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In 2016, the IEEE task group ah (TGah) published a new standard IEEE 802.11ah, aimed at providing network connectivity among
a large number of Internet of Things (IoT) devices. Restricted access window (RAW) is one of the fundamental MAC mechanisms
of IEEE 802.11ah. It reduces the contention overhead in the dense wireless environment by dividing stations into different RAW
groups. However, how to optimize the RAW parameters is still an open issue, especially in the run-time environment. In this
paper, we propose a run-time RAW optimization scheme, namely RO-RAW, to improve the performance of RAW in the IEEE
802.11ah networks. RO-RAW adopts the Extended Kalman Filter method to estimate the channel status and adjusts the RAW
parameters according to the number of competing stations in real-time. The evaluation via NS-3 simulations shows that, by
tuning the RAW parameters appropriately, RO-RAW substantially improves throughput, latency, and packet loss performance
compared with another RAW optimization scheme in different simulation scenarios. The results further show that, when the
channel is relatively congested, RO-RAW improves the RAW performance more significantly.

1. Introduction

Smart manufacturing [1, 2] and Industry 4.0 production
environments modernize the traditional plants and factories.
To remain competitive, several intelligent applications need
to be deployed to upgrade the current plants, such as remote
operation and maintenance [3], flexible production [4], and
AI manufacturing automation [5]. To provide a better sup-
port for these applications, the industrial wireless network
should also be deployed as the communication infrastruc-
ture. Compared with the traditional wired industrial commu-
nication systems, choosing wireless networks is a better
option because it is easy to maintain and cost-effective.

Wireless local area networks (WLANs) have become the
most popular and widely deployed networks. Thus, it is a
good candidate for different industrial wireless applications
with various requirements [6, 7]. In 2016, a new Wi-Fi stan-
dard named IEEE 802.11ah was released [8], which targets
low-power and large-scale Internet of Things (IoT) network
scenarios, including industrial IoT. IEEE 802.11ah has a
transmission range up to 1 km with the advent of sub-GHz

technologies and supports up to 8192 nodes in a WLAN.
On the Media Access Control (MAC) layer, the most impor-
tant issue is to increase the efficiency when a large number of
energy-constrained stations deployed densely. Thus, several
novel MAC mechanisms are introduced, such as short
MAC header, Restricted Access Window (RAW), Target
Wake Time (TWT), and Traffic Indication Map (TIM)
segmentation.

The RAW mechanism is aimed at addressing the colli-
sion problem in a dense wireless network, where a large num-
ber of nodes are associated with a single access point (AP).
The basic idea of the RAW mechanism is to divide stations
into groups, and the stations in one group are only permitted
to access the channel during a specific time slot. Thus, the
collision probability is highly reduced by limiting the number
of stations which simultaneously access the channel. How-
ever, the hierarchical RAW mechanism has several parame-
ters to be adjusted, including the number of RAW slots, the
duration of each RAW slot, and the RAW period, which
are not defined in the standard. In order to obtain a better
network performance, these parameters must be considered
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jointly according to the channel status. In fact, there are
already some related works [9–11] which provide the rela-
tionship between the parameter settings and the performance
metrics (throughput, average latency, transmission success
probability, etc.). But, the dynamicity of the channel conten-
tion status is rarely considered in these models, which could
be a key factor affecting the network performance.

In this paper, the authors propose a run-time RAW opti-
mization scheme, namely, RO-RAW, which adaptively opti-
mizes the network performance by adjusting the RAW
parameters according to the channel status. It first estimates
the current channel status and returns the estimated station
numbers by the Extended Kalman Filter (EKF) method.
Based on the estimated number of competing stations, RO-
RAW adjusts the RAW parameters to the optimal parameter
settings which are calculated in advance corresponding to the
number of stations. The main contributions of this paper are
summarized as follows:

(i) We propose a run-time RAW parameter optimiza-
tion scheme RO-RAW, which adaptively adjusts the
RAW parameters to the theoretical optimal values
based on the channel status

(ii) In order to estimate the channel status, we adopt the
Extended Kalman Filter method to obtain the current
competing stations. We clearly provide the system
state equations of the 802.11ah networks and the
way to measure the number of stations. Then, the
estimated channel status can be easily obtained by
iteration using EKF

The remainder of the paper is organized as follows.
Section 2 reviews related work and the background on this
research. Section 3 presents the proposed run-time RAW
optimization scheme in detail. Section 4 shows the simula-
tion results of the proposed scheme in detail. Finally, the
conclusions are given in Section 5.

