' work. The simulatorwas developed in FreeBSD kernel. It is 
apable of simulating a link of speed ranging from28.8Kb/s to 100Mb/s. Using this simulator, we set up a testing bed for 
omparing ADSL andthe 
able modem. We 
ondu
ted several experiments on this testing bed. The experimentalresults show that the two te
hniques are inter
hangeable.2 Design and Implementation of the Link Simulator2.1 The Simulating AlgorithmA link is 
hara
terized by three parameters: the bandwidth, the propagation delay and themaximum queue length. We want to simulate links of arbitrary 
ombinations of the threeparameters using a �xed-speed physi
al link. Our simulator was implemented in FreeBSDkernel.The design goal of the simulator is to avoid using timer interrupts to a

ount for thetime elapse. There are three reasons. First, timer interrupts happen at a �xed intervaland a high priority. The default interval of a FreeBSD system is 10ms, whi
h means theresolution of the timer is 10ms. A link that takes 11-19ms to transfer a 
ertain size of pa
ketmay be approximated by a link that takes 20ms to transfer the pa
ket. For example, in theimplementation of dummynet, pa
kets are pulled out from the delay pipe at the simulatedrate per ti
k, e.g., every 10ms. Pa
kets that take 11-19ms to transfer will wait for 2 ti
ksto be transferred. Thus, the e�e
t of simulation is not a

urate. Se
ond, in
reasing thetimer granularity in
reases the system overhead. If it takes t time to run a timer interruptand the interrupt happens at the interval T , the system overhead for timer interrupts ist=T . If t is greater than T , the timer will miss the next interrupt, 
ausing the system tolose time [9℄. As timer interrupts run at a high priority, most of the other system a
tivitiesare blo
ked during timer interrupts. This blo
king might 
ause I/O 
ontrollers su
h as thenetwork 
ontroller and the disk 
ontroller to lose in
oming data. The third reason to avoid3



using timer interrupts is that pa
kets 
annot be evenly spa
ed out a

ording to the simulatedbandwidth. Suppose the simulated bandwidth is simbw. Every T time, simbw �T data willbe s
heduled to leave the system. Sin
e this amount of data is transfered at the real linkspeed bw, the spa
ing between ea
h pa
ket is pktlen=bw, instead of pktlen=simbw.Instead of using timer interrupts, we utilize a link's own 
lo
king ability|its bandwidth|for timing. Figure 1 illustrates the underlying 
on
ept of our algorithm. We insert dummypa
kets1 in front of a real pa
ket to simulate the phenomenon that the pa
ket is transferedby a link of speed simbw and delay simdelay. This algorithm 
an simulate a wide rangeof link speeds a

urately without heavy loading the system. Also, inserting dummybytesevenly spa
es out ea
h pa
ket.
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Figure 1: Inserting dummy pa
kets to simulate simbw and simdelaySuppose the simulated link has bandwidth simbw, propagation delay simdelay, and linklayer overhead simoh. The real link in our simulation environment has bandwidth bw andlink layer overhead oh. The number of dummy bytes to insert 
an be 
omputed based onsimbw and simdelay. Suppose the pa
ket i of length Li arrives at time ai. Imagine thatpa
ket i arrives at the simulated link instead of the real link. The departure time dsi of i atthe simulated link depends on its arrival time ai and the departure time of pa
ket i� 1. Ifai (the arrival time of pa
ket i) is later than dsi�1 (the departure time of last pa
ket i� 1),pa
ket i sees an empty queue at the simulated link and it is transmitted immediately. Thetotal bytes transimitted, in
luding the simulated link layer overhead, is Lsi = Li+simoh. Sodsi = ai + Lsi=simbw. If ai is earlier than dsi�1, pa
ket i will not be transmitted until pa
keti � 1 departures. So dsi = dsi�1 + Lsi=simbw. In a summary, the departure time of pa
ket iat the simulated link 
an be 
omputed asdsi = max(dsi�1; ai) + Lsi=simbw (1)1All dummy pa
kets have an illegal Ethernet address and will be dis
arded at the other end.4



