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Abstract— Although the problem of mal-performance of TCP  attempts [1], [2] target maximization of an objective fupat
in wireless scenario has been extensively addressed, andgtated  which depends on a general TCP throughput expression. The
solution has remained undeciphered. Conventionally, meases throughput is a taken to be a function of average round

have been suggested to either adapt or shield TCP from non- . " -
congestion losses over the wireless channel. On the otherrth trip time and TCP segment loss probability. We argue that a

the issues of wireless channel compensation and error comir throughput expression having dependence on channel condi-
for achieving a better quality channel, have been extensiig tions only via segment error rate may not completely capture
studied too. Recent efforts to investigate joint approach®[1], [2] TCP dynamics in relation to channel effects like multipath
do not model TCP dynamics over wireless channel, but study fading. Some investigative attempts at examining the &ffec

the impact of power control and link layer error correction . .
mechanisms in relation to standard TCP throughput models. of fading on TCP performance include [6], [7].

In this work, we propose and evaluate transmission power Observing the need for an integrated approach, we target
adaptation as integrated solution to mal-performance of T® channel compensation methods to optimize TCP performance.
in wireless networks. The congestion contrpl dynamics of di&- \We propose an approach for Cross_|ayer tunne”ng across the
transfer TCP flow are modeled for the wireless channel, and | i-eless network stack and investigate transmission power

an optimization framework is delineated. Based on dynamic daptati ¢ t TCP f q
programming solutions and low-complexity heuristics, adative adaptation as a measure to preven performance degra-

power control measures are suggested and analyzed for their dation in wireless scenario.

merit. Via simulations, we demonstrate that suitable power  This paper is organized as follows. Section Il discusses the
adaptation can lead to a considerable improvement in TCP operational scenario and states the assumptions. In sectio
throughput for slow and fast fading channels. I, TCP dynamics under different channel conditions and

Index Terms— Wireless Networking, Congestion control, Dy- as captured in an optimization framework based on dynamic

namic Programming, Rayleigh fading, ANGN channel. programming principles, are discussed. The system model fo
evaluation is outlined in Section IV. A comparison of TCP
|. INTRODUCTION performance with optimal power adaptation and other power

Innovation in manufacture of portable wireless personabntrol schemes is presented in Section V. In Section VI, we
devices has led to a proliferating interest in mobile adgropose and validate low-complexity heuristics for dynami
cess to Internet-based applications. Along its evolutiod aprogramming based power adaptation. The paper is concluded
widespread growth, Internet has relied on TCP as its standé¥ Section VII.
transport layer protocol. The integration of mobile desice
with the wired-network and network homogeneity are desir- Il. SCENARIO AND ASSUMPTIONS

able concerns. The deployment of TCP in wireless networksyye consider a steady state bulk transfer TCP flow between
is hence a necessity. Since TCP dynamics and congestipp,gpile client and an Internet host. Bulk TCP transfer in
control procedures are tuned for a reliable channel, adapta | ireless networks has previously been considered, amongst

to the vagaries wireless environment becomes a challengg,or works. in 131, [6], [7], [10]. Fig. 1 shows the scenario
The problem been well researched. Proposed solutions [3tocus for our work.

[4], [5] target either TCP awareness and adaptation to non-

congestion losses, or incorporation of measures at lowerda “ I g
to hide such losses from transport layer. The former adaptat / -
measures equip TCP sender with the ability to identify non-

BS

congestion losses and not invoke congestion control mesasur

This however comes at the cost of requirement of change in

protocol dynamics and implementation thereof. Other set of

solutions hides non congestion losses from the TCP sender

and aims to enhance the link quality as seen by transport laye AP
Variability in wireless channel conditions in itself is a Mobile Clients

