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ABSTRACT

To meet the needs of wireless broadband access, the IEEE
802.16 protocol for wireless metropolitan networks (Wire-
lessMAN) has been recently standardized. The medium ac-
cess control (MAC) layer of the IEEE 802.16 has point-to-
multipoint (PMP) mode and mesh mode. Previous works on
the IEEE 802.16 have primarily focused on the PMP mode.
In the mesh mode, all nodes are organized in an ad hoc
fashion and use a pseudo-random function to calculate their
transmission time based on the scheduling information of the
two-hop neighbors. In this paper, we develop a stochastic
model for the distributed scheduler of the mesh mode. With
this model, we analyze the scheduler performance under var-
ious conditions, and the analytical results match very well
with the ns-2 simulation results. The analytical model de-
veloped in this paper is instrumental in optimizing the IEEE
802.16 mesh mode system performance. To the best of our
knowledge, this work is the first one theoretically investigat-
ing the IEEE 802.16 mesh mode scheduling performance.

Categories and Subject Descriptors

C.2.1 [Computer-Communication Networks]: Network
Architecture and Design — distributed networks, wireless com-
munication; 1.6.5 [Simulation and modeling]: Model de-
velopment — modeling methodologies

General Terms
Algorithm, Performance
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1. INTRODUCTION

The IEEE 802.16 standard, “Air Interface for Fixed Broad
Wireless Access Systems,” also known as the IEEE Wireless-
MAN air interface [1], targets at providing last-mile wireless
broadband access in metropolitan area networks, delivering
performance comparable to traditional cable, DSL or T1
networks [6]. It is designed to evolve as a set of air interfaces
based on a common MAC protocol with physical layer spec-
ifications dependent on the spectrum of use and the associ-
ated regulations. In the standard, the PHY layer employs
the orthogonal frequency division multiplexing (OFDM) or
single carrier (SC) scheme, and can support a data rate up
to 134 Mbit/s in 28 MHz channel.

The IEEE 802.16 MAC protocol has two modes: the point-
to-multipoint (PMP) mode and the multipoint-to-multipoint
(mesh) mode. In the PMP mode, the nodes are organized
into a cellular like structure consisting of a base station (BS)
and some subscriber stations (SS). The channels are divided
into uplink (from SS to BS) and downlink (from BS to SS),
both shared among the SS’s. This type of network requires
all subscriber stations to be within the transmission range
and clear line-of-sight of the BS. On the other hand, in the
mesh mode, the nodes are organized in an ad-hoc fashion.
All stations are peers and each node can act as routers to
relay packets for its neighbors. In typical installations, there
still be certain nodes that provide the BS function of con-
necting the mesh network to backhaul links. However, there
is no need to have direct link from SS to the BS of the
mesh network. A node can choose the links with the best
quality to transmit data; and with an intelligent routing
protocol, the traffic can be routed to avoid the congested
area. The IEEE 802.16 has two mechanisms to schedule
the data transmission in mesh mode — centralized and dis-
tributed scheduling. In centralized scheduling, the BS works
like a cluster head and determines how the SS’s should share
the channel in different time slots. Because all the control
and data packets need to go through the BS, the scheduling
procedure is simple, however the connection setup delay is
long. Hence the centralized scheduling is not suitable for
occasional traffic needs [5]. In distributed scheduling, every
node competes for channel access using a pseudo-random
election algorithm based on the scheduling information of
the two-hop neighbors. Data subframes are allocated based



on request-grant-confirm three-way handshaking among the
nodes. Therefore the distributed scheduling is more flexible
and efficient on connection setup and data transmission.

Although the mesh mode exhibits better flexibility and
scalability, the distributed channel access control is more
complex because every node computes its transmission time
without global information. In the 802.16 mesh mode, the
control and data channels are separated and every node com-
petes the control channel access. The contentions in the
control channel do not affect the current data channel trans-
mission. Therefore, it is impossible to predict the system
throughput and delay performance in the mesh mode with-
out understanding the scheduler behavior in control channel
thoroughly. In this paper, we focus on the IEEE 802.16 mesh
mode and investigate the performance of the distributed
scheduling algorithm. To the best of our knowledge, this
work is the first one investigating the IEEE 802.16 mesh
mode performance. Particularly, we develop a stochastic
model to analyze the control channel performance. This
model considers the important parameters that could affect
the system performance like the total node number, holdoff
exponent value, and topology. With this model, the nodes
channel contention situation and connection setup time vari-
ance can be seen clearly under different parameters. These
results are necessary for the whole system optimization. The
system throughput and delay performance can also be stud-
ied based on the model once the data channel allocation
scheme is defined. We also develop an ns-2 simulator for the
IEEE 802.16 mesh mode. The theoretical and simulation
results match very well.

