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Abstract

In this paper we propose a cross-layer performance evaluation frame-
work for wireless channels and subsequently explore the performance re-
sponse at the FEC and ARQ enabled data-link layer in terms of frame |losses
and delays for different first- and second-order error and arrival statistics.
For awireless channel model to be appropriate for various FEC capabilities
without the need for extensive measurements of the frame error process for
each particular FEC code, the error process of the wireless channel is mod-
eled at the physical layer. We assume weak stationary property for bit error
observations and model them using a hidden Markov model. The associated
parameters matching algorithm allows to explicitly capture bit error rate and
lag-1 autocorrelation of the bit error process. To explore the performancere-

sponse of the wireless channel at the data-link layer a cross-layer extension
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of the bit error model to the data-link layer is then developed. The perfor-
mance of applicationsis evaluated using the queuing-theoretic approach that
allows both arrival and error processes to be autocorrelated and still retains
analytical tractability. The proposed methodology allows to obtain estima-
tors of frame loss and delay probabilitiesin presence of FEC and ARQ pro-
cedures at the data-link layer eliminating the need for time-consuming sim-
ulations and extensive measurements of wireless channel characteristics for
different error correction capabilities of the data-link layer. It is analytical
in nature, efficient for small and moderate frame sizes and suitable for per-
formance control purposes where fixed size frames are used at the data-link
layer. Particularly, it provides away to choose the required correction capa-
bility of the FEC code resulting in best possible performance at the data-link
layer. Numerical results indicate that first- and second-order bit error and
frame arrival statistics significantly affect performance parameters provided
by a wireless channel and should be taken into account when choosing an
appropriate correction capability of the FEC code for given wireless channel
conditions.

Keywords: cross-layer modeling, FEC optimization, queuing analysis.

1 Introduction

Wireless channels are characterized by highly dynamic time-varying nature. The
propagation path between the transmitter and a receiver may vary from simple
line-of-sight (LOS) to very complex ones. A maor consequence of propagation
characteristics is that the performance of wireless channels is heavily affected

by the incorrect reception of channel symbols due to insufficient values of the



signal-to-noise ratio (SNR) at some instants of time [2, 3]. Data-link layer error
correction techniques such asforward error correction (FEC) and automatic repeat
request (ARQ) may allow to recover from these errorslocally. However, bit errors
may still propagate to higher layersresulting in loss of protocols data units (PDU)
at those layers. Satisfactory performance of applications at the data-link layer is
then of paramount importance for overall quality of the service perceived by the
end user.

ARQ techniques eliminate the influence of bit errors allowing to retransmit
incorrectly received frames. To notify the sender about the erroneously received
frame, ARQ protocols require afeedback channel. When wireless channel condi-
tionsarerelatively 'bad’ ARQ may introduce significant delaysthat are not aways
tolerable for delay-sensitive applications such as real-time two-way voice commu-
nication or streaming video. FEC procedures use proactive approach eliminating
the influence of bit errors in advance, introducing error correction redundancy.
This redundancy is efficiently exploited at the receiver to recover from bit errors.
The major advantage of FEC techniques for delay-sensitive applications is that
they do not introduce long delays allowing some information to be lost. Depend-
ing on a particular wireless access technology, FEC capahilities can be imple-
mented at the physical or data-link layers. Due to different and complementary
advantages, FEC and ARQ are often used in combination.

Recently, to study performance of FEC, ARQ and hybrid ARQ/FEC tech-
niques wireless channel models at the data-link layer have been used (see[4, 5, 6]
among others). These models are represented by the frame error process and im+
plicitly include FEC capabilities of the data-link layer. As a result, such models

are limited to a given FEC procedure and not efficient for performance optimiza-



tion and control of wireless channel performance when, depending on the state of
the wireless channel, different FEC codes are dynamically used. Indeed, for each
particular FEC code a separate set of measurements is required to parameterize
the wireless channel model at the data-link layer. On the other hand, bit error
models may provide the required versatility of the modeling and optimization en-
vironment. However, these models cannot be directly used in performance eval-
uation studies at the data-link or higher layers and must be previously extended
to the layer at which performance of applications is to be evaluated. For such
an extension to be accurate, we have to take into account specific peculiarities of
underlying layersincluding data-link error conceal ment techniques, segmentation
procedures between adjacent layers, etc. An adequate wireless channel model
for performance optimization and control purposes must be cross-layer complex
function of the bit error process at the layer of interest. Therefore, modeling of
the bit error process observed on wireless channels is an important issue provid-
ing a starting point in performance analysis, optimization and control of wireless
channel performance.

In this paper, using the cross-layer performance evaluation approach we ex-
plore the performance response of the dedicated constant bit rate (CBR) wireless
channel at the data-link in terms of probability functions of the number of lost
frames and the delay of a frame. We assume that data are transmitted in fixed
length frames and FEC and ARQ procedures are used at the data-link layer. For
this configuration of the CBR contention-free wireless channel we develop an an-
alytical performance evaluation framework. Using this framework, we show that
the loss and delay performance experienced by applications at the data-link layer

varies substantially for different error correction capabilities of the data-link layer
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and input statistics of the bit error and frame arrival processes.

Thiswork has been partially inspired by excellent theoretical studies of S.-Q.
Li and C.-L. Hwang [7], and B. Hgjek and L. He [8] who considered performance
response of the service process on a perfect (error-free) fixed link modeled by
a queuing systems for different input statistics of the packet arrival process. In
[7] authors concluded that the second-order statistics of the packet arrival process
(autocorrelation function (ACF) or its power spectrum) significantly affect perfor-
mance measures of applications running over the CBR error-free channel. Given
the same assumptions of the service process, B. Hgjek and L. He considered the
performance response of anumber of packet arrival processes with the same mean
and ACF. They have shown that even for the same mean and ACF, the form of
the probability distribution function of the number of arrivals may severely affect
performance measures of the service process. In [9] authors considered perfor-
mance of applications running over awireless channel assuming that the bit error
probability remains constant during the frame transmission time. Among other
conclusions they have shown that both first- and second-order statistics of the
frame error and frame arrival processes may affect performance measures of the
service process of wireless channels. In [10] authors considered the performance
of delay-sensitive applications running over CBR wireless channels for different
error correction capabilities of FEC codes at the data-link layer. They have shown
that the loss response of the wireless channel may vary substantially for differ-
ent first- and second-order bit error statistics. We continue efforts of [7, 8, 9, 10]
relaxing restrictive assumptions of [9, 10] and exploring how performance of the
wireless channel variesin response to changesin bit error and frame arrival statis-

tics and error correction capabilities of the data-link layer. Our numerical results



indicate that the interplay between these properties is of paramount importance
for optimal performance of applications running over wireless channels.

The rest of the paper is organized as follows. The frame arrival process is
introduced in Section 2. The frame error model is developed in Section 3. In
that section we consequently review the related work, consider the effect of error
propagation to higher layers, formulate the bit error model and extend it to the
data-link layer taking into account FEC capabilities. Then, the service model
of the wireless channel is introduced in Section 4. This model is evaluated for
performance parameters of interest in Section 5. Numerical results for a wide
range of input statistics and FEC codes are presented and discussed in Section 6.

Conclusions are drawn in the last section.

2 Arrival modd

In this paper both arrival and error processes are assumed to be covariance sta-
tionary and modeled by special cases of discrete-time batch Markovian process
(D-BMP). The latter is known as discrete-time batch Markovian arrival process
(D-BMAP) in traffic modeling and hidden Markov chain (HMM) in signal pro-
cessing. In this section, we briefly review probabilistic characteristics of D-BMP

and define the frame arrival model.

2.1 Discrete-time batch Markovian process

Assume a discrete-time environment, i.e. time axis is sotted, the slot duration is
constant and given by At = (t;41 — t;), ¢ = 0,1,.... Consider the discrete-

time homogenous ergodic Markov chain {S(n),n = 0,1,...} defined at the
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state space S(n) € {1,2,...,M}. Let D beitstransition probability matrix and
7 = (m,m, .., Tpr) bethe row array containing equilibrium state probabilities of
this Markov chain. Let then {WW(n),n = 0,1,..} be D-BMP whose underlying
Markov chain is {S(n),n = 0,1,...}. According to D-BMP, the value of the
process is modulated by the discrete-time Markov chain {S(n),n = 0,1,...},
S(n) € {1,2,...,M}. We define D-BMP as a sequence of matrices D(k),
k=0,1,...,eachof which contains probabilities of transition from state to state
withk =0, 1,. .., arrivals, respectively. For example, element d;;(0) definestran-
sition from state ¢ to state j without any arrivals, element d;;(k) defines transition
from state ; to state j with a batch arrival of size k. It is easy to see that for each

pair of statesi, j € {1,2,..., M} thefollowing
dij(k) = Pr{W(n) = k,S(n) = j[S(n —1) =i},  k=0,1,..., (1)

are conditional probability functions of D-BMP.

