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Performance Analysis of UDP With Energy Efficient
Link Layer on Markov Fading Channels

P. M. Soni and A. Chockalingansenior Member, IEEE

Abstract—in this paper, we analyze the throughput and energy number of retransmissions. In [12], we proposed that backoff
efficiency performance of user datagram protocol (UDP) using schemes could be applied beneficially point-to-pointwire-
linear, binary exponential, and geometric backoff algorithms a5 |inks as well. The motivation arises from the potential for

at the link layer (LL) on point-to-point wireless fading links. . . .
Using a first-order Markov chain representation of the packet substantial energy savings through backoff when the wireless

success/failure process on fading channels, we derive analyticallink experiences deep fades and bursty errors.
expressions for throughput and energy efficiency of UDP/LL During channel fades, it is likely that a number of con-

with and without LL backoff. The analytical results are verified . . . .
through simulations. We also evaluate the mean delay and delay secutive packets are received in error due to memory in the

variation of voice packets and energy efficiency performance over Multipath fading process [1]. In [12], we proposed to exploit
awireless link that uses UDP for transport of voice packets and the this channel memory for better energy efficiency, by applying
proposed backoff algorithms at the LL. We show that the proposed backoff strategies. In particular, we proposed that a backoff
LL backoff algorithms achieve energy efficiency improvement of gcheme at the LL, which applies an appropriate backoff rule

the order of 2—-3 dB compared to LL with no backoff, without .
compromising much on the throughput and delay performance at upon each LL packet error event, can leave the chadrestor

the UDP layer. Such energy savings through protocol means will SOMe specified number of slots, thereby reducing the energy

improve the battery life in wireless mobile terminals. wastage due to packet transmissions in error. The proposed
Index Terms—Backoff algorithms, energy efficiency, fading packoﬁ algorithms are linear backoff (LBO), binary exponen-
channels, link layer, user datagram protocol. tial backoff (BEBO) and geometric backoff (GBO). Through

renewal-reward analysis, we showed that, on slowly fading
channels where packet errors occur in bursts, the proposed LL
backoff algorithms provided improvement in energy efficiency
IRELESS channels are typically characterized by highf the order of 3 dB, which can lead to increased battery life
error rates due to multipath fading [1]. Link layer (LL)in portable devices. A question in this regard is whether the
automatic repeat request (ARQ) schemes are often used on wéngergy savings achieved at the link layer using the proposed
less fading channels to improve the error rate in order to providackoff schemes is preserved at the transport layer as well. In
wireless data services [2]. Since wireless portable devices mils$ paper, we extend our performance analysis to address this
rely on finite battery power for their operation, judicious use ajuestion. This issue becomes important with the increasing
the available energy is important [3]. It has been shown that ereed for real-time applications like VoIP, voice chat, etc., over
ergy savings in portable devices can be sought at different layeiiseless Internet, using transport protocols like user datagram
of the wireless protocol stack [4]-[9], not necessarily at the dprotocol (UDP). For example, in the next generation wireless
vices/circuits level alone (e.g., low power radio frequency (REystems, a generalized multimedia service model, including
devices/circuits). A detailed survey of energy efficient protocolmice services on UDP/Internet protocol (IP)/point-to-point
atvarious layers of wireless network protocol stacks is presenfatocol (PPP)/LL framework and packet data services on
in [10]. transmission control protocol (TCP)/IP/PPP/LL framework, is
In a related area of multiple access networks, backoff algenvisaged [13].
rithms are employed during recovery from packet collisions. For ypp s a simple, connectionless transport protocol [14].
example, a truncated binary exponential backoff scheme is efpp goes not guarantee reliable, in-sequence delivery of
ployed in Ethernet [11]. The backoff delay is increased by larggckets and is suited to delay-sensitive applications (e.g., voice
and larger amounts on each successive collision, up to a findiger Internet). Performance (including the energy efficiency
aspects) of the wireless segment of systems which use UDP
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4 b call. The PPP layer is used for initial call establishment and to
negotiate initial optional link capabilities like maximum PPP
ubp frame size [2]. Both IP and PPP layers add fixed number of

overhead bytes (e.g., 20-B uncompressed IP header or 3-B
VJ compressed IP header, 4-B PPP header [14]). Since the
bulk throughput and energy efficiency performance of the
stack during data transfer phase mainly depends on the ARQ
LL mechanism at the LL, we focus mainly on UDP and LL. In
particular, we ignore IP and PPP layers in our model as, from a
performance view point, they will merely add their respective
overheads to the UDP packet. Consequently, we assume that
the UDP packet sizéyy bytes, includes IP and PPP overheads.
The rest of the paper is organized as follows. In Section Fach UDP packet is segmented into several LL packets and
the LL backoff algorithms are briefly described. In Section llliransmitted. When a LL packet fails, the LL ARQ mechanism
the system model and the UDP/LL performance analysis wigitempts to recover the lost packet.
and without energy efficient backoff are presented. Analytical Channel Model: As in [12], we use a first-order Markov rep-
and simulation results are discussed in Section IV. Section t@sentation of the multipath fading process. This is reasonable
also presents the mean delay and delay variation performabhegause, bursty errors on multipath fading channels are, with
of voice packets when the proposed backoff algorithms are ugedsonable accuracy, modeled by a first-order Markov chain in

