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whose number of hops is 3 ({12 — 17 — 18 — 13}), 5 ({12 - 17 — 18 — 19 — 14 — 13}),
7({12—-11 - 10— 17 — 18 —» 19 — 14 — 13}), etc. As mentioned in Chapter 3, we
could have multiple shortest path routes for two MPs that are more than one hop away in
the reachability graph. For simplicity, we only try one shortest path route in our traffic
scheduling solution. Next we are going to introduce two path selection schemes, both of

which are insensitive to interference as mentioned in Chapter 3.

1. Static Path Selection (Static PS)

We pre-defined a shortest path for any two MPs. This path is randomly chosen from
all the shortest path candidates and will never be changed, regardless of how bad the
interference is, or how heavy the traffic load is on this path. If one link is overloaded,
any new traffic session whose pre-defined path traverses this link will be dropped
immediately. Static PS is an off-line solution and thus can save significant time on
route computation. It requires obtaining the entire network topology in order to
determine all of the shortest path routes. Since any mesh point is assumed not to
change its location, it is very easy to figure out whether or not two particular mesh
points can communicate with each other, and, thus, the entire network topology can
be easily obtained. Since it can select a path quickly, Static PS is quite suitable for
VoIP traffic that has a critical time delay requirement. On the other hand, since
Static PS is insensitive to traffic load, it is possible for multiple pairs of MPs to select
their paths traversing one particular link. Thus, if VoIP calls occur on these pairs of
MPs simultaneously, some calls may be dropped because of the heavy traffic load on
the particular link. This obviously degrades the system performance. Therefore, an

on-line path selection scheme is needed to improve the system performance.

2. Dynamic Path Selection (Dynamic PS)

In contrast to Static PS, Dynamic PS is an on-line solution which selects the best
path from all the shortest path candidates. In order to find the best path, we need to
perform the following steps. First, we assign a metric to each link, denoted as Ly etric-
Since we consider path selection and channel assignment separately in order to reduce
the complexity, the link metric will only consider traffic load. In TDMA systems, the
traffic load of a link can be regarded as the number of time slots being used, denoted
as L. Thus, Lyetrie 18 equal to Ly Second, we define the metric of a path

candidate as the maximal L,,ct of the link on the path, denoted as Ryeiric. Last,
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the path candidate with the minimal Ry,etrsc Will be selected as best. The MinMazx
algorithm mentioned above tries to provide a better condition for incoming channel
assignment. The less traffic load that the link has, the more options the channel
assignment can try, resulting in a higher success probability for channel assignment.
Although it can not be guaranteed as the best solution for channel assignment, this
channel assignment reflects the relationship between the path selection scheme and
the channel assignment scheme. Obviously, Dynamic PS is more feasible than Static

PS from a traffic load balance point of view and can improve the system performance.

Neither Static PS nor Dynamic PS considers interference issues; therefore, they cannot
guarantee the success of the channel assighment. When our channel assignment scheme
fails, we have to drop the corresponding traflic session. This dropping is called call blocking
and the possibility of dropping is called the call blocking probability. The call blocking
probability can be used to investigate the performance of a traffic scheduling solution,
which will be discussed in Chapter 5. Another issue we will focus on in Chapter 5 is the
computation time of our path selection schemes. There is a tradeoff between call blocking

probability and computation time, which will also be revealed in Chapter 5.

4.2 Channel Assignment

In this section, we propose three channel assignment schemes. Each of them can co-operate
with either Static PS or Dynamic PS path selection to provide a complete traffic scheduling
solution. Before we go into the details, we must first introduce several key definitions.
First, we define Assignment Searching as the attempt to assign one channel on one time
slot of a link, regardless of success or failure. Given a selected path, we say a traffic session
is scheduled successfully only when Assignment Searchings succeed on all the links on the
selected path. These Assignment Searchings are called Assignment Searching combinations.
In our channel assignment schemes, we set an upper bound for the number of Assignment
Searchings on each link, denoted as RETRY}r.. When RETRY);, is reached and we
still cannot find a scheduling solution, the channel assignment on this particular link will
be regarded as a failure and the traffic session will be dropped. Obviously, the larger
RETRY;; is, the better the call blocking probability.

Second, we must define two terms associated with Assignment Searching. One is Chan-

nel Binding, which is defined as assigning a channel onto a time slot; The other is Slot
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Figure 4.1: UCA

Binding, which is defined as assigning a time slot onto a traffic session. Both bindings will
be determined if an Assignment Searching succeeds. Once a traffic session is scheduled into
the system successfully, its corresponding Slot Bindings are always fixed throughout the
session period. Any other traffic sessions are not permitted to alter these bindings. On the
contrary, Channel Bindings are allowed to change, which will be discussed in our channel
assignment schemes.

In the remainder of this chapter, we will introduce two time slot searching mechanisms,
Direct Timeslot Searching (DIRTS) and Random Timeslot Searching (RANTS), and three
channel assignment schemes: Unforced Channel Assignment (UCA), Perturbation Minimiz-
ing Channel Assignment (PMCA) and Slot-Channel Selection with Interference Awareness
(SCSIA).

4.2.1 Time Slot Searching

Since both UCA and PMCA choose time slots prior to channel selection, the first problem
to solve is how to select the time slot. In this section we derive two time slot searching
mechanisms: DIRTS and RANTS.
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Figure 4.2: PMCA

1. DIRect Timeslot Searching (DIRTS)

DIRTS is very simple to implement. It selects the first unused time slot in the
superframe as the searching result. Then, the selected time slot will be marked as
7used” and attempted by Assignment Searching. If Assignment Searching succeeds,
a new link will be defined based on our link selection algorithm and then DIRTS
and Assignment Searching will be implemented on the new link again. Otherwise,
DIRTS will continue to select the next unused time slot as the candidate. If it
cannot find an unused time slot, the channel assignment on the particular link will
fail and the traffic session will be dropped. The drawback of DIRTS is that the
time slot is always ordered so that the time slot with a lower Slot Label has more
simultaneous active links than one with higher Slot Labels. Therefore, it is more
difficult to have successful Assignment Searching in the time slot with a lower Slot
Label. The difficulty of Assignment Searching will eventually result in a poor call

blocking probability.

