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Abstract. An intention to adopt IP protocol for future mobile commu-
nication and subsequent extension of Internet services to the air interface
calls for advanced performance modeling approaches. To provide a tool
for accurate performance evaluation of IP-based applications running
over the wireless channels we propose a novel cross-layer wireless chan-
nel modeling approach. We extend the small-scale propagation model
representing the received signal strength to IP layer using the cross-layer
mappings. Proposed model is represented by the IP packet error process
and retains memory properties of initial signal strength process. Con-
trarily to those approaches developed to date, our model requires less
restrictive assumptions regarding behavior of the small-scale propaga-
tion model at layers above physical. We compare results obtained using
our model with those, published to date, and show that our approach
allows to get more accurate estimators of IP packet error probabilities.

1 Introduction

While next generation (NG) mobile systems are not completely defined, there
is a common agreement that they will rely on IP protocol as a consistent end-
to-end transport technology. The motivation is to introduce a unified service
platform for future 'mobile Internet’ known as '"NG All-IP’ mobile systems.

To date only a few studies devoted to IP layer performance evaluation at the
air interface have been published. Survey of literature has shown that most stud-
ies were devoted to analysis of the data-link layer protocols [1,2]. Additionally,
approaches developed to date, adopt quite restrictive assumptions regarding the
performance of wireless channels at layers above physical. As a result, they may
lead to incorrect estimation of IP layer performance parameters.

In this paper we propose a novel cross-layer wireless channels modeling ap-
proach. We extend the small-scale propagation model representing the received
signal strength to IP layer using the cross-layer mappings. The proposed model
is represented by the IP packet error process, retains memory properties of initial
signal strength process and captures specific peculiarities of protocols at layers
below IP. We show that our approach allows to get more accurate estimators of
IP packet error probabilities compared to those approaches used to date.



Our paper is organized as follows. In Section 2 we overview propagation
characteristics of wireless channels and models used to capture them. In section
3 we propose our extension to IP layer and define model that provides IP packet
error probabilities. In Section 4 we provide numerical comparison of our approach
with that one widely used in literature. Conclusions are drawn in the last section.

2 Propagation characteristics of wireless channels

The propagation path between the transmitter and a receiver may vary from
simple line-of-sight (LOS) to very complex ones due to diffraction, reflection and
scattering. To represent performance of wireless channels propagation models are
used. We distinguish between large-scale and small-scale propagation models [3].

When a mobile user moves away from the transmitter over large distances the
local average received signal strength gradually decreases. This signal strength
is predicted using the large-scale propagation models. However, such models
[4-6] do not take into account rapid variations of the received signal strength.
As a result, they cannot be effectively used in performance evaluation studies.
Indeed, when a mobile user moves over short distances the instantaneous signal
strength varies rapidly. The reason is that the received signal is a sum of many
components coming from different directions. Propagation models characterizing
rapid fluctuations of the received signal strength over short time duration are
called small-scale propagation models. 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.

The small-scale propagation models capture characteristics of wireless chan-
nel on a finer granularity than large-scale ones. Additionally, these models im-
plicitly take into account movements of users over short travel distances [7,8].
In what follows, we restrict our attention to the small-scale propagation models.

2.1 Model of small-scale propagation characteristics

Assume a discrete-time environment, i.e. time axis is slotted, the slot duration
is constant and given by At = (¢t;41 —t;), i = 0,1,.... We choose At such that
it equals to the time to transmit a single symbol at the wireless channel. Hence,
the choice of At depends on properties of the physical layer.

Small-scale propagation characteristics are often represented by the stochas-
tic process {L(n),n = 0,1,...} modulated by the discrete-time Markov chain
{Sc(n),n =0,1,...}, Sp(n) € {1,2,..., M} each state of which is associated
with conditional probability distribution function of the received signal strength
[9,10]. The underlying modulation allows to take into account autocorrelation
properties of the signal strength process. Since it is allowed for the Markov pro-
cess {Sr(n),n = 0,1,...} to change state in every time slot, every bit may
experience different received signal strengths.

An illustration of such a model is shown in the Fig. 1 where states are as-
sociated with conditional distribution functions Fp(kAf|i)(Af) = Pr{L(n) =



kAf|Sp(n) =i}, k=1,2,...,N,i=1,2,..., M, where N is the number of bins
to which the signal strength is partitioned and Af is the discretization interval.
Let Dy and 7 = (m1,72,..., ) be the one-step transition probability ma-
trix and the stationary probability vector of {Sr(n),n = 0,1,...} respectively.
Parameters M, Dp,, Fr,(kAf|i)(Af), must be estimated from statistical data [9,
10]. For the ease of notation we will use Fp, (k|i) instead of Fp(kAf|i)(Af).