2. Background

2.1. IEEE 802.11 DCF and EDCA. IEEE 802.11ah inherits the
most basic features of IEEE 802.11 MAC, such as distributed
coordination function (DCF) and Enhanced Distributed
Channel Access (EDCA). DCF is the fundamental MAC
mechanism of the IEEE 802.11 family. It is a simple and
flexible scheme to share the wireless medium among
multiple stations. In DCF (Figure 1), stations adopt the
Carrier Sense Multiple Access mechanism with Collision
Avoidance (CSMA/CA) to contend for the channel access
opportunity. Before a new transmission, each station must
monitor the state of the wireless medium. If the medium
is found idle for a DCF Interframe Space (DIFS) duration,
the station is permitted to transmit its data. Otherwise, the
transmission procedure must be frozen until the channel is
sensed idle again. When the transmission of a station fails
due to the collision or bit error, DCF adopts the Binary
Exponential Backoff (BEB) algorithm to look for the next
transmission opportunity [12]. The backoff duration is
composed of several time slots, and the number of backoff

slot value is selected randomly from ½0, CW − 1�, where
CW is the contention window size. In the initialization
phase, CW is set to the minimal value (CWmin). Once
the CW increases to the maximum value (CWmax), it is
maintained at CWmax even if the next transmissions are
still failed. After a successful data transmission, the CW
is set back to CWmin.

In the IEEE 802.11e standard, a new channel access
mechanism called EDCA is proposed to provide priority-
based differentiated QoS. As shown in Figure 2, there are
four access categories (AC) defined in EDCA, namely,
voice (AC_VO), video (AC_VI), best-effort (AC_BE), and
background (AC_BK). By differentiating the backoff
parameters, high-priority traffic is able to transmit with a
higher transmission chance than the low-priority traffic.
Specifically, high-priority traffic uses shorter arbitration
inter-frame space (AIFS), which is the interval that a
frame needs to wait before it is transmitted. The size of
the contention window is also set according to the priority
of each kind of AC.

2.2. IEEE 802.11ah RAW Mechanism. The IEEE 802.11ah
standard allows up to 8192 stations to associate with an
AP, which is a highly attractive feature for a lot of IoT
use cases. However, how to mitigate collisions and
improve performance in such dense IoT networks is an
urgent problem to be solved. Among the new mechanisms
in 802.11ah, RAW is the core mechanism aimed at
enabling fair channel access for a large number of stations
and avoiding too many stations contending for channel
access simultaneously. In this mechanism, the channel
time is divided into several intervals, namely, the RAW
periods and the shared channel access periods. Only the
RAW stations from a specific group are allowed to access
the channel and transmit in their corresponding RAW
period. On the contrary, all stations are permitted to
contend the channel in the shared channel access periods.
The example of the different periods in RAW mechanism
is shown in Figure 3.

For each AP, it broadcasts a beacon frame carrying a
RAW Parameter Set (RPS), which specifies the RAW param-
eter configurations. Stations retrieve the RAW information
from the beacon frame and access the channel in their corre-
sponding RAW slot. The RPS information specifies the RAW
related information, such as the RAW group, group start
time, the number of RAW slots, and slot duration. The
RAW slot duration is determined as follows:

D = 500μs + C × 120μs: ð1Þ

In equation (1), D stands for the RAW slot duration, and
C is the slot duration count subfield. Another parameter
called the slot format subfield determines the number of
RAW slots and C. If the slot format subfield is filled with
1, a single RAW period is composed of at most eight
RAW slots and the maximum value of C is 2047; the
duration of each slot is up to 246.14ms. Otherwise, a
RAW period is composed of at most 64 RAW slots and
the maximum value of C is 255, and the duration of each
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slot is limited to 31.1ms. The RAW stations are mapped
to these slots according to the following rule:

islot = x +Noffsetð Þ mod NRAW: ð2Þ

In equation (2), islot represents the index of the RAW
slot which the station is mapped. NRAW is the number
of slots predefined in one RAW period. Noffset is the offset
value in the mapping function, and x is the index of the
station.

