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Abstract: We propose a novel cross-layer analytic approach to performance evaluation of
delay/loss sensitive IP-based applications running over the wireless channels.
We firstly extend the small-scale propagation model representing the received
signal strength to IP layer using the cross-layer mapping. Then, we replace the
resulting IP layer wireless channel model by an artificial equivalent arrival pro-
cess using the error/arrival mapping. To get performance parameters of interest
we use this process together with arrival process modeling the traffic source as
an input to the queuing system with deterministic service time, limited number
of waiting position and non-preemptive priority discipline representing the IP
packet service process of the wireless channel.
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1. INTRODUCTION

To predict performance of wireless channels, propagation model s represent-
ing the received signal strength are often used. However, these models cannot
be directly used in performance evaluation studies and must be previously ex-
tended to the IP layer at which QoS is defined. For such extension to be accu-
rate, we have to take into account specific peculiarities of underlying layersin-
cluding modulation schemes at the physical layer, data-link error concealment
techniques and segmentation procedures between different layers. Wireless
channel model for performance evaluation studies must be cross-layer com-
plex function of propagation characteristics at the layer of interest.

Uptodateonly afew studies devoted to | Player performance of applications
running over the air interface have been published. Most studies were devoted
to performance of the data-link layer protocols (Krunz and Kim, 2001; Zorzi
et al., 1997) and rely on approaches specifically developed for wireless trans-



mission medium. Hence, they often require new approximations, algorithms,
stable recursions etc. Additionally, most of them adopt restrictive assumptions
regarding the performance of wireless channels at layers above physical which
may lead to incorrect estimation of 1P layer performance parameters.

In this paper we propose a cross-layer anaytic approach to performance
evaluation of delay/loss sensitive | P-based applications running over the wire-
less channels. To use results available in queuing theory we show how to rep-
resent the problem of unreliable transmission over the wireless channel using
asimple queuing model with two inputs. To achieve this goal wefirstly extend
the small-scale propagation model representing the received signal strength
to the IP layer using the cross-layer mapping. Then, we replace the IP layer
wireless channel model by an artificial equivalent arrival process using the er-
ror/arrival mapping. We use this process together with the arrival process mod-
eling the traffic source as an input to the queuing system with deterministic
service time, limited number of waiting position and non-preemptive priority
discipline modeling the service process of the wireless channel.

Our paper isorganized asfollows. In Section 2 we review propagation char-
acteristics of wireless channels and models used to capture them. In section 3
we propose an extension to the IP layer. Performance evaluation is carried out
in Section 4. Then, in Section 5 we provide numerical examples. Conclusions
aredrawn in the last section.

2. WIRELESS PROPAGATION CHARACTERISTICS

To represent performance of wireless channels propagation models are used.
Usually, we distinguish between large-scale and small-scal e propagation mod-
els (Rappaport, 2002). The latter ones capture characteristics of wireless chan-
nel on a finer granularity than large-scale ones and implicitly take into ac-
count movements of users over short travel distances (Saleh and Valenzuela,
1987; Durgin and Rappaport, 2000). To capture small-scale propagation char-
acteristics we have to take into account the presence of L OS between the trans-
mitter and a receiver. In the presence of dominant non-fading component the
small-scale propagation distribution is Rician. As the dominant component
fades away Rician distribution degenerates to Rayleigh one.

Model of small-scale propagation characteristics

Assume a discrete-time environment, i.e. time axisis sotted, the sot dura-
tion is constant and given by At = (¢;41 — t;),7 = 0,1,.... We choose At
such that it equals to the time to transmit a single bit at the wireless channel.
Hence, the choice of At explicitly depends on properties of the physical layer.