2. RANdom Timeslot Searching (RANTS)

In contrast to DIRTS, RANTS will first count the number of unused time slots and

37



M.A.Sc. Thesis - Xiaofan Wang McMaster - ECE

then randomly pick one. Similarly, after being selected, the time slot will be marked
as "used” by Assignment Searching. If Assignment Searching fails, the number of
unused time slots will decrease by 1 and a new time slot will be selected from the
remaining unused ones. Compared with DIRTS, the time slots with lower Slot Label
in RANTS have less simultaneous active links. In fact, if the traffic is uniformly
distributed in the mesh, each time slot in RANTS will have an equivalent number
of simultaneous active links. Therefore, RANTS will achieve a better call blocking
probability than DIRTS, which will be further discussed in Chapter 5.

4.2.2 Channel Assignment Schemes

Once one unused time slot is found, a channel assignment scheme will be used to set up the
Channel Binding. A successful Channel Binding requires two conditions to be met. First,
the interference from other identical Channel Bindings (working on the same channel and the
same time slot) should be below the interference threshold so that the new Channel Binding
can receive the signal properly. The other condition is that the transmitting signal of the new
Channel Binding should not destroy the transmissions on other identical Channel Bindings.
These two conditions are necessary and should be obeyed by any channel assignment scheme.
In order to reduce the complexity, we assume that picking a channel from a set of channels
is based on an unchanging, pre-defined channel list. How one would make the channel list
more efficient is outside the scope of this thesis, but could be a topic for future research.
Next, we propose three channel assignment schemes: Unforced Channel Assignment
(UCA), Perturbation Minimizing Channel Assignment (PMCA) and Slot-Channel Selection
with Interference Awareness (SCSIA). Here, both UCA and PMCA will choose the time
slot prior to the channel, while SCSIA will choose the time slot and channel at the same

time.

Unforced Channel Assignment (UCA)

UCA is a greedy channel assignment scheme. It picks up a channel from the channel list
and tries to bind the channel to the time slot selected by either DIRTS or RANTS. If
the interference conditions are satisfied, UCA is successful. Otherwise, it will try the next
channel on the channel list. If none of the channels can be assigned successfully, it means

that Channel Binding fails on the selected time slot and our time-slot searching scheme will
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try to find another unused time slot. Since it only assigns the channel to the selected time
slot, UCA will create new Channel Bindings but never change existing Channel Bindings.
Once the new Channel Bindings are created, they will be kept until the corresponding traffic
session is terminated.

Fig. 4.1 gives us an example, where we assume an ESS Mesh with a 3 x 3 grid topology
and 4 available non-overlapping channels ({f1, f2, f3, f4}). For simplicity, we consider a non-
cumulative interference model, which means the interference only comes from neighboring
MPs. We also assume that each superframe has 2 time slots, marked as 1 and 2, respectively.
Moreover, traffic sessions only occur between neighboring MPs such that their routes are

one hop. In this example, we have 4 traffic sessions scheduled with UCA as follows:

1. Traffic T} on link 1 < 2; Slot Binding: {771, s1}; Channel Binding: {si, f1}
2. Traffic T on link 2 « 5; Slot Binding: {74, s1}; Channel Binding: {s1, f2}
3. Traffic T3 on link 5 < 8; Slot Binding: {73, s1}; Channel Binding: {s1, f3}

4. Traffic Ty on link 8 «» 9; Slot Binding: {74, s1}; Channel Binding: {s1, f1}

As can be seen, these 4 traffic sessions pick up channels from the 4-channel list and set
up their corresponding Channel Bindings, all of which are relative to time slot 1. If a 5th
traffic session comes into the network, it will realize that it is impossible to bind a channel
onto time slot 1 because all of the channels on the list have interference problems. Thus,
it has to go to time slot 2 for channel assignment. This means that the maximum number
of simultaneously active links in this case is 4. In order to improve the maximal value,
we propose another channel assignment scheme, called Perturbation Minimizing Channel
Assignment (PMCA).

Perturbation Minimizing Channel Assignment (PMCA)

In PMCA, we first select an unused time slot using either DIRTS or RANTS. Then, we
choose a channel from the channel list for Channel Binding. If the channel can be bound
to the selected time slot without any adjustment, the channel assignment is successful and
PMCA works like UCA (at this point). Otherwise, a special adjustment is required. The
adjustment is to change the existing Channel Bindings working on the same time slot and the

same channel such that a new Channel Binding can be found for the link candidate. Here,
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changing the existing Channel Binding means to bind another channel onto the original
selected time slot.

One important point is that any change of Channel Binding may destroy other Channel
Bindings and thus trigger more changes. This effect will not stop until all the Channel
Bindings in the mesh satisfy their necessary interference conditions. This type of effect
is called perturbation. Theoretically, it is possible to find multiple perturbations for the
channel assignment solution. The question is which perturbation is best. In this thesis,
we define a term, cost, as the number of changes of Channel Bindings in a given pertur-
bation. The more changes the perturbation has, the higher the cost. We will choose the
perturbation with minimal cost as our final channel assignment solution, which is called
Perturbation Minimizing. In theory, Perturbation Minimizing is an NP-complete problem
with general breadth level and depth level, as discussed in [19]. Here, we denote Bjeye; and
Dyeye; as the breadth and depth of perturbation, respectively. Obviously, the computing
complexity of Perturbation Minimizing is O((|{F'}| x Ble'uel)lrgvel x [{F}|). In order to reduce
the computational complexity, one has to heuristically limit the breadth level and depth
level of the perturbation.