Interface Interface

Wireless Link

\ 4

Fig. 1. UDP/LL protocol stack.

at the LL. Conclusions are presented in Section V. most analyzes in the literature [15]-[17]. Here, we use a Markov
chain representation of the wireless channel with Markov pa-
II. LL B ACKOFE ALGORITHMS rameterg and (L — ¢) as the probabilities that thiéh LL packet

. . . ) transmitted is in success given thie{1)th LL packet was suc-
Consider an ARQ mechanism at the LL in which recovery c&?ssful and unsuccessful, respectively

erroneous LL packets is attempted through a finite number o

retransmssmns. FoIIowmg aLL packet fall_ure, a _retrantsmlss_l(Ar? UDP/LL Without Backoff

attempt is made after leaving few slots as idle, with an intention

to improve energy efficiency. The proposed energy efficient link In this section, we analyze UDP/LL performance without

layer backoff algorithms are defined as follows. backoff. The LL is characterized by two parametéfs and
Linear Backoff In a linear backoff scheme, oith succes- Lr,WhereNy is the number of LL packets per UDP packet and

sive failure of a LL packet, the LL leaves the channel idle fokr is the number of LL retransmissions allowed for a failed LL

i number of subsequent LL time slots, i.e., the backoff deldacket. Depending on channel error rate, LL retransmissions

grows linearly on each successive LL packet failure. can increase the transmission time of UDP packets. Here,
Binary Exponential Backaffn this scheme, the LL leaves theWe are interested in evaluating the throughput and the energy

channelidle fo2’ — 1 number of LL time slots oth successive €fficiency at the UDP layer. To do that, first we will find the

failure. transition probabilities of packet success and fail at the UDP
Geometric Backoffin this scheme, there is a parameter level. Define

0 < g < 1. Following an idle or LL packet failure, the LL  * p,, = Prob{at least one out af LL packets fails, given

leaves the channel idle in the next LL time slot with probability ~ the first LL attempt is a success};

g (or equivalently, transmits a LL packet with probability- g). . q,(f) = Prob{at least one out af LL packets fails, given
In other words, the expected number of backoff slots following  first LL packet already ha& < Lg retransmissions and
a failure is given by /(1 — g). current LL attempt is a fail};
» u, = Prob{current UDP packet is fail given last LL trans-
I1l. UDP/LL A NALYSIS mission of previous UDP packet is success};

» uy = Prob{current UDP packet is fail given last LL trans-

In this section, we analyze the throughput and energy effi- mission of previous UDP packet is fail}.

ciency performance of a generalized UDP/LL protocol stack, ) ) . (k) .
with and without LL backoff, operating on a point-to-point wire-/Vé can write recursw(eLr%Iatlon on andg,* with the bOl(Jkr;dary
less link. conditionsp; = 0,¢» ® = 1,1 < n < Np andgq,’ =
. Lr—k )
System Model:We consider a UDP/LL protocol stack asq( r=k) 0 < k < Lr — 1. Then, for2 < n < Ny and
shown in Fig. 1. For example, one UDP end-point could be @< k < Lr—1
a mobile terminal and the other at the interworking function ©)
(IWF) of a base station [13]. We consider only the wireless Pn =pPu—1+ (1 = p)a, 24 1)
segment here because it is this segment which significantly -~ o .
influences the performance in a wireless network. In betwe Inthese def|n|t_|0nsattemp1refersto LLtransm|SS|on,|.e.,a_n0n|d|e LL slot,
Intiue p : . 8t LL transmissiomefers to last attempt of the last LL packfist LL trans-
the UDP layer and the link layer, there can be an IP layer antbsionrefers to the first attempt of the first LL packet. For example, denote a
a PPP |ayer [13] The base station IWF assigns the mobijeslot by a square bracket, the LL packet number by the numeral and the se-
terminal a tem orér IP address upon call establishment. T usence of attempts by the alphabet inside it. Let, for this example= 4 and
' mporary 5S Up abll - MRS — 2 Then, in [1a][1b][2a][3a][3b][3c][4a], every slot is an attempt, [1a] is
IP address is unique and valid for the duration of the dat first LL transmission and [4a] is the last LL transmission.



SONI AND CHOCKALINGAM: PERFORMANCE ANALYSIS OF UDP WITH ENERGY EFFICIENT LINK LAYER ON MARKOV FADING CHANNELS 771

¢ =1 - q)pn + qq{F+Y (2) terval [0,7]. From renewal theory [21], we have the following

fundamental result:
andu, andu; are given by

IR PinS)

RM ; :
us =ppn, + (1 — p)q](\(r)) 3) lim (1) _ e jeq ®)
© e RO T vy PuRD
up =(1—q)pn, +qqy, - (4) P =2 ij

In the abovep andq are the Markov parameters representinghich can be easily computed for a number of cases of interest.
the first-order Markov channel model. Now, define For example, letS;;, C;;, and D;; be the average number of
« (™ = Prob{the last LL transmission of the current UpPSUccessfully received packets, amount of consumed energy and
packet of length: LL packets is success given the curreri™€ delay associated with transitiop. Then, if R®) = D,
UDP packet is a fail}; evaluation of (8) forR(Y) = S andR(Y) = C gives the av-
. vgg) — Prob{the last LL transmission of the current upperage throughput and energy consumption, respectively. Here,

packet of length: LL packets is success given the currerfergodicity of all processes involved is assumed. On the other
UDP packet is a success}. hand, the choice&?) = S andR® = C yields the energy