challenge. Channel compensation and error correctionadsth

like transmission power and rate adaptation, FEC, have beer

well investigated and deployed in wireless networks. Weenot

that a unified solution to the mal-performance of a wireless

network employing TCP, has remained undeciphered. Recéigt 1. Scenario for TCP session in a network with wirelesg. ho
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Transmission power is controlled on the uplink or downlinRackets
wireless channel depending on the direction of TCP flowe™ [_Jacked Packet
between the mobile device and the Base Station (or Access Wr | e [] Lost Packet
Point). We regard packet losses to be due to channel errors on . Sent Packet
the wireless hop and congestion related losses are taken to b (ACKed or Lost)
relatively minimal. This enables us to focus on TCP’s perfor .
mance degradation due to wireless losses. Similar assompti .
is made in several other works including [3]. Our analysis . M ﬂ
applies for a given modulation scheme and transmission rate 1 2 R R+1 Ri2 K
on the wireless hop. Consequently, the Round Trip Time (RTT) o] Round(r

of TCP packets does not change due to rate variation. For the
scenario where adaptive modulation is used, the optimaépow
adaptation measures proposed in this work can be evaluatgds ~packet transmission dynamics during a TCP cycle.

and effected for different modulation schemes.

Link layer error correction methods are not modeled in our
work. FEC is widely deployed as link-layer error recoveris called Triple Duplicate (TD) loss indication and the data
mechanism. We have observed that bit error rates of as Idimeout (TO) indication. A Triple Duplicate Period (TDP) is
as10~® can be required to achieve TCP throughput capacitjefined as the period between two successive triple duplicat
FEC methods alone may not be capable of achieving suciss indications.
error rates under all mobility and multipath fading pateern A sample path of evolution of TCP congestion window
We, in this work, choose to focus on an integrated approastze is sketched in Fig. 2. Transmission of a windowlBf
that solves TCP problems by adapting transmission powgackets commences a round, wh#rés the size of congestion
in accordance with protocol’s evolutionary dynamics. Powavindow. Each ACK increases the window sizelyii’, so that
control measures are getting increasingly deployed inlesee the window size isWW + 1 for the next round. It is assumed
networks and are crucial because of concerns like intaréere here that the number of packeisacknowledged by a received
mitigation and battery power conservation. ACK is 1. Two phases are shown in the figure: the additive

For our scenario, ARQ mechanisms at link layer are al$acrease phase and the timeout phase. Consider the case when
discounted, and transmission power for a TCP packet passeplacket is lost in the current round. A timeout phase follows
on to the lower layers, is adapted to channel condition§.amongstthe packets in the current round and the nextdoun
We note that the prevalence of link-layer error correctiotiiat are transmitted following the lost packet, any lessitha
mechanisms, in addition to the power control proposed im tihree are successful. The TCP timeout value is denoted by
work, would add on to the TCP’s performance benefits.  Tp in the figure and the timeout durations double with every

Several versions of TCP [3], [6], [7], [8], [9] have beerunsuccessful attempt. For the ease of reference, we denote
analyzed in terms of their performance merit on wireleddy the termcycle, the period between the beginnings of two
links. Our objective is to adopt the basic mechanisms ofsaiccessive additive increase phases. In the event of auimeo
widely deployed TCP version and suggest a unified approdelss indication, a cycle ends at rouAdas shown in the figure
to optimize TCP performance for wireless scenario. Henc@)d the window size evolves froinfor the next cycle. In the
we, for our work, account for the fast retransmit and timeo@vent that the loss in rounfl generates a TD indication (three
mechanism of TCP Reno. Incorporation of any enhancemepggkets following the lost packet are successful and gemera
to TCP would mean additional performance benefits for oduplicate ACKs), the cycle terminates at routh 1. The
scenario. window size is then reduced to half, and the additive inareas
for the next cycle follows.

