
Received 7 August 2020; revised 25 August 2020; accepted 26 August 2020. Date of publication 2 September 2020; date of current version 18 September 2020.

Digital Object Identifier 10.1109/OJCOMS.2020.3021129

Throughput and Delay Analysis of IEEE
802.11-Based Tree-Topology Networks

TAKESHI KANEMATSU1 (Member, IEEE), YIN WAN1, KOSUKE SANADA2 (Member, IEEE),

ZHETAO LI 3 (Member, IEEE), TINGRUI PEI 3, YOUNG-JUNE CHOI 4 (Senior Member, IEEE),

KIEN NGUYEN 1 (Senior Member, IEEE), AND HIROO SEKIYA 1 (Senior Member, IEEE)
1Graduate School of Engineering, Chiba University, Chiba 263-8522, Japan

2Mie University, Mie 514-8507, Japan

3Xiangtan University, Xiangtan 411105, China

4Ajou University, Suwon 16499, South Korea

CORRESPONDING AUTHORS: K. NGUYEN AND H. SEKIYA (e-mail: nguyen@chiba-u.jp; sekiya@faculty.chiba-u.jp)

This work was supported by JSPS KAKENHI under Grant 19K20251 and Grant 20H04174. The work of Kien Nguyen was supported by the Leading
Initiative for Excellent Young Researchers (LEADER) Program from MEXT, Japan.

ABSTRACT This article aims to investigate the performance of the IEEE 802.11-based tree-topology
network, where a wireless node is within the others’ carrier sensing ranges. In such a network, the
concurrent transmission is a dominant cause of frame collisions. Moreover, the relay nodes (RN) (i.e.,
in the tree) likely cause the coexistence of non-saturated and saturated nodes in the networks. Those
conditions have not been addressed in the previous works yet. As a solution, this work proposes new
analytical expressions of delay and throughput in the investigated scenario. The presented analytical model
incorporates the Bianchi model and airtime concept to formulate operations of the IEEE 802.11 nodes.
First, by leveraging Bianchi-based analysis, the proposed model gives the frame collision probability
caused by concurrent transmission. Second, by using airtime concept analysis, the ratio of frame numbers
of each flow in a relay node (RN) is expressed to represent the buffer state of RN. As a result, we can
obtain the network throughput, the throughput, and the delay of each flow. The validity of the analytical
expressions is confirmed by the quantitative agreement between the analytical and simulation results.

INDEX TERMS Tree topology, performance analysis, airtime, Bianchi, throughput, delay.

I. INTRODUCTION

THE IEEE 802.11 technology and its variants have been
hugely successful with a wide range of applications

ranging from daily Internet access to vehicle-to-vehicle com-
munication [1]–[3], environmental monitoring [4], [5], etc.
Typically, the technology appears in the form of Wireless
Local Area Networks (WLANs) with either single-hop or
multi-hop deployments. While we can see the former almost
everywhere (i.e., Wi-Fi networks), the latter is gaining more
popularity due to its usefulness and applicability. For exam-
ple, the multi-hop IEEE 802.11-based networks can serve as
a disaster-resilient network to provide quick Internet connec-
tion in the afflicted area [6]–[8] or agricultural control [9].
In such networks, the routing protocols, which guarantee
efficient upward and downward communications at each

node, are often expected to be simple. As a result, the
routing protocols mostly formulate a tree-topology in the
multi-hop IEEE 802.11 networks. In such a context, it is
essential and valuable to establish mathematical models for
network performance. Among the other theories, the Bianchi
model and the airtime analysis are the most popular ones
for understanding the WLAN performance.
The Bianchi model is considerably canonical for WLAN

