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Abstract—We study the performance of end-to-end conges-

tion control protocols, namely, VCP and TCP/AQM+ECN over
wireless topologies created by MIMO fading channel links.
We model the loss characteristic of such links with nite-sate
Markov chains the parameters of which can be derived from
the fading channel speci cations. We also investigate thefe
fects of utilizing Forward Error Correction (FEC) techniqu es
at the link layer in order to improve the performance of the
above congestion control protocols. Our numerical resultare
generated utilizing NS2 discrete-event simulator. Our reslts
show that without using link layer FEC techniques, the perfo-
mance of both VCP and TCP/AQM+ECN in wireless networks
can be signi cantly degraded. Further, they show that the ug
of MIMO links can signi cantly improve the performance of
the protocols of our study.
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Both protocols require multiple encoded bits of congestion
related information to be exchanged between routers and end
nodes. While the current implementation of XCP [28] re-
quires 16 bits of IP headers, the speci cation of VCP [24]
proposes the use of two ECN bits in the IP header. However,
relaying less information in the IP header comes at the cost
of a higher response time.

End-to-end signaling in tactical ad-hoc networks networks
has to cope with end-to-end encryption challenges. Since
packets are encrypted at the point of network entry and de-
crypted at the point of network departure, very little imfa-
tion can be accessed in a packet while in transit. For example
High Assurance IP Encryption (HAIPE) standard [1] only al-
lows for bypassing six Differentiated Services (DiffSelits
and two ECN bits across the encryption boundary. There-

fore, VCP and TCP/AQM with binary ECN represent more
practical ways of performing end-to-end congestion cantro
. INTRODUCTION than XCP does. In addition, wireless links introduce vari-
Providing effective packet loss schemes under heavy nale bandwidths and random bit errors in addition to typical
work loads while adhering to a fair bandwidth allocatiofacket erasures observed in wired networks. As such, there
notion has been and remains to be a challenging proble#€ three possibilities for a transmitted packet in a wile
The problem is exaggerated in high bandwidth-delay prognvironment indicating the packet is (1) delivered erreefr
uct environments. The existing end-to-end congestion cd#) 10t due to corrupted bits, or (3) lost due to congestion.
trol scheme built into TCP in conjunction with traditional®] @nd [30], the authors investigate the performance of TCP
congestion noti cation schemes such as Active Queue MaReno and Tahoe over wireless links.
agement (AQM) and binary Explicit Congestion Noti cation This paper investigates the performance of VCP and
(ECN) feedback have signi cant limitations in achievingeth TCP/AQM+ECN in wireless networks by comparing them to
above mentioned goal [5], [6], [22], [16], [17]. In order toone another. Our work differentiates from the previous work
address the problem, recent literature of congestion abntef [9] and [30] in the sense that (1) it provides a more dediile
includes, among other proposals, a pair of related enahdio-eanalysis related to Markov channel modeling of the wireless
congestion control protocols. The protocols, namely, exhannel as it pertains to the number of antennas, moduJation
plicit Congestion-control Protocol (XCP) [18] and Variebl channel coding; and (2) it investigates the performance of
structure Congestion-control Protocol (VCP) [24] can bo#nd-to-end congestion control protocols, namely, VCP and
outperform standard TCP congestion control scheme by igé=P combined with AQM+ECN.
lating fairness from ef ciency of congestion control. Both The rest of this paper is organized as follows. Section I
XCP and VCP achieve high utilization, low persistent quewtescribes the characteristics of the physical and datddink
length, negligible packet loss rate, and reasonable fstneers. It explains how the wireless fading channel can be mod-
This work was sponsored by the grants from Boeing Integrated eled by a nite-state Markov chain the parameters of which

fense Systems and UC Discovery Industry-University Comjpex Re- are related to physical layer parameters such as the number
search Program. of transmit/receive antennas and modulation. The section
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also explains how the use of Forward Error Correction (FE@here the recursive probabilitiegt; r; G) and' (t;r; B ) are
schemes at the link layer can combat the fading effects. Sgiven [29] by
tion Il provides a brief description of the transport proits (trG) =
of interest to this study namely VCP and TCP/AQM+ECN. W o . o
: : : c["(t LrnG)+(@ ) LrB)

Section IV contains the results of our experiments and the " . ) . (2)
related discussion. Finally, Section V concludes the paper (@t (t Lr  LG)