We next address the problem of finding transmission power
levels that optimize TCP throughput for wireless channeir O
goal is to maximize the throughput achieved, while keeplireg t

In this section we present a framework for TCP performancest of transmission power minimum. The trade-off between
optimization over wireless channel. Bulk transfer thropgih TCP throughput and power cost is captured in a dynamic
is of interest to us, and congestion avoidance mechanisens programming framework. While modeling the framework for
considered for the purpose. TCP dynamics, we realized that equations for long term

The adopted terminology is similar to that in [11] andhorizon involving countably infinite TCP cycles are beset
[12]. TCP’s congestion avoidance behavior is modeled imith excessive dimensionality limitation. We hence adopt a
terms of rounds. A TCP round begins with the back to badpproach whereby we focus on a TCP cycle and make the
transmission of a window of packets and ends on receptiontefmination cost of the cycle favor termination with a large
an ACK for one of these packets. The window size undergoegdow size. This, in addition to inherent dependence betwe
an additive increase, in case a round of packets is suctessfucles due to window size dynamics of TCP, enables us to
Packet loss can be detected either by reception at TCP sen@euce the system states and obtain sub-optimal solutions.
of triple-duplicate acknowledgements (four ACKs with the Our methodology involves controlling the packet success
same sequence number) or via timeouts. The former evenbbabilities to minimize transmission power cost and maxi

Additive Increase Timeout Phase

Ill. TCP DYNAMICS OVER WIRELESSCHANNEL AND
OPTIMAL POWER ADAPTATION MEASURES



mize the throughput. We denote hythe channel gain factor. of the next round as well. We approximate the latter success
It is related to channel Signal to Noise Ratio (SNRR)as probability as the current round’s success probab#ityhen,

v = gP/N, whereP is the average transmission power axid

is the noise power. For a constant noise power, the chanimel ga W, -1 i W,o—1—i
is directly proportional to SNR. We consider, in the follogi pro() = > < i >S (1-5)
subsections, two different cases of channel variatiorepast

®3)
=3
T(k,r) represents the cost to go from rourdfor the

L timeout period starting after round and can be expressed
A. Sow Channel Variations as P g P

We assume for this scenario that the channel decorrelates
over RTT intervals and all the packets in a round experience
the same channel condition. These packets are hence thrgete ~ 1'(k,7) = /msin{P(S’g) + sCro(k,r)
to have the same success probability;Transmission power g
is a function of packet success probability and channel gain +(1 = )T (k +1,7)} fo(9)dg
for the round, and is denoted b¥(s,g). The channel gain  (4) has structural similarity with (1)C'ro(k,r) represents
and sucess probability being constant for a rouRdemains the terminal cost associated with the end of timeout seaienc
constant too. WithlV,. representing the congestion windowThe timeout sequence ends when packet transmission is suc-
size in roundr, the expected cost to-go from roundcan be cessful with probabilitys.
formulated as It remains to discuss the terminal costs in (2) and (4). We
regardCp(r) and Cro(r) to be composed of two elements.
. W, The first component is the negative of throughput achieved
J(r) = /gmgn{WTP(S’g) +sTJ(r+1) (1) When the current cycle terminates at roundhus, higher the
W, throughput, greater the cost deduction from the cycle dds.
=57 Cross (1)} (9)dg second componentp(W,.) is introduced to the influence the
W,.P(s,g) represents the cost attributed to power used fdynamic programming evolution of the current cycle to favor
transmitting packets in current roumnd.J(r + 1) in the above high throughput in the following cycle. For a larg¥,., the
equation, is the cost-to-go from round- 1, conditioned on all next cycle would have a large initial window size, and thus
packets being successful in current roufid,.s(r) represents would yield more throughput. To favor that, cost for current
the cost that will be incurred after round conditioned cycle should have a higher cost deduction when the cycle
on the occurrence of one or more packet losses. Given teeminates at a highV,.. Thus p(W,.) should be increasing
success probability for this round, the packet successegsocin W,.. We choosep(W,.) = %
is independent, and hence the probability of the entire doun For the TD loss indication case the termination cost is given

(4)

being successful is". by

We next discuss the formulation 6f7,.s(r). In the event -
of packet loss in a round, a TD or TO indication results. Cp(r) = /\(_Zizl Witm (W,)): (5)
First consider the case when the packet loss results in TD (r+1)RTT

indication. Letprp(r) be the probability that a triple duplicate  wheren, is the expected number of packets transmitted in

loss indication is generated for a lost packet in roundiven the round following the one where the loss occurred. For the

that one or more packet losses have occurred in rourkbr egse of analysis, we assume to be V‘Q/r where I, is the

this case we note that the roumdt 1 is the last round of window size of the round where one or more packet losses

this cycle, since packet loss is inferred in round- 1 and a have occurred. Similar assumption is made in [12]s the

new cycle begins thereafter. The transmission power cast st ratio scaling factor between the power and throughput

the last round is denoted by, (r) and the termination cost costs.

