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Interference-Based Capacity Analysis for Vehicular Ad Hoc Networks
Minming Ni, Jianping Pan, Lin Cai, Jian Yu, Hao Wu, and Zhangdui Zhong

Abstract—Although some scaling law-based studies have been
conducted for describing the asymptotic capacity of Vehicular
Ad Hoc Networks (VANETS), the obtained results are not easy to
directly use for estimating the actual capacity of a communica-
tion link or the entire network. To overcome this drawback, an
interference-based capacity analysis is carried out in this letter for
the abstracted 1-dimensional VANETS scenario. For a reasonable
and tractable modeling, the classic Car-Following model is applied
to represent the dynamic change of the inter-vehicle distance,
which strongly affects the power decay of both the signal and
interference in the network. Based on that, a series of probability
characteristics is derived for the worst-case interfering scenario,
which finally leads to the stochastic characteristics for both the
link and network capacity.

Index Terms—VANETS, interference, probability analysis,
capacity.

I. INTRODUCTION

N view of the potential for improving the safety, efficiency,

and effectiveness of the current transportation system, the
Vehicular Ad Hoc Networks (VANETS) have attracted much at-
tention from both industry and academia. However, despite the
increasing amount of research on VANETS, the characteristics
of VANETS capacity are still not very clear. Generally, most
of the exiting studies for VANETS capacity (e.g., [1], [2]) still
follow the classic scaling-law based analysis method. However,
since these results only describe how per-node capacity scales
in an asymptotically large network, they are not easy to be used
for estimating or evaluating the actual performance of a link or
the entire network when a specific group of parameter settings
is given.

In view of this drawback, an interference-based capacity
analysis is carried out in this letter specifically for the VANETSs
scenario. For incorporating the impact of vehicle mobility
on the transmission performance, the Car-Following model is
utilized in our analyses to obtain the stochastic characteristics
for both the signal’s and interference’s propagation distance
of a tagged communication pair. Based on that, the probabil-
ity density function (PDF) of the Signal-to-Interference Ratio
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(SIR) at the observed receiver can then be obtained, which
finally leads to the expected link and network capacity. The
most relevant work in the literature is [3], which conducted
an interference-based performance analysis with the hidden
and exposed terminal problem. However, the constant-speed
mobility model was used in [3], which may not able to fully
demonstrate the dynamic constraint on the distance between
neighboring vehicles.

The contributions of this letter are twofold. First, the dis-
tribution of the interference’s propagation distance is derived
for a generalized worst-case interfering scenario, which could
benefit many other related research issues. Second, with the
analysis method proposed in this letter, the communication
quality of a randomly selected receiver can be presented as
the PDF of its SIR, which is much easier to be applied for the
design of networking or transmission schemes for VANETS.

II. SYSTEM MODEL

According to the IEEE 802.11p protocol, the common trans-
mission range of a vehicle varies between 500 and 1000 meters
depending on the different network settings. Therefore, it is rea-
sonable to abstract the actual 2-D strip-like network areatoa 1-D
single lane, which is useful for describing the network topology
and easy to be applied for theoretical analyses. Besides, we also
assume that all the vehicles are moving along the abstracted
linear road with the classic Car-Following model [4], which
means that the distance D between any two neighboring vehi-
cles follows a log-normal distribution with parameters u and G.

For simplicity, all the network nodes (vehicles on the road)
are treated as homogeneous, which means that they have identi-
cal vehicle length L, and transmission power P;. To demonstrate
the impact of the wireless channel on the capacity while keep-
ing the analysis tractable, the Nakagami fading model is applied
to describe the channel’s fading effect, which is easy to be
degenerated to more specific propagation scenarios. Therefore,
the power P; received from an interferer with distance d away
has the PDF as

frjalx) = ﬁ (Pr'?d))mxm‘l exp (;&) .M

where T'(+) is the Gamma function, and m is the fading parame-
ter. Besides, P;(d) is the mean value determined by the pathloss
as Pi(d) = PB(do/d)%, where B is a transceiver-determined
constant, dy is the reference distance for the far-zone field,
and o is the pathloss exponent. Based on the homogeneous
assumption, o, B, and m are identical for all the coexisting data
transmissions, respectively.