Let the vector G = (G1,Gs,...,G)y) be the mean vector of D-BMP, where
Gi = S0 50 kdyi(k), i = 1,2,..., M. The mean process of D-BMP is
denoted by {Wg(n),n =0,1,...} withWg(n) = G;, when the Markov chain is
in the state 7 in the time slot n. The ACF of the mean process of D-BMP is[11]

Ra(i) =Y ¢\,  i=12..., )

LI#1
where g, = 7>, kD(k)Gilhy reo kD(k)é, A isthelseigenvalue of D, g; and
h, are s left and right eigenvectors of D, respectively, and € is the vector of ones.

Note that ACFs of D-BMP and its mean process are generally different [11].



The number of terms composing ACF of the mean process of D-BMP depends
on the number of eigenvalues. The number of eigenvalues is the function of the
number of states of the modulating Markov chain. Thus, varying the number of
states of the modulating Markov chain we vary the number of terms composing
the ACF. Recall that it is aso allowed for D-BMP to have different probability
functions for each different pair of states. These properties have been used in
many studies to derive models of various traffic sources with sophisticated distri-
butional and autocorrelational properties (see [12, 13, 14] among others).

Without affecting abovementioned autocorrelational properties we allow our
D-BMP to have conditional probability functions that depend on the current state
only. Inthiscase, D(k), k = 0,1,... have the same elements on each row. This
process is known as Markov modulated batch process (MMBP). It is important
that this process still has ACF distributed according to (2). In what follows, we
also use only two states of the modulating Markov chain. For thisreason, we refer

to such processes as switched ones.

2.2 Framearrival mode

Let us denote the frame arrival processby {W4(n),n = 0,1,... }. Inthis paper,
terms 'frame’ and 'codeword’ are used interchangeably assuming that a single
frame consists of exactly one codeword. This requirement is not fundamental and
can be relaxed when needed as explained bel ow.

When MMBP {Wy4(n),n = 0,1,...} isalowed to have only two states of
the modulating Markov chain, S4(n) € {1,2}, and each state is associated with

Poissonally distributed number of arrivalsin asingle dot, it reduces to switched



Poisson process (SPP). The marginal distribution of SPP isaweighed sum of two
Poisson distributions, where weighting coefficients are given by elements of the

stationary distribution of the modulating Markov chain as follows

Ba o A 3)
as+Ba’ 2T as+ B

T1,A =

where a4 and 34 are transition probabilities from state 1 to state 2 and from state
2 to state 1, respectively.
The ACF of the mean process (2) of SPP reducesto

Goa—Gia

2
aq+ Ba ) (1—0414_514)1', 1=1,2,... (4)
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where a4 and (34 are transition probabilities of the Markov modulating process
from state 1 to state 2 and from state 2 to state 1, respectively. Note that A\, =
(1 — aq — (34) isthe non-unit eigenvalue of the modulating Markov chain of SPP
{Wa(n),n = 0,1,...}. Thevaluesof \4 and \g, a4 and ag, G4 and (g are
the same since the modulating Markov chains of the mean process {W(n),n =
0,1,...}and SPP{Wy4(n),n =0,1,...} arethe same.

The ACF of the SPP {IW4(n),n = 0,1, ...} isexpressed as follows [8]

Ru(i) = Re(i) + E[WAlS,, 00 = , (5)

where E[WA] = E[Wg] = 7T17AG17A + 7T27AG27A is the mean of SPP.
In order to completely parameterize the mean process of SPP, we must provide

four parameters (G 4, Ga.a, aa, B4). If we choose G 4 as a free variable with



constraint G, 4 < E[W,] to satisfy 0 < A4 < 1, we can determine G2 4, a4, and

(4 from the next set of equations[12, 14, 8]

;

G = Fatcis + Gra
_ (A=Kx(1)(E[X]-G1,4)
XA = XGz,A—G1,A - . ©)

B4 = (1-Kx(1))(G2,4—E[X])
L A Go,A—G1 A

where {X(n),n = 0,1,..., N} are observations of the covariance stationary
arrival process, D[X] is the variance of {X(n),n = 0,1,..., N}, E[X] isthe
mean of {X (n),n =0,1,...}, Kx(1) isthelag-1 value of the normalized ACF
(NACF). Parameters (E[X], D[X], Kx (1)) are estimated from empirical data as

AL X (1

E[X] Z%OJFI( )

D[X] = EﬁV:o(X(]@—E{XW , (7)
1 SN OHX ()~ BIX]) (X (i+1) - E[X])

KX(l) = - ° DIX]

The reason to use SPP as a model of the frame arrival processis that its pa-
rameters are easily controllable [8]. From (6) one may note that there is a degree
of freedom in choosing the mean arrival rate in state 1. Indeed, G; 4 can take
on any value from (0, £[X]) and still match the ACF and the mean of the arrival
process. As aresult, marginal distributions of these processes are different for

different choices of G 4.
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3 Error modd

3.1 Stationarity of bit error observations

A bit error trace is essentially a sequence of successive events of correct and in-
correct bit receptions at the physical layer. Asusual, weassumethat ' 1’ represents
an incorrectly received bit and ’0’ represents a correctly received bit. To use the-
ory of stochastic processes, we consider a bit error trace as a realization of the
stochastic bit error process {Wx(l),l = 0,1,...}, Wg(l) € {0,1}, where [ isthe
transmission time of a symbol on a wireless channel. We use E[IV] to denote
the probability of bit error as seen by time-averages. The modeling process is
denoted by {Wg(l),n = 0,1, ...} with underlying Markov modulating process
{Se(),n=0,1,...}.

Although no statistical studies have been carried out, most previous works
implicitly assumed that the bit error trace is an observation of covariance station-
ary process. The concept of stationarity is an advantageous property of ergodic
stochastic processes. Practically, if some stochastic observations are found to be
non-stationary, their modeling is not usually feasible. A processissaid to be strict
stationary if its all M-dimensiona distributions are the same. The class of strict
stationary processesis aspecia class of covariance (weakly) stationary processes
for which mean of all sectionsisthe same and ACF depends on the time shift only.

While covariance stationarity for a whole trace may not always hold in prac-
tice, it was recently shown that covariance stationary segments of bit error traces
can be isolated, analyzed and treated separately [15]. In this paper, following
[15], we assume that a given bit error trace is either covariance stationary or can

be segmented into a number of covariance stationary segments.
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3.2 Rdated work

The first work that mathematically described the bit error process observed on
a wireless channel is due to Gilbert [16]. His model has only two states of the
modulating Markov chain, one of which is error-free while another one is asso-
ciated with a non-zero bit error probability. Elliott [17] extended Gilbert's model
allowing both states to have non-zero bit error probabilities. It is claimed that
his model captures first-order statistics of the bit error process more precisely
compared to Gilbert’s one. The next extension came from Fritchman [18], who
allowed a Markov chain to have more than one error-free state. In [19] authors
extended previous works modeling bit error observations using a Markov chain
with M, M > 2 states. Their model may have anon-zero bit error probability as-
sociated with each state. Authors aso developed a parameters fitting algorithm to
capture first-order statistics of the bit error observations. Recently, it was shown
that these models may provide unsatisfactory results [20]. This is due to inher-
ent nature of fitting algorithms used in [16, 17, 18, 19]. They capture first-order
statistics neglecting memory properties of bit error observations.

There are also a number of models devel oped for layers, higher than physical,
including data-link and IP layers. However, such models are limited to a given
FEC capabilities of the data-link layer and cannot be effectively used to study per-
formance response of wireless channels for different FEC codes. Indeed, since
those models are limited to agiven FEC code, for each particular FEC code a sep-
arate set of measurementsis required to parameterize the wireless channel model.

Bit error models may provide the required versatility of the modeling environ-

ment. However, these models cannot be directly used in performance evaluation
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studies and must be properly extended to the layer of interest. For such an ex-
tension to be accurate, we must take into account specific peculiarities of under-
lying layersincluding statistical properties of involved stochastic processes, error
concealment techniques at the data-link layer, segmentation procedures between
different layers, etc. An adequate model of the wireless channel at the layer of
interest is a complex cross-layer function of parameters of underlying layers and
bit error stochastic process. These models along with traffic models have to be
further applied to evaluate and optimize performance parameters experienced by
applications running over wireless channels.

To our knowledge there have been no unified theoretical studies exploring the
effect of bit error propagation to the data-link layer. In this paper we fill this gap
investigating how the performance experienced by applications at the data-link
layer is affected by first- and second-order properties of bit error statistics and

different error correction capabilities of the data-link layer.

3.3 Bit error model

When MMBP is allowed to have two states only, and at most asingle arrival isal-
lowed in adlot, it reducesto switched Bernoulli process (SBP). Since this process
has only two states of the modulating Markov chain, its ACF (2) isreduced to (4).
NACF isthen K (i) = Ay, @ = 1,2,.... Itisclear that the NACF of the mean
process of SBP exhibits geometrical decay that may produce fair approximation
of empirical NACFs exhibiting nearly geometrical decay for small lags.