Small-scal e propagation characteristics are often represented by the stochas-
ticprocess{L(n),n = 0,1, ...} modulated by the discrete-time Markov chain
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{Sc(n),n =0,1,...}, Sp(n) € {1,2,..., M} each state of which is asso-
ciated with conditional probability distribution function of the signal strength
Fr(kAfli)(Af) = Pr{L(n) = kAf|Sp(n) =i}, k = 1,2,...,N, i =
1,2,..., M,where N isthe number of binsto which the signal strength is par-
titioned and A f isthe discretization interval (Zhang and Kassam, 1999; Swarts
and Ferreira, 1999). Underlying modulation allows to capture autocorrelation
properties of the signal strength process. Since it is alowed for the Markov
process {Sr.(n),n = 0,1, ...} to change the state in every time slot, every bit
may experience different signal strengths.

Let Dy, and 7, = (w1, 72, ..., ) be the one-step transition probability
matrix and stationary probability vector of {S7.(n),n =0, 1,... } respectively.
Parameters M, Dy, Fr(kAf|i)(Af), must be estimated from statistical data
(Zhang and Kassam, 1999; Swarts and Ferreira, 1999). For the ease of notation
wewill use Fr,(k|7) instead of Fr (kA f|i)(Af).

3. WIRELESS CHANNEL MODEL AT THE IP LAYER

The small-scale propagation model of the received signal strength defined
in the previous section cannot be directly used in performance eval uation stud-
ies and must be properly extended to the IP layer at which QoS is defined. To
do so we have to take into account specific peculiarities of layers below IPin-
cluding modulation schemes at the physical layer, data-link error concealment
techniques and segmentation procedures between different layers.

In the following we define model s of incorrect reception of the protocol data
units (PDU) at different layers. For this purpose we implicitly assume that the
appropriate PDUs are consecutively transmitted at corresponding layers.

Bit error process

Consider acertain state: of the Markov chain { Sy (n),n = 0,1,...}. Since
the probability of asingle bit error is the deterministic function of the received
signal strength (Rappaport, 2002), al values of F,(k|:) that are less or equal
to a computed value of so-called bit error threshold By cause bit error. Those
values which are greater than B do not cause bit error. Thus, each state of the
Markov process {Sr(n),n = 0,1,...} can be associated with the following
bit error probability:

Br
pEi = Pr{E(n) = 1|Sp(n) =i} = Y _Pr{L(n) = k|SL(n) =i}, (1)
k=1

where{E(n),n=0,1,...}, E(n) € {0,1} isthebit error processfor which 1
denotes incorrectly received bit, 0 denotes correctly received bit, {Sg(n),n =
0,1,...} isthe underlying Markov chain of {E(n),n = 0,1,...}. Note that



{Sc(n),n=0,1,...}and{Sg(n),n =0,1,... } aethesameand 7 = 7z,
Dg = Dy, where Dy and 7 are one-step transition probability matrix and
stationary distribution vector of {Sg(n),n = 0,1,... } respectively. By must
be estimated based on a modulation scheme and other specific features of the
physical layer utilized at a given wireless channel (Rappaport, 2002).
Denoteby dg ;;(k) = Pr{E(n) = k,Sg(n) = j|Sg(n—1) =i}, k= 0,1,
the transition probability from state i to state j with correct and incorrect bit
reception respectively. These probabilities are represented in a compact form
using matrices Dg(1) and Dg(0), Dg(1) + Dg(0) = Dg. The state from
which the transition occurs completely determines the bit error probability.
The state to which transition occursis used for convenience of matrix notation.

Frameerror process without FEC

Assume that the length of the frame is constant and equal to m bits. Se-
guence of consecutively transmitted bits, denoted by gray rectangles, is shown
inFig. 1, where(I—1), [, (I+1) denote timeintervalswhose length equal to the
time to transmit one frame; k, ¢, j, denote the state of {Sg(n),n = 0,1,...}
in the beginning of these intervals.

Consider the stochastic process{N (1),l = 0,1,...}, N(I) € {0,1,...,m},
describing the number of incorrectly received bitsin consecutive bit patterns of
the length m. This process is doubly-stochastic with underlying Markov chain
{Sn(l),l=0,1,...} and can be defined viathe bit error process.