in the event of TD loss indication is denoted b;(r). Next  |n the event of timeout, the terminal caSt o (k, r) is given

consider the case when a TO indication occurs. The event Ipgs

a probabilityl — prp(r), conditioned on the occurrence of at

oz one loss I e o, Thelly # L Jeprests ey Z Wt
' o (" RTT + f(k)To

The costCr,ss(r) in (1) can now be expressed as
where f(k) denotes the timeout sequence given by

= p(Wy)); (6)

C’Loss (T) =PrD (T) (CL (T) + CB (T)) 2k—r — 1, k—r < 7
+(1 = prp(r))T(r+1,7) @) Fk) =A{ 1274+ 64(k—r—"7), k—r>8 (7)

We next derive the probabilityrp(r). In the event of  We define roundR; to be the final round of the additive
packet loss in round, triple duplicate indication occurs if increase phase of the TCP sessifipis selected large enough
3 or more packets are successful amongst — 1 packets such that any given TCP period ends before this round number,
transmitted after the lost packet. Cleaplyp () is not only a with sufficiently high probability. With a fixed terminal rod,
function of », but depends on the packet success probabiliiye dynamic programming equation (1) is finite-period asd it



solution can be obtained. For the solutions presented ilatemot pose a limitation to realizable TCP throughput. For the
this paper,R, is selected based on simulation observationgurpose of evaluation, we choose BPSK to be the modulation
Similarly we defineK; to be the terminal round of the timeoutscheme. As mentioned before, power adaptation measures

evolution (4). proposed in this work can be evaluated and adopted for
different modulation schemes and transmission rates.
B. Fast Channe \ariations The channel state is represented by SNRobserved on

In this case, we assume that the channel decorrelates ciﬂgrchannel without any transmission power adaptatioreeSin

L . . € noise and interference power is taken to be constant, the
pgcket tra_nsm|sspn duration. Thus pac.k.ets in the Samdro%'?\annel gairy follows a Rayleigh distribution, as does We
wil expenence different c_hannel cond|t|on_s. We denote bgssume that constant length TCP packets are encapsulated in
vector g, the channel gains for packets in a round. Th

. ) . hysical frames and there is no segmentation. There is no
parameter to be optimized i the probability of successful . : S
transmission of all the packet in the round error correction coding and hence a TCP packet is in error
P ' if any of the bits of the encapsulating frame is in error [15].
Furthermore we assume that error detection mechanisms are

. capable of identifying bit errors incurred during transsios.
J(r) = /gmsln{Z P(sw: gw) + (|| sw)J(r+1) Given the SNRs for constituent bits in the frame, the bit loss
w=1 W w=l (8) is anindependent process. Hence for a frame lengf¥ bits,
_ T o = the packet error probability and bit error probabilitieg ;'s
+{ w[[l sw)Cross (1)} f5(9)dg can be related as
For the evaluation of optimal success probability vector N
5 in equation (8), the complete channel gain vecjofor P, n) = 1= ] = po(v) (10)
the current round is required. However, for a real scenario, i=1

the knowledge of channel condition for all the packet in a where~; is the SNR for biti. For an AWGN channel and
round is not possible apriori. In light of this, we modifyBPSK modulation, the bit error probability is

the formulation to yield an approximate cost model that is

causal, and can be solved. We first select the targeted packet (7)) = Q(\/ﬂ) (11)

success probability to be the same for all packets in thedoun where Q denotes the Q-function and the SNRollows

Thens simplifies to a single-element optimization parameter the exponential distribution with meanas per the Rayleigh
Having no information about the channel gains for the packehding channel assumption.