F, (kA | 1)(AF), k =12,...., F, (kA | 2)(AF), k =12,.... F, (kAF | MY(AF), k =12,...,

L -

Fig. 1. An illustration of the Markov model for small-scale propagation characteristics.

3 Wireless channel model at IP layer

The small-scale propagation model of the received signal strength defined in
the previous section cannot be directly used in performance evaluation studies
and must be properly extended to IP layer at which QoS usually is defined.
To do so we have to take into account specific peculiarities of layers below IP
including modulation schemes at the physical layer, data-link error concealment
techniques and possible segmentation procedures between different layers. As a
result, the IP layer wireless channel model must be a complex cross-layer function
of underlying layers and propagation characteristics.

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

3.1 Bit error process

Consider a certain state i of the Markov chain {Sr(n),n =0,1,...} associated
with the conditional probability distribution function Fp(k|i), k = 1,2,..., N,
of the received signal strength. Since the probability of a single bit error is the
deterministic function of the received signal strength [3], all values of Fp(k|i)
that are less or equal to a computed value of the so-called bit error threshold Br
cause bit error. Those values which are greater than B do not cause bit error.
So that each state i, ¢ = 1,2,..., M of the Markov process {Sr(n),n=0,1,...}
can be now associated with the following bit error probability pg ;:

ppi = Pr{E(n) =1|Sg(n _z}—ZPr{L y=k|SL(n) =i}, (1)
k=1



where {F(n),n =0,1,...}, E(n) € {0,1} is the bit error process for which 1 de-
notes an incorrectly received bit, 0 denotes a correctly received bit, {Sg(n),n =
0,1,...} is the underlying Markov chain of {E(n),n = 0,1,...}. Note that
{Sc(n),n = 0,1,...} and {Sg(n),n = 0,1,...} are actually the same and
wg = 7, Dgp = Dy, where D and g are one-step transition probability
matrix and stationary distribution vector of {Sg(n),n = 0,1,...} respectively.
Br must be estimated based on a modulation scheme and other specific features
of physical layer utilized at a given wireless channel [3].

Let us denote by dgj(k) = Pr{E(n) = k,Sg(n) = j|Sg(n — 1) = i},
k = 0,1, the transition probability from the state i to state j with correct
(k = 0) and incorrect (k = 1) bit reception respectively. These probabilities can
be represented in a compact form using matrices Dg(1) and Dg(0) such that
Dg(1) + Dg(0) = Dg. In our case the state from which the transition occurs
completely determines the bit error probability. The state to which transition
occurs is used for convenience of matrix notation useful in the following.

3.2 Frame error process without FEC

Assume that the length of the frame is constant and equals to m bits. The
sequence of consecutively transmitted bits, denoted by gray rectangles, is shown
in the Fig. 2, where (I — 1), I, (I + 1) denote time intervals whose length equals
to the time to transmit a single frame; k, i, j, denote the state of the Markov
chain {Sg(n),n=0,1,...} in the beginning of these intervals.

Consider the stochastic process {N(l),l = 0,1,...}, N(I) € {0,1,...,m},
describing the number of incorrectly received bits in consecutive bit patterns of
the length m. This process is doubly stochastic one modulated by the underlying
Markov chain {Sy (1), =0,1,...}. {N(),l =0,1,...} and can be completely
defined via parameters of the bit error process.
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Fig. 2. Sequence of consecutively transmitted bits at the wireless channel.

Let us denote the probability of going from the state ¢ to the state j for the
Markov chain {Sy(l),l = 0,1,...} with exactly k, k = 0,1,...,m incorrectly
received bits in a bit pattern of the length m by dn ;;(k) = Pr{N(l) = k,Sn(l) =
JISn(l — 1) = i}. These transition probabilities can be found using Dg(k),



k=0,1and 7g:
dn,ij(0) = e DE (0)e,

0
dyij(1) =7p Y Dy "1 (0)Dp(1)Dg(0)e,

k=m—1

dn,ij(m) =g Dg(1)e, (2)

where e is the vector of ones of appropriate size.