analysis [10], in which the IEEE 802.11 backoff timer (BT)
decrement is modeled by a Markov chain. The model hence
reveals the transmission probability when the node is in
the BT-decrement period. Moreover, with the transmission
probability, it is possible to give a concurrent transmission
collision probability with nodes in the carrier-sensing range
(e.g., of a WLAN). Since the Bianchi model appeared,
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it has established a solid foundation for many improve-
ments [11]–[17], such as those relating to a generalized
expression in saturation conditions [11], non-saturation con-
ditions [13], the impacts of Request to Send/Clear to Send
(RTS/CTS) [14], etc. However, using the Bianchi-like mod-
els, it is not straightforward to express network performance
in several varying conditions such as different packet sizes.
Besides, it is challenging for the models to handle the WLAN
that has a mix of saturated and non-saturated nodes. Those
conditions are inherently popular in the tree-based IEEE
802.11 network.
The airtime concept, which is original in [18], has

been a root of many existing works in understanding
the performance of IEEE 802.11 networks [19]–[32]. In
the airtime-based analysis, the airtime parameters repre-
sent intervals occupied by the states of a wireless node.
Moreover, it can reveal the time overlap of different states
among several nodes of a WLAN, for example, expressions
of hidden-node frame collisions or carrier sensing states.
As a result, in the multi-hop WLAN, the channel access
situations of nodes can be expressed as simple functions
of airtime. The airtime analysis is successful when han-
dling various IEEE 802.11 characteristics, such as coupling
effects [25], capture effects [32], etc. However, the previous
works mostly focus on the string topology without consid-
ering the conditions as mentioned above. The recent work
in [16] shed light on the feasibility of using airtime to ana-
lyze the single-hop WLAN with the mixed types of nodes
under varying packet sizes. In an IEEE 802.11 tree-topology
network, relay nodes (RNs) relay multiple flows, each of
which is similar to a string IEEE 802.11 network with vary-
ing traffic patterns. That suggests that the airtime concept
might be useful for performance analysis of the tree-topology
networks.
This article presents analytical expressions of delay and

throughput for tree-topology networks, where all nodes are
within the others’ carrier sensing ranges, with a considera-
tion of varying offered loads. In the investigated scenario,
the traffic patterns are the upstream flows from the leaves
to the root in a three-layer tree. In such IEEE 802.11-
based tree-topology network, concurrent transmissions are
the dominant cause of frame collisions since nodes sense
each other’s communications. Moreover, the relay nodes,
which receive packets from the leaves and forward to the
root, may make networks in a mixed condition with unsat-
urated and saturated nodes. The presented analytical model
newly formulates relay-node operations by incorporating the
Bianchi model with the airtime analysis. While the former
is adopted to express the frame collision probability caused
by concurrent transmission, the latter is used for reveal-
ing the ratio of frame numbers of each flow in a relay
node (RN). As a result, we have successfully obtained each
flow’s performance (i.e., including throughput and delay) and
network throughput. The validity of the analytical expres-
sions is confirmed by the quantitative agreement between
the analytical and simulation results.

FIGURE 1. Examples of WLAN’s network topologies (0: destination node); (a) Star
topology (b) String topology with (N + 1) nodes (c) Tree topology with Nr relay nodes
and Ns source nodes.

The rest of the paper is organized as follows. The next
section introduces the related works. Section III presents our
approach for throughput and delay analysis. In Section IV,
the analytical results are compared to the simulation ones.
Finally, Section V concludes the paper and introduces future
works.

II. RELATED WORKS
Figure 1 shows examples of typical WLAN topologies,
including star, string, and tree topology. There are many
analytical models for the single hop or the star topology
(i.e., as depicted in Fig. 1(a)) [10]–[17]. Most of the works
have relied on the Bianchi model [10], which can express the
BT decrement resulting in the expression of 802.11 node’s
operation in each time slot. The model has been continu-
ously applied to understand wireless networks’ performance
and behaviors, including advanced IEEE 802.11 standard,
such as 802.11ac [33]. The work in [11], which investigates
the Bianchi model’s fixed-point formulation, provides an
explicit expression for WLAN performance metrics. In [14],
the authors have improved the model to include overhead
causing by the RTS/CTS handshake. However, similar to the
Bianchi model, those works assume that all network nodes
are in saturation conditions. In [12], [13], the authors have
extended the Bianchi model to the WLANs, which have
heterogeneous and unsaturated conditions. The model can
predict the peak throughput in the WLAN before reaching
the saturation condition. Saturation and non-saturation nodes
can coexist in the tree-topology networks, but it is generally
difficult to account for both the types of nodes in Bianchi’s
model-based analyses.
Regarding the string topology WLAN as in Fig. 1(b), there