in the round, we replace the power cost of each packet in
(E_i) k_Jy power consumption averaged over the (_:hannel gain £ () = iexp(—z),w >0 (12)
distribution, jqp(s,g)fg(g)dg. The cost formulationJ(r), v gl
with no apriori knowledge of the channel gain vector, then Our objective is to model a reasonably simplified wireless
becomes channel and investigate the impact of power control measure
on TCP throughput.
) We now refer to the power control policies that shall be
J(r) = msm{W’” /g P(s,9)fo(9)dg + s I(r+1) 9) employed and TCP throughput behavior be assessed therewith
(1 = 8 Cpss (1)} P(v) refers to the transmission power as a function of SNR
~. 7 is the observed SNR if the average poweis used for
The formulation ofC7,s(r) can be explained as the slowtransmission on the channel. All power control policies are
channel variation case. The cost structure for the timebas@ subject to the average power constraint
is as expressed by (4). The approximate formulation above

is found to yield considerable performance enhancement as / P(_V) dy =1 (13)

shown in the later discussion on solutions. (9) and (4) are ~ P

made finite-period as in the slow channel variation case. Following are the power control measures that shall be
adopted.

IV. SYSTEM MODEL AND POWER CONTROL SCHEMES « No Power Adaptation: The transmission power in this
Having modeled TCP dynamics and considered optimiza- case remains constant and is equal to the average power.

tion techniques for different underlying wireless chanch- In other words, no power adaptation to channel conditions
ditions, we proceed to delineate a framework to evaluate TCP is done.
throughput. We present the system model for assessment and M -1 (14)
introduce some standard power control schemes. P

We target power adaptation to achieve fading compensation, Truncated Channel Inversion: Truncated Channel In-
and issues of multi-user interference mitigation and pass | version (TCI) power adaptation [14] attempts to compen-

compensation are not addressed. The wireless channekis tak  sate for fading over a cut off fade-depth. It attempts to
to be flat-fading, with AWGN Rayleigh fading model. The maintain a constant received SNR. The power adaptation
wireless link is assumed to be high-bandwidth so that it does for a lower cut-off SNRy.. is given by



distributed gaing with an average valué. For simulations,
Py) _ {% Y= Ye (15 e discretize the gain values 500 levels.
P 10 y<7 The approach for evaluating TCP throughput with power
] ) ] ] adaptation based on dynamic programming solutions, is dis-
whereo is the constant received SNR, which, subject {9 ssed next. We first consider the slow fading case. Equa-
the constraint 13, given by tions (1) and (4) are converted to finite-period via measures
1 indicated in Section IlI-A. The terminal round valué&s and
W (16) K, are each taken a200. The channel gains and success
Te 7 probabilities are discretized. The following procedures a
« Water-filling Power Adaptation: The transmission performed for a range of values of the cost ratio For
power to average power relation for water-filling [14kvery round number, a look up table comprising of success

g =

power control is given by probability s, as a function of channel gainis generated. This
evaluation is done for the additive increase and timeous@ha
M _ 710 - % 7 =% (17) Note that for a given round number and a channel gain, the
P 0 v < Yo value s that minimizes the integrands in (1) (and likewise (4))

. is the success probability stored in the look up table. Fer th
where-, is the lower cut-off SNR and can be evaluate imulation run, the channel gain value is drawn every round

from the cons_,tralnt .(l?’) on transmlssm_n POWEr. Thﬁom a Rayleigh distribution. The success probability foatt
power adaptation policies dictates transmission at a high

ower when the channel is aood. and at low power wh und is then retrieved from the look-up table. Knowing the
P . good, P hannel gain and success probability value, the transonissi
the channel is bad.

_ power for packets in that round is determined. Throughput
For the described system model and power adaptatigeyajuated by determining the number of packets transdhitt
measures, the adopted parameter values are shown in Tapleng the simulation run. Several runs are performed taiabt
I an average throughput value.
| With increasing values oA, the priority given to through-

| Parameter]  Value

o T put cost in the dynamic programming formulation increases
To 3s relative to the power cost. Hence increasing throughputesal
Ye 5dB are obtained, but at the cost of higher average power. The
RﬁT 152%% tr’%’;es throughput variation based on DP solutions is shown in Fig.
Woos 8 4. Recall that the average power is proportional to average
TABLE | SNR.

