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The scenario considered

BSS/IBSS

WLAN node
Access Point

Figure: Single-hop network
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How many users can be supported by a WLAN?

“Finding the maximum number of users that can be supported,
subject to given constraints of bandwidth, delay, etc.”

We denote this number by n� . Thus, for a given packet arrival
rate at each node, n� is the number of nodes for which the
throughput saturates.

Why bother with sizing?

Capacity of WLANs is not easily known:
Performance of WLANs is widely variable, depending on
the offered load, number of users and packet sizes.
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Variable capacity of 802.11 WLANs
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Figure: Single-hop network
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The 802.11 MAC

Figure: 802.11 MAC operation
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The 802.11 MAC

Figure: 802.11 backoff
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Models proposed for 802.11 WLANs

Generic CSMA models
Kleinrock and Tobagi's model
Gupta and Kumar's model

802.11 MAC models
Bianchi's model
Tay and Chua's model
Sikdar's delay model
Foh and Zukerman's model

8 CS681 Sizing of 802.11 WLANs



Sizing of 802.11 WLANs– Motivation
Analytical models for 802.11 MAC

Sizing from Application Perspective
Validation of models and numerical analysis

The context

Scenarios considered
Small areas with high concentration of users
Single-hop networks

Assumptions
Error-free wireless channel
Identical nodes
Transmission bit-rate for all nodes is �xed, and is
independent of distance
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Bianchi's model

Models the wireless station through a DTMC

The epochs of state transition are logical “slots”,
corresponding to a decrement of the backoff counter. This
slot duration is variable.

Solving the DTMC, the probability � that a station transmits
in a slot is obtained

Finally, by analyzing the events that can happen in a slot
time, saturation throughput is obtained
Assumptions/approximations of the model

All stations are saturated, i.e., stations always have packets
to transmit
Packets collide with constant and independent probability p
There's no limit on the number of retransmissions, although
the value of backoff window CW grows only up-to CWmax
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The Markov chain for a station: Bianchi's model
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Figure: DTMC for WLAN station
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Performance Analysis with the DTMC

Throughput S can be obtained as

S =
E[Payload transmitted in a slot time]

E[length of a slot time]

=
PsPtrE[P]

(1 � Ptr)� + PtrPsTs + Ptr(1 � Ps)Tc

Ptr : the probability that there is at-least one transmission in a slot
time
Ps : the probability that a transmission occurring on the channel is
successful
Ts: the average time the channel is sensed busy because of
successful transmission
Tc : the average duration of a slot related to a collision
� : duration of an idle slot, i.e., PHY slot time
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Obtaining Ptr and Ps from the DTMC:

Probability that a station transmits in a slot � and probability p that a
transmitted packet encounters a collision are obtained by (iteratively
solving)
� =

P m
i= 0 bi ;0 = 2(1� 2p)

(1� 2p)( W+ 1)+ pW(1� (2p)m)

and p = 1 � (1 � � )n� 1

Knowing � and p,

Ptr = 1 � (1 � � )n

Ps =
n� (1 � � )n� 1

Ptr
=

n� (1 � � )n� 1

1 � (1 � � )n
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Applicability of Bianchi's model

Saturation throughput is a fundamental performance metric,
and Bianchi's model accurately predicts saturation throughput

However, can WLANs be operated at saturation?

At saturation, delays tend to increase to in�nity, or, for
�nite-size interface queues, packets get dropped due to full
queue

saturation model can not be used to determine delays or
n� directly

Solution?

Extend/modify Bianchi's model for non-saturation

Develop approximate models that make use of saturation
models (Foh-Zukerman's approach)
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Our non-saturation model

What happens to a non-saturated node after successfully
transmitting a packet?
From the state machine of 802.11 MAC:

A station is still required to backoff once
After backoff, check the state of the queue
If the queue is non-empty, transmit after an additional
backoff for one slot
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Markov chain for a non-saturated station
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Foh-Zukerman's model

Figure:
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Validating models with ns-2 simulations

We conducted detailed ns-2 simulations with
a single-hop network, no bit-errors
Exponential packet generator
all other packet traf�c like routing, ARP disabled
higher queue size (200) to accommodate transient
saturation

We repeated the numerical analysis for various
combinations of data rates, packet sizes and per-station
load
Metrics measured:

Average throughput at MAC
Average delay at MAC (MAC service time)
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Throughput vs n for different data rates
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Figure: Normalized throughput vs n, 1000B packets, 2% load per
station
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Throughput vs n for different payloads
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Figure: Throughput (obtained using Foh's model) vs n, 1% load per
station
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Packet delays vs n
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Figure: Average MAC service times (ms), 1000B packets
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Throughput-delay curve
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Figure: Throughput-delay curve, �xed per-station load
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Simulation for burst of packets