The RPS also has a subfield called cross-slot boundary
(CSB), which determines whether the stations are allowed
to continue their transmissions when the current RAW slot
ends. If CSB is set to 1, the stations can continue transmitting
even though their RAW slot ends. Otherwise, stations should
not trigger a transmission if the transmissions cannot be
finished in the current RAW slot.

The backoffmechanism in RAW is also different to some
extent compared with the previous IEEE 802.11 standards.
Each station uses two kinds of backoff states of EDCA to
manage data transmission inside and outside its allocated
RAW slots. The first backoff state is used outside the RAW
period, in which all stations contend for the channel freely.
The stations in the first backoff state freeze their backoff
timer at the beginning of each RAW period and resume the
backoff timer at the end of the RAW period. On the contrary,
the second backoff state is used inside the RAW period,
where only the designated group of stations are allowed to
contend for the channel. The stations in the second backoff

state start to backoff inside their own RAW slot and discard
the backoff state when their RAW slot ends.

2.3. Related Work on RAW Mechanism Optimization.
Although the IEEE 802.11ah standard was published in
2016, research on IEEE 802.11ah has been conducted for
more than five years. A few articles [11, 13–16] introduce a
high-level overview of the core PHY/MAC mechanisms in
IEEE 802.11ah and describe the advantages and challenges
when designing these schemes. As one of the key technolo-
gies in IEEE 802.11ah, the RAWmechanism has been widely
studied in many aspects. The work focusing on RAW analy-
sis and optimization is more relevant to the research
presented in this paper.

Several studies have been conducted to model and opti-
mize the RAW parameter configuration in different network
and traffic conditions. Raeesi et al. [9] propose an analytical
model to derive the IEEE 802.11ah network performance,
including throughput and energy consumption. It also shows
the advantage of the RAW mechanism in throughput and
delay compared with the basic scheme. In [10], the authors
propose an analytical approach to investigate the RAW
mechanism. Based on the analytical model, the paper
provides the time distribution of the successful transmission
by a Markov model. In [17], the authors provide a RAW
enhancement scheme in the machine-to-machine scenario.
The proposed scheme determines the optimal size of RAW
by estimating the number of devices for the uplink access.
However, the works mentioned above either only conduct a
basic analytical model under a certain circumstance or pro-
vide a basic RAW optimization scheme with a simple chan-
nel sensing method, which may not be enough to reflect the
real channel status. This will cause the network performance
deviating from the calculated optimal value. In [18], the
author proposes an adaptive RAW optimization scheme
called CA-CWA. It estimates the channel state and adjusts
the channel contention parameters to improve the real-time
performance of the IEEE 802.11ah network. However, CA-
CWA only considers and adapts the contention window to
improve the RAW performance. Other RAW parameters,
such as RAW slot duration and RAW slot number, are not
considered and optimized. In this paper, the authors provide
RO-RAW to adaptively adjust the IEEE 802.11ah RAW
parameters in the run-time environment. Based on the
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estimated number of competing stations, RO-RAW is able to
adjust RAW parameters in time to ensure the performance of
RAW.

3. RAW Mechanism Optimization with
Extended Kalman Filter

In this section, we introduce the system model and the RAW
optimization problem first and subsequently provide a
detailed description of the proposed RO-RAW. RO-RAW is
a run-time adaptive scheme to improve the performance of
the RAW mechanism. It adjusts the RAW parameters to
the optimal parameter settings based on the estimated num-
ber of competing stations. Table 1 provides an overview of
the variables used in the description of the system model
and RO-RAW.

3.1. System Model. In this paper, we only consider a single
wireless cell with a star topology. Assuming the wireless net-
work has a total number of N nodes, each node supports the
RAW mechanism defined in the IEEE 802.11ah standard.
According to the RAW mechanism definition introduced in
Section 2.2, if there areM RAW station groups, and the num-
ber of stations in ith group is Gi, we can have the following
equations:

N = 〠
M

i=1
Gi: ð3Þ

Because each group of stations monopolizes its allocated
RAW period, in a certain group i in RAW period i, if there
are ri RAW slots in the RAW period, the number of stations
in a RAW slot Ni

RAW is:

Ni
RAW = Gi/ri: ð4Þ

In each RAW slot, the stations still adopt basic DCF to
compete for transmission. According to the Bianchi [19]
model, let p be the probability that a transmitted packet col-
lides with others in the RAW slot, and τ be the probability

that a station transmits in a random slot time; we can obtain
the following equations:

p = 1 − 1 − τð Þn−1, ð5Þ

τ = 2 1 − 2pð Þ
1 − 2pð Þ W + 1ð Þ + pW 1 − 2pð Þmð Þ , ð6Þ

whereW is the minimal contention window size andm is
the retry limit. Both values are the predefined constant
backoff parameters. From equation (5) and equation (6), we
obtain the number of current competing stations in the
RAW slot:

n = y pð Þ = 1 + log 1 − pð Þ
log 1 − 2 1 − 2pð Þð Þ/ 1 − 2pð Þ W + 1ð Þ + pW 1 − 2pð Þmð Þð Þð Þ <Ni

RAW:

ð7Þ

Besides, the network throughput S is calculated as:

S = PsPtrL
1 − Ptrð Þσ + PtrPsTs + Ptr 1 − Psð ÞTc

, ð8Þ

where

Ps =
nτ 1 − τð Þn−1
1 − 1 − τð Þn ,

Ptr = 1 − 1 − τð Þn:
ð9Þ

L is the average packet length. From the above deriva-
tions, it is obvious that the throughput is a function of the
competing station number n. Since other variables in equa-
tion (8) are constant values, it exists the optimal value of n,
which achieves the maximum throughput [20, 21]. The
optimal value is easy to be obtained from equation (8) by
calculating the derivative (equation (10)). Here we use nopt
to represent the optimal station number.

dS
dn

= 0: ð10Þ
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Figure 3: IEEE 802.11ah RAW mechanism.
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If the number of competing stations is beyond the
optimal value, some of the stations should be reallocated to
other RAW groups. However, how to estimate the current
competing stations is another problem to be solved.

3.2. Channel-State Estimation with Extended Kalman Filter.
In order to estimate the current competing station num-
ber, we get inspiration from equation (7). If we measure
the collision probability p, we can calculate the number
of stations n by equation (7). Luckily, p can be simply
measured by monitoring the channel state for each station.
Specifically, one station can monitor the channel for all
backoff slot times. If T is the total number of the observed
slots, Tb is the number of busy slots sensed by the station
(other stations are transmitting) and Tc is the number of
collision slots (failed transmission for the station); it is
obvious that p can be calculated as:

p = Tc + Tb

T
: ð11Þ

Since the value of p is obtained, it is easy to calculate the
instantaneous number of competing stations n. However, only
the run-time estimation for a certain period can be really used
by the optimization algorithms. We decide to adopt the Kal-
man filter to provide a run-time adaptive estimation of n. In
fact, there are several simple estimation methods such as auto-
regressive and autoregressive moving average, but they are
proven to be too simple to track the variations of the channel
status accurately [22]. Thus, we decide to adopt the Kalman
filter to provide a run-time adaptive estimation of n.

According to the definition of the network system, the
system state can be represented by the following equations
at discrete time k:

nk = nk−1 + uk, ð12Þ

pk = y−1 nkð Þ + vk = h nkð Þ + vk: ð13Þ

Table 1: Summary of the main notations and abbreviations.

Notation Description

N The total number of stations

M The number of RAW station groups

Gi The number of stations in ith group

Ni
RAW The number of stations in ith RAW slot

ri The RAW slot number in a RAW

p Transmission collision probability

τ The transmission probability in a random slot time

L The average packet length

Tc The number of busy slots

Tp The number of collision slots

n̂k The estimated value of n at time k

Kk Kalman gain

Qk Variance of random variable uk
Rk Variance of random variable vk

1: Step 1: Initialize all the network and algorithm parameters.
2: Step 2: Compute the optimal station numbers nopt.
3: Step 3: After the network has been initialized and running
normally, each station calculates the current channel status
n̂ik by the method introduced in Section 3.2 for ith RAW slot
at time k.
4: Step 4: If n̂ik is beyond the value of nopt for a period Tp,

nopt − n̂ik stations should be redistributed to other RAW
groups/slots evenly.
5: Step 5: Repeat step 3.

Algorithm 1: RAW adaption algorithm in RO-RAW.

Access point

Normal STA

Inactive STA

Figure 4: Example of the test topology.

Table 2: The parameters used in simulation.