is a large amount of article in theory aiming to analyze the
network performance [18]–[32]. One of the most effective
approaches to analyze such multi-hop network is employ-
ing the airtime concept. With the concept, at each node in
the network, different airtime parameters are defined fol-
lowing the states of network node during an operational
time [18]. In [18], the authors could obtain the saturated
throughput of a string topology network with a sufficient
hop number. The work in [22] extended the airtime con-
cept to model the two-way flow for Voice over Internet
Protocol (VoIP) traffic. In [23], [24], the authors have respec-
tively quantified the throughput of a multi-hop network with
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RTS/CTS considerations and long frames using the concept.
The model ’s applicability has also been found in WLANs
with coupling effect [25], capture effect [34], or WLANs
with internetwork-interferences [35]. Additionally, the analy-
sis can well express different environments, such as 802.11e
Enhanced Distributed Channel Access (EDCA) multi-hop
networks [27], ad-hoc multi-channel networks [30], multi-
hop networks considering multi-rate [32], and 802.11p
EDCA WLANs [17]. The airtime concept has general-
ized analytical expressions for string-topology multi-hop
networks [31]. Using the concept also can express the coexis-
tence states of saturation and non-saturation nodes [16], [26].
However, most of the proposed models are for either the star
topology or the string topology with the single-flow.
In a tree-topology network depicted in Fig. 1(c), Relay

nodes may relay multiple flows. Therefore, the network
operation becomes very different compared to the string
topology. In [16], the authors have introduced the airtime-
based model for the WLAN analysis considering multiple
flows. The models can express both the throughput of sat-
uration and non-saturation nodes. Moreover, the throughput
of multiple flows with different frame lengths can be deter-
mined. However, in the analysis model, there are no relay
nodes in the network. Hence, it can not be directly applicable
to the tree-topology network. Addressing the shortcomings
of previous works, we aim to achieve performance analysis
for the WLAN with tree-topology. Our analytical models will
handle the cases with multiple traffic flows at the RNs, which
have different frame lengths. Note that, besides using the air-
time concept, there is a related work, which takes a different
approach [36], addressing a similar scenario and traffic pat-
terns. In that work, the authors perform the analysis relying
on the link characteristic. Meanwhile, our work reckons on
the node characteristic. Moreover, they assume the carrier
sensing is instantaneous (i.e., propagation delay + carrier
sense delay = 0). On the other hand, we need the assump-
tion of all nodes within their carrier sensing ranges, aiming
to characterize the effect of carrier sense using airtime.

III. THROUGHPUT AND DELAY ANALYSIS
This work investigates the IEEE 802.11-based tree-topology
network, as shown in Fig. 1(c). Each source node (SN)
transmits frames to the destination node through relay nodes
(RNs). We aim to derive analytical expressions of delay and
throughput at any offered load. The following analysis is
based on the below assumptions.

1) SNs generate User Datagram Protocol (UDP) frames
with constant occurrence probabilities, which follow a
Poisson distribution.

2) RNs never generate transmission frames by themselves
and only relay frames to the destination.

3) All the network nodes are in the carrier-sensing range
one another. There are no nodes hidden from all the
other nodes.

FIGURE 2. Example of transmission airtime.

4) The channel condition is ideal. Therefore, transmission
failures occur due to frame collisions in the Medium
Access Control (MAC) layer.

By expressing the frame-existence and transmission prob-
abilities of SNs and RNs, the presented analytical model
reveals the buffer states of RNs. For obtaining the through-
put and delay, transmission airtimes, collision probabili-
ties, frame-existence probabilities, transmission probabilities,
carrier-sensing airtimes, and idle airtimes are expressed with
respect to each node. Before going into the detailed analysis,
we summarize the used notations in Table 1.

