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Abstract— In high density (HD) mesh networks, packet losses
can occur due to co-channel interference (asynchronous inter-
ference) or collisions (synchronous interference). In this paper,
we first propose a novel method of estimating the probability of
collision and interference statistically. Further, we integrate this
differentiation method with physical carrier sensing adaptation in
a novel centralized algorithm to improve the aggregate through-
put in HD mesh network. Extensive simulations results show
that the on-line algorithm approaches the optimal throughput
predicted by analytical models.

Index Terms— Physical Carrier Sense, Mesh Networks, Ad-
Hoc, Contention Window Size, Adaptation

I. I NTRODUCTION

Wireless networks at the ‘edge’ are proliferating both in
numbers and scale. In the next generation networks, ad hoc
mesh (or multihop) networks are likely served as an interme-
diary that provides broadband connectivity to the backbone
Internet for mobile client devices in various environments such
as campus, office and home. The proliferation of consumer
electronic and wireless-enabled mobile computing devices will
continually increase the node density that must be supported
by such mesh networks. In such dense environments, exploit-
ing the limited system bandwidth available via spatial reuse
becomes a key to improving the aggregate network throughput.

Physical carrier sensing (PCS) with tunable thresholds (PCS
threshold) is proven to be an efficient method for managing
mutual interference from simultaneous co-channel transmis-
sions in a mesh network [1], [2], [3]. Here, each node samples
the energy level in the medium and initiates channel access
only if the received signal strength is below the PCS threshold.
PCS with variable threshold has been shown to yield better
aggregated throughput comparing to the static PCS threshold
in IEEE 802.11 [11]. Zhu et al. [1] derived the optimal PCS
threshold that maximizes the aggregate one-hop throughput for
a regular topology given a minimum required SNR; an adap-
tive PCS threshold algorithm was suggested based on periodic
measurement of Packet Error Rate (PER) and evaluated on a
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real test-bed in [2]. A novel analytical model was introduced
in [3] for determining the optimal carrier sensing range by
minimizing the sum of the hidden terminal event and exposed
terminal event. It was shown that an optimal PCS threshold
achieves a trade-off between the amount of spatial reuse and
the PER due to hidden terminals, thereby improving the overall
network throughput.

Hence, real-time measurement of the effect of hidden
terminals is the key towards design of effective adaptation
algorithms in high density (HD) mesh networks. In a HD mesh
network, the probability of collisions (apart from asynchronous
interference) is significant, because of potentially simultaneous
transmissions starting in the same time slot. Any adaptation
scheme that does not consider these collisions can lead to
lower-than-optimal aggregate throughput or even diverge in
extreme conditions. Therefore, in the design of adaptation
algorithm for HD mesh,determining the cause of the packet
losses(e.g. differentiation of measured PER into those result-
ing from hidden terminals and collisions, respectively) is one
of the primary challenges.

The above is particularly difficult because the typical re-
sponse to a packet transmission is coarse (binary): in ACK
based systems, the transmitter only knows success/failure
and not the cause of losses. There has been several at-
tempts to distinguish the cause of packet losses in wireless
networks. For example, [4] relies on request-to-send/clear-
to-send (RTS/CTS) exchange in 802.11 for differentiation.
However, RTS/CTS suffers from inefficiency and fundamental
limitations in spatial reuse [1] [8]. In [5], all stations broadcast
their transmission time for the failed transmissions, which con-
tributes to additional communication and processing overhead.
Exploiting the capture effect was proposed in [6] for detecting
collisions, which requires re-designing the receive chain in
the IEEE 802.11 hardware. In [7], although a novel loss
differentiation MAC was proposed, it required a new MAC
frame, thereby compromising compatibility with existing IEEE
802.11 standard.

Therefore, there continues to exist a need forlow-overhead,
robust yet accurate loss differentiation methodfor IEEE



802.11 HD mesh networks. In this paper, we contribute a
novel idea to distinguish and estimate the probability of col-
lision and interference. This method is fully compatible with
IEEE 802.11 standard and does not need any physical layer
modifications, nor does it incur overhead such as RTS/CTS.
The innovation is based on the following insight obtained
from multiple OPNET [9] simulations:the loss probability
due to interference was found to be insensitive to CWmin (min.
contention window size used for collision resolution) in HD
mesh. Based on this observation, an algorithm is proposed to
estimate the probability of interference and collision for each
individual link and subsequently used to tune PCS threshold
and contention resolution mechanism respectively. Extensive
simulations results show that the adaptive tuning with loss
differentiation can always make the PCS threshold converge
to its optimal value.