Fig. 4 also shows TCP throughput based on other power
adaptation measures. These results are obtained as @elscrib
next. For a given value of average SNR,the parameters
and~, can be evaluated respectively for TCI and water-filling
power adaptation. While can be evaluated from (16), can
%e determined from (13) and (17). During a simulation run
or a given value ofy, as the channel gains are drawn from a
Rayleigh distribution, the corresponding SNRs are deteeohi
ojlhoc{n the relationy = ¢g7. The transmission powers can then be
ﬁ\(scertained from power control measures (15) and (17).&or n
power adpatation, the transmission power level remainslequ
to the average power. Again, the average power is prop@aition
to the average SNR.

It can be seen from Fig. 4, that a considerable throughput

With the system model presented in the previous sectidmenefit is obtained via DP based power control, for the shown
we proceed to evaluate TCP throughput under varying chan®R range. Throughput improvement of as much as around
conditions and with different power adaptation schemes. 10 times over that with no power control, is effected by

We simulate bulk transfer of TCP packets in a scenaramapting the power suitably. While TCI based power control
highlighted in Section Il. TCP sender in the wireless netwoimproves TCP throughput, water-filling power adaptatioeglo
is saturated, i.e., has data to send all times. Successhglipba not display any merit.
of a TCP packet is ascertained by the state of the wireless hopVe next discuss the fast fading case, for which we evaluate
of the connection and transmission power level on the linkolutions to (9) and (4). The approach followed is similar to
Channel gain experienced by the a frame encapsulating T@@t for slow fading case above. However, the solution is thi
packet is ascertained based on the fading distribution laed tase results in a single valuefor a given round, irrespective
channel model presented Section IV. The transmission povedrthe gain value. Recall that (9) is an approximation to
levels are selected depending on the power adaptationypolihie optimization fomulation (8). Due to causality concerns
The Rayleigh fading channel is taken to have an exponentia#l constant success probability is targeted for all the pgadke

PARAMETER VALUES FORTCP THROUGHPUT ASSESSMENT

The number of packets, acknowledged by a received ACK
is 1, the timeout valudy, is 3s and cut-offy, for TCl is taken
to be5dB. N, the length of a TCP packet encapsulated in
physical frame, is taken to be 1500 bytes. A valu@iiims is
chosen for average RTT. It reasonably represents, forrinsta
a scenario with a TCP session having a wireless end-hop
the complete session extending over large wireline netwo
The maximum window size for TCPV,,,... is taken to bets.

V. TCP THROUGHPUTEVALUATION
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Fig. 3. TCP throughput for slow fading case. Fig. 5. Optimal probability of successful transmission ddiive increase
phase.
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gain and TCP round can then be ascertained by the transmitter
without the need for DP computation. We discuss the hearisti
design for slow and fast fading cases, adopting the system
model presented in Section V.

We first consider the slow fading case. Fig. 5 plots the
packet success probability for different channel gains, as
evaluated by solving (1) and (4) for a fixed cost ratio. We
observe several traits useful for heuristic design: sa)s
decreasing with TCP round numhbefor a given channel gain
s value. This is because the early rounds are more important fo
s O P 3 % £ the overall system throughput and need to be protectedstgain