For the media access control, the standard CSMA/CA
scheme is applied as designated in the IEEE 802.11p proto-
col. Therefore, for a tagged transmitter i, the channel sensing
procedure before initiating its transmission creates an exclusive
region (ER) [5] centered at i with radius rg = do ¥/ P/Pn,
where Py, is the clear channel assessment (CCA) sensitivity.
As a result of the channel sensing mechanism, there will be
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Fig. 1. A general interfering scenario for VANETSs.

only one active transmitter within each ER [6].1 Hence, the
interferers for a tagged receiver R should at least stay with
distance rg away from R’s transmitter T. Moreover, due to the
power attenuation along with the signal propagation, the part of
the interferers located close to the tagged communicating pair
will generate the majority of the interference aggregated at R.
Hence, we can only consider the impact of the closest interferer
on T’s both sides, which has already been confirmed to be
accurate enough in [7]. To obtain the capacity when the network
is densely deployed (e.g., when the traffic jam happens), which
could be considered as the worst-case scenario for a tagged
communication pair, the distance between an interferer and
the tagged transmitter T should also be no longer than 2rg.
Besides, a ratio parameter 7y is also defined for representing
the difference between the sensing range rg and the expected
transmission range rr, which is determined by the minimum
reception SIR requirement, as Y = rp/rg. Normally, 7 is set to
0.5, but it can always be tuned to other values for capturing
more specific receiver hardware features. By combining all the
above assumptions, the two interferers for receiver R should
be located within the two shaded regions depicted in Fig. 1,
respectively. As shown in the figure, the black dots are the active
transmitters, the white dot is the tagged receiver, and the gray
dots are the network nodes suppressed by the CSMA scheme.

III. THEORETICAL ANALYSIS
A. Signal Propagation Distance

According to the system model, given that the observed
receiver R is the k-th node within the transmitter T’s right-side
transmission range,” the signal’s propagation distance Ds can
be presented as YX_, D;, where D is the distance between T
and its first right-side neighbor, and D;(i € [2,k]) represents the
distance between the (i—1)-th and i-th neighbors on T’s right
side. For easy description, we use notation Yy, to represent the
sum of M neighboring vehicle inter-distance (M > 1). Accord-
ing to the Fenton-Wilkinson (FW) method [8], Y3;’s PDF fy,, (x)
can be approximated by another log-normal distribution as

—(Inx—upy )2 2
JTrsch exp(=. nz“;%’;’”) ), where x>0, 6 =In((e® —1)/M+1),
uy = In(Me*) + (6> —63,)/2. Considering that Ds € (0, rr],
when £ is given, the conditional PDF of Dg needs to be normal-

ized as fpg(x) = fr,(x)/ [o" fy, (x) dx. With the total probabil-
ity formula, the unconditional PDF of Dg can be presented as

Lrr/Lv]
fos(xX) =Y fr,(x)-Pr{R is the k-th node}. (2)
k=1

Based on the assumption of the average vehicle length Ly, k
should be upper bounded to | rr/Ly | rather than go to infinity as

"Here, we ignore the collision probability for simplicity. As the collision
probability in the MAC layer has been extensively investigated in the literature,
it is ready to further extend this work considering the collisions.

2When R is located on the left side of T, similar results can be obtained with
the identical method proposed in this letter.
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shown in (2). Meanwhile, if we use N to represent the number of
nodes within T’s right-side transmission range, the probability
for R to be the k-th node on T’s right side can be decomposed as

Pr{R is the k-th node in T's right-side TX range}

L,T/LVJ
= Y Pr{N=n}Pr{Ris the k-th node | N = n}
n=1
L’T/LVJ
= Pr{Y, < rp}Pr{¥,+Dpy1>rr | Y, <rr}
n=l Part A
x Pr{R is the k-th node | N =n}. 3)

Part B

Based on the independency between the two random variables
Y, and D,,; 1, Part A in (3) can be calculated as

Pr{Yn S VT}PI{Yn +Dn+l >rT | Yn S rT}

:(D(WT‘*‘")_]T@(WT;’“)“‘)Mx) ar, @)
0

Gn

where @(-) is the cumulative distribution function (CDF) of
the standard normal distribution, and both the two parameters
U, and 6, should also be adjusted according to the FW method.
For Part B in (3), different transmission schemes may lead to
different results. In this letter, we only consider a general case
that, the selection of a receiver can be treated as uniform in
a long-term view. For example, one vehicle working with a
directional-forwarding scheme may choose any vehicle within
its transmission range as the next-hop forwarder, especially
when other vehicle’s mobility history or drivers’ behaviors are
not known. Hence, Pr{R is the k —th node | N = n} = 1/n.
With this assumption, the analytical results obtained in this
letter could be treated as a baseline for comparing or validating
more specific network protocols. By substituting the above
results into (2), the PDF of Dg can be obtained. Due to the
complexity of integral calculations in (4), numerical methods
are needed in the derivation process of fpg (x).