Figurel.  Seguence of consecutively transmitted bits at the wireless channel.

Denote the probability of going from state i to state j for the Markov chain
{Sn(1),l=0,1,... }withexactly k, k = 0,1, ..., mincorrectly received bits
in abit pattern of length m by dy (k) = Pr{N(l) = k,Sn(l) = j|Sn(l —
1) =i}. These probabilities can be found using Dg(k), k = 0,1, Tg:

dn,i;(0) = 7 DE (0)€,

dNﬂ-j(m) = ﬁEDg(l)g, (2)

where €'is the vector of ones of appropriate size.
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Let us introduce the frame error process {F'(l),l = 0,1,...}, F(l) €
{0, 1}, where 0 indicates the correct frame reception, 1 denotesincorrect frame
reception. Process {F'(1),l = 0,1,...} ismodulated by underlying Markov
chan{Sr(l),n=0,1,...}. Notethat {Sr(l),l =0,1,... }and {Sn(),l =
0,1,...} arethe same. Let us denote the probability of going from state i to
state j for the Markov chain {Sg(l),l = 0,1,...} withexactly k, k = 0,1 in-
correctly received framesby dy;; (k). Process{N(l),l = 0,1, ... } describing
the number of bit errorsin consecutive frames can be related to the frame error
process { F'(1),l = 0,1, ...} using the so-called frame error threshold Fr:

Fr—1

drii(0) = Y dngg(k),  dpg(1) = dng(k). ()
k=0

k=Fr

Expressions (3) are interpreted as follows: if the number of incorrectly re-
ceived bitsin aframeisgreater or equal to a computed value of the frame error
threshold (k > Fr) the frameisincorrectly received and F'(I) = 1, otherwise
(k < Fr) theframeis correctly received and F'(1) = 0.

Assume that FEC is not used at the data-link layer. It means that every time
aframe contains at least one bit error, it isreceived incorrectly (Frp = 1). Thus,
transition probabilities (3) of the frame error process take the following form:

dr;5(0) = dn,i;(0), dr;i(1) = ZdN,ij(k) =1-dpq;(0). (4
k=1

The slot durationsof {N(1),l =0,1,...} and {F(I),l =0,1,...} arethe
same At’ and related to the slot duration of received signal strength process
{L(n),n=0,1,...} asAt' = nlAt,n=0,1,....

Frameerror processwith FEC

Fr depends on FEC correction capabilities. Assume that the number of bit
errorsthat can be corrected by aFEC codeis!. Then, Fr = (I+1) and aframe
isincorrectly received when & > (I + 1). Otherwise, it is correctly received.
Thus, transition probahilities (3) take the following form:

l m
drii(0) =Y dng(k),  drg(1)= Y dng(k). ©)
k=0 k=Il+1
| P packet error process

Assumethat every IP packet is segmented into = frames of equal size at the
data-link layer. Sequence of consecutively transmitted frames, denoted by gray
rectangles, is shown in Fig. 2, where (h — 1), h, (h + 1) denote time intervals



whose length equal to the time to transmit one packet; k, i, j, denote the state
of theMarkov chain {Sr(n),n = 0,1, ... } inthebeginning of theseintervals.
Assumption of the constant frame size does not restrict the generality of results
aslong as only one traffic source is allowed to be active at any instant of time.

Consider thestochastic process{M (h),h = 1,2,...}, M(h) € {0,1,..., 2},
describing the number of incorrectly received frames in a consecutive frame
patterns of thelength z. Thisprocessismodulated by Markov chain {Sy;(h), h =
0,1,...} and can be completely defined viathe frame error process.

Figure2. Sequence of consecutively transmitted frames at the wireless channel.