Let us now introduce the frame error process {F(l),l = 0,1,...}, F(l) €
{0,1}, where 0 indicates the correct reception of the frame, 1 denotes incor-
rect frame reception. Process {F(l),l = 0,1,...} is modulated by the under-
lying Markov chain {Sp(l),n = 0,1,...}. Note that {Sr(l),l = 0,1,...} and
{Sn(1),l =0,1,...} are the same. Let us denote the probability of going from
the state i to the state j for the Markov chain {Sr(l),I = 0,1,...} with exactly
k, k = 0,1 incorrectly received frames by dg;;(k). Process describing the num-
ber of bit errors in consecutive frames can be related to the frame error process
{F(l),l =0,1,...} using the so-called frame error threshold Fr:

Fr—1

dpij(0) = Y dnii(k),  dri(1)= Y dnij(k). (3)
k=0

k=Fr

Expressions (3) are interpreted as follows: if the number of incorrectly re-
ceived bits in the frame is greater or equal to a computed value of the frame
error threshold (k > Fr) the frame is incorrectly received and F(I) = 1, other-
wise (k < Fr) the frame is correctly received and F(I) = 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 (Fr = 1). Thus,
the probabilities (3) of the frame error process take the following form:

dr,ij(0) = dn,i;(0),  dpg;(1) = i dn,ij(k) =1 —dp,;(0). (4)
k=1

The slot durations of {N(l),l = 0,1,...} and {F(l),l = 0,1,...} are the
same At’ and related to the slot duration of the received signal strength process
{L(n),n=0,1,...} as At =nlAt,n=0,1,....

3.3 Frame error process with FEC

The frame error threshold Fr depends on FEC correction capabilities. Assume
that the number of bit errors that can be corrected by a FEC code is [. Then,
Fr = (14 1) and the frame is incorrectly received when k > (I 4 1). Otherwise,
it is correctly received. Thus, the transition probabilities (3) of the frame error



process take the following form:

l m
drig(0) = dnij(k),  dry(1) = dn(k). (5)
k=0

k=l+1

3.4 IP packet error process

Assume that IP packet is segmented into z frames of equal size at the data-
link layer.! The sequence of consecutively transmitted frames, denoted by gray
rectangles, is shown in the Fig. 3, where (h— 1), h, (h+1) denote time intervals
whose length equals to the time to transmit a single packet; k, i, j, denote the
state of the Markov chain {Sr(n),n =0,1,...} in the beginning of intervals.
Consider the stochastic process {M(h),h = 1,2,...}, M(h) € {0,1,...,z},
describing the number of incorrectly received frames in a consecutive frame pat-
terns of the length z. This process is modulated by the Markov chain {Sys(h), h =
0,1,...} and can be defined via parameters of the frame error process.
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Fig. 3. Sequence of consecutively transmitted frames at the wireless channel.

Let us denote the probability of going from state i to state j for the Markov
chain {Sys(h),h = 0,1,...} with exactly k, £ = 0,1, ...,z incorrectly received
frames in a frame pattern of length z by das (k) = Pr{M(h) = k,Sym(h) =
JISm(h — 1) = i}. These transition probabilities can be found using Dp(k),
k=0,1and wp of {F(]),l =0,1,...} as follows:

dM,ij (0) = Tl'FDi—‘<O)€,
0
dyis(1) =7p Y Di "1 (0)Dp(1)DE(0)e,
k=z—1
drij(2) = mpDi(1)e, (6)

where 7 is the stationary distribution vector of {Sr(1),l =0,1,...}.
Let us now introduce the packet error process {P(h),h = 0,1,...}, P(h) €
{0,1}, where 0 indicates the correct reception of the packet, 1 denotes incorrect

! Assumption of the constant frame size does not restrict the generality of the results
as long as only one traffic source is allowed to be active at any instant of time for
which only data-link error concealment techniques are possible (e.g., IP telephony).



packet reception. Process {P(h),h = 0,1,...} is modulated by the underly-
ing Markov chain {Sp(h),h = 0,1,...}. Note that {Sp(h),h = 0,1,...} and
{Sp(h),h=0,1,...} are the same. Let us denote the probability of going from
the state 7 to the state j for the Markov chain {Sp(h),h = 0,1, ...} with exactly
k, k = 0,1 incorrectly received packets by dp;;(k). Process {M(h),h =0,1,...}
describing the number of incorrectly received frames in consecutively transmit-
ted packets can be related to the packet error process {P(h),h =0,1,...} using
the so-called packet error threshold Pr:

Pr—1

dpi(0) = > dui(k),  dpi(1) =Y duij(k) =1—dars;. (7)
k=0 k=Pr

Expressions (7) are interpreted as follows: if the number of incorrectly re-
ceived frames in a packet is greater or equal to a computed value of the packet
error threshold (k > Pr) the packet is incorrectly received and P(h) = 1. Other-
wise, it is correctly received and P(h) = 0. Since no error correction procedures
are defined for IP layer, Pr = 1 and only djz,;;(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.