' Y pap +(1 ) (t Lr 1;B)]

Il. AN ANALYSIS OF PHYSICAL AND DATA LINK and
LAYERS '(trB) =
This section includes a discussion of fading channel mod- "8 [(2 )" (t LrnG)+ " (t 1LrB)] 3)
eling with nite-state Markov chains, calculating the syahb @ ")l ) Lr LG)
error rates of MIMO links, and the channel coding scheme + ' (t Lr LB)

proposed for compensating the effects of correlated loss gy
served over MIMO links.

r > 0and the initial conditions
1

"(0;0,6) = Gss = 7
.. . . . ' .- — - 1
A. Finite-State Markov Chain Modeling of MIMO Fading 0;0B) = bss = 5 (4)
Channels "(1;6G) = "c[gss + (1 )b
"(1;,0,B) = "g[(1 )Oss + D]

As pointed out in our earlier works of [29] and [26] as well

as many other articles, a MIMO fading channel is charactgy- Calculation of Symbol Error Rates for MIMO Links
ized by temporally correlated loss. The two-state Gilbert-

Elliott (GE) loss model [10] provides an elegant mathematli- terms of modulation, number of transmit/receive anten
cal model to capture the loss behavior of such channel. In the '

GE model, the loss behavior of a collection of Units of Inforr-]?sé ; nd ?jve;:;lge reclzlvetg sgntal_—lto—r}ms? raf[l_os. ﬂ?urswork
mation (Uol's) transmitted over a MIMO fading channel is [29] and [27] provide the details of extracting the aver-

described by a two-state Markov chain. The GOOD state 2. values of signal-to-noise and signal-to-interferarmee

troduces a probability of staying in the GOOD state and aratlos from the statistics of the fading channel, transioiss

probability 1 of transitioning to the BAD state while thePOWETS, average noise power, shadowing, and in the presence

BAD state introduces a probability of staying in the BAD of cg-channel .inte.rference. Whi!e the work Of. [29] focuses
state and a probabilitg of transitioning to the GOOD on rich scattering links characterized by Rayleigh fadtheg,

state. The parametersand can be measured from theWork of [27] captures the dynamics of line of sight links char
' terized by Rician fading.

observed average burst lengths of the wireless channel [1§fm our work. we select the Uol to be a bit in order to

The GOOD state also represents the loss of a Uol Wiﬂr]ovide an accurate physical representation of the wieles
probability "¢ while the BAD state represents the loss of phy P

) . i p . IMO channel. Our work of [26] calculates closed-form ex-
Uol with probability g where"g >> " . Typical exam- . g .
N N . ressions describing the modulation symbol error rate of a
ples of'g and"g are the average bit, symbol, or packet errqr . o . .
) s . IMO wireless link in terms of the number of signal points
rates. For such examples, the pair of probabilitiesand"g . . . .
. . in the constellatiorM and the average received signal-to-
can be calculated from the statistics of the fading channel,. . ;
. . . ngise ratio. We carry out our calculations under the assump-
transmission powers, average noise power, shadowing, mod- ; . . o
. . . . fion of facing a at fading Rayleigh channel and utilizing
ulation, number of transmit/receive antennas, and everein .
. \ SK modulation. We also note that our approach can be ap-
presence of co-channel interference. As stighand"g can . . .
" . , . plied to other fading channels such as a Nakagami channel
also be related to quantities such as signal-to-noise aatio .
. . . . or other modulation schemes such as QAM. In what follows
signal-to-interference-noise ratio. we use our previous results to capture the modulation symbol
Let' (t;r;G) and' (t;r; B ) denote the probability of re- P . AP y
error rates of a MIMO wireless link.

ceivingr Uol's from t transmitted UOI.S and W.mdmg upn First, we introduce the modulation symbol error rate of a
the GOOD and the BAD state of the Gilbert-Elliott model, e . o . .
ink associated with single transmit amd receive antenna

spectively. Then the overall probability of receivindJol's . . : .
fromt transmitted Uol's for the Gilbert-Elliott model is givennOdeS using Maximum Ratio Combining (MRC) as