We conducted simulations for trains of consecutive packets
for comparison with Poisson traf�c

Exponential Inter-burst times

In both cases, average packet arrival rate was kept the
same

Similar to realistic work-loads (with variable-size bursts)
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Effect of Packet arrival process
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Congestion points n�

Pkt Size DataRate %load n�
Sim n�

Tay n�
Foh n�

patil n�
8

(bytes) (Mbps) /station
1000 1 1 80 64 75 84 84
1000 1 2 40 33 37 41 41
1000 11 1 46 43 47 51 46
1000 11 2 24 23 21 25 23
500 1 1 72 62 67 75 76
500 1 2 37 30 33 37 39
500 11 1 32 33 31 35 32
500 11 2 17 17 13 17 17
50 1 1 33 24 23 27 33
50 1 2 17 13 9 13 17

n�
sim: simulations with single-packet Poisson arrivals

n�
Tay: Tay-Chua's model

n�
Foh: Foh-Zukerman's model

n�
8 : simulations with bursts of 8 packets
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Conclusion of numerical analysis

Foh-Zukerman's model and our model predict fairly
accurate throughput and delay for most conditions

Throughput at higher data rates and smaller packet sizes
is drastically reduced due to �xed protocol overheads

The MAC service time rises sharply beyond saturation
point

burstiness of input traf�c has negligible effect till saturation,
and improves performance after saturation
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Application-aware sizing

A network user is concerned with application performance
WLAN sizing should therefore be performed to optimize
application performance

Deriving an exact model that models behavior at
application, TCP and MAC layers is a complex task

Using the existing models for 802.11 MAC require traf�c
pro�le at the MAC

Application usage pro�le needs to be translated to MAC traf�c
speci�cation, i.e., packet arrival rate � mac and average packet
size la
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Mapping application usage pro�le to traf�c pro�le at
the MAC

To make the problem tractable, we make a few simplifying
assumptions:

There is no packet loss as perceived by the layers above
the MAC
MAC service time is not large enough to cause TCP to alter
its offered load to the MAC
TCP �ows are short-lived due to small-sized objects being
transferred

Although the assumptions may not hold for the general case,
we have demonstrated through simulations that their effect is
insigni�cant up-to application saturation point
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Approximate sizing method using application traf�c
speci�cation

The sizing method consists of the following steps:
1 Speci�cation of application workload
2 Characterization of application traf�c
3 Computation of MAC performance metrics using analytical

models
4 Mapping the MAC performance to application performance
5 Finding the application saturation point
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Scenario considered for HTTP traf�c

WLAN node

Access Point

BSS

Web Server

Internet

Figure: Single-hop network with HTTP clients
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Example: Sizing for HTTP traf�c

We illustrate our method with the example of HTTP application:
Speci�cation of HTTP workload:

n � 1 HTTP clients, each client generating requests for
objects of size Lapp bytes at � app=s

Characterization of HTTP traf�c:

� mac =
� app(n � 1)(9 + 2D)

n
packets/s/station

Average Packet size = la =
[(9 + 2D)lh + Lapp]

(9 + 2D)
bytes

where D = d Lapp
MSS e and lh is the size of TCP+IP headers,
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Sizing for HTTP traf�c: continued

Computation of MAC performance metrics:
MAC throughput Smac is computed using an analytical
model for MAC (we used Foh-Zukerman's model for this)

Mapping MAC performance to HTTP performance:

Sapp =
SmacLapp

lh(9 + 2D) + Lapp

Finding the application saturation point n�� :

n�� = largestn such that
Soffered � Sapp

Soffered
< � t

where � t is the threshold throughput-load gap
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Validation using ns-2 simulations
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Figure: Application throughput vs n for different HTTP object sizes at
1% application load per station
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Application saturation points n��

Req.Rate % Load BitRate Payload n��
sim n��

ana
(req/stn/s) /stn (Mbps) (bytes)
2.332 1.0 1 536 27 23
0.292 1.0 1 4288 59 49
0.146 1.0 1 8576 61 53
4.664 2.0 1 536 15 10
4.664 0.182 11 536 30 29
0.583 2.0 1 4288 29 25
0.583 0.182 11 4288 87 93
0.292 2.0 1 8576 31 27
0.292 0.182 11 8576 99 107
6.996 3.0 1 536 10 5
6.996 0.273 11 536 18 17
0.875 3.0 1 4288 20 16
0.875 0.273 11 4288 60 63
0.437 3.0 1 8576 21 17
0.437 0.273 11 8576 66 73
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Conclusion

Our method for WLAN sizing is fairly accurate in predicting
application throughput and application saturation point

Because of TCP's feedback-dependent behavior,
application throughput saturates much before MAC
saturation
TCP dynamics need to be modeled to make the method
more accurate
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