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

3.5 Illustration of the proposed extension

An illustration of proposed cross-layer mapping is shown in Fig. 4 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, ...} are shown. Error
thresholds Br, Fr and Pr must estimated as outlined previously and then used
to compute transition probabilities of error processes at different layers.

To define models of the incorrect reception of PDUs at different layers we
implicitly assumed that appropriate PDUs are consecutively transmitted at cor-
responding layers. Hence, the IP packet error process is conditioned on the event
of consecutive transmission of packets.

4 Comparison of the proposed approach

Let us now compare the proposed approach with that one developed and used
to date. We consider two cases: (1) the signal strength is assumed to be constant
during the frame transmission time (2) the signal strength is mapped to the IP
layer model in accordance with our approach. In what follows, we use subscripts 1
and 2 to denote performance estimators obtained using corresponding approach.

Assume that the wireless channel at the physical layer is represented by the
Markov chain with M = 4, pg,; = 0, i = 1,2,3, pg4 # 0 and the following
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Fig. 4. Illustration of proposed cross-layer mapping.
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transition probability matrix:

0.42 0.18 0.24 0.16
0.18 0.42 0.04 0.36
Pe= 1007003054036 |- (8)

0.03 0.07 0.09 0.81

We also assume that exactly one IP packet is mapped into one frame at the
data-link layer. It can be easily shown that this assumption provides the best
possible conditions at the IP layer.

4.1 Packet error processes without FEC

Assume that the length of the frame is m bits and FEC is not used at the data-
link layer. Then, the conditional mean of the incorrectly received packets® is
given by the following expressions:

E\[P]=) mg:» (1-ppi)pei  E2[Pl=1-mgDg0)e.  (9)
=1 0

—

3

E
I

The estimated values of the conditional mean of the incorrectly received IP
packets for different values of m and pg 4 are shown in the Table 1. Comparing

2 This performance parameter can be interpreted as the mean number of the incor-
rectly received IP packets given that packets are generated according to Bernoulli
process with probability of a single arrival set to 1.



obtained results we note that the assumption of the same received signal strength
during the frame transmission time significantly overestimates the actual perfor-
mance of wireless channels when the channel coherence time is comparable with
the time to transmit a single symbol.

Table 1. Conditional mean number of incorrectly received packets (no FEC)

m pe4=0.3 pe,a=0.1
Eq[P] E,[P] Eq[P] E,[P]
100 0.622 1.000 0.622 0.998
500 0.622 1.000 0.622 1.000
2000 0.622 1.000 0.622 1.000

4.2 Packet error processes with FEC

Consider now the effect of FEC. Assume that the FEC code may correct up to [
bit errors i.e. Fr =1+ 1. Then, the conditional mean of the incorrectly received
packets is given by the following expressions:

4 m
k m—
CILED D Ol L4 IR P
i=1

k=Fr

4 m
B[Pl =) 7pi Y duij(ke. (10)

i=1 k=Fr

Results for different values of [, m and pg 4 are shown in the Table 2. For illus-
trative purposes some non-realistic values of (m, ) are also included. Comparing
obtained results we note that the assumption of the same received signal strength
during the frame transmission time significantly underestimates or overestimates
the actual performance of wireless channel depending on correction capabilities
of FEC code. Our approach provides exact values of conditional mean of the in-
correctly received packets when the channel coherence time is comparable with
the time to transmit a single symbol at the wireless channel.

5 Conclusions and future work

We extended the small-scale propagation model representing the received signal
strength of the wireless channel to IP layer using the cross-layer mappings. Our
model is represented by the IP packet error process and retains memory proper-
ties of the initial signal strength process. We compare results obtained using our
model with those presented in literature and show that our approach allows to



Table 2. Conditional mean number of incorrectly received packets (FEC)

(’I?’L7 l) PE,4 = 0.3 PE,4 = 0.1

Ei[P] B2 P Ei[P] B2 P
(100,5) 0.622 1.000 0.622 0.587
(100,10) 0.622 0.976 0.622 0.054
(100,20) 0.622 0.328 0.622 8E-8
(500,20) 0.622 1.000 0.622 0.975
(500,40) 0.622 1.000 0.622 0.052
(500,100) 0.622 0.233 0.622 <10E-10
(2000,100) 0.622 1.000 0.622 0.986
(2000,200) 0.622 1.000 0.622 4E-6
(2000,300) 0.622 1.000 0.622 <10E-10

get more accurate estimators of IP packet error probabilities when the channel
coherence time is comparable with the time to transmit a single symbol.

The proposed model entirely relies on classic small-scale propagation model

and does not take into account the signal strength attenuation caused by move-
ments of the user over the large distances. The aim of our further work is to
extend our approach to mobility-dependent propagation characteristics.
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