In our previous work [10, 21] we have shown that there is SBP model ex-

actly matching mean and lag-1 autocorrelation of covariance stationary bit error

13



observations. This model is given by

ag = (1 - Kp(1))E[W5] fie(1) =0 ©
Be = (1- Kp(1))(1 - E[Wg]) fop(l) =1

where f; (1) and f, (1) are probabilities of error in states 1 and 2, respectively,
ap and Gg are transition probabilities from state 1 to state 2 and from state 2 to
state 1, respectively, K (1) isthe lag-1 autocorrelation of bit error observations,

E[Wpg] isthe mean of bit error observations (bit error rate).

3.4 Frameerror model

Assume that the length of framesis constant and equals to m bits. The sequence
of consecutively transmitted bits, denoted by gray rectangles, is shown in Fig.
1, where (n — 1), n, (n + 1) denote time intervals whose length equals to the
time to transmit a single frame; k, 4, j, denote the state of the Markov chain
{Se(l),l =0,1,...} inthebeginning of these intervals.

k i j
.‘ ‘...‘ ‘...‘ ‘... ans

‘1 m‘1 m‘1 m

~yY

n-1 n n+1

Figure 1. Sequence of consecutively transmitted bits at the wireless channel.

Consider the stochastic process { Wy (n),n = 0,1,...}, Wx(n) € {0,1,...,m},

describing the number of incorrectly received bits in consecutive bit patterns of
length m. Thisprocessisdoubly stochastic, modulated by the underlying Markov

chain {Sy(n),n =0, 1,... } and can be completely parameterized via parameters
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of the bit error process {Wr(l),l = 0,1,... } asshown below.

To parameterize {IWWx(n),n = 0,1,... } we have to determine m-step transi-
tion probabilities between of the modulating Markov chain {Sg((),l = 0,1,...}
with exactly k, k = 0,1,...,m, incorrectly received bits. Denote the probability
of transition from the state i to state j for the Markov chain {Sx(n),n =0,1,...}
with exactly k, k = 0,1, ..., m incorrectly received bitsin abit pattern of length
m by dy;(k) = Pr{Wy(n) = k,Sn(n) = j|Sn(n — 1) = i}. Let the set of
matrices Dy (k), k = 0,1, ..., m contain these transition probabilities. Matrices

Dy(k), k=0,1,...,m, canbefound using Dg(k), k = 0, 1, asfollows

Dy(m) = Dg (1), (9)

where Dy (i), i = 3,4,...,m — 2 can be obtained by induction from Dy(1) or
Dyx(m—1). Theeasiestway istoinduce Dy (i), i = 2,3,...,|m/2],from Dy(1)
and Dy (i),i =m—2,m—3,...,[m/2] from Dy(m—1). Notethat computation
according to (9) is still a chalenging task. This becomes impossible when m is

sufficiently large. Instead, one may use the recursive method as outlined below.
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Let us extend the definition of Dy(k), & = 0,1,... as follows. We de-
note the probability of transition from the state i to state j for the Markov chain
{Sn(n),n =0,1,...} withexactly k, k£ = 0,1,..., m incorrectly received bits
in a bit pattern of length m by dy;;(k,m). Let the set of matrices Dy (k, m),
k = 0,1,...,m contain these transition probabilities. Since at most two er-
rors may occur in two consecutive slots, we have the following expression for

Dy (i,2),i=10,1,2
Dy(i,2) =Y Dp(k)Dp(i—k),  i=0,1,2, (10)
k=0

where Dg(2) isthe matrix of zeros. Recursively, we get

Dy(i,3) = Dy(k,2)Dg(i — k), i=0,1,....3
k=0

Dy(i,4) = > Dn(k,3)Dg(i — k), i=0,1,...,4,
k=0

Dy(i,m—1) =Y Dy(k,m—2)Dg(i — k), i=0,1,...,m—1,
k=0

1

Dy(i,m) =Y Dy(k,m —1)Dg(i — k), i=0,1,....,m, (11
k=0

where Dg(k), k > 2 and Dy (i,m), i > m + 1 are al zero matrices. The latter
equation in (11) gives Dy (k), k =0, 1, ... for agiven m.

Consider now the frame error process {Wg(n),n = 0,1,...}, Wg(n) €
{0,1}, where "0’ indicates the correct reception of a frame, '1’ denotes the in-

correct frame reception. Process {WWp(n),n = 0,1,...} is modulated by the
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underlying Markov chain {Sr(n),n = 0,1,...}. Note that the state space of
{Srp(n),n=0,1,...}and {Sy(n),n =0,1,... } isthe same.

Let us denote the transition probability from state ¢ to state j for the Markov
chain {Sg(n),n =0,1,...} withexactly k, k = 0, 1, incorrectly received frames
by dr;(k), k = 0,1. These probabilities are then combined in matrices Dy (0)
and Dp(1). Process {Wx(n),n=0,1,...}, Wy(n) € {0,1,...,m}, describing
the number of bit errorsin consecutive framesisrelated to the frame error process

{Wg(n),n=0,1,...}, Wr(n) € {0,1}, asfollows

D)= 3 Dx(b),  Dr(1) = 3 Dalh), 1)

where F7r is the so-caled frame error threshold determining how a frame is re-
ceived. Expressions (12) are interpreted as follows: if the number of incorrectly
received bitsin aframe is greater or equal to a computed value of the frame error
threshold (k > Fr), frame is incorrectly received and Wr(n) = 1. Otherwise
(k < Fr), itiscorrectly received and Wg(n) = 0.

Assume that FEC is not used at the data-link layer. It means that every time a
frame contains at least one bit error, it is received incorrectly. Thus, the transition

probability matrices (12) of the frame error process take the following form
Dr(0) = Dn(0), Dp(1) = Z Dy (k). (13)
k=1

One may note that in (9) or (11) it is not required to compute Dy (k) for all
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k=1,2,...,m. Alternatively, D (1) can be found using the following relation

Dp(1) = (i DN(k:)) — Dy(0) = D — D™(0). (14)

Assume now that the number of bit errorsthat can be corrected by a FEC code
in a frame of length m isi. Then, the frame error threshold is Fr = (I + 1) and
the frame is incorrectly received whenever £ > Fp. Otherwise, it is correctly

received. Thus, the transition probability matrices (12) take the following form

FTfl m

Dp(0) =Y Dy(k),  Dp(1)=Y_ Dy(k). (15)

Again, in (15) we only need expressions for Dy (k), k = 0,1,..., Fp — 1.
Using the same reasoning as for (14), the expression for Dr(1) is simplified as

below

Dp(1) = D — (Z DM)) . (16)

One should notethat the slot duration of {Wx (n),l = 0,1,...} and{Wg(n),n =
0,1,...} arethesame, At’, and related to the slot duration of the bit error process
{Wg(),l=0,1,...} asAt' = mAt.

An illustration of the proposed cross-layer mapping for £ = 3 is shown in
Fig. 2, where time diagrams of {Wg(l),l = 0,1,...}, {Wx(n),n = 0,1,...}
and {Wg(n),n = 0,1,...} are shown, where gray rectangles denote incorrect
reception of PDUs at appropriate layers. Error threshold F7 must set as explained

previously and then used to compute transition probability matrices of the frame
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error process at the data-link layer. The resulting frame error processis classified
as D-MAP. Indeed, due to the cross-layer extension of the bit error model to the
data-link layer, the transition probability matrices accompanied by incorrect and

correct reception of aframe may have different probabilitiesin their rows.

T{WF(n), n=0,1,..}

T{W (n), n=0,1,..}, F,=3

sy

o

T{WE 1), 1=0,1,..
M A0 00 A 0 M fA [ [h [T [T

-y

Figure 2: Illustration of the proposed cross-layer extension.

We note that the proposed cross-layer extension limits memory of the bit error
process at lag m, where m isthe length of the frame in bits. However, in practise,
m issufficiently large allowing to accurately capture memory of theinitial bit error
process. If ACF of the bit error process decays according to a single geometrical
term, the threshold, m,,;,, a which the frame error model becomes valid, can be

computed using Fig. 3, where the function y(m) = A™ is plotted.

4 Performance model at the data-link layer

Up to date a number of performance evaluation models of the frame transmission
process over wireless channels have been proposed. A comprehensive review can

befoundin[22]. In[22, 1] a performance evaluation model of the frame transmis-
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Figure 3: Function y(m) = A™.

sion process over wireless channels was proposed. Our model combines accuracy
of [23] and versatility of [6]. The latter property is due to queuing-theoretic origin
of the model. Indeed, the model is benefit from a large set of specific solutions,
algorithms, extensions and modifications developed to date in the broad scope of
gueuing and teletraffic theories. Accuracy stems from the accurate representation
of wireless channel characteristics at the data-link layer. Indeed, consecutive bit
errors are allowed to be autocorrel ated or independent when necessary. The frame
arrival process can be as arbitrary as D-BMAP. As aresult, the proposed model
allows to capture distributional and autocorrelational properties of the frame ser-
vice and arrival processes. The solution of the problem involves the imbedded
Markov chain approach resulting in two-dimensional Markov chain describing

the queuing system at equilibrium.