The rest of this paper is organized as follows. We first dis-
cuss the method of classification of collisions and interference
in this paper. Next, we study the statistical characteristics of
collisions and interference via OPNET simulation and propose
the new PCS adaptation algorithm. We conclude the paper
with a suite of performance evaluation experiments and allied
discussions.

II. CLASSIFICATION OF PACKET LOSSES

In this paper, the packet losses are classified into two cate-
gories such as collision and interference, which are illustrated
in Fig. 1:
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Fig. 1. Illustration of different packet losses

1) Collision (Synchronous Interference): one or several
concurrent packets start at the same time slot and they
cause the reference (signal) packet to be corrupted.
Collision events are denoted byC.

2) (Asynchronous) Interference 1: In the absence ofC, if
the receive signal strengthprior to the reference packet
arrival is strong enough to cause the reference packet
to be dropped; this event is considered as Interference
Type 1, and is denoted byI1.

3) (Asynchronous) Interference 2: In the absence ofC
and I1, the sum of one or more subsequent arriving

TABLE I

SIMULATION SET-UP TO STUDY STATISTICAL CHARACTERISTICS

Channel frequency (GHz) 5.18 (802.11a)
Link distance (m) 10
Packet size (bytes) 1500 or 300

Link data rate (Mbps) 12 or 48
Transmission power (mW) 1 (γ = 2) or 30 (γ = 3.5)

Path loss exponentγ 2 or 3.5
CWmin 15, 31, 63, 127 and 511
CWmax 1023

Retry Limit 7
RTS/CTS mechanism Disabled
Number of S-R pairs 10, 30, 50 or 100

packets can cause the reference packet to be corrupted;
this is Interference Type 2 and is denoted byI2.

Note that asynchronous link-layer interference has been
divided into two sub-categories: event I1 refers to inference
prior while event I2 denotes interferenceafter arrival of
reference packet. Both of them are referred as hidden terminal
problem in the literature. The event due to asynchronous
interference, including both I1 and I2, will be denoted byI .

Second, some packet losses may be caused byboth asyn-
chronous and synchronous interference. Since it is difficult to
separate the precise cause in such cases, they will be only
classified into collisions for convenience.

III. STATISTICAL CHARACTERISTICS OFCOLLISIONS AND

INTERFERENCE INHD MESH NETWORKS

In this section, we study the statistical characteristics of
collisions and interferences. Energy detection based PCS is
assumed and simulated in this paper. The simulations are
carried out in OPNET using the modified physical carrier
sensing module [10] developed in [3]. Loss differentiation is
inserted into the OPNET physical layer model by comparing
SNIR (Signal to Noise and Interference Ratio) of all segments
in a frame to some preset threshold,S0, determined by the
data rate.

A. Simulation Set-up

In the simulation, random ad-hoc networks will be used;
all source nodes are first located randomly with uniform
distribution over a 100m x 100m square area. Each transmitter
then sends saturated traffic to its dedicated receiver, which is
located in a randomly selected direction with 10 m separation
distance. The node density in the network will be varied by
changing the number of sender and receiver (S-R) pairs. Fig. 2
(a) shows the network topology of a 50-pair mesh network.
The reception sensitivity was set such that the reception range
was 10 m; thus a receive node can only receive packets from
a source upto a maximum distance of 10 m. Different PCS
threshold and CWmin will be used in the simulations to study
the statistical characteristics of collisions and interference.
The other parameters used for the simulations are listed in
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Fig. 2. Simulations for differentiating loss probabilities in a random 50-pair mesh network

Table I. The SNIR thresholdS0 is determined from OPNET
modulation curves at 10% packet error rate (PER). For 300 and
1500 byte frames,S0 equals to 6.78 and 7.54dB respectively.

B. Results and Discussions

Extensive simulations for various parameters as shown in
Table I were conducted. All simulations have similar trends
and hence we only show one group of results: for 50 pairs
with 1500 byte packets, 12 Mbps link data rate and path loss
exponent of 2.

Fig. 2(b) shows the differentiated loss probabilities for
all links in the network as a function of normalized PCS
threshold1. We further show the results for some specific
individual links in Fig. 3: best, medium and worst link in
terms of throughput forθ = −9dB. In Fig. 2 and Fig. 3,
the probabilities of collision,Pr{C} and interference,Pr{I},
for different CWmin values such as 15, 127, and 512 are
shown. Compared with the huge difference in the probabilities
of collision for each CWmin, we arrive at the following key
observation:Changing CWmin has minor effect on the
probability of interference for each link. This is valid as
|θ| approaches or exceedsS0, which equals 7.54 dB for 1500
bytes packet at 12Mbps data rate. This range is the reasonable
operational range for PCS threshold due to its low PER;
hence,Pr{I} is only dependant on the PCS threshold and
independent of CWmin.