The remainder of this paper is organized as follows. The
distributed scheduling mechanism in the IEEE 802.16 mesh
mode is described in Section 2. In Section 3, we propose
a stochastic model for assessing the performance (transmis-
sion interval and connection setup time) of the distributed
scheduler. We provide the ns-2 simulation results and com-
pare them with the analytical performance results in Section
4. Finally, Section 5 contains the conclusions.

2. BACKGROUND ON IEEE 802.16 MESH
MODE

2.1 Reated Works

The existing works about the IEEE 802.16 are all on the
PMP mode [8, 9, 10]. The IEEE 802.16 mesh mode is more
complex because, without any central control, every station
competes for the channel in a distributed manner. It is
important to understand the system capacity in the mesh
mode. There are many existing works on the capacity anal-
ysis for general ad hoc networks. In [12, 13, 15, 16, 17], the
asymptotic capacity bounds are obtained under the assump-
tion of random topologies. However, the MAC characteris-
tics are not considered hence these bounds can only reveal
the scaling behavior of network size on capacity. There is
usually a significant gap between the theoretical capacity
and the achievable one under some practical MAC protocol.

The IEEE 802.11 also supports ad hoc mode. The per-
formance of ad hoc network based on the IEEE 802.11 is
studied in [11, 14, 18, 19, 20, 21, 22, 23], including the node
transmission and packet collision probabilities in multi-hop
case as well as the hidden terminal effect. However, those
performance analysis results for the IEEE 802.11 cannot
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Figure 1: The IEEE 802.16 mesh frame structure

be applied to the IEEE 802.16 mesh mode. The reason
is that the two protocols differ in many aspects. For ex-
ample, the IEEE 802.16 is a slotted system, and all trans-
missions must be synchronized; whereas in IEEE 802.11
nodes sense the channel before transmission. To reduce
collisions caused by hidden terminals, 802.11 uses a four-
way RTS/CTS/Data/Ack exchange; whereas 802.16 uses
a three-way handshaking to set up connection before data
transmission. Unlike 802.11, the control channel and data
channel are separated in 802.16 so that the contention in
control channel does not affect the current data transmis-
sion. Another major difference is that, in 802.16 nodes
can reserve multiple slots for the following packets with-
out exchanging control message again; whereas in 802.11,
the nodes must compete for the channel for every packet.
Because of these differences, a new analytical framework is
needed to assess the performance of the 802.16 mesh mode.

2.2 |1EEE 802.16 Distributed Scheduling
Algorithm

In this part, we give a general introduction about the
IEEE 802.16 distributed scheduling behavior first. In the
802.16 scheduling algorithm, the control message and data
packet are allocated in different time slots in a frame. The
allocation of the data time slots is performed through the
control message exchange so that there is no contention in
the data time slots. In the distributed scheduling, a node
selects its next transmission time in the current one. Be-
cause other nodes may also transmit in the selected time
slot so that the node uses an election algorithm to compute
whether it can win or not. If it wins, the node broadcasts
its schedule to the neighbors and repeats the procedures in
the next transmission time. If it fails, the node selects the
next time slot and continues the contention procedures un-
til it wins. For the connection setup, the standard employs
a request/grant/confirm three-way handshaking procedure.
In the following, the details about the node transmission
time calculation, channel contention and connection setup
are elaborated. In order to make the scheduling algorithm
clear, we need to introduce the frame structure first.

The IEEE 802.16 mesh frame structure is shown in Fig.1.
A mesh frame is divided into control and data subframes.
There are two control subframe types in mesh mode. One is
network control that creates and maintains the cohesion be-
tween different systems. The other is to coordinate schedul-
ing of data transfers in system, namely, schedule control.
Frames with the network control subframe occur periodi-
cally and all the other frames contain schedule control sub-
frames. Every control subframe consists of sixteen trans-
mission opportunities and every transmission opportunity
equals seven OFDM symbols time. The data subframe fol-
lows the control subframe in a frame and is divided into min-
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islots. The minislot is the basic unit for resource allocation.
The scheduling message is called MSH-DSCH in the stan-
dard. The MSH-DSCH message contains the schedule and
data subframe allocation information of the neighborhood.
The next transmission time for every station is computed
based on such information.