Average SNR (dB) packet loss via high power and thus high packet success
probability b) s is increasing with channel for a given round
r. This is intuitive as well: as the channel conditions imgov
high packet success probability can be maintained. In iadit
a round. The transmission power cost for packets is taken toghe above, we have observed the following from DP results:
an average over the channel gain distribution and hence @efor a giveng andr, s increases with the cost ratid d)
DP solution fors is not a function of gain. For performingFor channel gain below a thresholg, the packet success
simulations, channel gain is selected for each packet ftam torobability is close to zero (curves for such channel gae ar
fading distribution. The success probability for the catre not visible in Fig. 5), and e) for fixeg andr, the threshold
round is noted from the fast-fading DP look-up table ang decreases with.
the transmission power is ascertained. Fig. 3 shows TCPWith these observations, we design our heuristics as fellow
throughput for resulting power adaptation as compared e truncation thresholdy;, is approximated bygof()),
other power control schemes. Substantial throughput gaMiBere f(\) is a decreasing function, and convergesito
are observed for SNR range shown in the figure. Again,d A — oo. Hence for values of channel gain lower than
can be observed that the throughput is improved by as muble threshold, the success probability is taken toObéor
as aroundl0 times as compared to TCP throughput with ng > g:1, the target success probabiligyfor round number-
power adaptation. TCI and water-filling power control shownd channel gaig is modeled as,
the same pattern of variation as the slow fading case.

,ﬂ
«
T

I

TCP throughput(Mbps)
-
T
i

051 |
4

Fig. 4. TCP throughput for fast fading case.

VI. HEURISTIC DESIGN s(r,g) = min{smaz, Bexp((Re+1-1)* = R/ (1-Q(v/9))}

We have demonstrated that dynamic programming basedvheres,,., is the maximum value of and g is 1.5smqz-
power adaptation can bring about substantial TCP throughg is the Q-function and is used here to capture the effect of
benefits for wireless channel. However, the computation ofiannel gains on packet success probabilyis the terminal
DP solutions in a real scenario may be beset with processimgind number, as defined in Section IlI-A.
power limitations. We, in this section, present heuristhtat DP solutions for timeout phase are computationally expen-
obviate the necessity for computation of DP solutions. Theve. We observe that by fixing the power levels for timeout
approach involves an analytical function design to approyphase to be the power for the first round of TCP cycle, the
mate the optimal packet success probability generated Ria Beviation from optimal throughput is insignificant. We make
solutions. The required transmission power for a given nkhn this choice of power levels for the solutions based on heuris
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mal power adaptation measures. We perform simulations to
demonstrate the resulting throughput improvement. Toaibvi
i computationally complex DP solution procedures, hewssti
for power adaptation are presented. We conclude that dynami
power adaptation can be employed as an integrated solution
to counter the degradation suffered by TCP under varying
wireless channel conditions.

We are currently looking at modeling approaches to incor-
porate link-layer error correction mechanisms. We are akso
8 ploring mechanisms to tunnel TCP round number information

BS/AP exercising DP heuristics-based power adaptation

Note that in the event of TCP bulk transfer from an Internet
host to a mobile client, power is controlled by the BS/AP and

the heuristic-based power adaptation requires knowledge o

Fig. 6. Comparison between TCP throughput obtained viamymarogram-
ming solutions and heuristics, for slow fading cagk.= 200, go = .0045,
Smaz = 0.9999 and f(A\) = (A +4)/A\.
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Fig. 7. Comparison between TCP throughput obtained viamymarogram- 7

ming solutions and heuristics, for fast fading cagk.= 200, go = .0045,

Smaz = 0.9999 and f(A\) = (A + 4)/A. (8]

as well as DP. Fig. 6 compares the TCP throughput based off!
heuristic-based model for a given set of parameter valuigis, w
DP solutions based throughput.

We next consider the fast fading case. Recall that (9) g0l
an approximation to the optimization formulation (8). Dwe t
causality constraints, same success probability is magda
for each packet in the round. Furthermore, this target sscce 12]
probability is not a function of channel gain. The succesé
probability is thus modeled as,

[11]

(13]

s(r) = min{smaz, fexp(Ry +1 —r)t/* — Ri//\)}; [14]
where thresholdy,;, is given as before and(r) is 0 for [15]
g < g Fig. 7 shows the comparison of the model for a
given set of parameters, with actual throughput results.
It can seen that the throughput based on the heuristics,
closely approximates the throughput based on DP solutions.

VII. CONCLUSION

We, in this work, develop a framework for modeling and
optimizing TCP dynamics for wireless scenario. As solu-
tions to dynamic programming equations, we evaluate opti-

TCP sender’s round numbers in addition to channel gains.
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