Limiting the breadth level and depth level of the perturbation can obviously solve the
Perturbation Minimizing problem much faster. But this is still not enough. In order to
discover the best perturbation, one has to know all the perturbations with limited breadth
and depth. This leads to long compute times and thus is not suitable for VoIP traffic.
Therefore, we set a cost threshold, COST* heuristically. For a particular perturbation,
if COST™ is exceeded, we will stop the perturbation process and try another. Once the
perturbation is found and its cost is less than or equal to the COST*, we will regard the
perturbation as our channel assignment solution and will not try any other perturbations.
If the perturbation can not be found within the range of limited breadth level and depth
level, we will give up the channel assignment on that particular time slot.

Obviously, PMCA is helpful in situations where UCA cannot find a solution but the
theoretically maximal number of simultaneously active links in the given time slot has not
yet been reached. An example is given in Fig. 4.2, whose traffic pattern is based on Fig.
4.1. In this figure, we consider one more traffic session T% on link 5 <+ 6. Since none of the 4
channels can satisfy the interference constraints, we have to drop the new traffic session by
using UCA. However, with PMCA, if we change the Channel Binding on link 8 « 9 from
{s1, f4} to {s1, f1} and then assign f; onto s; of link 5 « 6, all the active links can satisfy

40



M.A.Sc. Thesis - Xiaofan Wang McMaster - ECE

510, | 5105 | S2C1 | Ss

S
$

—

B

LZ?’Lkl
Llnkg
LZ?’Lk3
Lan,'4
Lan5
L’L’I’Lkﬁ
LZ’I’L]{?7
LGkg
LZTLk‘g
Linkm

OOOOO[\')OOH&C}J%
[on] UL] Hen] Nen] N=r) Nenl Neny B Rand | (0]
[en] Ranl ld) § NULY Hen] Renl Hen) Nen] Han]
OO0 O|OoOIOolw|—
et k=l =] k=] K=l Re] o ] Nen] Nan] Ko |
OO =W O WI N =IO
Q

Figure 4.3: SCSIA

their interference constraints. Thus, the maximum number of simultaneously active links
becomes 5 which is one more than that in UCA. Note that in this example, the perturbation

cost is 1 because there is only one channel binding change.

1. Traffic 7} on link 1 « 2; Slot Binding: {71, s1}; Channel Binding: {s1, fi}
2. Traffic Ty on link 2 « 5; Slot Binding: {7%, s;}; Channel Binding: {s1, fa}
3. Traffic T3 on link 5 « 8; Slot Binding: {73, s1}; Channe! Binding: {s1, f3}
4. Traffic Ty on link 8 « 9; Slot Binding: {7}, s1}; Channel Binding: {s1, f1}

5. Traffic T5 on link 5 « 6; Slot Binding: {75, s1}; Channel Binding: {si, f4}

Slot-Channel Selection with Interference Awareness (SCSIA)

Considering the system performance, both UCA and PMCA have the same shortcoming,
which is that their Slot Binding is independent of their Channel Binding. Slot binding does
not consider the interference issue while channel binding does. Once the Slot Binding is
selected, it will not change throughout the active period of the traffic session. It is quite
possible that a failed traffic session scheduling would be successful if we had changed some
active slot bindings. However, the change of Slot Bindings and the change of Channel

Bindings are relative to each other. This situation resembles a dead-lock loop and makes
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the problem overly complicated. In this section, we will consider a new channel assignment
scheme that is fundamentally different from UCA and PMCA. This scheme is aware of the
interference and will assign both the Slot Binding and the Channel Binding at the same
time. It is called Slot-Channel Selection with Interference Awareness (SCSIA).

Basically, SCSIA maintains an F x F Cumulative Interference Matrix (CIM) for each
time slot in the TDMA superframe, where E and F' represent the number of links and
the number of channels, respectively. The element in the matrix, CIM;;, indicates the
current received cumulative interference if link 7 works on channel j in the particular time
slot. Based on CIMs, we are trying to find the slot-channel combination that will minimize
interference. Obviously, each column of CIMs stands for one slot-channel combination that
can be used for Assignment Searching. During Assignment Searching, we first select a
column in one CIM as the candidate column so as to select the slot-channel combination.
Then, we update the corresponding cumulative interference listed in the candidate column
by assuming that the selected slot and channel are bound to the target link. Next, we
find the element with maximal cumulative interference and regard it as the characteristic
value of this slot-channel combination. After reviewing all the slot-channel combinations,
we choose the one with the minimal characteristic value as our final solution. This Min-Max
selection can fairly distribute interference to the whole system.

An example is given in Fig. 4.3. Suppose we have 3 available channels (C;, Cz and Cj)
and 10 links (from Link; to Linkig) in the system. We are going to assign a channel to
Link; that only has 2 unused time slots, S and S;. Fig. 4.3 gives us the current cumulative
interference. For simplicity, we set the element value as an integer. Note that when the
element in Fig. 4.3 is equal to 0, it means that the link does not operate at the particular
channel on the particular time slot. With the MinMax policy mentioned above, we can
easily pick S1 — C1, whose characteristic value is only 4, as our solution. If the characteristic
value of S; — C; is less than the pre-defined interference threshold, we can claim that the
SCSIA channel assignment succeeds.