4.1 Service process of the wireless channel

The straightforward way to represent the frame transmission process over a ded-
icated CBR wireless channel is to use G4/Gs/1/K queuing system, where G4 is

the frame arrival process, Gy is the service process of the wireless channel, K
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is the capacity of the system. Here, the service process is defined as times re-
quired to successfully transmit frames over awireless channel. Characteristics of
this process are heavily affected by the frame error process and error conceal ment
schemes of the data-link layer.

It is known that both interarrival times of frames and transmission times of
frames till successful reception can be autocorrelated. This property makes anal-
ysisof G4/Gs/1/K queuing system quite complex task even when arrival and ser-
vice processes can be accurately modeled by Markovian processes. Indeed, theo-
retical background of queuing systems with autocorrelated arrival and service pro-
cesses is not well-studied. Among few others, one should mention BMAP/SM/1
gueuing system and some modifications considered in [24, 25, 26]. Analysis of
such systems is more computationally intensive compared to queuing systems
with renewal service processes. It usually involves imbedded Markov chains of
large orders (larger than two). From this point of view, G4/Gs/1/K performance

model does not provide significant improvements over other approaches.

4.1.1 Basic model for hybrid SW-ARQ/FEC and SR-ARQ/FEC

Consider the class of preemptive-repeat priority systems with two Markovian ar-
rival processes. We allow both processes to have arbitrary autocorrelation struc-
tures of homogenous Markovian type. Assume that the first arrival process rep-
resents the frame arrival process from a traffic source. To provide adequate rep-
resentation of unreliable transmission medium, we assume that the second arrival
process is one-to-one mapping of the frame error process. That is, every time an
error occurs, an arrival happens from this arrival process. In what follows, we

refer to this process as the "error arrival process . An illustration of the mapping
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is shown in Fig. 4, where time evolution of the data-link layer wireless channel
model and corresponding error arrival process is shown, black rectangles denote
incorrect frame receptions, arrows indicate corresponding arrivals. Note that ac-
cording to this mapping procedure, probabilistic properties of the stochastic model
remain unchanged while interpretation of events changes. Making this process to
be high priority one, and allowing its arrivals to interrupt ongoing service of low
priority arrivals (those, from the frame arrival process), we assure that any arrival
from this processimmediately seizes the server for service, while the ongoing ser-
vice is interrupted. A frame whose service is interrupted remains in the system
(if alowed) and enters the server again after service completion of a high priority
arrival. The service provided till the point of interruption is completely lost. Itis
interpreted as an incorrect reception of the frame from the traffic source and the
priority disciplineisreferred to as preemptive-repeat.

frame errorprocess [N NN

t

error arrival process # i 3 # 3

»‘ time slot ’r

Figure 4. Anillustration of error/arrival mapping.

To emulate behavior of SW-ARQ protocol, we assume an infinite number of
retransmission attempts. We also assume that the feedback channel is completely
reliable (perfect). Indeed, feedback acknowledgements are usualy small in size
and well protected by FEC code. Finally, we assume that the feedback is instan-
taneous. All these assumptions were tested and used in many studies and found
to be appropriate for wireless channels [5, 27, 4, 28]. Since the wireless chan-

nel model is extended to the data-link layer, FEC capabilities are implicitly taken
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into account. Note that the described model is also suitable to represent 'ideal’
selective-repeat ARQ (SR-ARQ) scheme asin [29, 30].

Analysis of queuing systemswith priority disciplineisstill achallenging task.
Among others, preemptive-repeat is probably most complicated priority disci-
pline. However, a number of straightforward assumptions can be further intro-
duced to make the queuing model less complicated. In what follows, we limit our
model to the discrete-time environment and require arrivals from both arrival pro-
cesses to have a service time of one slot in duration. Since frames at the data-link
layer are usually of equal length, this assumption is not restrictive. According to
such a system, arrivals occur just before the end of slots. Since there can be at
most one arrival from the arrival process representing the frame error process of
the wireless channel, these arrivals do not wait for service, enter the servicein the
beginning of nearest slots, and, if observed in the system, are being served. To pro-
vide adequate representation of erroneous nature of the wireless channel we also
have to ensure that all arrivals from the error arrival process are accommodated
by the system. Following these assumptions, it is no longer needed to require
preemptive-repeat priority discipline. Since all arrivals occur simultaneously in
batches, it is sufficient for such a system to operate according to non-preemptive

priority discipline that is usually much easier to analyze.

4.1.2 Contention-freeconstant bit rate access

When a CBR channel is exclusively assigned to a mobile station during the whole
duration of a session, to estimate performance parameters of the frame transmis-
sion process we can directly apply non-preemptive G,+Gx/D/1/K queuing sys-

tem, where G, is the frame arrival process, Gy is the error arrival process. We
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assume that there is no data-link layer concurrent traffic competing for resources
and the only performance degradation stemsfrom unreliable nature of the wireless
channel.

The sample path of the model is shownin Fig. 5, where transmission of frame
and error arrivals are marked by grey and black rectangles, respectively, num-
bers are used to identify frames. One may note that the 'transmission of error
frames' mimicstheincorrect reception of dataframes. To quantitatively study per-
formance of the frame transmission process, we have to determine performance

measures of the frame arrival processin G,+G/D/1/K queuing system.

traffic \ \ \

t

t

transmission F_,
—> -
time slot t

Figure 5: Sample path of the model for contention-free CBR access.

5 Performance evaluation

Consider the queuing system representing the frame service process of the wire-
less channel. The frame error model isaspecial case of D-MAP. We a so assumed
that the frame arrival processisrepresented by the special case of D-BMAP. Inthis
section, we proceed with performance analysis of D-BMAP,+D-MAP:/D/1/K
gueuing system. Performance parameters of interest are probability functions of
the number of lost frames and the delay of aframe. In what follows, the number

of states of the modulating Markov chain of D-BMAP, and D-MAP; is allowed
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to be arbitrary finite, M4 and My, respectively.

5.1 Description of the system

Consider D-BMAP/D/1/K queuing system, where the arrival process, denoted
by {W(n),n = 0,1,...}, is the superposition of {Wg(n),n = 0,1,...} and
{Wa(n),n = 0,1,...}. Indeed, since both arrival processes are independent of
each other one can define their superposition, that is again D-BMAP [11]. The
counting variable n refers to the frame transmission time at the wireless channel.
Steady-state analysis of D-BMAP/D/1/K queuing system has been carried out in
many studies. Here, we take the method of imbedded Markov chain.

Time diagram of D-BMAP/D/1/K queuing system is shown in Fig. 6. Ac-
cording to such a system frames arrive in batches, batches of frames arrive just
before the end of dots. Arrivals are not alowed to seize the server immediately
and the service of any arrival starts at the beginning of aslot. Arrivals depart from
the system at the slot boundaries, just after batch arrivals (if any). The state of the
system is observed just after the departure (if any) and these points are imbedded
Markov points. This system is known as’late arrival model with delayed access
[31, 32]. The sojourn (service) time is counted as the number of slots spent by a
frame in the system. The system can accommodate at most K frames. We assume
partial batch acceptance strategy. According to thisstrategy, if abatch of R frames
arriveswhen k frames areinthesystemand R > (K — k), only (K — k) frames

are accommodated and (R — K + k) frames are discarded.
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Figure 6: Time diagram of D-BMAP/D/1/K discrete-time queuing system.
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5.2 Steady-state distribution of D-BMAP/D/1/K

The following equation relating the number of frames in the system between suc-
cessive imbedded Markov pointsisthe fundamental part of the imbedded Markov

chain analysis

So(n + 1) = max (0, Sg(n) — 1) + min (W(n + 1), K — So(n)),  (17)

where Sy (n) denotes the number of frames (from both processes) in the system,
W (n) denotes the number of arrivalsin the slot n.

Observing (17) and Fig. 6, it can be deduced that the arrival from the frame
error process is not accepted by the system in the slot (n + 1) if and only if the
number of customersin the systemintheslot (n — 1) iszero, thereisan arrival of
K frames in the time slot n, and one frame arrives from the frame error process
inthe slot (n + 1). Contrarily, if there is at least one frame in the system in the
dot (n — 1), one frame departs at the boundary between slots» and (n + 1), and
there is dways at least one position in the system for the next arrival. Thus, the
frame from the frame error process (if any) isnot lostin the slot (n+1). To assure

that the frame from the frame error process is always accepted by the system we
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do not allow the overall number of arrivals from both processes to be more than
(K —1). Thisimpliesthat the maximum number of arrivalsfrom the frame arrival
processis (K — 2), that isusually sufficient for real applications.