PHY layer parameters

Reception energy threshold -116.0 dbm

Noise figure 3 db

Channel bandwidth 2MHz

Data rate 2.4Mbps

Maximal distance between AP and stations 250m

MAC layer parameters

CWmin 15

CWmax 1023

Traffic interval 0.1 s

Packet payload size 250/400 bytes

Number of groups 1

Algorithm parameters

P0 100

n0 1

Q 0.6

R 1
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In equation (12), nk stands for the number of stations at
time k and vk is the state random noise. This equation implies
the approximate value of current n can be represented by the
value of last state n plus a random variable. In equation (13),
pk is the collision probability at time k, and y−1ðnkÞ is the
inverse function of equation (7). This equation means we
can also obtain another approximate value of current n by
measuring the collision probability.

Since the system state model is formulated, according to
the general extended Kalman filter definition, it is easy to
build the following iteration equations of the algorithm:

n̂k = n̂k−1 + Kkzk, ð14Þ

where Kk is the Kalman gain, and zk is the measurement at

time k. These two variables can be described by the following
equations according to the definition:

zk = pk − ĥ k − 1ð Þ, ð15Þ

Kk =
Pk−1 +Qkð Þhk

Pk−1 +Qkð Þh2k + Rk

: ð16Þ

In equation (16), Qk and Rk are the variances of the
random variable uk and vk, which are the noise in the updat-
ing process and measurement process, respectively. hk is the
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Figure 5: Performance of throughput of each scheme in the first scenario. (a) Throughput comparison when the payload size = 250 B, (b)
Throughput comparison when the payload size = 400 B:
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measurement sensitivity, which is linearized around the last
estimated value nk−1. It is calculated by taking the derivative:

hk =
dh nð Þ
dn : ð17Þ

The error variance of the new estimation can be calcu-
lated recursively:

Pk = 1 − Kkhkð Þ Pk−1 +Qkð Þ: ð18Þ

In the last step to complete the design of the EKF-based
estimation method, it remains to specify several parameters
including the state noise Q and R, which affects the conver-
gence rate of the estimator to some extent. According to the
general applications of the Kalman filter, Q and R are usually
given the constant values. Thus, these parameters are given

by simple tests in this paper. We set Q = 0:6, R = 1, and P0
=100 for relatively quick convergence performance. A more
accurate parameter analysis and optimization are beyond
the scope of this paper. Based on the EKF-based run-time
channel state estimation method, it is simple to adjust the
RAW parameters according to the estimated number of
current competing stations n̂k.

3.3. RAW Adaption Algorithm. As discussed in Section 3.1,
there exists a competing station number nopt to optimize
the network performance in each RAW slot. Since the num-
ber of current competing stations is obtained from the
method introduced in Section 3.2, it is easy to adjust the
RAW parameters to reallocate the distribution of the sta-
tions. Specifically, all stations should observe the channel
for the total backoff period and estimate the number of active
stations by the method introduced in Section 3.2. If the
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estimated value n̂k is beyond the value of nopt for a period Tp,
then the active stations should be reallocated to other RAW
groups evenly. Otherwise, the RAW group allocation should
not be changed. The process of the RAW adaption algorithm
is summarized in Algorithm 1.

4. Performance Evaluation

In this section, we present the simulation results and corre-
sponding analysis to demonstrate the performance of the
proposed RO-RAW scheme in the IEEE 802.11ah networks.

4.1. Simulation Setup. All the evaluations are performed in
the NS-3 simulator with the 802.11ah module, which is pro-
posed in [23, 24]. The simulation is based on a typical WLAN
scenario, where one AP is located in the center, and other sta-
tions are distributed around the AP randomly. 10% of the

stations are set inactive (associate with AP but transmit
almost no data). The test topology example is given in
Figure 4. In the simulation, the DCF parameters, including
CWmin and CWmax, are set to the default values. Other
PHY and MAC network parameters used in the simulation
are shown in Table 2. Besides, in the algorithm design, initial
iteration values have a significant impact on the convergence
speed of the algorithm. In the simulation, we set P0 = 100 and
n0 = 1 for quick convergence. The other algorithm parame-
ters used in the simulation are also listed in Table 2.