We now discuss how to calculate the quantitiesand”g

q — p .
M T+# =0 [4@+#)p
' . — - ' - . P ﬁ . .
(tr) ErG)+ " (trB) @ tsingan 1) j=1 a1 gy (cos(tan T 120 Dt g
LA Uol can be thought of as a bit, symbol, or packet. )
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where# = SNR Sinz(v)- = % cot g, and j = C. Link Layer Channel Coding
(%) From Equation (5), one can calculate th We open this section by indicating that some standards
(9 ARG i q ' Such as Direct Sequence Multiple Access Code Division
modulation symbol error rate of a link associated with sng(DS-CDMA) [3] have proposed the use of Forward Error
transmit single receive antenna nodes as well as a link asSarrection schemes at the link layer in order to combat the
ciated with single transmit double receive antenna nodes faging effects described above.
settingN to 1 and2, respectively. Relying on a discussion In our work, we propose the use of Reed-Solomon (RS)
of diversity gains, we also argue that the modulation symbahannel coders at the link layer as an optional component
error rate of Space-Time Block Codes (STBCs) of [4] and compensate for temporally correlated loss effects of the
[23] can be calculated from Equation (5) by proper mappingireless channel. We note that an RS channel cB&b; k)
of the values ofSNR. For example, the modulation sym-convertsk channel coding symbols intolasymbol block by
bol error rate of a link associated with double transmit lEngappendingb k) parity symbols. Such channel coder is able
receive antenna nodes can be calculated by replé@MB to correct as many dg = b%c symbol errors in a block.
with SNTR and setting\ to 2 in Equation (5). Similarly, the  We distinguish between the modulation symbols and chan-
modulation symbol error rate of a link associated with doumel coding symbols by noting that a channel coding symbol
ble transmit double receive antenna nodes can be calculdtgaically consists of a number of modulation symbols. For
by replacingSNR with % and setting\ to 4 in Equation example, an 8-bit RS channel coding symbol consists of eight
(5). By selectingM = 2, Fig. 1 shows BPSK plots of mod-BPSK modulation symbols. If at lealst tc channel coding
ulation symbol error rate versus average SNR for links witymbols are correctly received fromtransmitted channel
different con gurations of transmit and receive antenn@as. coding symbols, the whole block is recoverable.
observed from the plots, the symbol error rates improve go-At the end of this section, we note that we are applying
ing from a single transmit single receive antenna link to&n RS channel cod&S(b; K) treating an assembled packet
double transmit double receive antenna link. Similar tssubt the data link layer as its data blokk Therefore, errors
are observed for other choicesMf = 2. in both the payload and headers/trailers can be mitigated fo
each packet individually at the receiving side.

1

10

IIl. AN OVERVIEW OF END-TO-END CONGESTION
ProTOCOLS

In this section, we provide a brief overview of the end-
to-end congestion control protocols of interest to our wtud
namely TCP+AQM/ECN and VCP. We note that the proto-
cols operate in network and transport layers.

Inspecting the properties of standard TCP reveals that it
utilizes Additive-Increase Multiplicative-Decrease (AD)
property. While the use of AIMD property allows for of-
fering both ef ciency and fairness of congestion control, i
results in performance degradation of TCP due to the slow
start phenomenon. Further and as indicated in many research
w0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ™ articles such as the works of [20], [8], TCP does not work
St ey wellin environments with a high bandwidth-delay products.

In order to address some of the limitations of TCP's conges-
Fig. 1. BPSK plots of modulation symbol error rate versusage SNR - tion control scheme, the use of congestion noti cation feed
for links with different con gurations of transmit and rege antennas. back schemes such as TCP+AQM/ECN has been proposed
[12], [6], [19], [22]. While the use of TCP+AQM/ECN can

We note that a modulation symbol is mapped to a hi¢sult in reduced loss rate and queue size, it is still not ca-
for BPSK. Consequently, it suf ces to repla@NR with pable of achieving high utilization in high bandwidth-dela
SNRg and SNRg in Equation (5), in order to calculateproduct networks [14], [21], [24].
modulation symbol error ratg; of the GOOD state ants As such, the state-of-the-art networking research has fo-
of the BAD state of the GE loss model. We note that whileused on addressing TCP's congestion control problems.
our choices re ect a matter of convenience for our studyy th&XCP [18] and VCP [24] are a pair of protocols recently pro-
do not affect the generality of our model. posed to address the problem. Unlike TCP that controls

