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Abstract—This letter proposes a new approach to the reliability
analysis of IEEE 802.11 one-dimensional (1-D) broadcast mobile
ad hoc networks. The approach finds a simple and effective way
to derive the distribution of signal-to-interference-to-noise ratio
(SINR) on each receiver, which is required for evaluation of the
reliability metrics and the channel capacity. Having observed that
the effective interference area depends on a given SINR threshold,
the SINR distribution derivation is converted to estimating the
SINR threshold related interference areas that are dynamically
changed in a communication channel. The analysis is applied to
two network configurations for example, and it is cross validated
by the extensive simulations. Compared with the previous models,
the new approach is more general, more precise, and faster.

Index Terms—Broadcast, Ad hoc networks, Interference,
SINR, Quality of Service

I. INTRODUCTION

IEEE 802.11 based broadcast ad hoc networks have been stud-
ied for many mission-critical applications such as vehicular
safety messaging, military and crisis emergency management,
and medical monitoring, etc. These applications require high
quality of service (QoS) regarding how reliable the surround-
ing nodes are able to receive broadcast messages from a
tagged node within the message lifetime. It is important to
investigate the QoS of such systems analytically in the process
of the design and the system upgrading (e.g., from 802.11p to
802.11bd [5]). On the other hand, many intelligent model-
based systems call for accurate and fast analytical models
for real-time optimization of the network parameters [4] [7].
Recently, a few signal-to-interference-to-noise ratio (SINR)
based models have been proposed for the analysis of IEEE
802.11 vehicular ad hoc network (VANET) for safety message
broadcast [1-3]. The models approached the QoS analysis
of the VANET safety message broadcast under the fading
channels through the derivation of the SINR distribution.
However, due to the features of carrier sensing mechanism in
the 802.11 channel access, there is no effective SINR-based
model to quantify the QoS of such networks up to the date.
The models in [1-2] assumed a fixed interference range of
hidden terminals, which brings remarkable errors to the QoS
evaluation, as shown in Section V. The stochastic geometry
models [3] [8] approximated the behavior of the carrier sensing
in 802.11 using ALOHA and Matern type II process. The
accuracy of the models is sensitive to node density. Also,
the models only apply to uniform Poisson networks under
Rayleigh fading channel [3]. Furthermore, the models in [1-3]
took many complex iterations and high-order integrations to
derive the needed QoS results, which are very time consum-
ing. Besides, all the current SINR-based models assume that
communication systems adopt a hard-limiter SINR threshold
for making decision on message receptions. However, many
practical communication channels are often characterized by

packet loss rate (PLR) in terms of the measured immediate
SINR values, which is referred to as PLR(SINR) curve [7].

In this letter, a new effective SINR-based analytic approach
is proposed to analyze the reliability and the capacity of
IEEE 802.11 broadcast ad hoc networks. In the new approach,
the SINR distribution derivation is divided into the evalua-
tion of signal-to-interference ratio (SIR) distribution and the
evaluation of signal-to-noise ratio (SNR) distribution in the
Nakagami channel. Under a few reasonable assumptions, the
SINR distribution analysis can be converted to evaluating the
transmission probability of a node in an estimated interference
area that is a dynamic function of communication distance
and a specified SINR threshold. Then, the SINR distribution
serves for the QoS analysis of the systems that adopt both the
SINR threshold and the PLR(SINR) curves on the reception of
transmitted messages. The new approach considers the impact
of IEEE 802.11 MAC channel access, interferences from other
nodes’ transmissions, and noise.