The performance of the RAW mechanism can be evalu-
ated in terms of three metrics: throughput, delay, and packet
loss rate. Throughput is computed by the average received
payload bytes by the AP per second. Delay is obtained by
measuring the average time a packet experienced between
the sender and the receiver. The packet loss is calculated by
counting the number of packets not received, and the total
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number of packets sent. Each simulation runs 300 s, which is
enough to show the performance of the proposed RAW opti-
mization scheme. Besides, to improve the reliability of the
simulation results, each simulation was conducted five times,
and the final results are the average of the five. The proposed
RAW adaption scheme is compared with another RAW opti-
mization scheme CA-CWA, which is also based on the chan-
nel status estimation. However, CA-CWA just tunes the
contention window to improve the network performance,
while RO-RAW adjusts the number of stations in a different
RAW period.

4.2. Simulation Results. In the simulation, to validate the
effectiveness of the proposed algorithms more precisely, the
simulation is conducted in two simulation scenarios for two
different RAW configurations. In the first scenario, the slot
format subfield is filled with 1, and the RAW slots and C is
set to 4 and 200. This configuration provides less slots in a
RAW period, but a longer time for each slot.

Figures 5(a) and 5(b) show the throughput performance
of the two RAW optimization schemes when varying the
number of RAW stations. We observed that the network
throughput associated with each algorithm increased as the
number of RAW stations n increased until a maximum point
(n = 40 in Figure 5(a) and n = 50 in Figure 5(b)), and the
value begins to decline. It is the basic RAW throughput char-
acteristics which has been proved in several researches [9,
25]. Figures 5(a) and 5(b) further show that RO-RAW has
better performance on throughput than CA-CWA. We take
the simulation results in Figure 5(a) for example. No matter
how the number of nodes changes, RO-RAW has better per-
formance than CA-CWA. However, after the throughput
reaches the peak value (n > 40), RO-RAW has a more signif-
icant performance improvement. It is because CA-CWA is a
contention window-based optimization scheme, which can
only adjust the contention window of the station. But it can-
not adjust the distribution of the stations in each RAW
period and RAW slot. It means the load distribution of the
stations is perhaps not balanced, and this issue may be worse
when the number of inactive nodes is large. RO-RAW over-
comes this problem and thus achieves a better performance.

Figures 6(a) and 6(b) illustrate the delay performance of
the two RAW optimization schemes when varying the num-
ber of RAW stations. It can be observed that when the station
numbers are relatively low (n = 40 in Figure 6(a) and n = 50 in
Figure 6(b)), the average delay is almost zero. The reason is that
the channel competition is not very severe in these cases. But
when the number of stations gets higher, there is a significant
increase in the average delay due to the severe channel compe-
tition. Figures 6(a) and 6(b) further show that our proposed
scheme also has better performance on average delay than
CA-CWA. When the channel gets crowded, RO-RAW is able
to estimate the channel status and reallocated the RAW slots.
Thus, it has a better delay performance when the number of sta-
tions is relatively higher compared with CA-CWA. The same
conclusion can be also drawn when analyzing the packet loss
performance (Figures 7(a) and 7(b)) of the two schemes.

In the second scenario, the slot format subfield is filled
with 0, and the RAW slots and C are set to 8 and 50. This

configuration provides a larger number of slots in a RAW
period, but a shorter time for each slot, compared with the
first scenario. However, the main conclusions are similar to
the conclusions obtained in the first scenario.

As shown in Figures 8(a) and 8(b), the peak value and
other values are changed compared with the values in the first
scenario because the number of the RAW slots has been
increased and the value ofC is decreased. But the general trend
of the throughput curve does not change. RO-RAW still shows
its performance advantages than CA-CWA, especially when
the number of stations is relatively large. The same conclusion
can be also drawn when analyzing the delay (Figures 9(a) and
9(b)) and packet loss performance (Figures 10(a) and 10(b)) of
the two schemes in the second scenario.

5. Conclusion

In this paper, we propose a run-time RAW optimization
scheme with the extended Kalman filter, namely, RO-RAW,
to improve the RAW performance in IEEE 802.11ah net-
works. RO-RAW first estimates the current channel status
and returns the estimated station numbers by the EKF
method. Based on the estimated number of competing sta-
tions, RO-RAW adjusts the RAW parameters to the optimal
parameter settings which are calculated in advance. To vali-
date the performance of the proposed scheme, we compared
it with another RAW optimization scheme CA-CWA in the
NS-3 simulator. The simulation results show that RO-RAW
substantially improves the throughput, latency, and packet
loss performance compared with CA-CWA in different
simulation scenarios. The results further show that, when
the channel is relatively congested, RO-RAW improves the
performance of RAW more significantly.
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