Modulation Symbol Error Rate

=
o,

=
oS,
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both ef ciency and fairness of congestion control with oneesent the various settings of the wireless channel and-phys
AIMD mechanism, XCP and VCP attempt at decoupling theal layer for the reported results. The transition proliigésl
ef ciency of congestion control from its fairness. Such desf the GE model are set as = 0:99875and = 0:875
coupling allows for employing different strategies to copeepresenting average burst lengths 80 and 8 bits for
with ef ciency and fairness. The premise of XCP is to usthe GOOD and BAD state, respectively. Further, we set
a Multiplicative-Increase Multiplicative-Decrease (MM SNRg = 10SNRg to differentiate between the qualities of
scheme for ef ciency and an AIMD scheme for fairnesghe link in the GOOD and BAD states. Four different combi-
The decoupling can hence result in improving the ef ciencyations of antennas are considered as (1) single transmit si
of congestion control measured in terms of smaller queugte receive L 1); (2) double transmit single receive ( 1);
fewer drops; offering exible fairness schemes such as mai) single transmit double receivéd ( 2); and (4) double
min or proportional fairness; and providing a better sa&labtransmit double receive( 2) antennas. We utilize BPSK
ity by virtue of not carrying any per- ow state information. modulation along with a channel coding symbol size of one
Although XCP represents a great potential in addressibgte when using RS coding FEC. We note that the channel
the problems of TCP, it faces some serious challenges. Quoeling rate is de ned as = k=bwhen using FEC.
such challenge of the highest interest to our study is thie facFig. 2 illustrates the topology of our experiments. The
that XCP requires the use of multiple bits in the IP head&pology should be thought of as a pair of communication
of each packet. While an implementation of XCP in Linuylatforms communicating to one another over a MIMO wire-
kernel uses 16 bits [28], the current IETF draft for XCP [11gss link. Each platform includes a number of wired nodes
proposes the use of 128 bits in the IP header. Therefore, that are connected to a multiple antenna radio. Each radio
use of XCP in encrypted networks is not practical as curresitts as the wireless gateway for its platform. While the ca-
encryption devices only allow for bypassing six DiffSertsbi pacity and the delay of the bottleneck wireless link are as-
and two ECN bits. sumed to bel0 Mbps and32 msec, the other links are as-
The design goal of Variable-structure Control Protocglumed to have a capacity @0 Mbps and a delay 06:4
(VCP) is to provide a TCP-like scheme for wired networkgsec. Thus, the communication model resembles a dumbbell
that requires a small amount of congestion information é thopology with the pair of multiple antenna radios forming th
IP header and scales across a wide range of network scepattleneck link.
ios. VCP attempts at achieving high ef ciency both in low
and high bandwidth-delay product environments, low loss,
and small queue sizes with a fairness model similar to that
of TCP. Using a quantity called network link load factor as
the indicator of congestion signal, VCP decouples ef cienc
and fairness control in different load regions. VCP progose
calculating, quantizing, and encoding the load factor inio
ECN bits. It recognizes three operating regions namely; low
load, high-load, and overload. The objective of VCP is to
operate in high-load operating region by applying Multiph
tive Increase (MI) in low-load region, Additive IncreaselA
n hlgh-load, and Multiplicative Decrease (MD) in OVerloa‘?—'ig. 2. Anillustration of the communication topology usedur exper-
regions. iments.
As the result of quantization and since the amount of infor-
mation relayed in the IP header is much smaller compared tqyje set the parameters of VCP according to what is re-
XCP, VCP's fairness convergence time is much higher th%'&rted in Table 1 of [24]. In the case of TCP/AQM+ECN, we
that of XCP. However, it is much more practical than XCP ifitjlize TCP Reno along with Random Early Marking (REM)

terms of implementation. [6]. Particularly, we set the parameters of REM according
to what is suggested by [7] at the two ends of the bottleneck
IV. PERFORMANCEEVALUATION link.