Obviously, SCSIA will spend more computing time than UCA and PMCA because all
possible slot-channel candidates are checked, especially when the number of available slot-

channel candidates is large.
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01 PATHr, = PathSelection (T5)
02 for Link; € PATHry,
03 while RET RY;,,. has not been reached

04 if UCA(Link;) (or PMCA(Link;) or SCSIA(Link;)) succeeds
05 break

06 else

07 if RET RY};,; has been reached

08 return FALSE

09 end

10 end

12 end

13 end

14 return TRUE

Figure 4.4: New Traffic Session Scheduling Solution

4.2.3 Pseudo Code of Traffic Session Scheduling

To summarize, we show our traffic session scheduling process in Fig. 4.4, where the new

traffic session is T;.
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Chapter 5

Simulation

In Chapter 4, we introduced two path selection and three channel assignment schemes.
Our traffic scheduling solution can be any combination of the path selection and channel
assignment schemes. In order to investigate the performance of these algorithms, detailed
simulations were performed. In this chapter, we discuss the details of the simulations,

including assumptions, results and analysis.

5.1 Assumptions

1. ESS Mesh
It is assumed that the ESS Mesh has a grid topology. Each MP can only directly

communicate with other MPs one hop away. This implies that each MP has up to
4 neighboring MPs in the grid topology. This assumption standardizes the metric of
route to hop count so that shortest path routing protocols can be easily implemented.
We also assume that each MP is allowed to have up to 4 IEEE 802.11 radios. Those
multiple radios can guarantee simultaneous communication between one MP and its

4 possible neighboring MPs.

2. Traffic

As mentioned in Chapter 3, only deterministic traffic (for example, VoIP calls) is
considered. In the simulations, we assume that VoIP calls arrive to the network

according to a Poisson process. The unit of traffic arrival rate is calls per second.
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Data Rate (Mbps) 1112|5511
SINR Threshold (dB) | 11 | 14 | 18 | 21

Figure 5.1: SINR Threshold for Different Data Rate of IEEE 802.11b

For example, a 0.1 arrival rate means 0.1 calls per second, or 360 calls per hour. If
the mesh is a 6 x 6 grid where each MP has 10 mobile clients on average, then each
mobile client will have 1 call per hour. If the mesh a 4 x 4 grid where each MP has
10 mobile clients on average, then each mobile client will have 2.25 calls per hour.
When a VoIP call occurs, the proposed traffic scheduling solution is used to schedule
it into the system. If the scheduling fails, the call has to be dropped. We regard
the call dropping behavior as call blocking. The ratio between the number of call
blockings and the number of call arrivals is defined as call blocking probability. In
the simulations, each simulation run will simulate 30000 call arrivals, each of which

lasts 60 seconds.

3. PMCA

In the PMCA channel assignment scheme, we limit the breadth and depth levels
in order to arrive at a solution heuristically. The breadth level is less than the
cost threshold, COST* and the depth level is equal to 1. This implies that the
perturbation will be terminated on the second depth level. Once the perturbation
stops, UCA will be used for the second depth level to find the channel assignment

solution.

4. Transmission Rate

As was mentioned in Chapter 2, IEEE 802.11 supports different transmission rates,
depending on different interference conditions. Fig. 5.1 gives the relationship between
transmitting rate and SINR threshold [20] in IEEE 802.11b. Obviously, when we
change the transmission rate, the SINR threshold will also be changed. The higher
the transmission rate, the higher the SINR threshold. On the other hand, since the
length of the superframe is presumed to be always 20ms, the number of time slots
per superframe will change as the transmission rate changes. Basically, the higher

the transmission rate, the larger the number of time slots.
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In the remainder of this chapter, we investigate the performance of our traffic scheduling
solution. The investigation will first focus on validating both non-cumulative and cumulative
interference models mentioned in Chapter 3. Then, we will concentrate on comparing
channel assignment and path selection schemes, based on different interference models and

other system parameters, such as the number of channels, radios, MPs, etc.

5.2 Validation of Optimization Formulation

In order to validate the interference model mentioned in Chapter 3, we designed a special
simulation in which the traffic session only occurs between neighboring MPs. Thus, the
shortest path for every traflic session is one hop. Furthermore, the total number of time
slots in the superframe is set to 1 for simplification. With this special design, we can
eliminate the impact of path selection schemes and obtain the best possible performance
of our channel assignment schemes. Therefore, the performance value from simulation is
comparable with that from the interference model.

In order to obtain the theoretical performance from the interference model, we use a
ILP solver, LINDO, to solve the formula proposed in Chapter 3. (The LINDO code! is
listed in the Appendix.) Fig. 5.2 provides the comparison between simulation results and
mathematics results, based on different system parameters, such as the number of radios,
the number of channels and the network size. Note that Mathsl and Siml are for the non-
cumulative interference model, and Maths2 and Sim2 are for the cumulative interference
model, respectively. Specifically, the system parameters for the cumulative interference
model are 11Mbps transmission rate and 2.0 path loss exponent. This result obviously
shows that our channel assignment scheme can achieve the same system performance as the
mathematical model. This not only validates our interference model but also verifies the
performance of our channel assignment schemes. However, this result is conditioned on a
special design where all traffic sessions are between neighboring MPs. Considering a more
realistic traffic session with multihop paths, it is not adequate to show the performance of
our channel assignment schemes. Therefore, in Section 5.3, we will implement more complex
simulations to analyze their performance. ’

IThanks to Dr. Sasthi C. Ghosh for help with the optimization.
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MPs | Radios | Channels | Mathsl | Siml | Maths2 | Sim2
16 2 3 12 12 3 3
16 2 4 16 16 4 4
16 2 5 16 16 5 5
16 3 3 12 12 3 3
16 3 4 16 16 4 4
16 3 5 20 20 5 5
16 4 3 12 12 3 3
16 4 4 16 16 4 4
16 4 5 20 20 5 5
25 2 3 17 17 6 6
25 2 4 21 21 8 8
25 2 5 24 24 10 10
25 3 3 17 17 6 6
25 3 4 22 22 8 8
25 3 5 26 26 10 10
25 4 3 18 18 6 6
25 4 4 22 22 8 8
25 4 5 26 26 10 10

Figure 5.2: Validation of Optimization Formulation

5.3 Simulation Results

5.3.1 Investigation of Channel Assignment Schemes

Fig. 5.3 and Fig. 5.4 show the change of call blocking probability and average computation
time under the impact of traffic arrival rate, where the star solid line, the x solid line and
the square solid line are UCA, PMCA and SCSIA, respectively.