Compl ete description of the queuing system requires two-dimensional Markov
chain {Sg(n),S(n),n =0,1,...} imbedded at the moments of frame departures
from the system, where S(n) = Sa(n) ® Sr(n) is the state of superposition of
the frame arrival and frame error processes, and Sg(n) € {0,1,..., K — 1} isthe
number of frames in the system just after frame departures. Introducing matrices
D(> k), k=0,1,.., K — 1, containing transition probabilities with at least &k =
0,1, .., K—1 arrivals, respectively, one can define the transition probability matrix,
T, of the Markov chain {Sp(n), S(n),n = 0,1,...} asusua (see [33] among
many others). Let ¥ = (21, .., x—1,.0) betherow array containing steady-state
probabilities of {Sg(n), S(n),n = 0,1,..}. Solving matrix equations 27" = Z,
7e = 1, one can compute steady-state probabilities z; = lim,,_... Pr{Sg(n) =
k,S(n) = j}. There are a number of algorithms to compute these probabilities

[34, 35, 36].

5.3 Lossperformance

L et us derive the expression for probability function of the number of lost PDUs
arriving from the PDU arrival process. Since we guaranteed that the PDU er-
ror process does not suffer losses, from the loss performance point of view D-
BMAP,+D-MAP;/D/1/K and D-BMAP/D/1/K queuing systems, where D-BMAP
is the superposition of D-MAP; and D-BMAP,, are equivalent. Consider the
loss behavior of D-BMAP/D/1/K queuing system between two arbitrary imbed-
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ded Markov points at equilibrium. Since at most (K — 2) PDUs may arrive from
the PDU arrival process, there can be at most (K — 2) lost PDUs in adlot. Let
theRV L, L € {0,1,..., K — 2}, denote the number of lost PDUs in aslot and
let f.(I) = Pr{L(n) = l[Wa(n) > 1},1 = 0,1,..., K — 2, be its probability
function.

Consider the event when asingle PDU from the PDU arrival processislost in
an arbitrary slot » at equilibrium. Since at most (K — 2) arrivals are allowed from
the PDU arrival process, this process does not suffer losses when there are less
than two PDUs in the system in the dlot (n — 1). Hence, exactly one PDU from
the PDU arrival processis lost when the following conditions are simultaneously

met:

o therearek, k = 2,3,... PDUsinthesystemintheslot (n — 1);

o thereareexactly (K — k + 1) arrivalsto the system in the slot 7.

Taking into account these conditions over al possible transitions of the under-
lying Markov chain of the superposed arrival process with exactly (K — k + 1)
arrivals from both processes we get the following
kK:_?)l Ei\il Ej‘il Tridij (0, K — k + 1)

Pr{Wy4(n) > 1}

b oty S wadiy (1, K — k)
Pr{Wa(n) > 1} ’

fo(l) = +

+ (18)

where d;;(1,k), | = 0,1, k = 0,1,..., K — 2 are transition probabilities from
the state ¢ to state j of the superposed arrival process accompanied by [ arrivals
from the PDU error process and £ arrivals from the PDU arrival process, z;, k =

0,1,.... K —1,i=1,2,..., MpM, are the steady state probabilities that there
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are k PDUsin the system and the state of the arrival processisi, Pr{W4(n) > 1}
is the probability that at least one PDU arrives from the PDU arrival process.
Since the system never reaches states (K, i), ¢ = 1,2,..., M, the first sumsin
(18) extend to (K — 1) only. Next sumsin (18) cover all possible states of the

underlying Markov chain of the superposed arrival process in previous and next

slots.
Similarly asin (18) we get the following expressionfor [, [ = 1,2,..., K — 2,
lost PDUs in an arbitrary slot » at equilibrium
full) = kK:_al sz\il Z;j\il i (0, K — k +1)
g Pr{Wa(n) > 1}
N b2 iy gy wkidiy (1L, K =k +1—1) (19)
Pr{Wa(n) > 1}
Alternatively, in matrix notation we may write
K-1 > -
full) = Yoy TD(0, K — k+1)e
B Pr{Wa(n) > 1}
K-1 - 5
N kzgl [EkD(l,K_k+l_ 1)6 (20)

Pr{Wa(n) > 1} 7

where D(l,k),l =0,1,k=0,1,..., K — 2 aretransition probability matrices of
the superposed arrival process with exactly [ arrivals from the PDU error process
and j arrivals from the PDU arrival process, 7, = (zx1, Tk, - - - Tu(mpi,)) iSthe
vector containing steady-state probabilities that there are £ PDUs in the system
and the state of the modulating Markov chain of the superposed arrival processis

1=1,2,..., MprMy, €isthe vector of ones of appropriate size.
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Expression for D(, k) can be obtained from the superposed arrival process as
D(l,k) = Dp(l) @ Da(k), [=0,1, k=0,1,.... (21)

The probability function of the number of lost PDUs obtained in (19) and (20)
is conditioned on the event of at least one arrival from the PDU arrival process.

We find this condition of (19) and (20) asfollows

K2
Pr{Wa > 1} =74 (Z DA@)) €a, (22)

i=1

where 7 4 is the steady-state vector of the modulating Markov chain of the PDU
arrival process, ¢4 isthe vector of ones of appropriate size.

Finaly, we have

_ ks @D(0, K — k + ne,
7a (S Dal) s
. S BDL,K —k+1-1)@
TA (Zfif DA@)) €A

K-—2
ﬁ@ﬂ—Zh@ (23)

fu(l)

Moments of loss distribution can be directly obtained from (23).

5.4 Delay performance

Let us derive the expression for probability function of the delay that a PDU from
the PDU arrival process arriving and accommodated by the system, experiences

while transmitting over a wireless channel. To do so consider D-BMAP,+D-
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MAPz/D/1/K queuing system at equilibrium and observe an arbitrary slot n. We
tag an arbitrary arrival from the PDU arrival process that arrives in the slot »
and accommodated by the system. Let the random variable @, @ € {1,2,...}
denote the full delay in the system (sojourn time) experienced by this arrival and
let fo(q) = Pr{Q(n) = q|Wa(n) > L(n)}, ¢ = 1,2,... be its probability
function, where W4 (n) is the number of arriving PDUs in the slot n, L(n) isthe
number of lost PDUs in the slot n. Note that the delay suffered by the tagged
arrival is the sum of the service time and the time it spends in the buffer. Since
arrivals from the PDU error process are always served first, the maximum delay,
that the tagged arrival may experience in the system is virtually unlimited.
Consider the tagged PDU arriving from the PDU arrival process and accom-
modated by the system in an arbitrary slot n at equilibrium. If thereis at least one
PDU in the system in the slot (n — 1) and the tagged arrival is accommodated by
the system at the position (¢ + 1) (including the PDU being served) in the slot n
and during the following (¢— 1) slotsthere are no arrivals from the PDU error pro-
cess, the tagged arrival is taken for service at the boundary between dlots (¢ — 1)
and ¢, served uninterruptedly during the slot ¢ and successfully departs from the
system at the boundary between slots g and (¢ + 1). In this case the waiting time
is ¢ dots, where during the first (¢ — 1) dots the arrival is waiting in the buffer
and during the slot ¢ the arrival is served. Thissituationisillustrated in Fig. 7(a).
The waiting time is also ¢ dots, if there are no PDUs in the system in the slot
(n — 1), the tagged arrival is accommodated by the system at the position ¢ in the
sot n and during the following (¢ — 1) slots there are no arrivals from the PDU
error process as shown in Fig. 7(b). One may note that in both cases the delay

experienced by the tagged arrival is conditioned on arrivals from the PDU error
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process in the next (¢ — 1) dots.

[ e. | V‘ -

T

t
0 arrivals from {W(n),n=0,1,...} in the next (g-1) slots 0 arrivals from {W(n),n=0,1,...} in the next (g-1) slots

(@ So(n—1)#0 (b) Sq(n—1) =0

Figure 7: lllustration of the conditional delay experienced by the tagged arrival.

Let fo(q,0), ¢ =1,2,..., K — 1, be the vectors containing probabilities that
thetagged PDU arriving inthe slot n isat the position ¢ just after the slot boundary
between dotsn and (n + 1) and the state of the superposed arrival process is j
given that at least one PDU arriving from PDU arrival processis not lost. These

vectors are defined as follows

fo(q,0) = (Pr{l(n) = q,5(n) = j|Wa(n) > L(n)};j = 1,2,..., M),
(24)

where I(n) isthe place of the tagged PDU just after the slot boundary. If there are
no arrivals from the PDU error process during the waiting time of the tagged ar-
rival, sum of elementsin fy (¢, 0) can beinterpreted as the conditional probability
of waiting time.