II. PROBLEM FORMULATION AND ASSUMPTIONS
A. Problem Formulation

We consider a wireless broadcast ad hoc network where
each node sends messages to its surrounding nodes in its
transmission range regularly with a message generation rate
(A) and transmitting power (P;). Each node also receives the
broadcast messages from the surrounding nodes. All channel
accesses and packet transmissions follow IEEE 802.11 carrier-
sense multiple access (CSMA) protocol [9]. The QoS is
degraded by message collisions and fading/shadowing in the
communication channels. The collisions occur once other
nodes transmit to a same receiver when a transmission is
going on. Two types of the interference may cause the failure
of message delivery in the networks: hidden terminal (HT)
and concurrent transmission (CT) [7]. CT occurs when any
of the nodes within a tagged node’s carrier sensing range
(rg) starts to transmit at the same slot on which the tagged
node starts its transmission. HT occurs when any of the
nodes out of the tagged node’s carrier sensing range sends
a message to the same receiver at the same time while the
tagged node is transmitting. Also, the QoS is degraded by the
Nakagami fading/shadowing with path loss. It is important
that the network is able to provide the safety services with
the guaranteed reliability. In order to evaluate the reliability
metrics such as packet delivery probability (PRP) and packet
reception ratio (PRR) in this regard, the SINR distribution
needs to be evaluated.

B. Assumptions

We assume that the IEEE 802.11 driven message broadcast
networks work under the following scenarios.
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Fig. 1 General interfering scenario for MANET message broadcast

1) A 2-D strip-like area or a straight road is approximated by
a one-dimensional (1-D) line, as shown in Fig. 1.
2) Two types of node distributions are assumed and considered
for two potential traffic patterns: (i) Denote Y); as the sum
of M neighboring node inter-distance to the tagged node,
probability density function (PDF) of Yj,follows the log-
normal distribution (LND) with mean u and variance o [1-
2]. This node distribution is a good approximation of nodes
on urban roads. (ii) All mobile nodes are placed on 1-D line
according to homogeneous Poisson process (HPP) with the
density of vehicles § (in nodes per meter) [3] [8]. This node
distribution is a good approximation of nodes on free roads.
3) All nodes are treated as homogeneous with identical body
length Ly and transmission power P;.
4) Nakagami fading model with exponential path-loss is as-
sumed for the wireless communication channel.

Then, PDF of the power P, received from a receiver with
distance d away from a source node is rewritten as

mx

— ; m " m—1 _
fprja(x) = () (_P—r(d)) X CXP( ﬁr(d)), )]

where I'() is the Gamma function, and m is the fading

parameter. P,(d) = Py (%)a (dy is the reference distance
for the far-zone field, @ is the path-loss exponent, and 7 is a
transceiver-determined constant) is the mean value determined
by the path-loss.

5) A deterministic carrier sensing range (rg) is assumed in the
analysis, where rg = do \/P;n/P;;, [1], and Py}, is the clear
channel assessment (CCA) sensitivity.

6) Collisions and fading are independent of each other, so
that the derivation of collision probability and error rate due
to fading can be separately carried out. This assumption is
theoretically true as m = 1 in Nakagami fading channel [8],
and is a reasonable approximation as m is not equal to 1,
which can be verified by the numerical results later.

7) The interference ranges are open as opposed to the fixed
interference range (rg) in [1-2]. The distance between an
interferer and the tagged transmitter is no longer than 1,4 .

ITII. ANALYSIS OF SINR DISTRIBUTION

To evaluate the reliability and other QoS metrics, the SINR
distribution should be derived. Given a SINR threshold 6, the
SINR distribution, cumulative density function (CDF), can be
formulated as

F. ) = Pr(SINR < 0) = Pr | ——— < 0],
siNr(6) = Pr( ) r(N"'ZiIi )
where P, is the power strength of signal from a sender on a

receiver, I; is the power strength of i’s interference signal on
the receiver, and N is the average power of noise.