As can be seen in Fig. 5.3, the blocking probability increases when the traffic arrival
rate increases for all three schemes, due to the increasing traffic in the system. Moreover,
the call blocking probability does not increase linearly. The higher the traffic arrival rate,
the higher the increasing rate of call blocking probability. The reason for this is that
under the cumulative interference model, multiple weak interferers can accumulate and
cause strong interference, which will be enough to exceed the interference threshold. It is

necessary to mention that when the traffic arrival rate changes from 0.1 to 0.2, the call
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Figure 5.3: Channel Assignment Scheme Comparison with cumulative interference cri-
terion: traffic session blocking probability, 4 grid mesh, 5 channels, 4 radios, 11Mbps
transmission rate, 2.8 pathloss exponent, random timeslot searching with 3 searching
tries, static path selection

blocking probabilities of UCA, PMCA and SCSIA vary from 0 to 0.95%, 0.82% and 0.4%,
respectively. Obviously, SCSIA has a better call blocking probability than the other two
and PMCA always outperforms UCA. If we focus on the performance improvement, we can
see that higher traffic arrival rates have better performance improvements. For example,
compared to the traffic arrival rate between 0.2 and 0.15, the improvement of PMCA versus
UCA is from 0.95% to 0.82% (0.13 difference) and from 0.15% to 0.14% (0.01 difference),
and the improvement of SCSIA versus UCA is from 0.95% to 0.4% (0.55 difference) and
from 0.15% to 0.03% (0.12 difference). This is because a higher traffic arrival rate provides
more opportunity for PMCA and SCSIA to solve the problem that UCA cannot solve.
The average computing time to schedule a traffic session increases when we increase the
traffic arrival rate, as shown in Fig. 5.4. The average computing time of UCA is less than
that of PMCA and SCSIA, and SCSIA always consumes more time than PMCA to find
the channel assignment solution. Numerically, UCA, PMCA and SCSIA will spend around
20usec, 25usec and 120usec, respectively. Considering the length of time slot discussed in
Chapter 3, the assignment searching delay is reasonable and acceptable. We also note that
there is a tradeoff between the call blocking probability and the average computing time.
A better call blocking probability requires a longer time delay. If call blocking probability

is the biggest concern, SCSIA is the best choice. If the average computation time is more
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Figure 5.4: Channel Assignment Scheme Comparison with cumulative interference
criterion: average computing time, 4 grid mesh, 5 channels, 4 radios, 11Mbps trans-
mission rate, 2.8 pathloss exponent, random timeslot searching with 3 searching tries,
static path selection

important, PMCA is then a good option, since it can guarantee not only short time delay

but also an acceptable call blocking probability.

5.3.2 Investigation on Different Number of Channels

We now focus on performance comparisons between the number of channels. The simulation
is also based on a 4 x4 grid ESS Mesh using a cumulative interference criterion. Each MP is
equipped with 4 radios and the transmission rate is 11Mbps with a 2.8 path loss exponent.
Throughout the comparison, we only consider static path selection.

Fig. 5.5 illustrates the impact of the number of channels on different channel assignment
schemes. Here, we compare PMCA and SCSTA with 3 and 5 channels. Note that star solid
line, x solid line, square solid line and circle solid line correspond to SCSIA with 3 channels,
SCSIA with 5 channels, PMCA with 3 channels and PMCA with 5 channels, respectively.
The figure shows that SCSIA always outperforms PMCA, regardless of the traffic arrival
rate and the number of channels. We can also see that SCSIA can achieve more improvement
versus PMCA in the 3-channel case than in the 5-channel case. For example, if we look at
the call blocking probability at 0.4%, SCSIA increases the support traffic arrival rate from
0.065 to 0.09 (0.025 difference) with 3 channels and from 0.18 to 0.2 (0.02 difference) with
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Figure 5.5: Number of Channels Comparison with cumulative interference criterion:
traffic session blocking probability, 4 grid mesh, 4 radios, 11Mbps transmission rate,
2.8 pathloss exponent, random timeslot searching with 3 searching tries, static path
selection

5 channels. When the number of channels is too small, it is difficult for PMCA to swap
channel bindings. Therefore, SCSIA is highly recommended to replace PMCA when there
is a lack of channels. On the contrary, if the number of channels is adequate, it is better to

use PMCA instead of SCSIA in order to shorten the average computation time.

5.3.3 Investigation on Timeslot Searching Schemes

As mentioned in Section 4.2, SCSIA only needs one assignment search pass because it
always considers all the slot-channel combinations automatically. Thus, the investigation of
timeslot searching will only focus on UCA and PMCA. Our simulation runs in a 4 x 4 grid,
which is configured to have 5 available channels, 4 radios for each MP, 11Mbps transmission
rate and 2.8 path loss exponent.

Fig. 5.6 illustrates the performance of PMCA with respect to call blocking probabillity,
where the square solid line and circle solid line depicts DIRTS and RANTS, respectively.
As can be seen, RANTS always outperforms DIRTS. This is because DIRTS always begins
assignment searching along a fixed time slot sequence, whereas RANTS randomly selects
a time slot for assignment searching. Therefore, DIRTS’s failure probability is larger than
that of RANTS. In the simulation, we set Retryimi: to 5 which is just half the number

of time slots in one superframe, which means it is not possible for DIRTS to test all the
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Figure 5.6: Timeslot Searching Schemes Comparison with cumulative interference
criterion: traffic session blocking probability, 4 grid mesh, 5 channels, 4 radios, 2.8
path loss exponent, static path selection

available time slots, especially those time slots near the end of the superframe. On the
contrary, RANTS has the chance to try those time slots near the end of the superframe.
Thus, DIRT'S results in a larger call blocking probability than RANTS. Another thing we
need to consider is that the performance improvement: of RANTS increases as the traffic
arrival rate increases. This can clearly be observed from the figure.