Clearly,u{™ — 1, for anyn. We can write recursive relation efficiency of the protocol. Therefore, once the Markov chain
(n) ert | Lo 1) for the protocol evolution has been found, all the relevant per-
onvy,, with boundary condition;” = 0, as formance metrics can be easily computed from the above. Ac-
cordingly, the UDP throughput in our analysis can be obtained

7 i—1 fo i as Uqur,cNL Lsucr, + Lfail + Lidle ’ WhereUsucc iS the mean
”;s) :”J(“S "lpr-p) Z ¢'(1-q) number of S/lSCCGSSfU| UDP packe)ts ina UDP cycle (a UDP cycle
=0 is defined in the next paragrapt),uce, L.y and Ligy. are the
(i-1) Ln ; mean number of successful LL packets, failed LL packets and
+ (1 T ) Z ¢’'(1-q) idle LL slots, respectively, in a UDP cycle. Also, defining one
(1) J=0 energy unit as corresponding to the transmission of a LL packet
=vi (p+q— 1"+ (1 - ¢, (5) atanaverage SNR of 0 dB, the energy efficiency can be obtained

as Leuce/(Lsuce + Liann) Normalized by the average SNR.
Let¢ss andgy, be the probabilities that the current UDP packet To find the UDP throughput and energy efficiency, we need to
is success given that the previous UDP packet is success and &lculate the mean number of successful and failed LL packets
respectively. Also, defing.; = 1 — ¢.. andgs; = 1 — ¢r..  ina UDP cycle, where a UDP cycle is defined as a sequence of
These transition probabilities are obtained as successful UDP packets followed by a sequence of failed UDP
packets, which then repeats (see Fig. 2)./lls the number of
hos = (1 — ug) vN0) 4 (1 = uy) (1 - vgw) (6) UDP packets in a cycle. In order to determine the mean number
of successful and failed LL packets, defiag and f,, as the
) (") mean successful LL packets and failed LL packets, respectively,

. _ sent for transmitting one UDP packet of length_L packets,
1) UDP Throughputand Energy Efficiencyn [18], Zorziet o that the first LL transmission is success. L&t andg{*)

al., in their study of energy constrained error control for wirebe the mean successful LL packets and failed LL packets, re-
less, introduced the definition of energy efficiency to be the rat ectively, sent for transmitting one UDP packet of lengtt

of the amount of data delivered to the total energy consumed kets, given that the first LL packet already ha@ L) re-

a more appropriate metric than just battery life. This metric h nsmissions and the current LL attempt is a fail.

been subsequently used in several studies in the analysis of thﬁlith the boundary conditions; = 1, tlLR) —0 andtgk) _

energy performance of various protocols [4], [19]. Itis assum&d L, —k—1 ¢ (1 — )0 < k < Ly, we can solve the following

that the protocol evolution can be tracked by means of a Markgy/=9 .

A o <n<N <k<Lp-1:
chain with finite state spade. For example, this is the case forarelatmns recursively, fob < n < Np and0 < k < Lr
protocol with finite-state machine in the presence of Markovian sn =1+ psn_1 + (1 — p)tglO) 9)

errors, a situation which is a good approximation of reality in a

N, N,
bps = (1= u) o} + (1= up) (1= 0§}

(k) — 4(k+1) _
number of situations [15]-[17]. By appropriately defining met- b =4ty + (1= q)sn (10)
rics on the transitions of this chain, renewal reward analysis I—d fork = I,
lows to compute throughput and energy performance [18], [2 ? R

as fol!ows. LetP;; be the transition probability from staigo () = qtgg)_l) + (1= q)sn_1. (11)
statej and letw; be the steady-state probability of the chain

ey il it the boundarycondiionst — 0, " = 1
P y O%ndg™) = SERE jgi=i(1 = q) + (Lp — k+ 1)gle=k, 0 <

i iong(1) (2 - . . :
eral, consider two reward functiong, ™ and 2™, wherer; ", k < Lpg, we can solve the following relations recursively, for

R are quantities associated with transitigrand letR() (7), <n<Noand0 < k < Lp — 1:
Ré) (1) be the cumulative values of those functions, i.e., the
total reward earned through the system evolution in the time in- fn =pfn_1+ (1 — p)gg)) (12)
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teq J UDP packet successes I-j  UDP packet fails te

. ’ F S } S ‘ S ’ ......... l S ‘ S ’ S F “ F E F } ......... ‘ F ‘ F ' F S ’. .
th S \\ /' \\\ th l d .
¢ cycle starts ¢ cycle ends

iR % \

LL S]Ots I ls‘s F| ..... ‘s ........... |F‘S‘ Is[. “ e . F|F| .. .[F “ e ‘s|

LL packets — 12 3 N
(i) All LL packets succeed (ii) At least one LL packet fails

Fig. 2. UDP transmission cycle.