A. TRANSMISSION AIRTIME
The transmission airtime of Node i, denoted as Xi, is the
timeshare for frame transmission at the node during an oper-
ation period. Xi includes the duration of both the successful
and failure transmissions [18]. The value of Xi is defined as

Xi = lim
Time→∞

si
Time

, (1)

where Time is the total operation period; si is the sum
of the durations of the data-frame transmissions (DATA),
ACK frame-transmissions (ACK), Distributed InterFrame
Space (DIFS), and Short InterFrame Space (SIFS). Figure 2
illustrates an example of transmission airtime.

B. FRAME-COLLISION PROBABILITY
Following assumption 3, a frame collision occurs when the
BTs of multiple nodes become zero simultaneously. We
denote the transmission probability of Node i in the channel
idle state as τi. Then the collision probability for a frame
transmitted by Node i, γi, is

γi = 1 −
∏

j∈S
j �=i

(1 − τj)
∏

k∈R
k �=i

(1 − τk), (2)

where S and R are the set of SNs and RNs, respectively.

C. FRAME-EXISTENCE PROBABILITY OF SN
From Assumption 1, SNs generate frames with constant
occurrence probabilities. The frame-existence probability of
SN i in the non-saturation condition, q′

i, is expressed as

q′
i = λiViσ

Zi
, (3)
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TABLE 1. Notation used in this work.

where λi is the frame occurrence rate; Viσ means the average
time of BT decrement for the successful transmission of one
frame; and Zi is the idle airtime. The frame occurrence rate
of SN i is given by

λi = Oi
Pi

, (4)

where Oi and Pi are the offered load, data payload size of
SN i. Because the frame-existence probability should not be
larger than one (i.e., the probability value in the case of
saturation), the frame-existence probability qi of SN i for
both non-saturation and saturation cases is

qi = min
(
1, q′

i

) = min

(
1,

λiViσ

Zi

)
. (5)

D. FRAME-EXISTENCE PROBABILITY OF RN
From assumption 2, RNs have frames that are generated
from SNs. Figure 3 shows an example of the buffer state of
the relay node r1. The relay node relays frames from four
source nodes (i.e., S1, S2, S3, S4) to the destination node 0.
The probability that RN i has a frame from SN j is

qi,j =
ej
Pj
Viσ

Zi
, (6)

where ej is the throughput from SN j to the RN. ej is
determined as below.

ej = Xj
(
1 − γj

)Pj
Tj

, (7)

where Tj is the time needed for one frame transmission at
Node j. Depending on the role of Node i, Ti is expressed as

Ti =

⎧
⎪⎨

⎪⎩

DIFS+ DATAi + SIFS+ ACK (i ∈ S)

∑
j∈ν(i) qi,jTj∑
k∈ν(i) qi,k

(i ∈ R),

(8)

where ν(i) is the set of nodes, which connect to RN i.
Because the frame-existence probability of RN i, qi, is

equal to the total number of receiving frames from SNs, we
have

qi = min

⎛

⎝1,
∑

j∈ν(i)

qi,j

⎞

⎠ = min

⎛

⎝1,
∑

j∈ν(i)

ej
Pj
Viσ

Zi

⎞

⎠. (9)

E. TRANSMISSION PROBABILITY
According to [11], the frame transmission probability when
Node i is in the idle state in the saturation condition (i.e., Gi)
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FIGURE 3. Example of relay-node buffer state.

is calculated as follows.

Gi = Ri
Vi

=
∑K

s=0 γ si
∑K

s=0
γ si Bs

2

, (10)

where Ri and Vi are the mean number of frame transmission
attempts and BT decrement for the successful transmission
of one frame, respectively. The expected value of initial BT
for s-th frame retransmission, Bs, is determined in (11).