Fig. 5.7 shows the average computation time comparison between DIRTS (square solid
line) and RANTS (circle solid line). The result shows that RANTS can also achieve much
better average computation time than DIRTS. For example, when the traffic arrival rate
varies from 0.05 to 0.2, the compute time of DIRTS changes from 66us to 200us, while that
of RANTS is from 35us to 50us. The explanation is the same as that for the call blocking
probability, as seen in previous figures. Fig. 5.7 also reveals that the increase in rate of
cither DIRTS or RANTS is very linear as the traffic arrival rate increases. However, the
increasing rate of DIRTS is larger than that of RANTS.

Both Fig. 5.6 and Fig. 5.7 are based on the same condition that Retrymq: is fixed at 5.
In Fig. 5.8, we illustrate the performance under a different Retryym;. In the simulation,
we consider 5, 7 and 9 as the Retrymit. As we can see in the figure, star solid line, square
solid line and diamond solid line represent 5, 7 and 9 Retry;imi: of DIRTS, respectively,
while x solid line, circle solid line and plus solid line are for 5, 7 and 9 Retryim:: for

RANTS, respectively. We note that an increasing Retry;mq results in a decrease in blocking
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Figure 5.7: Timeslot Searching Schemes Comparison with cumulative interference
criterion: traffic session blocking probability, 4 grid mesh, 5 channels, 4 radios, 2.8
path loss exponent, static path selection

probability. For example, when the traffic arrival rate is 0.2, the blocking probability for
5, 7 and 9 Retry;imis of RANTS is 0.3%, 0.18% and 0.15%, respectively. Furthermore,
the smaller the Retrypimit, the more performance improvement RANTS can achieve over
DIRTS. Especially when Retrypim:: is large, both time slot searching schemes have very
similar performance. For example, if we fix the blocking probability at 0.1%, the improved
traffic arrival rate of RANTS over DIRTS with 5, 7 and 9 Retryyimq: is from 0.01 to 0.17,
from 0.1 to 0.186 and from 0.16 to 0.19, respectively. This is because the large Retryiim:t
can provide enough chances for DIRTS to consider all the available time slots.

From the 3 figures above, we conclude that RANTS is the preferred time slot searching

option, considering both call blocking probability and average computation time.

5.3.4 Investigation of Transmission Rate

The IEEE 802.11 standard allows radios to operate at different transmission rates. ' Of
course, different transmission rates require different SINR thresholds as shown in Fig. 5.1.
The higher the SINR threshold, the higher the transmission rate. Moreover, if we fix the
length of the superframe, the higher the transmission rate, the smaller the time slot and
therefore the larger the number of time slots. In this simulation, we investigate the impact
of transmission rate to system performance based on a 4 x 4 mesh network with 5 available

channels, 4 radios for each MP and a 2.8 path loss exponent.
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Figure 5.8: Timeslot Searching Schemes Comparison with cumulative interference
criterion: traffic session blocking probability, 4 grid mesh, 5 channels, 4 radios, 2.8
path loss exponent, static path selection

First consider Fig. 5.9. In this figure, SCSIA is the default channel assignment scheme.
We compare the performance of 2Mbps, 5.5Mbps and 11Mbps, which are described by the
star solid line, x solid line and square solid line, respectively. It is clear that increasing the
transmission rate can increase the system performance. ‘For example, given a 0.4% blocking
probability, the traffic arrival rate supported by 2Mbps, 5.5Mbps and 11Mbps is 0.07, 0.13
and 0.20, respectively. This implies that although a higher transmission rate results in
a higher SINR requirement, the increase in the number of time slots still dominates the
system performance and can definitely compensate for the performance degradation from
the increasing SINR, threshold.

Fig. 5.10 gives a comparison between PMCA and SCSIA with different transmission
rates: 5.5Mbps and 11Mbps. The star solid line, x solid line, square solid line and circle
solid line represents PMCA with 5.5Mbps, SCSIA with 5.5Mbps, PMCA with 11Mbps and
SCSIA with 11Mbps, respectively. We can see that compared with PMCA, SCSIA produces
a more significant improvement under 11Mbps than under 5.5Mbps. For example, suppose
the required blocking probability is 0.4%, SCSIA can improve the traffic arrival rate from
0.12 to 0.13 under 5.5Mbps and from 0.18 to 0.20 under 11Mbps. This means that the

higher the transmission rate, the better the system performance SCSIA can achieve.
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Figure 5.9: Transmission Rate Comparison with cumulative interference criterion:
traffic session blocking probability, 4 grid mesh, 5 channels, 4 radios, 2.8 pathloss
exponent, SCSIA with static path selection

5.3.5 Investigation of the Distance between Neighboring MPs

As mentioned in Chapter 3, the interference between two MPs is based on the path loss
model (Equation 3.1), where the distance between two MPs is the key factor dominating
the strength of the interference, especially when the transmission power of each MP is fixed.
The larger the distance, the higher the path loss value. In this section, we investigate the
impact of distance on different channel assignment schemes.

In Fig. 5.11, the system performance comparison between 100 meters and 250 meters is
given. The star solid line and x solid line represent SCSIA with 100m distance and SCSIA
with 250m distance. Obviously, the 250-meter grid system can achieve better call blocking
probability than the 100-meter system. For example, under 0.21 traffic load, the 250m grid
system has a 0.6% call blocking probability, while the 100m grid system has a 0.8% call
blocking probability. This is a 25% performance improvement. .