ggk> =1+ qgﬁf*” +(1=q)fn (13) Let Lgy.. denote the mean number of successful LL packets,
L¢.;) denote the mean number of failed LL packets dng.
and fork = Lg the mean number of idle LL packets in a UDP cycle, then
(Lr) 0) co 1—1
gn " =1+4q94,_1+ (1 =) fn1. (14) Louee = Y _ Y (§Ss + (1= §)Sy) P{C = 1,U = j}
=2 j=1
Let l,., l.f, andl,; be the mean number of successful LL (20)
packets, failed LL packets and idle LL packets, respectively, in oo -1 . _ _
the current UDP packet, given that the last LL transmission of s = Y ¥ (iFs + (I— j)Fy) P{C' =1,U = j}
the previous UDP packet is in statewherer can be eithes, =2 j=1
which stands for success, ¢rwhich stands for fail. Then (21)
oo 1—1
Lidlc: (JIs“F(l_J)If)P{C:l/U:j}
lss =psn, + (1 - p)tg\?i (15) ; 12:;
Ls =pfn, + (1= p)gy) (16) (22)
_ (0)
lgs =(1 = q)sn, + aty, (17)  The mean number of successEs,.., in a UDP cycle is given
lrs =(1=a)fn, + a9y, (18) by
oo 1—1
Note thatl,; = 0 andl;; = 0 in this case. Now, defin€, and Usior = Z ZjP{C =1,U = j}. (23)
St as the mean number of successful LL packets in the current 1=2 j=1

UDP packet, given that the previous UDP packet is a success and .

fail, respectively. Also, defin&, andF; as the mean number of YSINg the above expressions fdisuce, Liai, Lidie, and
failed LL packets in the current UDP packet, given that the pr&suce; the UDP throughput can be obtained &8Nz
vious UDP packet is a success and fail, respectively. SimilarffLsuce + Liaii + Liaie) and the energy efficiency can be
define, and!; as the mean number of idle LL packets in th@0tained asisuce/(Lsuce + Lrair) normalized by the average
current UDP packet, given the same conditions as above.

Then,Ss = lss, Fs = lsp, Is = 1o _
B. UDP/LL With LBO

I I In this section, the performance of UDP with LBO at the LL
Sy =hst§s™) + 15 (1 0f2") . . ok
f=rssVrs fs fs is analyzed. Orith successive fail of a LL packet, the LL keeps
Fy =lsfv§c€“) Ty (1 _ vfgﬁ)) idle fori number of_subsequentslotsﬂﬁ retran_smlssmns fail,
the backoff delay is reset to zero and is as if a fresh backoff
I :lsiv;f” +lgi (1 — v;fj“) . is applied to the next transmitted LL packet. The analysis for

this case is similar to that without backoff. We will use all the

. . _definitions used so far for the subsequent cases also. We can
Let C be the random variable representing the cycle duratlgv ite the new relations as follows

and letU be the random variable representing the number o For p,, andq,(f), all boundary conditions remain same as in

UDP successes in it, then, we have Section I1I-A, exceptﬁk) _ lL:R;kH sy 0< k< Lp—1

' iy and (2) becomes
P{C=1U=j}= ¢l (1= dss) (L= ps) 77 s
(19) 4\ = Skyopn + VegaqFTY (24)
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whered; and~; are the probabilities that LL success and failurEor f, andgr(lk)
occur, respectively, atr¢ + )th slot given themnth slot is a

failure for anym > land: > 1. Q.bserve that, for any > 1, ®) if‘: Gk 1)y - H
8i + v = 1. With boundary condition§; =1 —gandy; =¢q, 91 = J 21 Tam
we can write recursive relations épand-y; as J=k+1 m=k+1
6 =7ie1(1 — q) + 8imap, i > 2 (25) H(Ir—k+1) 1;[ vy 0sksle-l
. m=k+1
Yi =Yic1q + i1 (1 —p), i > 2. (26)

and (13) for2 <n < Np and0 < k < Lr — 1 becomes

The relation omffs‘) can be written as . -
9 = 14 7o g0 + b0t fr (32)

(@) (i-1) (l 1))
Vps =Vps - (P (L=p)V) + (1 Uy ) (1-49)+4V)  The UDP throughput and energy efficiency are calculated the
_U;: 1) (p+q—1)(1-V))+(1—q)+qV 27) same way as before.

L+l (1) D. UDP/LL With GBO
whereV = Z R ] Hm 2 Tm andvf =0. NOW (/)ssv ¢fs

and, thus, UDP throughput can be calculated using the samd the case of UDP with LL geometric backoff, the GBO
relations given |n Sectlon HI-A. has a stochastic backoff delay rather than deterministic delays

For s. and t*  the boundary conditions and the reds in LBO and BEBO. During backoff, we have four possible

cursive relations can be written as = 1, AIr) states, LL success, LL falil, LL idle with possible success, and
() _ gnLrl 5, 0<k <_L 11 Th - for ' LL idle with possible fail. Denote these states by 0, 1, 2, and
1= 20k IT.- k+2 Tms R en, 3, respectively. Let, (i, j) be the probability that the current

2sns Ny ando <k < Lr —1,(10) becomes state is: and thenth state after the current statejisvithout

passing through success state in between. We have the following
boundary conditions: fof = 0, 1,6+(%, j) = (1 —g)px; and for