Bs =
{

2s(CWmin + 1) − 1
(
0 ≤ s ≤ K′ − 1

)

CWmax
(
K′ ≤ s ≤ K

)
,

(11)

where CWmin and CWmax are the minimum and maximum
contention-window values respectively. K′ = log2

CWmax+1
CWmin+1 ,

and K is the retransmission limit number. In addition,
from [19], the relationship between the transmission and
idle airtimes in the saturation condition is

Xi = qiZiGiTi
σ

, (12)

where σ is the slot time.
The general expression of the frame transmission proba-

bility of Node i at the channel idle state can be obtained
from Eqs. (3), (9), and (10) as

τi = qiGi. (13)

F. CARRIER-SENSING AIRTIME
The carrier-sensing airtime is the timeshare, during which a
node has the carrier-sensing state, in the operation period.
Besides, the carrier-sensing airtime of Node i, Yi, is the
total transmission airtime of the neighbor nodes within Node
i’s carrier-sensing range. Using the carrier-sensing airtime
makes it possible to express the carrier-sensing state at
different length frames.

1) CALCULATION BASED ON ALL TRANSMISSION
PATTERNS

The overlaps of the multiple transmissions due to the frame
collisions among other nodes must be considered. One sim-
ple way to formulate the carrier-sensing airtime taking into

account the overlaps is to calculate all transmission patterns.
In this method, the carrier-sensing airtime of Node i is

Yi = Zi
σ

·
∑

h∈P(Ni)

⎡

⎢⎢⎣(1 − τi)
∏

j∈h
τj
∏

k/∈h
k �=i

(1 − τk) max
l∈h

(Tl)

+ τi
∏

j∈h
τj
∏

k/∈h
k �=i

(1 − τk)F

(
max
l∈h

(Tl) − Ti

)
⎤

⎥⎥⎦,

(14)

where Ni is the set of all network nodes except Node i and
P(Ni) is the power set of Ni, which covers all transmission
patterns. Additionally, F(x) is determined in (15).

F(x) =
{
x (x ≥ 0)

0 (x < 0).
(15)

2) CALCULATION BASED ON FRAME LENGTH

Because Eq. (14) calculates all transmission patterns, the
calculation cost increases explosively along with the num-
ber of network nodes. It may make the merit of using
analytical models, which need low calculation costs, disap-
pear. To reduce the calculation cost, the calculation method
based on frame length is proposed. The carrier-sensing time
depends on the transmitted frame with the longest transmis-
sion time. Therefore, the carrier-sensing airtime is obtained
by checking from the nodes, which have larger frames, to the
nodes, which have smaller ones. The carrier-sensing airtime
of Node i is

Yi = Zi
σ

·

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

∑f
j=1

{
αi,1αi,2 · · · αi,j−1

(
1 − αi,j

)[
(1 − τi)tj

+ τiF
(
tj − Ti

)]}
(i ∈ S)

∑f
j=1

{
αi,1αi,2 · · · αi,j−1

(
1 − αi,j

)[
(1 − τi)tj

+ τi
∑f

k=j+1 �i,k
(
tj − tk

)]}
(i ∈ R),

(16)

where f is the number of frame length existing on the
network; ti is the time needed for the i-th largest frame
transmission; αi,j is the probability that Node i does not
collide with the nodes with the j-th largest frame on the
network. αi,j is expressed as follows.

αi,j =
∏

k∈Sj
k �=i

(1 − τk)
∏

l∈R
l �=i

(
1 − τl�l,j

)
, (17)

where Si is the set of SNs with the i-th largest frame; �i,j

is the ratio of the j-th largest frames to all frames received
by RN i. It is determined as (18).

�i,j =
∑

m∈νj(i) qi,m∑
n∈ν(i) qi,n

, (18)

where νj(i) is the set of nodes with the j-th largest frame,
which connect to RN i.
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FIGURE 4. Delay constitution.

By using these expressions, the carrier-sensing airtime is
obtained by the loop calculation depending on the number
of frame lengths existing on the network.