Consider the casewhen f (1, 0). Thishappensto the tagged arrival arriving in
the slot » when the number of PDUsinthe systemintheslot (n—1) isSg(n—1) =
0, at least one PDU arrives from the PDU arrival process in the slot n, the tagged

arrival isnot lost and accommodated by the system at the 1st position in the buffer.
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This also occurs when there is only one PDU in the system inthe slot (n — 1), at
least one PDU arrivesfrom the PDU arrival processin the slot n, thetagged arrival
is not lost and accommodated at the second position in the system. In the latter
case one PDU departs from the system at the boundary between slots (n — 1) and
n and the tagged arrival still suffers one slot delay. These two conditions result in

the following expression

ZZI:Z ToD(0,1)k, + 2522 71 D(0,10)k 1,
Pr{Wy4(n) > L(n)} ’

fo(1,0) = (25)

where 1, ; is the probability that the tagged arrival is accommodated at the place
i in the system when there are v waiting positions available for arrivals from the
PDU arrival process, Pr{Wa(n) > L(n)} = Pr{Wa(n) > 1} — Pr{L(n) =
W4(n) > 1} is the probability that at least one arrival is not lost in the slot n,
Pr{L(n) = W4(n) > 1} isthe probability that all arrivals from the PDU arrival
processin the slot n are lost.

Since al arrivals from the PDU arrival process have the same priority, the
probability v, ; is independent of the actual position of the tagged arrival among
other arrivals from the PDU arrival process. It has uniform distribution over al

accommodated arrivals from the PDU arrival processin abatch, and given by

1
Vy; = ———, v=0,1,.... K, i=1,2,...,K—1. (26)
" min(v,1)
Consider the event when all PDUs arriving from the PDU arrival processin the
dlot n arelost. Since K PDUs cannot be observed in the system at the imbedded

Markov points, this event occurs when there are (K — 1) PDUs in the system in
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thedlot (n — 1), one arrival occurs from the error arrival processin the slot » and
at least one PDU arrives from the PDU arrival process. We have
K-2

Pr{L(n) =Wa(n) > 1} = Tx_1D(1,1)e. (27)

=1

Using the same reasoning as in (25) we get

i oD (0, )i + N5 DO, s
7 (XIS Dali) @ - $I57 B D(1L,0)E
Zfif fOD(L i)wK—l,i + 21];2 le(l, i>¢K—2,@'+
#a (S Dal)) €x = XI5 Fa D(Li)E
Y D(0, )k,
TA (ngf DA(U) Ea— iy FxaD(1, e

fo(2,0) =

+

_|_

(28)

Finally, we get thefollowing for f5(¢,0),¢=1,2,..., K —1

S B D(0, i)k + Sy FoD(L, i)k 1, .
Ta (Zfi}z DA(z')) Ea— 2Tk 1 D(1,0)E
fe1 Zfiﬁkﬂ T D(0,4) VK —k
7 (S Da0)) €4 — SE e D1, i)e
%;11 Zzli;ik ka(l, i)¢K—k—1,¢
74 (SI52 Dali)) 4 — S5 e D(L)E

folq,0) =

_|_

+ (29

Let us recall that the waiting time of the tagged arrival in D-BMAPx+D-
MAP,/D/1/K depends on whether arrivals from the PDU error process happen
during its waiting time. Consider the event when the tagged arrival suffers ¢,
g =1,2,... dotsdelay. This event occurs when and only when the following

conditions are simultaneously met:



e tagged arrival is accommodated at the position:

— i+ 1,1 < g, intheslot n when Sg(n — 1) # 0;

— 1,1 < ¢, intheslot n when Sp(n — 1) = 0.
o thereare (¢ — i) arrivalsfrom {Wg(n),n =0,1,...} innext (¢ — 2) dots,
e thereisno arrival from {Wg(n),n =0,1,... } inthedot (n + ¢ — 1).

Thefirst term has been found in (29), the last is given by

Using (30) and introducing D(I,-) = Y21 D(l,4), I = 0,1 we can find
transition probability matrices 7'(i,m), ¢ = 0,1,...,m, i < m, with exactly i
arrivasfrom {Wg(n),n =0,1,...}inm,m = 1,2, ... successive slots, starting

from the slot (n + 1). These matrices are given by

k=m—1
0
T -1, m Z D™k 1 (07 )Dk<1’ )7
k=m—1
T(m,m)= D™(1,-), (31)

where T'(i,m), i = 3,4,...,m can be obtained by induction from 7'(2,m) or

T(m — 2,m). The easiest way is to deduct 7'(i,m), i = 3,4,...,|m/2], from
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T(2,m)andT(i,m),i =,m,m—1,...,[m/2] fromT(m—2,m). Notethat com-
putation according to (31) is a challenging task involving significant complexity.

Alternatively, the following recursion can be used

T(i,2) =Y D(k,-)D(i — k,-), i=0,1,...2,
k=0

T(i,3)=» T(k,2)D(i —k,-), i=0,1,...,3,
k=0

T(i,m—1)=Y T(k,m—2D@i—k-), i=01,...,m—1
k=0

T(i,m)=>_ T(k;m—1)D(i - k,-), i=0,1,...,m, (32)
k=0

where D(l,-),l > 2and T'(k, m), k > m + 1 are al zero matrices.

Using the convolution of (29) and (32) we get the following expression for

probability function of the delay suffered by the tagged arrival from the PDU

arrival process

fo(1) = fo(1,0)€

fo(2) = fo(2,0)D(0, )¢
K-1
fQ(Q>:Zf(Z7O)T(q_qu_2>D(07)ga q:KvK_'_laa (33)

where € is the unit vector of appropriate size.

Moments of the PDU delay can be readily obtained from (33).
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6 Numerical results

In this section numerical examples for the data-link layer are provided. We firstly
study how the performance response of the wireless channel in terms of proba-
bility functions of the number of lost frames, the delay of a frame and their first
moments varies for different bit error statistics, frame arrival statistics and FEC
schemes. Then, we consider two particular FEC codes and discuss how mean val-
ues of the number of successfully transmitted data bits in aslot and the delay of a

frame varies for awide range of bit error statistics.

6.1 Bit error models

To explore the performance response of the wireless channel we use a number
of SBP wireless channel models with different means and lag-1 autocorrel ations.
We constructed 90 models of the bit error process as follows. For each mean out
of E[Wg] € {0.1,0.02,...,0.09} we generated models with the following lag-1
autocorrelations K (1) € {0.0,0.1,...,0.9}. Parameters of the bit error models,
ap and (g, asafunction of E[Wg| and Kz (1) areshownin Fig. 8.

o Be
o1 1

Figure 8: Parameters oy and B asafunction of E[Wg| and Kg(1).
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6.2 Frameerror models

To use the bit error models in performance evaluation studies of the frame trans-
mission process they were extended to the data-link layer taking into account FEC
correction capabilities. This was done according to Section 3.

The frame error probability for al bit error models and frame sizes m =
20, 50, 100 without FEC (Fr = 1) are shown in Fig. 9. Observing these figures
one may note that qualitative characteristics (trends) are the same for all m. The
difference is quantitative, caused by parameters of the bit error models and values
of m. As expected, with increase in the bit error rate the frame error probability
increases for al values of lag-1 autocorrelation. Noticeably, that big values of
lag-1 autocorrelation resultsin significantly better performance, especially for big
values of the bit error rate. Thus, for m > 20, no FEC environment and a given bit
error rate weak memory of the wireless channel should lead to worse performance
of applications due to higher frame error rate. Thisjustifies the thesis that the in-
crease in the linear dependence between successive bit error observations does not
lead to worse quality of thewirelesschannel. Asillustrated in Fig. 9 with increase
in the frame size the frame error probability increases leading to worse channel
conditions as compared to smaller size of frames. As aresult, even for relatively
small bit error rate the channel may become completely unusable for large values
of m when no FEC is used at the data-link layer. Therefore, the performance of
the wireless channel can be significantly improved using the small frame size and
FEC codes.

Consider now how FEC procedures affect the mean value of the frame error

process at the data-link layer. The frame error probability for (20, 1), (20, 2),
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Figure 9: Frame error probability as a function of m.

(50,1), (50,2), (100,1) and (100,2) FEC configurations and for all defined bit
error models is shown in Fig. 10. The influence of parameters of the bit error
process is specific for a certain (m, [). As expected, for al values of E[Wg] and
Kg(1) the frame error rate becomes smaller with introduction of FEC. When the
FEC code is weak (e.g. (50,1), (100,1), (100,2)) and the bit error rate is high
(for example, higher than 0.03 for (50, 1)) theincrease in the lag-1 autocorrelation
always resultsin smaller values of E[Wr|. When the FEC code is stronger, small
and high values of lag-1 autocorrelation lead to better channel quality in terms of
the frame error rate as compared to moderate values of Kz(1) (eg. 0.4 ~ 0.6
for (20,1)). As expected, the increase in E[WWg] results in increase of E[Wg|.
However, this dependency is not straightforward.

Summarizing, we state that the frame error probability strictly depends on the
interplay between the bit error probability, linear dependence between succes-
sive bit error observations and a given FEC code. The optimal frame size for a
given FEC code and wireless channel characteristics can be computed using the
proposed approach and taking into account the number of data bits for each par-

ticular FEC scheme. In what follows, we use the following (m, [) pairs: (20,0),
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Figure 10: Frame error probability as afunction of (m, ().

(20,1), (20,2). Recdl that the number of data bits in a single frame decreases

when the number of bits that can be successfully corrected increases.