Denote the probability of going from state i to state j for the Markov chain
{Sy(h),h = 0,1,...} withexactly k, k = 0,1,...,z incorrectly received
framesin aframe pattern of length z by da;; (k) = Pr{M(h) =k, Sm(h) =
JlSam(h — 1) = i}. These transition probabilities can be found using D (k),
k=0,1and7pof {F(l),l =0,1,...} asfollows:

dp,i5(0) = TrDE(0)€,

0
duij(1) =7p Y D7 ¥ 1(0)Dp(1)DE(0)é,
k=z—1

dMﬂ‘j(Z) = ﬁFchv(l)g, (6)

where 7 isthe stationary distribution vector of {Sr(1),l =0,1,...}.

Let us introduce the packet error process { P(h),h = 0,1,...}, P(h) €
{0,1}, where 0 indicates correct packet reception, 1 denotes incorrect packet
reception. Process { P(h),h = 0,1, ...} ismodulated by underlying Markov
chain{Sp(h),h =0,1,...}. Notethat {Sp(h),h =0,1,...}and{Sr(h), h =
0,1,...} arethe same. Denote the probability of going from state i to state j
for the Markov chain {Sp(h),h = 0,1,...} with exactly k, & = 0, 1 incor-
rectly received packets by dp;;(k). Process {M (h),h = 0,1, ...} describing
the number of incorrectly received frames in consecutively transmitted pack-
ets can be related to the packet error process { P(h),h = 0,1,...} using the
so-called packet error threshold Pr:

Pr—1

dpij(0) = Y durgg(k),  dpy(1) = > dargj(k) = 1= dargg. (7)
k=0 k=Pr
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Expressions (7) are interpreted as follows: if the number of incorrectly re-
ceived frames in the packet are greater or equal to a computed value of the
packet error threshold (k > Pr) the packet isincorrectly received (P(h) = 1).
Otherwise, it is correctly received (P(h) = 0). Since no error correction pro-
cedures are defined for IP layer, Pr = 1 and only d;;(0) must be computed
in (6). That is every time a packet contains at least one incorrectly received
frame, the whole packet is received incorrectly.

Slot durations of {P(h),h = 0,1,...} and {M(h),h = 0,1,...} arethe
same At” and related to the slot duration of the received signal strength process
as At" = nlhAt,n=0,1,....

[llustration of the proposed extension

An illustration of the proposed cross-layer mapping is shown in the Fig.
3 where time diagrams of {L(n),n = 0,1,...}, {E(n),n = 0,1,...},
{N(),l=0,1,...},{F(),l =0,1,...},{M(h),h=0,1,...},{P(h),h =
0,1,...} areshown. To definethe model of incorrect reception of PDUs at dif-
ferent layers we implicitly assumed that appropriate PDUs are consecutively
transmitted at corresponding layers. Hence, the | P packet error processis con-
ditioned on the event of consecutive transmission of packets.
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Figure3. Anillustration of the proposed cross-layer mapping.

4. PERFORMANCE EVALUATION

In this subsection we provide an analytical technique for derivation of vari-
ous performance parameters of the packet service process at the wireless chan-
nel. The proposed method is entirely based on classic queuing theory and
applicable for delay/loss sensitive applications for which only FEC is imple-
mented at the data-link layer.



Artificial arrival process.  Given a Markov chain each state of which is
associated with a certain packet error probability we propose to approximate
the complexity of the packet error process by the so-called *artificial’ Markov
modulated arrival processusing error/arrival mappings. The mapping isstraight-
forward: every time when the packet is incorrectly received with a certain
probability, an arrival occurs with the same probability. Sinceit isnot required
to change the underlying Markovian structure and parameters of the IP layer
wireless channel model, new parametrization procedure is not needed. The re-
sulting arrival processis classified as adiscrete-time Markovian arrival process
(D-MAP). We denote it by MAPE.