G. IDLE AIRTIME
The idle airtime of Node i is the timeshare of the BT decre-
ment or the absence of a frame in the buffer. Since the node
is in the idle, transmission, or carrier-sensing state, the idle
airtime, Zi, is as follows

Zi = 1 − Xi − Yi. (19)

H. THROUGHPUT
When SN i connects to RN j, the end-to-end throughput of
SN i, Ei,j, is

Ei,j =
⎧
⎨

⎩

qj,i∑
k∈ν(j) qj,k

ZjGj(1−γj)Pi
σ

(
qj = 1

)

qj,iZjGj(1−γj)Pi
σ

(
qj �= 1

)
.

(20)

Because the throughput of RN i is the total throughput of
the SNs that connect with RN i, the throughput of RN i is

Ei =
∑

j∈ν(i)

Ej,i. (21)

I. END-TO-END DELAY
In the investigated tree-topology network, the end-to-end
delay is the sum of the single-hop transmission delay from
the SN to the RN and the single-hop transmission delay from
the RN to the destination node. The single-hop transmission
delay consists of two parts, the Medium Access Control
(MAC) access delay and the queuing delay, as shown in
Fig. 4.
The MAC access delay contains the transmission, BT-

freezing, and BT-decrement durations for the successful
transmission of one frame. It is assumed that the frame-
existence probability in the carrier-sensing state is the same
as that during the entire time. As shown in [26], the
frame-existence probability during the entire time, Qi is

Qi = Xi + qiZi
1 − Yi

= Xi + qiZi
Xi + Zi

, (22)

where QiYi+qiZi
Xi

is the total duration of BT-freezing and BT-
decrement to the transmission one. The MAC access delay
can be derived as

DMi = TiRi

(
1 + QiYi + qiZi

Xi

)

= TiRi(Xi + qiZi)

Xi(Xi + Zi)
. (23)

The queuing delay is the duration from the instant when a
frame arrives at Node i to the instant when the frame reaches
the top of the buffer. We use the M/M/1 queueing model,
hence the frame service rate of Node i, μi is

μi = 1

DMi

= Xi(Xi + Zi)

TiRi(Xi + qiZi)
. (24)

Therefore, the buffer-utilization rate of Node i, ρi, is

ρi = λi

μi

= Xi + qiZi
Xi + Zi

= Qi. (25)

The probability that Node i has l frames in its buffer is

bi,l = λi

μi
bi,l−1 = · · · =

(
λi

μi

)l
bi,0 = Qlibi,0, (26)

where bi,0 expresses the probability that Node i has no frame.
On the other hand, the sum of all probabilities with different
values of l equals 1. If we denote the buffer size as L, we
have

L∑

l=0

bi,l = 1 − QL+1
i

1 − Qi
bi,0 = 1. (27)

From Eqs. (26) and (27),

bi,l = Qli − Ql+1
i

1 − QL+1
i

. (28)

Therefore, the queuing delay is

DQi =
L∑

l=1

[
DMi

2
+ (l− 1)DMi

]
bi,l

= 1 − 3Q+ 3Q2 − 4(L− 1)QL+2 + 2LQL+3

2
(
1 − QL+1

)
(1 − Q)2

(29)

Because the transmission delay of Node i is the sum of the
MAC access delay and the queuing delay, the transmission
delay is

Di = DMi + DQi . (30)

Accordingly, the end-to-end delay from SN i, which connects
to RN j, is

Di,j = DMi + DQi + DMj + DQj . (31)
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FIGURE 5. Evaluated network topologies.

TABLE 2. System parameters.

IV. EVALUATION
In this section, we first present the validity of the proposed
analytical analysis compared to the previous works. Among
the airtime-based proposals, the closet ones related to ours
are in [26], [31], which are for the end-to-end delay and
throughput of string multi-hop IEEE 802.11 network, respec-
tively. We then show the comparisons between the analytical
and simulation results for a tree-topology network. Regarding
the analytical results of throughput, we consider both the
models provided by Eq. (14) and Eq. (16). On the other hand,
we use the network simulator, which has been developed by
our laboratory, for the evaluations [37]. The investigated
tree-topology networks include four source nodes (SNs) and
one destination node (DN). The pair SN{1, 3} are config-
ured to generate 500-byte frames, while the other nodes
(SN2, 4) generate frames, whose size is 1000 bytes. We
consider two scenarios (i.e., Scenario 1, 2), which have dif-
ferent numbers of RN. In Scenario 1, one RN connects to all
SNs, as shown in Fig. 5a. Figure 5b illustrates Scenario 2,
where SN{1, 2}, {3, 4} connect to RN1, RN2, respectively.
In the scenarios, each SN yields frames with an identical
offered load. Table 2 gives system parameters used in the
evaluations. The parameters are based on the IEEE 802.11a
standard.