6.3 Framearrival models

To explore the performance response of the wireless channel we use a num-
ber of SPP frame arrival models with different marginal distributions and lag-
1 autocorrelations. In what follows, the SPP frame arrivals process is denoted

by {W4(n),n = 0,1,...} and its mean process is denoted by {Ws(

0,1,...}. We constructed 90 models of the frame arrival process as follows.



Firstly, for a constant mean of the process set to E[W,] = E[Ws] = 0.5 and
mean in the state 1 set to G, 4 = 2E[W4]/9, the variance of the mean arrival pro-
cess of SPPis different and given by D[] € {0.1,0.2,...,0.9}. Note that for
constant £[W4] and G 4, change in the value of variance affects the mean num-
ber of arrivalsin the state 2. Note that the variance of SPP and its mean process are
different. However, the differenceis E[IV,4] and it is kept constant for al models.
Therefore, the increase in the value of variance of the mean process increases the
variance of SPP. Recall that the primary goal isto explore the qualitative effect of
arrival process characteristics on its service performance.

Fig. 11(a) demonstrates how the mean in the state 2 of SPP, varies with
changesin the value of variance for E[W 4| = E[W¢| = 0.5, G1,4 = 2E[W4] /9.
Asaresult, even for constant £[W 4] and G 4, distributions of SPP, are different
due to the effect of variance. As an example, probability functions of the number
of arrivals for both states of the arrival process are shown in Fig. 11(b), where
EW4] = 0.5, Gia = 2E[W4]/9, D[W¢] = 0.5. Probability functions of the
number of arrivals for two SPP4 with D[IW] = 0.1 and D[W(] = 0.9 are shown
inFig. 11(c).

Gaa Pr{W(n) = KISan) =1} PriWy(n) =k}
1 1

110"
i T T T T T T i o1

29 857 1286 1714 2 2
P Gyu=2EMWO, Variance =0 o

B 85 nse i 2 i
Gia stte 1, G, 0= 2E W) & arivals -
state 2, Gy = 2E MWL) ¢ Gyx= 2EW,J8, Variance =0.9

(@ G2,4 = f(G1,4) (b) PFsfor states1 and 2 (c) PFsof SPP,4

Figure 11: Various dependencies in characteristics of SPP,.

To study the effect of the lag-1 autocorrelation of the frame arrival process on
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performance response of the wireless channel, for each value of D[V] we gener-
ated modelswith the following lag-1 autocorrelations K;(1) € {0.0,0.1,...,0.9}.
Parameters of these models, a4 and 34, as a function of D[IW;] and K (1) for

EWa] =0.5and Gy 4 = 2E[W,]/9 are shown in Fig. 12.
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Figure 12: Parameters o4 and 34 asafunction of D[W].

6.4 Results

Theresulting systemis SPP,+SBP,/D/1/ K that isaspecia caseof D-BMAP,+D-
MAPz/D/YK. Inwhat follows, we set capacity of the system to X' = 40. Recall
that we should not allow the frame arrival process to have more than (K — 2)
arrivalsin aslot. Values of Pr{W4(n) = 38|S4(n) = 2} for different values of
(1,4 corresponding to each value of D[Ws] € {0.1,0.2,...,0.9} are shown in
Fig. 13. One may note that the probability of 38 arrivalsin adot is very small
(almost impossible) and can be neglected. Indeed, even for G5 4 corresponding
to G4 = 2E[W4]/9 and D[W¢]| = 0.9, Pr{W4(n) = 38/Sa(n) = 2} =
2.038E — 27. Note that Pr{W4(n) = 38|Sa(n) = 1} is constant for all values
of D[W¢] and equal to 9.404F — 82. Since at most one arrival is allowed from

the frame error process, the requirement Pr{Sq(n) = K, S(n) = j|Sg(n — 1) =
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0,S(n —1) =i} = 0 issatisfied.

Pr{W,(n)=38|Sa(n)=2}

et
-10-49
10-s50 a8
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Figure 13: Pr{W, = 38|S4(n) = 2} for different values of D[W].

6.4.1 Praobability functions

Let usfirstly consider how performance parameters at the data-link layer are af-
fected by first- and second-order statistical characteristics of the bit error process.
The effect of the lag-1 autocorrelation of the bit error processis shown in Fig. 14,
where probability functions of the number of lost frames and delay of aframe are
depicted for different values of Kz (1). The mean of the bit error process was set
t0 0.03, parameters of theframe arrival processwere E[W,4] = 0.5, D[Wg]| = 0.5,
Kg(1) = 0.0, G1a = 2E[W4]/9, and the FEC code was (20, 2). One may see
that the lag-1 autocorrelation of the bit error process does affect loss and delay
performance experienced at the data-link layer. Theincreasein K (1) resultsin
increase of probabilities corresponding to large waiting times in the system. The
probabilities of any non-zero number of lost frames are higher for large values of
the lag-1 autocorrelation of the bit error process. Note that for small values of
K (1) associated probability functions of the delay of a frame have a knee when

q reaches the capacity of the system (in our case K = 40).
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Figure 14: The effect of the lag-1 autocorrelation of the bit error process.

The effect of the mean of the bit error processisshownin Fig. 15for Kg(1) =
0.0, E[WA] = 0.5, Kg(l) = 0.0, D[Wg] = 0.5, GLA = QE[WA]/Q and FEC code
(20, 2). Asexpected, the increase in the bit error rate leads to significantly worse

performance in terms of both delays and | osses.
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Figure 15: The effect of the mean of the bit error process.

Consider now how first- and second-order statistical characteristics of the
frame arrival process affect performance parameters experienced at the data-link
layer. Probability functions of the number of lost frames and the delay of aframe
for different values of K(1) and Kg(1) = 0.0, E[Wg| = 0.03, E[W,4] = 0.5,
D[W¢] = 0.5, G4 = 2E[W,4]/9 are shown in Fig. 16. One can see that thelag-1
autocorrelation may drastically change the performance experienced at the data-

link layer. Particularly, the increase in K (1) results in substantial increase of
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probabilities corresponding to any non-zero number of lost frames. Therefore, the
arrival process with higher memory performs worse than that with weaker linear
dependence between successive arrivals. Such a profound effect of lag-1 autocor-
relation coefficient is due to relatively large arrival rate. It was found that smaller
mean arrival rate results in less significant effect. The effect of the lag-1 autocor-
relation of the frame arrival process on delay performance at the data-link layer
is more complicated. For small values of the waiting time (up to 5 — 7) higher
values of K(1) lead to lower probabilities of the waiting time as compared to
smaller values of K(1). The effect of the lag-1 autocorrelation is opposite for

larger waiting times.

1 fola)

=

|

Figure 16: The effect of the lag-1 autocorrelation of the frame arrival process.

Finally, the influence of the distribution of the number of arriving frames is
illustrated in Fig. 17 and Fig. 18. In Fig. 17 the variance of the mean frame arrival
process of SPP, was changed while other parameters were set to K(1) = 0.0,
E[Wa] = 0.5, G1a = 2E[W4]/9, E[WEg| = 0.03, Kg(1) = 0.0. One can
see that the increase in variance of the frame arrival process leads to significant
increase of probabilities corresponding to any non-zero number of lost frames
and significant increase of probabilities corresponding to large waiting times in

the system. In Fig. 18 we vary the form of the distribution changing G, 4 from
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2E[W4]/9 = 0.111 to 8E[W4]/9 = 0.444 and keep the variance of the mean
frame arrival process of SPP, constant and equal to 0.5. Note that the difference
in probability functions of the number of lost framesis noticeable for these values
of G 4.

Summarizing, we conclude that changes in the form of the distribution of the
number of arriving frames does affect the performance at the data-link layersin
terms of the probability functions of the number of lost frames and delay of a
frame. This property should be taken into account in performance evaluation and

control of wireless channel performance.

s el
q, slots

5 6l
q, slots

Figure 18: The effect of G 4.
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6.4.2 Mean values

The mean number of lost frames and mean delay of a frame are convenient pa-
rametersthat are often used to describe the quality perceived at the data-link layer.
Consider how these parameters change in response to changesin first- and second-
order hit error and frame arrival statistics and correction capability of FEC codes.

Firstly, consider how the mean loss and delay performance of the frame trans-
mission process is affected by changes in first- and second-order statistics of the
bit error process for different FEC capabilities. Fig. 19 shows how the mean
loss response varies with changes in mean and lag-1 autocorrelation of the bit
error process for the following FEC capabilities: (20, 0), (20,1) and (20, 2). Pa
rameters of the frame arrival process were set to E[W,] = 0.5, Kg(1) = 0.0,
D[W¢| = 0.5and G 4 = 2E[W4]/9. When the FEC codeisnot used theincrease
in the value of lag-1 autocorrelation always leads to smaller mean number of lost
frames. However, when the FEC code is used, small and high values of Kp(1)
result in better loss performance as compared to moderate values of Kg(1) (e.g.
Kg(1) = 0.3 ~ 0.6) for small values of bit error rate. Details of this effect strictly
depend on the FEC capability of the data-link layer. As expected, the increasein
the bit error rate always leads to worse performance in terms of the mean number
of lost frames. The difference, however, becomes smaller for al FEC capabilities
as the memory of the wireless channel increases.