In this section, we describe the performance results of theln all of the following curves, the horizontal axis repre-
pair of congestion control protocols of our study over MIM@entsSN R . While the vertical axis represents Packet Error
fading networks. Rate (PER) in Fig. 3 and 4, it shows the total number of pack-

We experiment with a variety of parameter settings. Whikgs delivered during the course of simulation in Fig. 5 and 6.
the trends of reported results are general, the followiegs r All of the simulations are repeatédimes and averaged with
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individual runs over a total simulation period 20 seconds. performance of VCP. The latter is due to the fact that VCP
We selectl0 ftp sources in Platform A sending packetsources collect information about the status of the network
to destinations in Platform B antD ftp sources in Platform from the acknowledgment packets. Since acknowledgment
B sending packets to destinations in Platform A. When apackets are onl¢0 bytes long and fading related random er-
tive, each source generates packets at the rate of its dedlicaors happen in bursts, they can corrupt the shorter acknowl-
link. Each data packet has a size 1140 bytes and each edgment packets much easier than longer data packets. As
acknowledgment packet has a sized6fbytes. All of the important as it is to protect the contents of acknowledgment
links operate in a full-duplex mode and link bandwidths angackets, increasing the strength of the FEC beyond a certain
shared among data and acknowledgment packets. Within ta& may not offer proportional performance improvement
20 seconds of an individual run, each ow starts as soon dge to the bandwidth overhead accrued by data packets. As
its session is established and continues until either éisise such, the FEC strength must be chosen with the considera-
is torn down due to fading- and/or congestion-related losstmn of antenna con guration and link quality. It is our opin
the simulation experiment has come to an end. As such, e&mh based on experiments that providing stronger protectio
ow follows a random start time with a random duration. Wéor acknowledgment packets as opposed to data packets can
collect the statistics in the lag0 seconds of each run to allowproperly address the tradeoff between protocol ef cienuy a

for stabilizing the transitioning behavior of NS2. bandwidth overhead.
As our baseline scenario, we consider the performance of
VCP over al 1 antenna con guration with no FEC at the 100% 1

link layer. Fig. 3 compares the performance of our baseline
case with those of other antenna con gurations. As illus-
trated, all of the curves exhibit saturation-like behawidr ’\ \ o
rectly related to the quality of the channel. For small val- 0% >\‘ \ 07
ues of SNRg representing a low channel quality, the value 20%

of PER is close tal00% As the quality of channel im- 0% W

proves, the value of PER improves eventually approaching 0 5 10 15 2 25 3
zero. When comparing the results of different antenna con-
gurations, we observe that the performancelof 1,2 1, @
1 2,and2 2 arein an ascending order as the result of
improving SER from the former to the latter con guration. oo “1*\

80% 1 \“\
——1

60%

\ \ _= 009
40% 08

\ \ ==
20%
a0% 0% drrs \“'ﬂam

\\a —x—2x2 0 5 10 15 20 25 30
20% SNRe

0% e m

0 5 10 15 20 25 30 (b)

80%

R =

Packet Error Rate (PER)

100% -

80%

n W i

Packet Error Rate (PER)

| —a—2x1

—a—1x2

Packet Error Rate (PER)

Fig. 4. A comparison of VCP performance. Reed-Solomon layet
FEC with ratesdl, 0:9, 0:8, and0:7 is applied over (al land (b)2 2
Fig. 3. A comparison of VCP performance with different amizmon- antenna con guration of the wireless link.

gurations of the wireless link. No link layer FEC is applied

Next, we compare the performance of VCP with that of

Fig. 4 examines the effects of adding link layer FEC fof CP/AQM+ECN with no FEC for different combinations of
1 1l1land2 2antenna con gurations. While not shown du@antennas. The performance is measured in terms of total de-
to the shortage of space, we have observed similar resultslicered data packets. Fig. 5 illustrates the comparisoultes
other antenna con gurations. Comparing different antenfiar the cases 02 1and2 2 antenna con gurations. Itis
con gurations, we see once more that the performance iaferestingly observed from the gure that TCP/AQM+ECN
1 1,2 1,1 2, and2 2 arein an ascending order.outperforms VCP by a large margin in terms of the number
It is observed from the gures that introducing a small peef delivered data packets. Referring to Fig. 3 and noting
centage of FEC at the link layer can signi cantly improve théhat the PER of VCP for @ 2 antenna con guration and
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large values 08N R values is close to zero, the observation 25000
requires justi cation. The observation is justi ed relygron 40000 [ —
the fact that the existence of fading related random ermas a B 3000 Il Emewtyes
.. > 30000

the lack of FEC corrupts many of the original short acknowl- | & 5500 | [] - 2x2 AQM
edgment packets forcing multiple retries and postponing of | £ 20000 ,’ H oo aom
the VCP session establishment. On the contrary, the built-i | £ % T 1
retry mechanism of TCP seems to react to the problem witha | € 500 || il
higher agility resulting in quicker session establishmexg Om
such, the life span of VCP ows is much lower than that of SNR
TCP ows and the total number of data packets transmitted
by VCP ows is much lower than the total number of data @
packets transmitted by TCP ows. Consequently, the total of 45000 -
number of delivered data packets in the case of VCP is much 40000 1T s s
lower than that in the case of TCP although the data PERs | % o0 ] / a2V
are low for large values &N R after the session establish- 8 2000 411 I T 22 AQM
ment % 20000 L] I DI