A. VALIDATION
This research is unique in using the airtime-based and
Bianchi model to construct a mathematical expression for

the performance of the IEEE 802.11 tree-based network.
Therefore, the closely related works are the string topol-
ogy analysis, since the string topology is considered as the
simplest tree. Because our work covers both the through-
put and end-to-end delay, we select the two corresponding
models of those metrics (i.e., the delay model in [26], and
the throughput one in [31]). We compare the model in the
string scenario of SN1-RD-DN, as in the leftmost branch in
Fig. 5a. For a fair comparison, we investigate the 100-byte
and 500-byte packets in this validation. That is because the
100-byte size is among the main evaluation parameters in
the previous work.
The throughput validation between our work and [31]

is shown in Fig. 6a, which captures the variation of the
end-to-end throughput following the offered load. We can
reveal the saturation point, as well as the throughput values
with both packet sizes. Intuitively, the bigger packet size
gives better throughput performance. When the offered load
increases, the network also gets to the saturated state later
with the bigger ones. In all investigated cases, the results
from both models are well matched. Hence, our model can
include the model in [31]. We can conclude that our work
is more comprehensive than [31] because our throughput
model can handle more generalized topologies. Moreover,
we can provide the analysis for the end-to-end delay. The
validation of our delay model and [26] under the offered
load variation is presented in Fig. 6b. First, we can see that
the saturation points are agreed between [26], [31], and our
models. Second, we can conclude the same conclusion for
the relationship between our delay model and [26]. Overall,
the through and delay results confirm the validity of our
models.
It is also worthy to note that our models can han-

dle the heterogeneous packet sizes from different sources,
which have been similarly addressed in [16]. Although we
can simplify our model to include [16], we don’t con-
duct the validation. The reason is that the target of [16]
is a single-hop WLAN, while ours is the multi-hop tree-
based network. Separate from that aspect, we can also
have the delay analysis while [16] only has the throughput
model.
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FIGURE 6. Validation in a string topology.

FIGURE 7. Performance for each node in Scenario 1 with simulation (points) and analysis (lines); (14), (16) indicate the analytical model in Eqs. (14), (16), respectively.

B. SCENARIO 1
Figure 7 shows a comparison of the analytical and evalua-
tion results in Scenario 1. Figure 7a and Fig. 7b respectively
present the throughput, latency performance as a function of
the offered load of the SNs, RN. It can be seen from Fig. 7a
that the throughput increases in proportion to the offered load
(O) in the range of 0 ≤ O ≤ 2.4 Mbps. That indicates all the
nodes are in the non-saturation state. Because the RN has
relayed the frames, which are transmitted from the source
nodes, the frame-existence probability of the RN reaches
one earliest. In other words, the RN in the first node which
turns into the saturation state. Accordingly, the throughput
of RN becomes the maximum when O = 2.4 Mbps. When
O becomes larger than 2.4 Mbps, the throughput values of
all nodes decrease. Note that SN1’s packet size is smaller
than SN2’ one; and the nodes share the identical offered
load condition. Therefore, the frame generation probability
of SN1 increases faster than the one of SN2. Consequently,
the frame-existence probability of SN1 reaches one before
that of SN2 does. Later, when SN2’s frame-existence proba-
bility also becomes one, all the nodes fall into the saturated
condition. On the other hand, we can observe the delay

variation in Fig. 7b, where each SN’s delay significantly
increases just before the frame-existence probability of the
RN reaches one (i.e., the RN being saturated). After the RN
is in the saturation state, the delay becomes infinite.
From Fig. 7, the analytical predictions agree with the

simulation results quantitatively, showing that the analytical
model is valid for the tree-topology network with one RN.
In addition, the analytical predictions using Eq. (14) and
Eq. (16) are perfectly matched. This means that the analytical
model using Eq. (16) achieves both low calculation cost and
accuracy of analytical prediction.