Fig. 5.12 shows a comparison between a 100-meter grid and a 250-meter grid when
using PMCA and SCSIA channel assignment algorithms. As we can see, star solid line,
x solid line, square solid line and circle solid line represents PMCA with 100m distance,
SCSIA with 100m distance, PMCA with 250m distance and SCSIA with 250m distance,
respectively. There are two important issues with this figure. First, when increasing the

distance, PMCA can achieve a much larger performance improvement than SCSIA. For
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Figure 5.10: Transmission Rate Comparison with cumulative interference criterion:
traffic session blocking probability, 4 grid mesh, 5 channels, 4 radios, 2.8 pathloss
exponent, random timeslot searching with 3 searching tries, static path selection

example, with a 0.4% blocking probability, the traffic arrival rate for PMCA increases from
0.15 to 0.18 (0.03 improvement), while SCSIA supports from 0.193 to 0.20 (0.007 improve-
ment). Second, when increasing the distance compared with PMCA, SCSIA can achieve
a better performance improvement under a 100m distance than under a 250m distance.
For example, with a 0.4% blocking probability, SCSIA supports 0.043 higher traffic arrival
rate than PMCA under the 100m distance, while the difference is 0.02 using the 250m
distance. This is because a larger distance results in a larger physical size for the mesh
network, such that one active link assigned with a channel will block fewer links operating
at that same frequency. Therefore, PMCA could have more perturbation opportunities to
achieve a successful channel assignment solution. Although SCSIA can also obtain perfor-
mance improvements over larger distances, its improvement is not comparable with that of

PMCA.

5.3.6 Investigation of Path Selection

Now, we compare the performance between static path selection and dynamic path selection.

The comparison is based on a 5 x 5 grid with 5 available channels, 4 radios for each MP

and a 2Mbps transmission rate.
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Figure 5.11: Distance Comparison with cumulative interference criterion: traffic ses-
sion blocking probability, 4 grid mesh, 5 channels, 4 radios, 11Mbps, 2.8 pathloss
exponent, SCSIA with static path selection

Fig. 5.13 and Fig. 5.14 show a comparison of blocking probability and average compu-
tation time, both of which are based on the cumulative interference model and simulated
by UCA and PMCA. Obviously, dynamic path selection outperforms static path selection,
regardless of which channel assignment scheme is used. For example, given a 0.4% call
blocking probability, the traffic arrival rates of UCA are 0.135 and 0.14 for static and dy-
namic path selections, respectively, while PMCA has 0.16 for static path selection and
0.172 for dynamic path selection. Moreover, dynamic path selection can achieve a better
performance improvement in PMCA compared to UCA. Consider the 0.4% call blocking
probability. The improvement of dynamic path selection for UCA and PMCA are 0.005 and
0.012, respectively. In Fig. 5.14, dynamic path selection has to pay more in computation
time in order to achieve better performance. When traffic load is light, these two path
selections have very close average computation times. As the traffic load goes to higher
levels, dynamic path selection needs more time to find the solution.

Fig. 5.15 also gives us a comparison under the non-cumulative interference model. We
can see that the improvement of dynamic path selection is much larger than that in the
cumulative interference case. This is because the non-cumulative interference model can
provide more opportunities for one particular route to satisfy the interference constraints.

From the above comparisons between static and dynamic path selection schemes, we

can see that if traffic load is low, the dynamic path selection scheme is highly recommended
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Figure 5.12: Distance Comparison with cumulative interference criterion: traffic ses-
sion blocking probability, 4 grid mesh, 5 channels, 4 radios, 11Mbps, 2.8 pathloss
exponent, random timeslot searching with 3 searching tries, static path selection

with either a cumulative or non-cumulative interference model and that if traffic load is

high, we need to pay attention to the tradeoff between system performance and average

computation time.
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Figure 5.13: Path Selection Comparison with cumulative interference criterion: traffic
session blocking probability, 5 grid mesh, 5 channels, 4 radios, 2Mbps, 2.8 pathloss
exponent, random timeslot searching with 3 searching tries
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Figure 5.14: Path Selection Comparison with cumulative interference criterion: aver-
age computing time, 5 grid mesh, 5 channels, 4 radios, 2Mbps, 2.8 pathloss exponent,
random timeslot searching with 3 searching tries
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Figure 5.15: Path Selection Comparison with non-cumulative interference criterion:
traffic session blocking probability, 5 grid mesh, 5 channels, 4 radios, 2Mbps, 2.8
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Chapter 6
Conclusion

In this thesis, we investigated scheduling solutions for deterministic traffic, specifically for
VoIP calls, in ESS Mesh networks. Our scheduling solution is a combination of a path
selection and a channel assignment scheme. Based on shortest path routing, we derived
both static and dynamic path selection schemes. Based on TDMA MAC over CSMA/CA
MAC, we derived Unforced Channel Assignment (UCA), Perturbation Minimizing Chan-
nel Assignment (PMCA) and Slot-Channel Selection with Interference Awareness (SCSIA)
schemes. We also formulated a mathematical model to obtain the maximum number of
simultaneously active links per time slot, considering both cumulative interference and
non-cumulative interference.

Our simulation first validated the mathematical model whose theoretical value is ob-
tained from an ILP solver. Then, we investigated the performance of our scheduling solution
based on different simulation cases, such as the comparison between channel assignment
schemes, the comparison between different numbers of channels, the comparison between
timeslot searching schemes, the comparison between different transmission rates, the com-
parison between different AP-to-AP distances and the comparison between path selection
schemes.