2

We observe that the immediate SINR value depends on both
the distance between a transmitting node and a receiving node
and the distance between an interferer and the receiving node.
Also, due to the carrier sensing mechanism in IEEE 802.11
driven networks, once an interfering node is transmitting, no
other nodes within the transmitting node’s carrier sensing
range will be allowed to transmit. As shown in Fig. 1, given a
transmitting (tagged) node O sending out messages (packets),
U is one of the receivers with distance d; to O, and I is an
interfering node with distance d; to the receiver. In Nakagami
channel characterized by Eq. (1), the mean receiving power
decays exponentially with distance between the transmitter and
the receiver. Thus, the expected SINR expression in the IEEE
802.11 broadcast ad hoc network becomes

P do |\
P.(d f”(d?)
SINR = Lrlds)__ =<6
N+1(dy) NHDH](%)
1

Keeping above inequality in our mind, given a tagged node
O sending a packet to a receiver U, we observe and deduce that
the effective range of the interference in which any node I's
transmission causes the immediate SINR value measured on
node U less than the specified SINR threshold 8 is limited and
dynamically changed with the distance dg and the threshold
0. The smaller d (@) is, the smaller the interference range is.

Next, we analyze the SINR distribution of a transmission
in IEEE 802.11 broadcast networks with interference as well
as noise in the Nakagami wireless channel. From assumption
(6), the SINR analysis can be divided into the SIR analysis
and the SNR analysis. The impact of the interference on SINR
is studied through evaluating the transmission probabilities of
nodes inside and outside of the tagged node’s carrier sensing
range, respectively.

A. SINR Distribution Accounting For Interference

Knowing that only one transmission from the interference
area beyond the carrier sensing range (either one side of two
shaded areas in Fig. 1) is allowed, define Dj;4x—1 as the
maximum distance between an receiver and the farthest inter-
ferer whose transmission causes SIR less than the specified
threshold, which can be decided by

ol
SIR=—20 __—¢ )
d
Ptr] (DlmZ)cfl)
1
Dimax-1= (H)Eds 3)

There is other possibility that two nodes beyond the above
shaded area transmit from two sides simultaneously to result
in SIR less than 6. Define Dj,,qx—2 to be the distance between
the receiver and the farthest node in the new shaded areas, in
which any two-node transmissions can cause the immediate
SIR less than 6, which is approximately decided by

P ()"
M\ a,
SIR = d = =0 4)
ZPIU (Dlmzx—Z)
1
Dimax—2 = (29) ady ®)

Therefore, the derivation of the SIR distribution can be con-
verted to the evaluation of the probability that the interfering
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nodes within the distance constraint (Dj,ax—1 OF Dimax—2)
transmit when U is receiving a message from O. The in-
terfering nodes in different areas will affect U’s receiving
message to different degree with different probabilities. In
practical communication systems, interference from nodes be-
yond certain distance I, may be too weak to be considered.
SO7 Dlmax = min{DImax—ls Imax}; and Imax = DImax—Z >
D I-max-

Here, we introduce two probabilities that facilitate the
derivation of SINR distribution from the Semi-Markov anal-
ysis of IEEE 802.11 broadcast [6]. First, the probability mg
that a node starts to transmit in the beginning of a time slot
immediately after the backoff process, which is expressed as
0 = 20 (p+gp(l-p)]

[p+an(1=p)1[(ts + ppT)Wo + (o = ppT)] +2T +2(1 - p) (4 + AIFS)

where T is the time duration for one packet transmission, ? is
slot duration, p is the probability that there are packets in the
queue of the tagged node, pj, is the probability that the channel
is detected busy in one time slot by the tagged node, g, is
the probability that the channel is detected busy in AIFS time
by the tagged node, and AIFS is a time period of arbitration
inter-frame space of IEEE 802.11p MAC. Second, considering
node O and node I are out of mutual carrier sensing range,
I’s transmission could occur at any time of O’s transmission.
According to [6], the probability that a node I in the shaded
area transmits during the vulnerable period of the transmission
from the tagged node O is evaluated as
2(T — AIFS)
T )
where mxpr is the steady-state probability that a node is in
transmission state, which is derived in [6].
T
olp+aqp(l-p)]
Next, we consider how the interfering nodes outside of O’s
carrier sensing range degrade O’s transmissions to U from the
perspective of SIR, as shown in Fig. 1. Given a transmission
distance ds, the probability that SIR on U is less than the
specified threshold 8 is equal to the probability that at least
one of nodes in the symbol “/” marked shaded HT areas [rg,
Dimax — e +dg] or [-Dppnax + ds, —7g] transmits. So, the
probability that at least one transmission from either side of the
hidden interference areas for two types of node distributions
can be described as