Tagged arrival process.  Assume that the arrival process from user’s traf-
fic source is represented by D-MAP {Wr(n),n = 0,1, ...} with underlying
Markov chain {Sr(n),n = 0,1,...}, Sr(n) € {1,2,..., Mr}. According
toit, each pair of statesof theset {1, 2, ..., My} isassociated with probability
of one arrival, i.e. givenapair (¢,5),4,j = 1,2,..., My one arrival occursin
adot with probability pr;; = Pr{Wr(n) = 1,S7(n) = i|Sr(n — 1) = i}
and no arrival occurs with complementary probability 1 — pr;;. We denote
this process by MAP,

Description of thequeuing system.  Werepresent the service process of the
wireless channel by the queuing system MAP+MAPE/D/1/K where arrivals
coming from MAPg are of higher priority than those ones coming from MAP
and every arrival requires a service time of exactly one slot At”. The system
operates as follows. At each slot boundary the server tries to serve an arriva
from MAPg, if any. If not, it serves an arrival from MAPy. It is sufficient to
assume ahon-preemptive priority disciplinefor our system. Indeed, any arrival
coming from MAPg does not wait in the buffer and scheduled for service at
the beginning of the nearest slot. Since at most one arrival may occur per aslot
from MAPg and these arrivals do not wait for service, waiting positions are
only occupied by low priority arrivals. The service disciplineis FCFS for low
priority arrivals.

Queuing analysis.  The loss probability is an important parameter for de-
lay/loss sensitive applications. Given previously defined queuing model we
have to determine packet losses experienced by MAP, due to buffer overflow.

Time diagram of the queuing system is given in the Fig. 4. Complete
description of the queuing system requires a two-dimensional Markov chain
{Sa(n),Sq(n),n =0,1,...} embedded at the moments of departures, where
Sa(n) = Sg(n) x Sr(n) isthe state of superposition of MAP; and MAPg,
So(n) € {0,1,..., K} isthe number of customers in the system at the mo-
ments of departures. Let 7" be the transition matrix of such Markov chain and
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Figure4. Time diagram of the queuing system.

Z = (21,0,., My, k), Ma = MgMr be the row array containing stationary
probabilities. One can solve for Z using 1" = Z, Z€ = 1.

L et us determine the loss probability L, for MAPr asalimiting probability
of ratio between the number of lost arrivals of MAPr in aslot and the number
of arrivals from this processin adlot:

Lr(n)
Ly = lim
r= n—00 WT( )

(8)

Since at most one arrival is allowed in adot from each of arrival processes
the loss of one customer from MAP; aways occurs when the state of the
queuing system is (S4 = i,S¢ = K),i = 1,2,..., MgMy and may occur
when the state of the systemis (S4 = i, Sg = K — 1). We have:

Mg Mt

=D K ZPTW
i=1 j=1

My My Mp

- Z Z L(i,5),K—1 Z PEim ZPT,gl 9

7j=11i=1

wherez(; ;) x and z; ;) k1 ae (i+j, K) and (i + j, K — 1) elements of sta-
tionary distribution of {S4(n), Sg(n),n =0,1,...},prij, .7 =1,2,..., Mr
are probabilities of arrival from MAP7 going from state i to state j, pg;;,
1,7 =1,2,..., Mg are probabilities of arrival from MAPg going from state i
to state j. The mean arrival rate of MAP7 is given by:

My My
= Z T ZPT,ij, (10)
i1 =

whererr,; and 7 ; are elements of stationary probability vectorsof { S (n),n =
0,1,...}and {Sp(n),n=0,1,...} respectively. Substituting (10) and (9) in
(8) we get afinal expression for loss probability.

Let us now denote by E[St¢], E[SE,q] and E[S4 q] the mean number of
customers in the system of MAP;, MAPg and superposed arrival processes



respectively. For these quantities the following simple relation holds:
E[Stq] = ElSaql — ElSEql- (11)

Since MAPg has an absolute priority over MAPr, E[St | can be esti-
mated from queuing system MAPg/D/U/K neglecting those arrivals coming
from MAPr. For arrivals from MAPg in MAPg/D/1/K gueuing system the
Little's result gives.