K J—2391(7J)—gpk(J 2), Wherek = i mod2,0 <i <3
Similarly, for £, andgy"), the boundary conditions and the '®andp,,,, is the one step transition probability from the sthte
cursive relations can be written s = 0, g{""* = 1 m when there is no backoff. Then, far< n < Lz, the recur-
sive relations can be written as

t0) = Yot 4 §ppa5n. (28)

Lr+1

(k) 3
0= (G-k=-13 H i - | .
Parwtt m=i2 On(i,5) =Y On_1(i,)01(1, ). (33)
Lr+1 =
+(Lp—k+1 s 0<k<Lg-—1. . ! .
2 ) ml—k[Jrz K f Now, in addition top,, andq,(f‘), we need to define two new vari-

ables rf,(k) andrn(k) as the probabilities that at least 1 outrof

Then, for2 <n < Ny and0 < k < Lg — 1, (13) becomes LL packets fails, given the first LL packet already Wael Iz
attempts and the current attempt is idle with possible success

9% =1+ 429t 4 8o f (29) and idle with possible fail, respectwely Now wifh =
(Lr) _ 1 p3(ER) — g andrf L) — 4 for1 < n < NL
The remaining steps to compute UDP throughput and ene@yd a0 k) = 1 — hy_ £(1,0), r “(k) = 1- 0nx_k(2,0), and
efficiency are same as that in Section IlI-A. rT 8 = 1 = 0y 1(3,0), for 0 < k < Lg — 1. Then, for
l<n<Nrand0< k< Lp-—1
C. UDP/LL With BEBO ©)
, w =Ppn—1+ (1 — 34
In the case of UDP with LL BEBO, fop,, and ¢, all Z) PP-1 + (1= P)tn=y (k) (34)
boundary conditions remain same as in Section llI-A, except @ =(1=9) 1 —q)pn + (1 - 9)aq,,
¢ = [TE%7* 45040, 0 < k < Ly — 1 and (2) becomes +g(1 = q)rs*T 4 ggrfE+D) (35)
o ) ) =(1 = g)ppn + (1 = 9)(1 = p)g{FTV
— 62k+1pn + Yok+14,, (30) + gp,r.:L(k-l-l) + g(l _ q)rg(k+1) (36)
f(k) — (k)
The expressmn forv in (27) holds here too with " =l (37)
V= Z 1 62 Hm 172”7- . . . Define for0 <i < 3
Similarly, for s, and &, = D itk 02 « u; = Prob{current UDP packet is fail given the state of
Hm 1k+172m, 0 < k < Lrg — 1 and (10) becomes for last LL transmission of previous UDP packet}s
2<n<Nrand0<k<Lg-—1 (") = Prob{the last LL transmission of current UDP

packet of lengt LL packets is in state given that cur-
t0) = o 8D 4 6 s, (31) rent UDP packet is a fail};
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. UE?) Prob{the last LL transmission of current UDP packe 8 ‘ e
of lengthn LL packets is in statégiven that current UDP oo} "°%° a8 EXe® o ]
packet is a success}. fqT=0.000171 AT et
Clearly,uy = ug, ’U,3 =y andv(") =1forj=o0and0for °°| e ° 4/4 1
j=1,2,3.We havev = Uandvf] =0,(1,5)/8,forj =  orf o Bfe 4 1
1, 2, 3, whereS = Z 1 00,(1,5). Then, withk = I mod2 _ 4l o e 4 |
andp,,,, defined as the one step transition probability from stag s 8/ 0 //(
[ to m as before 2o5r ‘ / / ——  nolL, analysis
o m AP //+ ___  N=32/L_=1 analysis
3 Lgr S04t i @’ i . N=32,L.=8, analysie
S Wl (PR SUAIRC) I R S A R i
= 0 n=1 ( P // x no LL, simulation
] 0.2k 8 é/ /4- + N =32 L_=1, s?mulat?on
o Z v el (Ld), 1<i<s @9 [ RS O N e e
. P4y ’ /+//’ a N =82, L,=64, simulation
Now, ¢ss and¢ ¢ are given by oot 6Tt = = = -
Average SNR (dB)
Pss = (1 = uo) (40) _ . .
3 F[g. 3. UDP threughput performance with and wnhput LL. I:L has no backoff.
bre = Z (1— w) ’U;l ©) (1) Ny =1024B. N, =32.Lp = 1,8, 16, 64.f,T = 0.000171.
- P =g —1 (51)
from which UDP throughput can be computed.
Next, to determine the energy efficiency of UDP/LL withand forl < n < Nj,
GBO, we defineus™ andu{™ as the mean successful LL )
packets sent for transmitting one UDP packet of lengthL fo =pfa1+ (L= p)gny (52)
packets, given that the first LL packet already liag Ly re- gfm) =1 4 qq(o) + (1= q)furs (53)
transmissions and the current LL transmission is idle with pos- e (LR) (0 54
sible success and idle with possible fail, respectively. Also, de- 'n =(1 = p)gn-r +Pfar (54)
fine hi* andhi® as the mean failed LL packets sent for trans- hf(Er) =gl — 1 (55)
mitting one UDP packet of length LL packets, given that the . .
first LL packet already hatl < L retransmissions and the cur-NOW. the equations faf; and F'y can be rewritten as
rent LL transmission is idle with possible success and idle with (Lr) . (Ln) (Lr) (LR)
p(ossmlefall respectively. With th)e boundary conditieps= 1, £ =lss (“fo T Vfs ) +lys (“h + oy ) (56)
t 0,u =0, andu? = 0, we can solve the fol- _ (Lr) (LR) (Lr) (LR)
Ic1>wmg equatlon recursively, 1fo‘lr <n<Npand0 < k < Lg: Fy =lss (v ( Uy ) NUAAC ( + g ) (57)

t) =(1 = 9)(1 = q)s, + (1 — g)gt*+D i
n =(L=g) (1 = q)sn + (1= g)aty remaining same.