Py (dy)=Pr{SIR < 9|ds}={

(6)

Pt =TXMT

TXMT = Q-

1—(1=p)Nuif LND

7
1 — e PrPu jf HPP @

Considering the possibility that Dy,,,, could be smaller than
the sensing range rg for some situations, the total hidden
terminal area Dy; from both sides for HPP node distribution
can be expressed as

D;” =max(Dymax — rE +ds, 0),

Dit =max(Dimax —TE — ds, 0),

Np =D}, + D3 .

According to [1], the average number of hidden terminals Ny,
for LND node distribution can be estimated as

1 Ny
N,, = anl n-PriY, <rg}Pr{Y,+ D, >re|¥n <rg}

3

2

2 Ny
N2, = Zn:l n-Pr{Y, < rg}Pr{Yp + Dnst > re|Ve < g}
Ni =N}, +Nj,,
where N} = |D} /Ly |, and N2 = |D? /Ly |. Dy is the
distance between nth node and »n + 1th node.

On the other hand, there is the possibility that at least two
of nodes from two sides of the symbol “\” marked shaded HT
areas [_Dlmax—2+dSa_D1max+ds] and [Dlmax"'ds’DImax—Z"'
ds] transmit simultaneously, which also could cause the SNR
value less than the threshold 6.

21 »

Phe(ds) = (1= (1= p)Ni) (1 = (1 = p)Nin).if LND
B R R R

where

D% = [max(Dimax-2 — max(Dmax,E + dy),0)],

®)

D%l% = [max(D1max-2 = max(Dmax,TE — ds),0)].

From the log-normal distribution described in [1], we have

21 Ny
N, = Zn:l n-Pr{Y, <rg}Pr{¥n + Dns1 > rg|¥s

IA

rE}

IA

2 N7
N2 = Zn:l - Pri¥, < rg}Pr{Yp + Dnst > rg|¥e < g}

where N2! = |_D%11/LVJ, and N2? = |_D%12t/LVJ.

In addition, the concurrent transmission takes place when any
of the nodes within rg range of the tagged node starts its trans-
mission. Then, considering the possibility that Dy, could
be smaller than the sensing range rg for some transmission
situations, the probability that at least one concurrent collision
occurs can be evaluated as

1-(1—-m)Nee,if LND
Pec(ds) = ~-BDecrny 9)
1 —ePHec™ jf HPP
Di‘c = min(Dimax,TE — ds)
D% = min(Dmax.rE + dy)
DCC = Di‘c + D%‘c
I Nyt
N, = anl n-Pr{¥, <rg}Pr{Y,+ D, > rel¥y <rg}
2 Ny
N2 = " e PriYy < re}Pr{¥,+ Dou > rel¥y < re}

Nee =N} + N2,
where N§' = |DL./Ly |, and N§* = | D2, /Ly |.
B. SINR Distribution Accounting For Noise

Without taking interferences into account, SINR drops to
SNR:
P,
SINR = —. (10)
where P, is the receiving power strength, N is the average
power strength of noise. Correlate the above SNR equation

into Eq. (1) (PDF of Nakagami fading), we have
P(Y < 0lds) = FsnR)a, (0, w,m)

m 4
_ (Nm) / L(m=1) =N (2)z 4,
F(m)w™ Jo
C(Nmym [
I(m) Jo
On the average, 6 is equal to the SNR value when it is
measured at the communication distance R.. In addition, the
carrier sensing threshold P, is measured at a node with the

(1)

Z(m—l)e—NmzdZ
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carrier sensing range rg. According to the path loss law, we

have oN @
" (2]
Then, th ¢ N
1 a
w(dx) N Rc Pth re
Thus, CDF of SNR is expressed as
P(Y < 0|dy) = FsnR|a(6, w,m)
_ (Nm)™ () Lm=1) g=Nmz g, (14)
C(m) Jo

Assuming independence of the above three factors affecting
the message delivery from O to U, the CDF of SINR given a
distance dy can be summarized as

FsinR|a,(0) = Pr(SINR < 6|dy) (15)
= 1_(1_Psh(ds))(1_Phc(ds))(l_Pcc(ds))(l_P(Y < glds))
Then, the PDF of SINR given the distance d; is evaluated as
dFsiNR|a, (S) (16)

ds

IV. RELIABILITY DERIVATION

Having derived the SINR distribution, the following reliability
metrics are defined and evaluated.