' & 15000 i H LAQ

40000 - / g lg(())z(()) ’ ’
35000 B

B 30000 7/ —— 2x2 AQM ° 0 5 10 15 20 25 30

2 25000 }( ——2x2 VCP SNRs

8 A |——2xanam

ﬁ 20000 7 —— 2x1 VCP ()

e 15000

< 10000 X I _ ‘ .

S s Fig. 6. A performance comparison of VCP and TCP/AQM+ECN vaith

= 5000

o M 2 landa2 2antennacon guration of the wireless link. Reed-Solomon
0 5 10 15 20 25 30 link layer FEC with rates (a):93 and (b)0:7 is applied.
SNRe

Further, the effects of the largerand smaller transition
probabilities are similar to those of betteNRg and better
SNRg. However, we have observed that signal-to-noise ra-
tios usually impact PER in a more signi cant way than the
Fig. 6 reports the results of similar experiments for FE€ansition probabilities. Finally, we would like to disauthe
rates 0f0:9% and0:7%. It illustrates the signi cant effects of impacts of having to deal with short-lived ows as oppose
applying FEC allowing VCP to outperform TCP/AQM+ECN®o long-lived ows. We have made consistent observations
by a margin of6% to 10% Passed a threshold value foas what is reported by [24] in the case of VCP over wired
SNRg, the curves also show a very robust packet delivepgenarios, i.e., our PER results have remained the same and
rate for VCP as oppose to somewhat oscillatory packet dbe implications have mostly appeared in the form of varying
livery rate for TCP/AQM+ECN. While not shown, the peraverage buffer sizes.
formance advantage is further augmented as the bandwidth-
delay product of the links increases proportional to the sow

Fig. 5. A performance comparison of VCP and TCP/AQM+ECN veith
2 landa2 2antenna con guration of the wireless link. No link layer
FEC is applied.

V. CONCLUSION

At the end of this section, it is insightful to discuss the In this paper, we described an experimental study
effects of a number of parameters. First, we note that théempting at capturing the performance of VCP and
use of larger data packet sizes typically results in reqgiri TCP/AQM+ECN over wireless topologies created by fading
to use higher FEC strengths. This is anticipated as larddiMO channel links. We assumed the existence of random
packet sizes mean a larger collection of channel coding syhit errors and packet erasures over such links. We modeled
bols to form a block of data. Second, we note that the usetbé loss characteristics of such links with nite-state kar
larger channel coding symbol sizes also results in requion chains the parameters of which could be derived from the
use higher FEC strengths due to the fact that a channel béasing channel speci cations. We also investigated the ef-
loss is more likely to corrupt at least one bit of the symbdiects of utilizing FEC techniques at the link layer in order
However, the above issues are traded off against segmetaamprove the performance of the above congestion control
tion/reassembly and the decoding complexity, respegtiveprotocols. Our numerical results showed degradation tsffec
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of random bit errors in the performance of the congestigrs] A. Jain, S. Floyd, “Quick-Start for TCP and IP,” IETF &whet Draft
control protocols of our study. The results also illustdate

that moderate use of link layer FEC techniques could he[ilﬂ]
compensate for such effects. Our results also revealed tﬁg]t

VCP outperforms TCP/AQM+ECN in the investigated sce-

narios of our study given that acknowledgment packets are
reasonably protected by link layer FEC.

At the end of this paper, we would like to comment on

the stability of VCP protocol. To that end, it is important tgo]

mention that the analysis of stability applied to the bebiavi
of VCP in [24] is over simplistic at least in the case of wire-

less networks. Problems exists as VCP requires periodigall]
measurement of link bandwidths. However, such measure-
ments are subject to estimation errors resulting in osoija [22]
behavior. Addressing the stability issues of VCP are the su[g)3

ject of our ongoing research work.
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