After pa
ket i departures from one end of the simulated link, it takes simdelay (thepropagation delay of the simulated link) for pa
ket i to arrive at the other end of the link.The arrival time Ai of i at the other end of the simulated link isAi = dsi + simdelay (2)In our simulator, we insert a 
ertain number of dummybytes in front of pa
ket i toa
tually hold it up until time Ai. Thus, we make the pa
ket behave as if it passes through alink of simulated bandwidth simbw and delay simdelay. Similarly, the departure time di ofthe pa
ket i at the real link depends on its arrival time ai and di�1 (the departure time oflast pa
ket i� 1 at the real link). The total bytes transmitted for pa
ket i is Lri = Li + oh.The inserted dummybytes 
an be 
omputed asdi = max(di�1; ai) + (dummybytes+ Lri )=bw (3)The e�e
t of simulation is to make the departure time di at the real link equal to thesimulated arrival time at the other end of the simulated link Ai. That isdi = Ai (4)When the �rst pa
ket arrivals at the system, it sees an empty queue. Thus, we know theinitial 
onditions ds0 = a0 + Ls0=simbw (5)d0 = a0 + (dummybytes+ Lr0)=bw (6)A0 = ds0 + simdelay (7)d0 = A0 (8)Starting from the inial 
onditions and 
ombining Equations 1, 2, 3 and 4, we 
an re
ur-sively 
ompute ea
h pa
ket's departure time d and the amount of inserted dummybytes.When solving the equations, three s
enarios may happen:1. When a pa
ket i arrives, both the output queue at the real link and the output queueat the simulated link are empty. So,dummybytes = (Lsi=simbw + simdelay) � bw � Lri (9)2. When a pa
ket i arrives, the output queue at the simulated link is empty. However,sin
e the output queue at the real link also simulates the propagation delay, it is notempty. In this 
ase,dummybytes = (ai + Lsi=simbw + simdelay � di�1) � bw � Lri (10)3. When a pa
ket i arrives, both queues are not empty. The number of inserted dummy-bytes is dummybytes = bw=simbw � Lsi � Lri (11)5



2.2 The ImplementationWe 
oded our algorithm into the FreeBSD kernel ether output routine. The major 
hallengeof the implementation lies in the management of memory bu�ers. The real link speed inour simulation environment is 100Mb/s. To simulate a 10Kb/s link without 
onsidering thepropagation delay, we need to insert 9999 dummy pa
kets for every real pa
ket, whi
h meansone single pa
ket will 
onsume about 20M bytes2 of memory. To queue 10 real pa
kets, 200Mbytes memory is needed. Obviously, the 
ost is expensive. As dummy pa
kets do not 
ontainany real data, there is no need to allo
ate extra memory for them. In our implementation,we allo
ate a master m
luster for all dummy pa
kets. This m
luster is never freed. Everydummy pa
ket has a pointer pointed to this m
luster. Thus, only one extra mbuf, whi
h isof size 128 bytes in our system, is allo
ated for every dummy pa
ket.Another implementation problem is related to simulating the maximum queue size. Pa
k-ets are transfered from memory to network interfa
e before they leave a 
omputer system.Usually we only know how many pa
kets are inside the memory and we do not know howmany pa
kets are inside the interfa
e. Thus, we do not know how many pa
kets are queuedinside a 
omputer system. In order to keep tra
k of the real output queue, we implementeda simulated queue. This queue keeps tra
k of ea
h pa
ket's departure time. When a newpa
ket arrives, based on its arrival time, we 
he
k how many pa
kets have left the systemand how many pa
kets are in the simulated output queue. Therefore, we obtain the 
urrentqueue size. The 
urrent arrival pa
ket will be either enqueued, if the 
urrent queue size isless than the simulated maximum queue size or dropped otherwise.3 Testing ResultsWe set up a test bed using this simulator. The test bed 
onsists of three 
omputers. Asshown in Figure 2, one 
omputer is set up as a web 
lient that issues HTTP requests. These
ond 
omputer a
ts as a router and runs the link speed simulator at both interfa
es. Thethird 
omputer is a web server. When the 
lient sends a pa
ket to the web server, the routerinter
epts this pa
ket. At the output interfa
e 
onne
ting the router to the web server, therouter transmits the 
omputed dummy bytes before it transmits the real pa
ket. Similarly, inthe other dire
tion, when the web server sends the 
lient a pa
ket, the router also inter
eptsthe pa
ket and insert the 
omputed number of dummy bytes before the real pa
ket.3.1 Ping TestsTo test how a

urate our simulator works, we 
on�gured the simulator to simulate di�erentlink speeds, ranging from 10Kbps-100Mbps. The router sent 1000 ping pa
kets of length1066 (data + header) to the 
lient. The 
lient ran t
pdump to 
apture the ping pa
kets andtimestamped them. On the other hand, based on the simulated bandwidth, we 
omputedthe inter-arrival time of ea
h pa
ket, whi
h is pktlen=simbw. Figure 3 shows the 
omputed2One pa
ket usually 
onsumes one m
luster, whi
h is of size 2K in our system. Ten thousand dummypa
kets need 20M bytes memory. 6