1) Packet delivery probability (PRP), defined as the probability
that a receiver successfully decodes a packet from a source
node with distance d; to the receiver, is evaluated as the
probability that the conditional SINR measured at the receiver
is higher than the given threshold and the received signal is
stronger than the reception threshold R,;, which is expressed

fsinra, (s) =

PRP(ds’O) = PI'{SINR 2 9|dS’ P, > Rth|dx}

So, we have
PRP(dy, 0)=Pr{SINR > 0|P, > R, ds}Pr{P, > Rup|ds}

17
= (1 = Fsinrja, (0))(1 - fORm fp,1a, (x)dx). )
In the real wireless communication systems, the observation
that the measured SINR is greater than the given threshold
does not lead necessarily to a successful delivery of the
messages. In many practical cases, the wireless channels
under various modulation and coding schemes (MCSs) are
characterized by packet loss rate (PLR) as a function of the
immediate SINR value [7]. Therefore, another way to receiv-
ing a message is implemented according to an experimentally
derived PLR(SINR) curves instead of a fixed SINR threshold.
The PRP evaluation based on the given PLR(SINR) curves
can also be derived through the above SINR distribution:

PRP(dy)=(1- [;"PLR(s)fstnrla, ()ds) (1= ;" fp, a, (x)dx) (18)

where PLR(s) reflects a PLR function given a SINR value s.
2) Packet reception ratio (PRR), defined as the percentage of
receivers in a range that are free from the transmission errors
once a broadcast message is sent out, can be evaluated as
the percentage of the receivers within dy that are free from
transmission errors.

1 (%
PRR(ds,0) = d_,/ PRP(x)dx
s JO

3) Link capacity. The distribution and expectation of the link
capacity is defined and expressed by Eq. (12) and Eq. (13) in
[1].

19)

4

V. NUMERICAL RESULTS AND DISCUSSIONS

To validate the new proposed analysis, Python is deployed
for the theoretical computations and NS2 is deployed for the
network simulations. In NS2 simulations, the communication
nodes are distributed over the areas with length of 8500m.
The maximum interference range is set as I,,4,,=5000m,
which is long enough to cover most potential interferers. The
time resolution of the simulation is 1us. The computer used
for running the simulations and the analytic model is Dell
Optiplex with CPU main frequency 2.4GHz,RAM size 16 GB.
A. Model Validation and Comparison with Previous Model:
Hard-limiter SINR Threshold based Receiver

First, we consider an IEEE 802.11 driven VANET where
nodes are distributed on a 2-D strip-like area according to the
log-normal distribution. For the purpose of comparison, we
reproduce the numerical results in [2], and adopt the same
communication network parameters in [2] to test the new
model.

Fig. 2 shows the PRPs and PRRs at the receivers in
the same network. It is shown that the results (line) from
the new model reasonably agree with the simulation results
(symbols) with 95% confidence intervals (Cls). The average
relative errors between the theoretical results from the new
model and the corresponding simulation results are 7.7%
(PRP), and 2.9% (PRR), respectively. The errors between the
simulation results and the proposed analytic counterparts can
be due to the assumptions in the analytic model on the node
distribution and on the independence of the collision impact
and the noise impact. In contrast, the average relative errors
between the theoretical results in [2] (Fig. 3 in [2]) and the
corresponding simulation results are 19.3% (PRP), and 8.9%
(PRR), respectively. The simulation with the fixed interference
range (by adjusting “PowerMonitorThresh_” in NS2) is also
conducted. The simulation results (black symbols) agree with
the theoretical PRP and PRR counterparts (blue line) derived
in [2], which reveals the factor in the model [2] that causes
the bigger errors: underestimation of the interference impact
by confining the HT areas within rg in the analytic model.