B. Interference Propagation Distance

Back to the interfering situation depicted in Fig. 1, the
notation Dg (or Dj) is used to represent the distance between
the right (or left) boundary of T°s ER and the first network
node within the right (or left) shaded region. If we assume that
the interferer / is the /-th node within the right shaded region,
then its interference propagation distance D; can be presented
as Dy =rg — Ds + Dg +Y,_1. Since the ER’s boundary could be
located between two neighboring nodes uniformly, the random
variable Dp can be treated as the multiplication of inter-vehicle
distance D and another random variable U, which is uniformly
distributed within [0,1], as Dg = D - U. Hence, the CDF of Dg
can be directly calculated as

2 _~2_ _
FDB(X)—X@XP(Z—#)-@D(“ GG lnx)+<b(ln); “>. 5)

With Dg’s CDF, its PDF can also be easily obtained.

In view of the independence of Dp and [, if we let Z = Dp +
Y;_1, Z’s PDF can be derived by the convolution theorem as
fz(x) = [y fog (1) fyv,_, (x—1). Hence, given Ds =ds and [, Dy’s
conditional PDF is a shift of fz(x) as fpy|s, 1) (¥) = fz(x—7E+ds).
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To remove the condition on /, the total probability formula can
be applied again as

LrE/LvJ
Touas®) =X, Fous, y(x) - prs (6)
=1

where p; is the probability that the interferer / is the /-th node
within the right shaded region. Similarly to (3), by using N; to
represent the total number of nodes in the right shaded region,
pi could be expanded as

lre/Lv]
pi= Y, Pr{N;=n}Pr{listhel-th|N;=n}. (7)

ny=1

The first part within the summation of (7) can be obtained with
the identical method used in (4). Due to the space limit, the
detailed derivation process is omitted here. Meanwhile, if given
each node’s average transmission probability py, the remaining
conditional probability in (7) can be presented as

pi (1= p)=!

Pr{listhe /-th | N, =n} =
ny

®)

Note that, due to the homogenous assumption of network
nodes’ transmission probability, the conditional probability cal-
culated in (13) is independent with /, which is similar to the
idea presented in (7). The calculation of p; is beyond the scope
of this letter, moreover, it has already been investigated for
the VANETS scenario (e.g., [9]). With all these above results,
Syl (x) can be obtained, and by applying the similar method,
the conditional PDF fpy 4 (x) for the propagation distance of

the left-side interferer I’ can also be derived.

C. Capacity Characteristics

Given fp,|4s(x) and the propagation model described in
Section II, the CDF of I’s interference power P received at R
could be presented as

FPI|ds (x) = PI‘{PI <X | DS = ds}
X ZVE
— [ [ fria® foas @yt @
t'=01=0
and the CDF of I”’s interference power at R can also be derived
as Fpr g (x), which could be easily transferred to their PDF
Thjds (x) and fp g (x), respectively. Hence, the total interfer-

ence power accumulated at the receiver R is the sum of two
independent random variables, as

Jpr)as (X) = /fmds(x—f) St (1) dt. (10)
0

Given Ds = ds, the SIR at R is the ratio of two random
variables, and then its conditional PDF could be presented as

=

fsirjas (¥) = /f “Irilds (%) - fpr)as () dr.

0

(1)

3Strictly speaking, the transmission probability for each node should be
different. For example, the nodes in the shaded region with a shorter distance to
T should have a higher probability to access the channel successfully, as more
of its neighbors are depressed by T. This issue will not be discussed in this
letter, but will be investigated in our future work.

Finally, the SIR’s PDF can be derived as
E
fsir(x) = /fSIR\dS(X) “fps(t) dt, x>0 (12)
0

and then the CDF of a randomly selected communication pair’s
link capacity C is

Fe(x) = Pr{Wlog,(1 +SIR) < x} = Fsir (2%—1) (13)
where W is the bandwidth allocated to the observed commu-
nication pair, therefore, the random variable C’s PDF could be
given as fc(x) = % -2%’1]‘3111(2%’1).