ServerClient RouterFigure 2: The Testing Bedarrival time and the real arrival time of the last ping pa
ket at di�erent link speed. As 
anbe seen in this �gure, the simulator simulates a wide range of link speed a

urately.
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Figure 3: Ping Testing ResultsFigure 4 and 5 present tests of bandwidth 10Kb/s and 80Mb/s. The 
omputed arrivaltime and the real arrival time for ea
h ping pa
ket are shown in the �gures. As they are too
lose, we 
annot really see two lines. Figures 6 and 7 are one enlarged pie
e of ea
h �gure,respe
tively. The simulated results of both bandwidths mat
h 
losely to their theoreti
alvalues.3.2 TTCP TestsWe ran the program tt
p under di�erent link speeds to test how TCP performs. Duringea
h run of the experiment, the program tt
p sends 100 bu�ers, whi
h is of size 8192 bytesea
h, using TCP. The results are shown in Figure 8 and 9. The maximum queue length atthe router is set to the maximum between 10 and the delay and bandwidth produ
t of ea
h
onne
tion. 7
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Figure 8: TTCP Testing Results: Transfer Time vs Link SpeedAs 
an be seen from the �gures, the throughputs under di�erent link speeds were leveledout when the simulated speed rea
hes 1Mb/s. The link utilization drops dramati
ally after1Mb/s. A further investigation of data tra
es shows that TCP at the server side has amaximum window size of 16384 bytes. As is known, TCP 
an send at most a window size ofpa
kets every round trip time. Thus, the throughput is limited by 16384*8/((50+50)/1000)= 1.3M. We show the data tra
es of 10Kb/s and 80Mb/s in Figure 10 and 11. In Figure 10,as the delay and bandwidth produ
t is small, the maximum queue length is set to be 10.The window size of the 
onne
tion is limited by the 
ongestion window size. In Figure 11,no pa
ket drop is present. The window size is limited by the sender's sending bu�er size.So, even given in�nite link speed, with the 
urrent implementation of TCP, a 
onne
tion isunable to make full utilization of the link's bandwidth.9



0

0.2

0.4

0.6

0.8

1

10000 100000 1e+06 1e+07 1e+08

T
im

e 
(s

)

Link Speed (bps)

TTCP Link Utilization vs Link Speed

Link Utilization
Data Points

Figure 9: TTCP Testing Results: Link Utilization vs Link Speed
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Figure 10: TTCP Testing Results: 10Kb/s3.3 Web Transfer TestsA signi�
ant portion of Internet traÆ
 is WWW (HTTP) [8℄. So we 
hose the web as atypi
al appli
ation to test ADSL and the 
able modem. Webbot 5.1m from libwww [4℄ isused as the 
lient program. Apa
he/1.3b5 [2℄ is used as the web server. We used the sametesting page as used in [10℄. The page 
onsists of 42 inlined images and one main do
ument.The webbot sequentially requests 43 do
uments via one TCP 
onne
tion. This mimi
s thehuman's web sur�ng pattern, i.e., issuing a new request after pro
essing a re
eived page.The total size of the do
uments is 167KB. The propagation delay of ea
h way is 50ms.The results are shown in Figure 12 and 13. As 
an been seen, both the transfer time andthe link utilization 
atten out after the link speed rea
hes about 1Mb/s.10
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Figure 11: TTCP Testing Results: 80Mb/sAs we 
hose HTTP1.1 without pipelining, the request for the next �le is sent after there
eption of the 
urrent �le. At least 43 round trips are needed to fet
h all do
uments. Sothe throughput is limited by 167KB=(43 � 100ms) = 311Kb=s. Though HTTP1.1 withoutpipelining is not an eÆ
ient implementation, it simulates human's web sur�ng behavior.In our test, the link utilization of the simulated ADSL link is about 2:9%. And the linkutilization of the simulated 
able modem link is about 0:87%. The results show that theperforman
e is not limited by the link speed. About 1=0:87% = 115 simultaneous a
tiveusers will fully load a 
able modem 
hannel. Suppose the average number of homes ona single 
able 
hannel is 2000 [3℄, 65% homes take 
able. The average number of 
ablesubs
ribers is 1300. 33% of 
able subs
ribers take data servi
e and during peak usage,30% of them are a
tive. Then the average number of simultaneous a
tive users is about1300 � 33% � 30% = 129. This number is just slightly above the number of users that fullyload the system. Thus, we 
on
lude in most 
ases, ADSL and the 
able modem will providethe same quality of servi
e.4 Con
lusionsIn this paper, we des
ribed the design and implementation of a wide range link speed simula-tor. Testing results show that this simulator is 
apable of simulating links of various speedsa

urately. Using this simulator, we tested the performan
e of HTTP1.1 under di�erent linkspeed. The results show that when link speed ex
eeds a 
ertain threshold, the performan
eof the appli
ation levels out. Thus, we 
on
lude ADSL and the 
able modem will basi
allyprovide the same servi
e. Users are free to 
hoose either te
hnique.5 A
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e. 11
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Figure 12: Web Testing Results
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