with all other equations for calculating the energy efficiency

+g(1 = quy Y 4 gguf -+ (42)
uy® =(1 = g)psn + (1 — g)(1 — p)t{FD) IV. RESULTS AND DISCUSSION
s(k k
+ gpup Y 4 g(1 = pluf Y (43)  The UDP throughput performance with LL having no backoff
uf®) =¢(k) (44) is computed for different values of number of LL retransmis-
sions,Lg = 1, 8, 16, 64. The following parameters are used
and forl <=n < Np in all the UDP/LL plots in Figs. 3-6; UDP packet sizly =
_ 0 1024 B, number of LL packets per UDP pack&f; = 32, nor-
sn =LA psno1+(1=p)ha"y (45) malized Doppler bandwidthf; T = 0.000171. This f;T cor-
t(Lr) —qt( )4 (1= q)sna (46) responds to a Doppler frequency of 1 Hz and a link speed of
u;(LR) =(1-— )t( )1 + psn_1 (47) 1.5 Mp/s. Such_low values QﬁdT corr'esponds_, to high corre-
F(Lr) —+(Ln) lation in the fading process which will result in long LL error
ug, R :tn R (48)

With f; = 0, g{*®) = 1, B;*®) = 0 andh!“®) = 0, we have
forl <n < Npand0 < k < Lp

bursts. The Markov parametessandq were obtained through
correlated Rayleigh fading simulations using Jakes model [1],
[17]. Note that(1 — ¢) ! is the average length of the LL error
burst. The performance of UDP without any LL is also plotted in

gr(zk) =1+ (1—g)(L—q)fn+(1— )qgngrl) Figs. 3 and 4 for comparison'purposes. Note that UDP without
+g(1— )hs(’““) 4 gghf G+ (49) LL corresponds to UDP/LL withVy, = 1 andLg = 0.
o(k) g 4)in 940 (kt1) From Fig. 3, it is seen that UDP/LL withr = 1 performs
hy™ =1 = g)pfa+ (1= 9)(1 = p)gn worse than UDP without LL. This is because, attempting re-

+ gph*+D 4 g(1 — p)hf+D (50) transmission only once is not adequate for recovering from LL
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Fig. 4. Energy efficiency versus UDP throughput with and without LL. LL hagig. 5.  Comparison of UDP throughput performance versus average SNR for
no backoff. Ny = 1024 B. Ny = 32. Lr = 1,8, 16, 64.f,T = 0.000171.  ng BO, LBO, BEBO, and GBO at the LLf,T = 0.000171. g = 0.8 for
GBO.
errors, particularly when the channel is bad for a long time (as
in the considered case ¢§7T = 0.000 171, where the channel N
correlation is high). As the number of retransmission attemg ¢
Lgisincreased, UDP/LL performs better than UDP without LL :
This is because the chances of UDP packet being delivered ¢ 0 T
rectly improves as the LL becomes increasingly persistent (lar
Lg)inthe LL error recovery. In other words, if the LL persists_
to recover an error long enough to outlast the bad channel cn.§
dition (e.g., beyond the average LL burst error length, given &

T T T T T T T T

1) A~ de=0.000171

0
56t

5o

1/1 — q), then the UDP throughput is expected to improve, e§ ] x N =32, L =64, No BO : Analysis 8
observed in Fig. 3. Thus, choosing a large valud gfis pre- N Eiii’ t“:;O'BLEBB%:-/:ﬂyssliss
ferred. Fig. 4 shows the corresponding energy efficiency vers Z Nt=32: FGBO : Analysis
UDP throughput performance comparison of UDP/LL NBO (n _ N=32,L_-64,NoBO : Simulation
backoff) and UDP without LL. The shape of the energy effi - Efgz’ tﬂ=;°éLEBB%1§T”“'f‘i9”
. . . o =32, L_=5, : Simulation
ciency curves can be expla_m_ed as follows. ng_her th_rough[: Nt=32’ RSB0  Simulation .
may be achieved by transmitting higher power (i.e., high SNI "