C. SCENARIO 2
Figure 8 shows the throughput and the delay performance
as a function of the offered load in Scenario 2. Similarly
to the throughput result of Scenario 1, Fig. 8a shows the
proportional increment of the RNs, SNs’ throughput when
the offered load increases before the saturation point. When
the frame-existence probabilities of the RNs become one,
their throughput values are maximum. After the RNs are in
the saturated condition, the throughput of each network node
decreases. Because of the packet size, the frame-existence
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FIGURE 8. Performance for each node in Scenario 2 with simulation (points) and analysis (lines); (14), (16) indicate the analytical model in Eqs. (14), (16), respectively.

FIGURE 9. Comparing network throughput in Scenario 1 and Scenario 2 with
simulation (points) and analysis (lines).

probability of SN2 reaches one last. After that, all nodes will
have their saturated throughput values. Figure 8b presents
the delay of the frame generated from the SNs in Scenario 2.
Before the point of network saturation, the delay increases
following the offered load with a similar performance as
in Scenario 1. The similarity continues when the frame-
existence probability of the RNs become one.
Once again, from the results in Fig. 8, we can conclude

the good agreement between the analytical and simulation
results. That confirms the applicability of our model for the
tree-topology network with multiple RNs. Besides, we also
got the perfect match between the prediction using Eq. (14)
and Eq. (16). It suggests the investigated scenario is not
challenging enough in the computation for Eq. (14), hence
it is worthy of investigating furthermore.

D. COMPARISON BETWEEN SCENARIO 1 AND
SCENARIO 2
Figure 9 shows the comparison of network throughput in
Scenario 1 and 2. We can see that when the offered load
increases from 0, because of the increasing throughput of

SNs, RNs, the network throughput behaves in the same man-
ner until the saturation point. Within this period, the two
networks share identical throughput performance. When the
RNs turn into the saturation state, both reach the maximum
network throughput. After that, when the frame-existence
probabilities of all the network nodes are one, the network is
saturated. In such a condition, the saturated network through-
put of Scenario 2 is higher than that of Scenario 1. That is
because four SNs send data to the destination via an RN in
Scenario 1, whereas in Scenario 2, two nodes share an RN.
Note that, in Scenario 2, the two RNs forward the data frame
to the same destination. As a result, the two RNs can relay
more loads, then let the network throughput in Scenario 2 be
better. Another interesting observation is that the network in
Scenario 2 reaches the network saturation point earlier than
the one in Scenario 1.

V. CONCLUSION AND FUTURE WORK
This article has presented analytical expressions of delay and
throughput for the IEEE 802.11-based tree-topology network
at any offered load. We observe that concurrent transmis-
sions mainly cause the frame collisions because the nodes
can sense the other’s communication. To tackle the challenge,
the proposed model incorporated relay-node operations into
a WLAN analysis with the airtime concept. Specifically, this
work adopts a Bianchi model-based analysis for expressing
the frame collision probability caused by concurrent trans-
mission. Besides, utilizing the airtime-based analysis, the
ratio of frame numbers of each flow in an RN was revealed.
The presented analytical model consequently obtained the
network throughput, the throughput, and the delay of each
flow. The simulation results have confirmed the validity of
the analytical expressions. Both the results are well-matched
with each other.
In the future, we plan to explore the analytical models in

more complicated tree scenarios (e.g., with more nodes, more
layers) and take into account the features and parameters
of other IEEE 802.11 standards. We also investigate the
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condition where the calculation cost in Eq. (16) is more
beneficial than the one in Eq. (14).
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