Fig. 3 depicts PDF of the link capacity derived from both the
simulations and the new analytic model, and compared with
that in [2] (Fig. 4 in [2]). From Fig. 3, we can see the remark-
able difference between the PDF derived from new model and
that derived from the model in [2]. Due to the underestimation
of the interference impact with fixed HT area in [2], the link
capacity in [2] is overestimated (the expected link capacity
E(Cnew moder=T18Mbps, E(C)otd moder=101Mbps).

Through the exhaustive tests, we observe that the new
proposed model can derive one cycle of the reliability results
within 0.5 seconds due to its lower computation complexity
comparing to more than 1.3 hours for which the analytic
models in [1-2] took to derive the same results.

B. Model Validation and Application Example: PLR(SINR)
Curve based Receiver

Second, we consider the other broadcast ad hoc networks
where each node is exponentially distributed with density
£=0.1 nodes/m on a 1-D line and is equipped with wireless
capability adopting the updated PHY layer parameters for
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Fig. 2 Reliability (PRP and PRR) vs. distances (u=2.548, 0=0.76, 6 = 30)
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OFDM based IEEE 802.11 [9]. Slot time #,=13us,
AIFS=58us, PHY preamble T7Tg1=32us, PHY header
THo= 8us, symbol duration 7,=6.4us, channel bandwidth
B=10MHz, and backoff window size W=15. The
communication network parameters are set as follows:
transmission power of each node P,=0.28183815 Waltts,
carrier sensing power strength P;,=R;,=5.127 15X 10!
Watts (clear channel assessment sensitivity for range
300m), N (noise_floor)=1.2589 x 10~!3 Watts, the reference
distance for the far-zone dy=100 meters, loss-path constant
n=1.63726 x 10~°, Nakagami parameter m = 3 for d,<50m,
m=1.5 for 50m < d; < 150m, and m=1 for dy > 150m. As
an example, the channel decoding error rates for 64QAM 2/3
24Mbps given packet length 200 bytes are characterized by a
PLR(SINR) curve [7] as shown in Fig. 4 (red line). Assume
that a certain performance gain (say 5dB) is introduced
to the 64QAM channel in physical layer due to some
new technologies such as low-density parity-check (LDPC)
channel coding, or dual sub-carrier modulation (DCM) mode,
etc. The channel with the gain can be characterized by the
other curve in Fig. 4 (cyan line). From Fig. 4 we can see that
the PLRs depend on the immediate measured SINR without
a specific threshold. With the SINR distribution obtained by
Eq. (15) and Eq. (16) and the two PLR(SINR) curves in Fig.
4, the reliability and the reliability gain in MAC layer can
be evaluated by Eq. (18). Fig. 5 shows that the reliability
(PRP and PRR) from the theoretical model match with the
simulation counterparts well. It is observed that the 5dB
performance gain in 64QAM channel results in about 30.55%
PRP gain and 14% PRR gain in MAC layer accounting for
the impact of channel access and other network behaviors.

PRP and PRR of IEEE 802.11 Broadcast

[e]

PRP(Com), 5dB gain in PHY
PRP(Sim), 64QAM, 24Mbps
PRP(Sim), 5dB gain in PHY
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Fig. 5: PLR(SINR) curve based analysis of MAC reliability

VI. CONCLUSIONS

The new SINR-based model that systematically analyzes
the QoS metrics of IEEE 802.11 broadcast ad hoc networks is
simpler and faster, more general, and more accurate compared
with the existed SINR-based models. The analysis can be
extended and used for the evaluation, design (planning), and
real-time optimization of intelligent communication systems
(IEEE 802.11p [6], IEEE 802.11bd [5]) in the future.
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