The mean delay response at the data-link layer for different bit error rates and
lag-1 autocorrelation of the bit error process and FEC capabilitiesis shown in Fig.
20. For (20,1) FEC code or when the FEC code is not used, the increase in the

value of lag-1 autocorrelation leads to better mean delay performance at the data-
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Figure 19: The mean loss response for different (m, (), Kg(1), E[Wg].

link layer. Depending on the FEC capability and a given bit error rate this trend

can be faster or sower than linear. However, for stronger FEC capabilities (e.g.

(20,2)) theincreasein Kg(1) results in worse delay performance of the wireless

channel. This effect depends on the bit error rate of the wireless channel. As

expected, the increase in the bit error rate leads to worse mean delay response.

However, the magnitude of this effect strictly depends on the value of lag-1 auto-

correlation. For example, when the FEC code is not used, this effect is negligible

for extremely big values of Kx(1).
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Figure 20: The mean delay response for different (m, 1), Kg(1), E[Wg].
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Summarizing the effect of the channel statistics, we conclude that the mean
delay and loss performance at the data-link layer are indeed sensitive to both fist-
and second-order statistics of the bit error process and correction capability of the
FEC code. Particularly, not only the bit error rate but the memory properties of
the wireless channel should also be taken into account when estimating loss and
delay performance at the data-link layer with ARQ and FEC procedures.

Consider now whether the mean loss and delay response at the data-link layer
are affected by first- and second-order order statistics of the frame arrival process.
The mean number of lost frames as a function of the variance and lag-1 autocor-
relation of the mean frame arrival process of SPP,4 for different FEC capabilities
isshown in Fig. 21. Other parameters of the frame arrival and bit error processes
were set to E[Wg] = 0.03, Kg(1) = 0.0, E[Wa] = 0.5 and Gy 4 = 2E[W4]/9.
For all FEC capabilities the increase in lag-1 autocorrel ation leads to worse mean
loss performance at the data-link layer. The increase in the variance of the mean
frame arrival process of SPP, also leads to worse loss performance even for the
same mean number of arrivals. Depending on particular values of D[W] and
K¢(1), both trends can be faster or slower than linear.

The mean delay response for the same parameters of arrival and error pro-
cesses and FEC codes is shown in Fig. 22. For all FEC capabilities the increase
in lag-1 autocorrelation almost always leads to worse mean delay performance.
However, when the FEC codeis not used large values of K (1) may lead to better
delay performance at the data-link layer for big values of D[IW|. Thisis dueto
the fact that in these examples we do not directly control parameters of SPP. All
we change are parameters of the mean process of SPP. In Fig. 22(a) we affect

the value of Ky (1) by changing both K (1) and D[W,]. The resulting effect on
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Figure 21: The mean loss response for different (m, 1), D[Wg], Kg(1).

Ky (1) is not straightforward. The increase in the value of K(1) resultsin in-
crease of Ky (1). However, when D[W¢] increases change in the value of Ky (1)
depends on theinterplay between D[] and D[Wy|. Indeed, thevalue of D[Wy]
also increases in response to the increase in the value of D[W]. Theincrease in
variance almost always results in worse mean delay performance except for no
FEC environment where large values of K(1) and D[] lead to better mean

delay performance.
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Figure 22: The mean delay response for different (m, 1), D[Wg], Ka(1).

Summarizing, the mean loss and delay performance at the data-link layer are
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also senditive to first- and second-order statistics of the frame arrival process. As
aresult, theinterplay between statistical characteristics of the bit error and frame

arrival processesis of paramount importance for optimal choice of the FEC code.

6.4.3 Casestudy

In this case study we use two particular Bose-Chaudhuri-Hochquenghem (BCH)
FEC codes denoted by triplet (m, n, (), where m isthe length of the framein bits,
n isthe number of data bitsin aframe and [ isthe number of incorrectly received
bits that can be corrected. The codes are (255, 131, 18) and (255, 87, 26), whose
rates are approximately 1/2 and 1/3, respectively. According to our model, the
former coding scheme triesto deliver approximately 1.507 times more data bitsin
asingle slot.

Fig. 23 demonstrates the mean loss performance for both FEC codes, differ-
ent wireless channel conditions and different statistics of the arrival process. Other
parameter of the frame arrival process were set to E[W,] = 0.5, D[W¢] = 0.5,
Gya = 2E[W4]/9. If the performance metric of interest is the mean number
of successfully delivered frames, one can see from Fig. 23 that (255,87, 26)
FEC code outperforms (255,131, 18) FEC code for al conditions of the wire-
less channel. However, if the performance metric of interest is the mean num-
ber of successfully delivered bits, the result can be different. This stems from
the fact that (255, 131, 18) FEC code tries to transmit approximately 1.5 times
more data bits in a single slot. As a result, a new comparison should be made.
The mean number of successfully delivered bits in a slot can be computed as
(E[W4(n)|[Wa(n) > 1] — E[L(n)|W4(n) > 1])n, where n is the number of data
bitsinasingleframe. For K(1) = 0.0, it can be computed that (255, 87, 26) FEC
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code is only better when the bit error rate is 0.08 and the lag-1 autocorrelation is
less than 0.4. The performance at the data-link layer in terms of both metrics is
significantly worse when the lag-1 autocorrelation of the mean frame arrival pro-
cess increases from 0.0 to 0.5. Note that the final decision on the choice of the

FEC code should also take into account the mean delay performance of both FEC

codes as explained below.
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Figure 23: Case study: the mean loss response for different FEC codes.
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Fig. 24 illustrates the delay experienced by a frame when (255, 131, 18) and
(255, 87,26) FEC codes are used at the data-link layer. Recall that in rea envi-
ronment ARQ protocols sometimes limit the number of retransmission attempts.
For example, if the number of retransmission attemptsis limited by 6, ARQ pro-
tocol with (255,131, 18) FEC code does not perform well on a wireless chan-
nel with the bit error rate higher than 0.07. For most considered wireless chan-
nel conditions, ARQ protocol with (255, 87,26) FEC code performs better than
with (255,131, 18) FEC code. For example, for E[Wg| = 0.08, Kg(1) = 0.4,
Kg(1) = 0.0 approximately 3 retransmission attempts are required on average.
For the same wireless channel conditions and traffic parameters ARQ protocol
with (255,131, 18) FEC code requires around 36 retransmission attempts which
isnot tolerable. Note that when the lag-1 autocorrel ation of the mean frame arrival
process of SPP, increasesto K (1) = 0.5 and the wireless channel conditions
are E[Wg| = 0.08 and K (1) = 0.4, even (255, 87,26) FEC code leads to poor
performance as it now requires approximately 5 retransmission attemptsto deliver

asingle frame correctly.

7 Conclusions

In this paper we developed an analytical cross-layer performance evaluation ap-
proach for wireless channel with autocorrelated arrival and loss processes. We use
lag-1 autocorrelation coefficient and mean bit error rate as a description of wire-
less channel conditions. The bit error process was then extended to the data-link
layer using the cross-layer mapping procedure that allows to explicitly take into

account FEC and ARQ procedures. The frame arrival process was modeled by
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Figure 24: Case study: the mean delay response for different FEC codes.

D-BMAP. Queuing-theoretic approach was then used to derive performance pa-
rameters of interest including probability functions of the number of lost frames
and delay of aframe. The proposed methodology allows to take into account both
first- and second-order channel and traffic statistics and till analytically derive
performance parameters of the frame transmission process avoiding computation-

aly intensive simulations. It also allows to easily change the strength of the FEC



code to determine best possible performance for a given traffic and channel con-
ditions without the need for extensive measurements of wireless channel charac-
teristics for each particular FEC code.

Using the proposed approach we observed that the loss and delay response of
wireless channelsis highly sensitive to first- and second-order channel and arrival
statistics. Particularly, both bit error rate and lag-1 autocorrelation may signif-
icantly change the performance perceived by applications at the data-link layer.
The performance response is also sensitive to the form of the probability function
of the number of arriving frames. The interplay between statistical characteris-
tics of bit error and frame arrival processes is then of paramount importance for
optimal choice of FEC code. Failure to model traffic and channel characteris-
tics appropriately may lead to misleading expectations regarding the performance
level provided by awireless channel.

The proposed approach is a versatile tool combining characteristics of prop-
agation environment, traffic parameters and local error correction capabilities of
the wireless channel in a single mathematical bundle that provides performance
of a certain application as an output. Although the approach does not seem to
be appropriate for on-line implementation as an element of the performance con-
trol system, it is still much faster than simulation studies. For example, it can
be used to implement the so-called bank of performance curves that can be used
at both ends of the wireless interface to provide the best possible performance at
any instant of time for current wireless channel conditions. Finally, the proposed
approach can also be extended to the IP layer taking into account segmentation of

asingle IP packet into a number of frames (codewords) at the data-link layer.
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