E[Sgql = EWE]E[Dg], (12)

where E[Dg] is the mean sojourn time in the system of arrivals from MAPg.
One may note that this time is always egqual to the service time (one slot).
Indeed, at most one arrival from MAPz is alowed and this arrival is aways
served without waiting for service. Therefore, we have:

E[SEql = ZWEzZpEZJa (13)

where 7 ; is the it element of steady-state distribution of {Sg(n),n =
0,1,...}. E[Sa,q] can be estimated from the stationary distribution Z as:

MgMr K

ElSaql= ). Z:Ulkk: (14)
i=1 k=0

Finally, substituting (14) and (13) to (11) we get:

MgMr K

E[Stq] = Z Zmzkk ZWEzZpEm (15)
=1 =

5. NUMERICAL EXAMPLES

To provide an example of |P layer performance evaluation | et us assume that
the wireless channel at the physical layer is represented by the Markov chain
with M =4, pg; = 0,7 =1,2,3, pp4 = 0.01 and the following transition
probability matrix:

0.42 0.18 0.24 0.16
0.18 0.42 0.04 0.36
Pe=1007 003 054 036" (16)

0.03 0.07 0.09 0.81

Consider how the segmentation procedures between the data-link and IP
layers affect the mean number of incorrectly received packets at the IP layer.
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Estimated val ues of the mean number of incorrectly received packets, E[P], for
different values of the number of frames to which the IP packet is segmented,
z, number of bitsin asingle frame, m, number of incorrectly received bits that
can be corrected, [, and Bernoulli arrival process with probability of one arrival
sett0 0.7 are shown in Fig. 5. Observing the obtained results we conclude that
z = 1 givesthe best possible conditions at the IP layer. Notethat setting z = 1,
E[P] provides the number of incorrectly received frames at the data-link layer.

E[P] E[P]
1 1 /a—’
0.8 0.8 /
0.6 Val 0.6
0.4 / 0.4
0.2 / 0.2 / /
0 o 0
1 2 3 4 5 z 1 2 3 4 5 z

BEE : (500,5) 828 (1000,10)
—o— (500.10) —o— £(100020)
606 :(500.15) 006 (100030

Figure5. Mean number of lost IP packets for different values of z, m and (.

Assume now that the wireless channel at the physical layer isrepresented by
the Markov chain with M = 3, pg1 = 0, pe2 = pg,3 = 1, and the following
transition probability matrix:

06 04 0
Pe=|0 02 08]. (17)
0.8 0 0.2

We set z = 1 and choose the arrival process from the traffic source to be
Bernoulli with pr as the probability of one arrival. In the left part of the Fig.
6 the packet loss probabilities are shown for different values of p and differ-
ent capacity of the system K. One may notice that given a wireless channel
characteristicsand pr > 0.3 packet losses become significant.

Let us now assume that it is possible to adjust parameters of environment
such that pg 2 = 0. For example, it can done by proper displacement of the
transmitter antenna. Loss probabilities for pr 2 = 0 and pg 2 = 1 are shown
intheright part of Fig. 6. One may notice that the probability of |oss decreases
significantly when pg 2 = 0. For example, for pr = 0.3 and K = 9, Ly
reaches 10~6.
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Figure6. Lossprobability Ly for different pr and pg 2.

6. CONCLUSIONS

We provided atool for accurate performance evaluation of delay/loss sen-
sitive | P-based applications running over the wireless channels. The proposed
wireless channel model can be used for performance evaluation at the IP layer
using the classic queuing theory.

Despite of abovementioned advantages, the proposed model entirely relies
on classic small-scale propagation model and does not take into account signal
strength attenuation caused by movements over larger distances. The aim of
our further work isto relax this assumption.
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