Therefore, if eventI could be differentiated from eventC,
the PCS threshold adaptation can exploit thePr{I} as the
measurement of the hidden terminal effect. Further, because
of the independence,Pr{I} of each individual link can be

1The normalized PCS thresholdθ is defined as the ratio (in dB) between
the actual PCS threshold and the reception sensitivity.

estimated based on link PER by minimizingPr{C} with a
large CWmin.

In addition, from Fig. 2(b), as the PCS threshold decreases,
Pr{C} for CWmin=15 increases. This implies that decreasing
PCS threshold cannot lower the PER due to collisions and
may even increase it, since the number of contending stations
will increase. Moreover,Pr{I} is not independent of the PCS
threshold and thus lowering PCS threshold to minimizePr{I}
is not appropriate for estimatingPr{C} based on link PER.

Also, in Fig. 2 (b), the aggregate throughout as a function
of PCS threshold for different CWmin values are also shown.
Here, the impact of carrier sensing on throughout can be
observed. Whenθ is close to 0, which means that the carrier
sensing range approaches to its minimum, the hidden terminal
problem are pronounced and make the probability of interfer-
ence very high. The hidden terminal problem can be reduced
by decreasing PCS threshold; however the exposed terminal
problem becomes more pronounced in this case, which pre-
vents simultaneous transmissions and reduces spatial reuse.
Therefore, tuning PCS threshold directly affects both hidden
and exposed terminal problems. Both problems decrease the
system throughput. Clearly, this inherent tradeoff lies at the
core of optimizing the performance of mesh networks by
balancing the number of simultaneous transmissions in the
system and the probability of interference at any node.

Finally, varying CWmin from 15 to 127 shows nearly the
same aggregate throughput with the same PCS threshold. This
is due to the tradeoff of collisions and idle time slots. However,
the the aggregate throughout of CWmin=511 is much lower
than the others, because of too much idle slots due to large
backoff time.
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(a) Medium link
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Fig. 3. Differentiated loss probabilities of individual links as a function of PCS threshold in a random 50-pair mesh network

IV. PCS ADAPTATION WITH LOSSDIFFERENTIATION

A. Estimation for the Probability of Interference and Collision

Based on the key discovery in the previous section –
“changing CWmin has minor effect on the probability of
interference for each link”, a method to estimatePr{I}
and Pr{C} for each individual link with default CWmin
(Cwmin=15 in 802.11a) is devised. Such information will be
used in the adaptation algorithm.

During the estimation, the whole network will be forced
to use a large CWmin (e.g. 127) to minimizePr{C}. Then,
the observed PER for large CWmin can be assumed to
equalPr{I}. Finally, Pr{C} for each link can be acquired
by subtractingPr{I} from the total PER with the default
CWmin.

B. Proposed PCS Adaptation Algorithm

In this section, the previous centralized PCS adaptation
algorithm in [2] is extended using the additional statistical
information for differentiation of packet losses. The proposed
PCS adaptation algorithm is designed to adaptively search
the optimal PCS threshold for optimizing aggregate network
performance (throughput) while satisfying the maximum PER
(interference) constraint on each link.

In the proposed algorithm, time is divided into two seg-
ments: adaptation and normal operation. The adaptation seg-
ment is a period during when the proposed algorithm performs
adaptation in run-time by simply forcing the whole network to
use a large CWmin. For example, adaptation can be performed
on a fixed schedule such as the first several minutes in
each hour. After determining the suitable CS threshold, all
stations will use the default CWmin value in the normal
operation segment. The following notations will be used in
our algorithm:
• i: iteration index corresponding to PCS threshold updat-

ing period
• T : PCS threshold updating period
• Ta: adaptation segment,Ta = kT, k ∈ N
• Pm(i): The PER of the link withhighest PERwithin ith

PCS threshold updating period with the large CWmin

• pmin, pmax: Targeted minimum, maximum PER
• γcs(i): PCS threshold used afterith PCS threshold update
• δ: PCS adaptation step
• γmin, γmax: minimum, maximum PCS threshold

The operation of the proposed PCS adaptation algorithm
is as followings. All stations measure the per-link PER (the
ratio between the number of received ACK and the number
of transmitted data packets within a specific time duration,
T ). The PER of the link with highest value,Pm(i), will be
used for the linear adaptation algorithm to determine the PCS
threshold for the next operation segment based on following
Equation:

γcs(i) =





max(γcs(i− 1)− δ, γmin) if Pm(i) > pmax

min(γcs(i− 1) + δ, γmax) Pm(i) < pmin

γcs(i− 1) otherwise
(1)

If a large CWmin for estimatingPr{I} is not used, the
proposed algorithm is identical to [2]. The new algorithm will
be compared with [2] in the following simulations.