With fc(c), it is easy to calculate the expectation of a ran-
domly selected communicating link’s capacity E(C). Moreover,
it is interesting to find out that, when the node density is high,
the ER arrangement in VANETS is identical to the classic
Rényi’s packing problem [10], [11], which focused on how
many segments with identical length can be put in an interval
under the constraint that the centers of these segments cannot
be covered by another segment. Based on the results of [10],
the expected number of concurrent transmitting node pairs on
a line segment with length Ly can be estimated as yLn/(2rg)
(v is a constant with approximate value 1.4952), when Ly is
relatively large. Hence, the expected network capacity for a
VANET deployed within a road length Ly could be obtained
by Ex(C) = v Ly E(C)/ (2re).

IV. NUMERICAL AND SIMULATION RESULTS

To verify the analytical results, a series of simulations has
been conducted with Matlab. The Nakagami fading model
is utilized with different fading factors, and the value of
pathloss exponent o is selected by referring to a vehicular
communication-based field test result [12] as 3.18. Meanwhile,
according to the IEEE 802.11 standard, the CCA threshold
Py, is set to —60 dBm, and the core parameters for the MAC
scheme are set as: slot time duration 13 us, SIFS duration 32 us,
minimum contention window (CW) size CW,in = 15, and max-
imum CW size CWax = 1023. For different simulation sce-
narios, the vehicular transmission power varies from 200 mW
to 600 mW, which matches with the common characteristics of
mobile stations, and the expected safe distance between moving
vehicle is chosen from 100 m, 200 m, and 300 m,* which
leads to different values of u in the Car-Following model as
4.602, 6.764, and 9.352, and the corresponding ¢ are 0.080,
0.115, and 0.363, respectively. Moreover, to obtain enough
data to illustrate smooth curves, each parameter combination
is simulated by the Monte Carlo method for 10% times.

In Fig. 2, the conditional PDF of SIR at the tagged receiver
is illustrated with different values of the signal propagation
distance ds and the fading factor m, while the ratio y= rr/rg is
kept as 1. Generally, when the signal propagation distance is
increased, the probability for a receiver to obtain a high SIR
is decreased, which is mainly due to the obvious decrease of
the received signal power. Moreover, when dg = 300 m, the
analytical results for an extreme interfering case, in which the
two interferers are the very first nodes outside the tagged trans-
mitter’s ER, are also illustrated. Comparing with the extreme

4The required safe distance might be different for different counties or
regions, so here we use the common 100-meter requirement in China as the
baseline and slightly increase it to a relatively large value.
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case, the general interfering situation demonstrates a higher
probability to finish a high-quality data exchange. When m is
increased from 1, which represents the Rayleigh fading, to 2.28,
which equals to a Rician fading with its K factor as 3, the peak
point of the conditional SIR curve is moved to a lower SIR
region, which matches with the differences between the impact
of Rayleigh and Rician fading model.

For demonstrating the impact of the safe driving distance
on the communication quality, the SIR’s conditional PDF is
depicted with different y-6 combinations and 7y in Fig. 3. As
described earlier, larger u represents a longer safe driving
distance, which directly affects Dg. Therefore, Fig. 3 illustrates
an opposite changing pattern to Fig. 2, as the peak point for the
PDF curve is shifted to the high SIR region with the increase
of u. On the other hand, the increase of y has a much smaller
impact on SIR comparing with ds in the previous simulation
group. Therefore, with the reasonable settings of the expected
safe distance, e.g., required by the traffic regulations, the impact
generated by the small-scale changing of the mobility pattern
can safely be ignored. Moreover, when 7 is decreased from 1 to
0.5, the transmission quality is also improved. This is mainly
due to the fact that, the reduced transmission range decreases
the chance for a longer signal propagation distance.

Finally, the average network capacity is illustrated in Fig. 4
with the changed transmission power and road segment’s
length. Although a lower transmission power may directly
decrease the SIR at each receiver, the number of concurrent
communicating pairs in a given road segment can also be
greatly increased. According to the figure, the number of the
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concurrent pairs will dominate network capacity’s changing
pattern. Moreover, it is also clear that, the increasing rate of
the network capacity is decreased with P’s increasing, which
means that, when the interference level is acceptable, the
VANETSs should use a relatively lower power to improve the
overall network performance.

V. CONCLUSION

In this letter, we analyzed the interference-based capacity of
VANETS based on the classic Car-Following model. With the
similar analysis method, the VANETSs capacity of the multi-
lane scenario can be studied by considering the effect of lane-
changing on the stochastic property of inter-vehicle distances.
Moreover, by utlizing the existing results on heterogeneous
transmission probability in VANETS, more realistic results for
VANETSs capacity can also be obtained. These will be the
follow-on work for this letter in the near future.
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