Some conclusions can be made from these comparisons. First, there is a tradeoff between
system performance (call blocking probability) and system cost (computation time). PMCA
and SCSIA can achieve better call blocking probability than UCA but require a longer

computing time. Second, the number of non-overlapping channels is a significant factor
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for system performance; the larger the number of channels, the better the system perfor-
mance. If the number of channels is adequate, PMCA is preferred over SCSIA, considering
the balance between system performance and system cost. Third, under the same condi-
tions, Random Timeslot Searching (RANTS) always outperforms Direct Timeslot Searching
(DIRTS). Fourth, working at high transmission rates can achieve better system performance
than working at low transmission rates. Fifth, an ESS Mesh with a larger size can achieve
better system performance than one with a small network size. Sixth, Dynamic Path Se-
lection can achieve better system performance than Static Path Selection but incurs more
system cost. Based on these conclusions, we can build a traffic scheduling solution for any
system resource condition.

Last but not least, we have outlined the future work that these lines of research need
to undertake.

As mentioned in Chapter 1, we defined a MAC layer superframe consisting of a p portion
operating in TDMA circuit-switched mode and the remaining 1 — p portion operating in
packet-switched mode. We then proposed a traflic scheduling solution for deterministic
traffic on the p portion. It will be a challenge to propose a traffic scheduling solution for
non-deterministic traffic on the 1 — p portion.

Future work should focus on the interference issue. As was mentioned in Chapter 3, the
interference considered was assumed only from inside of the same ESS Mesh. In reality, this
is not the most accurate set of assumptions. Because the IEEE 802.11 ISM band is license
free, it is quite common to receive interference from outside of the ESS Mesh from sources
such as another ESS Mesh, an infrastructure WLAN or an ad hoc WLAN, as long as they
operate on the same channel. Thus, it would be quite interesting to investigate the impact
of these interferers.

Our scheduling solution is a centralized solution wherein everything is controlled by a
Central Controller (CC). When a new VoIP call occurs, a scheduling request will be sent
from the original source MP to CC. Once the scheduling solution is found, CC will signal all
the relative MPs in the ESS Mesh. This request-schedule-signal process will undoubtedly
occupy some system resources. From a utilization of system resources point of view, it is

worth focusing on distributed traffic scheduling solutions in the future.
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Appendix A

LINDO code

The LINDO code listed here is for a 4 x 4 grid ESS mesh with 5 available channels and 4
radios for each MP.

A.1 1ILP file

Maximize
X0+X1+X24+X34+X4+X5+4+X6+X7+X8+X94+X10+
X114+X124+X13+ X144+ X154+ X164+X17+X18+X19+
X20+X214+X224X23
Subject to
X0-C00-C01-C02=0
X1-C10-C11-C12=0
X2-C20-C21-C22=0
X3-C30-C31-C32=0
X4-C40-C41-C42=0
X5-C50-C51-C52=0
X6-C60-C61-C62=0
X7-C70-C71-C72=0
X8-C80-C81-C82=0
X9-C90-C91-C92=0
X10-C100-C101-C102==0
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X11-C110-C111-C112=0
X12-C120-C121-C122=0
X13-C130-C131-C132=0
X14-C140-C141-C142=0
X15-C150-C151-C152=0
X16-C160-C161-C162=0
X17-C170-C171-C172=0
X18-C180-C181-C182=0
X19-C190-C191-C192=0
X20-C200-C201-C202=0
X21-C210-C211-C212=0
X22-C220-C221-C222=0
X23-C230-C231-C232=0
X34+ X7+X9+X10j=3
X5+X9+X11+X12j=3
X10+X14+X16+X17;=3
X12+X16+X18+X19j=3

C00 + C10 j=1
CO1 + Cl11 =1
C02 + C12 j=1

C120 + C130 j=1
C121 + C131 =1
C122 + C132 j=1

0220 + C230 =1

C221 4+ C231 =1

C222 4 C232 =1

Binaries

X0 X1 X2 X3 X4 X5 X6 X7 X8 X9 X10
X11 X12 X13 X14 X15 X16 X17 X18 X19
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X20 X21 X22 X23
C00 C01 Co02
C10 C11 C12
C20 C21 C22
C30 C31 C32
C40 C41 C42
C50 C51 C52
C60 C61 C62
C70 C71 C72
C80 C81 (82
C90 C91 C92
C100 C101 C102
C110 C111 C112
C120 C121 C122
C130 C131 C132
C140 C141 C142
C150 C151 C152
C160 C161 C162
C170 C171 C172
C180 C181 C182
C190 C191 C192
200 C201 C202
C210 C211 C212
220 C221 C222
€230 C231 C232
End

A.2 Solution

Integer optimal solution: Objective = 1.2000000000e+01
Solution time = 0.00 sec. Iterations = 97 Nodes = 0
NAME F3-k3-16.1p MIP Start
X01
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X190

X21

X30

X41

X50

X60

X71

X81

X90

X100
X111
X120
X131
X140
X151
X160
X170
X180
X190
X201
X211
X221
X231
C00 0
Co10
co21
C100
C110
C120
C20 0
C211
C220
C300
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C310
C320
C401
C410
C420
C50 0
C51 0
C520
C60 0
C61 0
C62 0
C701
C710
C720
C80 0
C811
C820
C90 0
C91 0
C920
C100 0
C101 0
C102 0
Cl1100
Cl110
Cl12 1
C120 0
C121 0
C1220
C130 0
C1311
C132 0
C140 0
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Cl141 0
C142 0
C150 0
C1510
C152 1
C160 0
C161 0
C162 0
C170 0
C171 0
C172 0
C180 0
C181 0
C182 0
C190 0
C191 0
C192 0
C200 1
C201 0
C202 0
C210 1
C2110
C2120
C2200
C2211
C2220
C2300
C2310
C2321
ENDATA
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