N 0 N N I | I
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
UDP throughput

but may incur reduced energy efficiency due to higher ener o o1

consumption. This is evident from the plots in Fig. 4 where
different points on the curves correspond to different valugsy. 6. Energy efficiency versus UDP throughput performance for no BO,
of average SNR. Specifically, moving along the curves towak&0. BEBO and GBOf.I" = 0.000171.g = 0.8 for GBO.
the right-hand side of the plots corresponds to increasing SNR
values. It is observed that, by choosing large valuesgfthe the schemes. For example, in the case of LL with no backoff,
energy efficiency of UDP with LL is improved compared taLg = 64 means that retransmission can be attempted in up to
UDP without LL. For example, for average SNRs greater thardg consecutive slots following the first failure of a LL packet.
dB, UDP/LL with L = 64 offers better energy efficiency thanWhereas in the case of LBO scheme, 10 retransmission attempts
UDP without LL. Also, as we will see next (in Figs. 5 and 6)can be made over 65 consecutive slots following the first failure
the LL backoff algorithms result in even better energy efficienayf a LL packet and the slots in between these retransmission at-
compared to UDP/LL without backoff. The analytical results itempts are left idle as per the linear backoff rule. Henced, an
Figs. 3 and 4 are found to be in close agreement with the simaue of 10 is chosen for LBO. In a similar way, thg, value
lation results, thus, validating our analysis. for BEBO is chosen to be five. In GBO, up to 64 slots following
The UDP throughput and energy efficiency for UDP/LL withthe first failure of a LL packet are allowed for the LL to attempt
different backoff strategies are computed from respective exetransmission with probabilityl (— ¢) in each slot. The value
pressions in Sections IlI-B, 1lI-C, and IllI-D. The results ar®f g for GBO is chosen to be 0.8.
plotted in Figs. 5 and 6. In order to make a fair comparison, From Fig. 5, it is seen that at high SNR values 20 dB)
the L values for different backoff schemes are chosen in suttDP/LL with and without backoff perform almost similar. In
a way that the total number of slots in the idle-retransmissidhe moderate SNR range of 5-15 dB, UDP/LL without backoff
slot sequence following the first failure of a LL packet (up toffers better UDP throughput than UDP/LL with backoff strate-
and including theL gth retransmission slot) is the same in alfies. This is expected because, by possibly remaining idle in

o
N
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LBO. Ly = 64 for no BO.

some good slots, the backoff schemes would sacrifice sothe scheme with no backoff, as seen from Fig. 6. For example,
throughput. However, note that the throughput loss is not sevesea UDP throughput of 0.5, the UDP/LL with LBO gives nearly
On the other hand, for UDP throughputs up to 0.5, the enerfjydB energy efficiency improvement compared to UDP/LL with
efficiencies achieved with the backoff schemes are higher tham backoff. At a UDP throughput of 0.3, the LBO gives nearly
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2-dB improvement while GBO and BEBO give nearly 1.7 anoo1s : : :
1.2 dB, respectively. Thus, the proposed LL backoff algorithn NoLL
are seen to provide noticeable improvement in energy efficien ootk S fé’c?o .
particularly when the channel undergoes long and deep fa B : e
(e.g., due to shadows). 0012 ]
Fig. 7 shows the UDP throughput performance witg AR
and without backoff under varying fading correlations [fo °0'[ ™o |
fs = 1 Hz, 10 Hz, and i.i.d. (independent and identicalls N
distributed)]. Fig. 8 shows the corresponding energy efficienc **f e |

> NS

versus UDP throughput performance. From Fig. 7, it is of NN
served that no BO gives better throughput than LBO, indicatir oo%er N
some loss in throughput due to LBO. This loss in throughp woosl ST |
due to LBO compared to no BO is less when the channel STse
correlated (i.e., wheffiy = 1 Hz, 10 Hz) than when the channel || TUREL |
is uncorrelated (i.i.d.). Also, throughputs ffif = 1 Hz, 10-Hz TR
cases are better than i.i.d. case. This observation is similar | ‘ . ‘ ‘ . : ‘ ‘ ‘
previously reported observations that some protocols canp ~ °  °" %2 0 04 e O 0800
form better in correlated errors than in i.i.d. errors [22]. From _ _
Fig. 8, it is observed that when the channel errors are correla%?jnilL-L’ 'Bf'v"tm"';‘gaé‘ge ‘L’{‘\’;’i'tche&agfg‘éé’eorz‘:%%%'g}h;;”ihg%to%e{;of"ance
(fa = 1 Hz, 10 Hz), for a given UDP throughpu&(0.7), 1, = 64 for No BO. L = 10 for LBO, L = 5 for BEBO.g = 0.8 for
LBO results in better energy efficiency than no BO. When theso.
channel errors becomes more and more uncorrelated (i.i.d.),
the energy efficiency benefit of BO over no BO manifests onlyG.711). Newer voice coding schemes which use code book ex-
when the channel error rate is high (for throughputs0.3). cited linear prediction techniques result in significant reduction
When the channel error rates are very low and the errors gigit rates (e.g., 8 kb/s for G.729A) at the cost of additional en-
uncorrelated then BO is not beneficial, which is expected.  coding delay. Taking into account the headers that correspond to
_ each of the protocol layers, the rate of packetized voice streams
A. Delay Performance of Voice Packets remain in the order of tens of kb/s. Here, we take the data rate
In this section, we consider the mean delay and delay vaofthe voice source to be 16 kb/s. In addition, speech consists of
ation performance of voice packets and the associated eneagyalternation of talk-spurts and silence periods. Here, we con-
efficiency performance over a wireless link that uses UDP faider the voice source as an-OFFsource, where voice packets
transport of voice packets and the proposed backoff algorithma® generated duringN periods and no packet gets generated
at the LL. duringoFF periods. We assume that tbe andoFF periods are
In terms of traffic characteristics, voice streams have low dagaponentially distributed with meaoN period of 400 ms and
rates (in the order of tens of kb/s) and exhibit low burstinessieanorr period of 600 ms [23]. Delay and delay jitter perfor-
The traditional voice encoder uses pulse code modulation whitiance requirements are stringent for voice. The requirement of