C. Simulation Evaluation

For the proposed adaptation algorithms, the random topol-
ogy with different node densities are used for the simulation.
The simulation parameters are the same as those used in Fig. 2.
For averaging the PER,T is set to10 s. The reception sensitiv-
ity was set to−66.8 dbm such that the reception range was10
m; thus a receive node can only receive packets up to a max-
imum distance of 10 m. We set the target PER ranges such as
(pmin, pmax) = (0.05, 0.1), (0.1, 0.2), (0.2, 0.3) or (0.3, 0.4),
δ = 1 dB and (γmin, γmax)=(−85.8 dbm,−66.8 dbm) for
the PCS adaptation. Here,γmax was set to the reception
sensitivity; whileγmin was set to make the PCS adaptation
range large enough to minimizePr{I}. The initial PCS
threshold for each(pmin, pmax) is set to γmax. For each
(pmin, pmax), the PCS adaptation algorithm will run forTa =
200 s (k = 20) with the initial PCS threshold. Thus there
will be 20 PCS updating periods for each(pmin, pmax). The
simulation will continue with the finalized PCS thresholds as
a result of the adaptation and the default CWmin value for
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Fig. 4. PCS adaptation in random 50-pair mesh network

another100 s (duration chosen based on traffic patterns) to
accurately measure network performance post PCS adaptation.

1) Simulation Results and Discussion:Fig. 4 shows average
throughput and changes of PCS threshold in the random50-
pair mesh network with our proposed algorithm. The results
in [2] are compared with our proposed algorithm. For our
proposed algorithm, three different CWmin values such as 127,
255 and 511 were investigated respectively in the estimation
for Pr{I} and carrier sensing adaptation.

From Fig. 4 (b), PCS threshold (solid line) with the algo-
rithm in [2] cannot converge even for a high target PER range
like (0.3, 0.4) and will keep on decreasing to the minimum
value γmin = −86.8 dBm. This is due to fact that this
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Fig. 5. PCS adaptation in random 30-pair mesh network

algorithm ignores the probability of collision,Pr{C}. As
shown in Section III, decreasing PCS threshold does not lower
the PER due to collisions and may even increase it. Thus any
PCS threshold will not satisfy the maximum PER constraint
and will be forced to decrease via adaptation. Finally the
network will unnecessarily use a very low PCS threshold and
the achievable spatial reuse will be greatly reduced.

By contrast, our proposed algorithm for the target PER
range allows the PCS threshold to converge to a close-
to-optimal value for throughput maximization. The optimal
normalized PCS thresholdθ is found to be close to−S0 [1][3]
and therefore the optimal PCS threshold is predicted to be
−74.3 dBm. Comparing with [2], the aggregate operational
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Fig. 6. PCS adaptation in random 10-pair mesh network

throughput was increased by more than90 % (from 21 Mbps
to 40 Mbps). The one exception where our algorithm did
not converge is the case with a target PER range(0.05, 0.1)
and CWmin=127. In this case,Pr{C} of the worst link with
CWmin=127 exceeds10 %, which suggests that in order to
assure convergence, the target PER range should be adjusted
upwards.

Fig. 5 and Fig. 6 show the same results as Fig. 4 for random
30-pair and random10-pair mesh network respectively. When
the network density is lower, PCS threshold with the algorithm
in [2] may converge for some high target PER ranges but
still does not converge for range(0.1, 0.2) and (0.05, 0.1);
our proposed algorithm converges for any target PER range.

Further, for low density network such as random10-pair mesh,
the throughput in the adaptation periods with CWmin=511 or
CWmin=255 are much lower than that with CWmin=127. This
is due to the fact that estimation overhead due to idle time slots
is high in such cases and thus very large CWmin values like
511 are not appropriate for the relatively low density mesh
networks.

V. CONCLUSION

In this paper, a new method for estimating the probability
of collision and interference statistically was proposed. It is
further used in a novel PCS adaptation algorithm to improve
the aggregate throughput in HD mesh network. The simu-
lation results quantify achievable improvements to aggregate
throughput via adaptive tuning PCS threshold with loss dif-
ferentiation. For a variety of different network densities and
target PER ranges, PCS threshold approaches its optimal value
to maximize aggregate throughout.
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