generates 8-b samples every 125 leading to a rate of 64 kb/s maintaining good real-time voice quality limits the maximum
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tolerable round-trip delay to 200—-300 ms and delay jitter to lessterms of throughput. Also, the mean delay increases because
than 50 ms [24]. It is of interest then to understand how the prof LL retransmissions. Note, however, that the mean delay with
posed LL backoff algorithms on wireless links affect the delayL retransmission is less than 20 and 10 ms for UDP throughput
and delay jitter performance of voice packets and the cornealues better than 0.3 and 0.6, respectively. The delay variance
sponding energy efficiency performance. for different LL backoff algorithms also do not exceed 4 ms
We evaluated the mean delay and delay variation of voiéer UDP throughput values better than 0.6 (see Fig. 11). Since
packets at the UDP layer and the energy efficiency performari@0—-300 ms round-trip delay and less than 50 ms delay jitter
through simulations using.s [25]. We considered a single are adequate to maintain good quality voice [24], the additional
1.5 Mb/s wireless link undergoing flat Rayleigh fading. Th&0 ms mean delay and 4 ms delay variation due to the proposed
LL packet size is 32 B and the UDP packet size is 1024 B. Thé retransmission and backoff can be acceptable.
Ly values for different BO schemes ate;p = 64 for no BO, In Fig. 12, we plot the probability that the packet delay ex-
Lz = 10 for LBO, Ly = 5 for BEBO andg = 0.8 for GBO. ceeds a certain delay thresholfl, with and without BO for
We incorporated the LL backoff algorithms and the correlatefy = 1 Hz, SNR=5 dB, with Lz = 64 forno BO andLy = 10
fading channel model characterized by the Markov parametefigy, LBO. It is observed that even with BO, the probability that
in ns. The performance results from the various simulatiotiie packet delay is in excess of 50 ms is less than 1%. In other
experiments are shown in Figs. 9-13. words, with a delay threshold of =50 ms, the voice packet
Fig. 9 shows the UDP throughput performance as a fundrop probability due to delay exceeding the threshold is less
tion of average SNR af; = 1 Hz for: 1) UDP without LL; than 1% even with BO. The mean and variance of the delay cor-
2) UDP with LL and no backoff; and 3) UDP with LL backoff responding to this LBO plot is about 22 and 6 ms, respectively.
including LBO, BEBO, and GBO. Figs. 10 and 11 show thé Fig. 13, we plot the energy efficiency as a function of this
corresponding mean delay and delay variance of voice pack@@gket drop probability at a delay thresholddof 20 ms [i.e.,
respectively, as a function of UDP throughput. From Figs. @ob(delay> 20 ms)], with and without BO forfy = 1 Hz,
and 10, it is observed that UDP without LL performs poorek0 Hz, and i.i.d. The prob(delay 20 ms) value on the axis is
in terms of throughput but performs the best in terms of delagarameterized by varying the average SNR on the link. It is ob-
This is because, without any LL, there is no retransmission ag@rved that the LBO gives about 2-3 dB more energy efficiency
recovery of erroneous packets, resulting in a constant delaytidan no BO, particularly when the link experiences deep fades
about 6 ms (which is due only to UDP packet size and propadhigh error rates) and bursty errorg; (=1, 10 Hz).
tion delay on the wireless link) irrespective of the error rate on In [26], based on actual measurements on wireless network
the channel. On the other hand, UDP with LL performs error reards (AT& T Wavelan card, Metricom wireless modem), it has
covery through LL retransmissions and, hence, it performs bé&sten shown that the power drained by network interface cards in
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wireless mobile devices constitute a larger fraction of the total
power used by these devices. It has also been pointed out thaf
the cost of sending packets is much more (double in the case
of Metricom modem) than the cost idling or receiving packets. 2
In the context of the above, our proposed LL backoff strategiesis)
which attempt to avoid sending packets during bad channel con#l
ditions is a simple and effective way to increase energy savings
in wireless mobile devices through protocol means. Further, thgs)
proposed LL backoff algorithms are easily implemented without
much increase in complexity and they could be easily incorpo-[6
rated within the framework of link layers defined in recent wire-
less standards. 7

V. CONCLUSION -
8
We analyzed the throughput and energy efficiency perfor-

mance of UDP with linear, binary exponential and geometric [°!
backoff algorithms at the link layer on point-to-point wireless
fading links. The multipath fading channel was modeled[10]
as a first-order Markov chain. The analytical results were
verified through simulations. We also evaluated the meary)
delay and delay variation performance of voice packets and
energy efficiency performance over a wireless link that use§?
UDP for transport of voice packets and the proposed backoff
algorithms at the LL. We showed that the proposed LL backoff13]
algorithms achieved improvement in energy efficiency of the
order of 2-3 dB compared to LL with no backoff, without [14]
compromising much on the throughput and delay performance.
Such energy savings through protocol means will improve théls]
battery life in wireless mobile terminals.
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