In distributed scheduling, the schedule information for

each station is described by two parameters —
NextXmtMx and XmtHoldoffExponent. Whenever a station
transmits the MSH-DSCH message, it includes these param-
eters of the neighbors in the message so that every station
has the knowledge of the schedule information of its two-
hop neighborhood. In the 802.16 mesh mode, the transmis-
sion time for a station is an aggregate of some sequential
transmission opportunities called eligibility interval span-
ning a duration of time slots 2XmtHoldoffExponent  NeytXmtMx <
NextXmtTime < 2XmtHoldoffExponent . (NextXmtMx + 1). So the
eligible interval length for a node js 2XmtHoldoffExponent ¢ g
mission opportunities. The station can transmit in any slot
during this interval. After one eligibility interval, a station
must hold off at least 2XmtHoldoffExponent+4 1.5 hsmission oppor-
tunities before the next transmission. The holdoff exponent
value decides the channel contention time of node so it is
an important parameter that can affect the system perfor-
mance.

In the mesh mode, every station calculates its
NextXmtTime during the current transmission time using
the distributed election algorithm defined in the standard.
In the this algorithm, one station sets the first transmission
slot after the holdoff time as the temporary next transmis-
sion opportunity and then competes this slot with all the
competing nodes in the two-hop neighborhood as shown in
Fig.2. There are three types of competing nodes: (1) nodes
whose the Next Xmt Time eligibility interval includes the
temporary transmission slot (Node B); (2) nodes whose Ear-
liest Subsequent Xmt Time is the same as or before the tem-
porary slot, where the Earliest Subsequent Xmt Time=Next
Xmt Time + Xmt Holdoff Time (Node C); and (3) nodes
whose schedules are unknown (Node D). The mesh election
algorithm is a pseudo-random function with the slot number
and the IDs of all nodes as the inputs. The algorithm gener-
ates a series of pseudo-random values based on these inputs.
These values are called mixing values in the standard. If the
current node ID and the slot number generate the largest
mixing value, it wins; otherwise, the current node looses
the competition. If the node wins, it sets the temporary
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transmission opportunity as its next transmission time, and
broadcasts it to the neighbors in the MSH-DSCH packet.
If the node looses, it chooses the next transmission oppor-
tunity and repeats the above competing procedures until it
wins. Based on the above description, we can see that the
probability a node winning a contention is determined by
the total competing node number, and the competing node
number is related with the number of neighbor nodes and
their topologies.

The 802.16 distributed mesh scheduler employs a three-
way handshaking procedure to set up connections with neigh-
bors. The procedure is shown in Fig.3. The requester sends
a request message in the MSH-DSCH packet along with the
data subframe availability information. After receiving the
request, the receiver responses with a grant message indi-
cating all or a subset of the suggested availabilities that
fits the request. Because the MSH-DSCH packet is always
broadcasted among the neighborhood, the neighbor nodes
not involved in this exchange assume the transmission takes
place as granted. When the requester receives the grant
message, it transmits a confirmation message to the receiver
containing a copy of the granted subframe. Then all the
neighbors of the requester cannot use the allocated minis-
lots anymore. Under this mechanism, the neighbors of both
the requester and the receiver can have the up-to-date data
subframe allocation information.

Based on the description about the IEEE 802.16 mesh
scheduler, every node competes for the channel access and
tries to broadcast its scheduling information periodically.
The channel contention result is correlated with the total
node number, exponent value and network topology. In
our study, we assumes the transmit time sequences of all
the nodes in the control subframe form statistically inde-
pendent renewal processes. Based on this assumption, we
develop a stochastic model to estimate the control channel
performance.

3. MODELLING AND PERFORMANCE
ANALYSIS

3.1 Model and Approach

The performance metrics of interest in the MAC layer in-
clude the throughput and delay. In the IEEE 802.16 mesh
mode, the details of the data subframe reservation are left
unstandardized and to be implemented by the vendors; and
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the control subframe is independent of the data subframe.
We consider the modelling and analysis of the control sub-
channel, which is characterized by the distributed election
algorithm. Assume the number of nodes in the network is
N. Let N denotes the set of 2-hops neighbor nodes of
node k, Ny = |Ni|; Ni™ o™ denotes set of nodes whose
the schedules are unknown in the neighbor nodes set N,
N;:nknown — |N]ynknown|; N]foum — Nk \ N]ynknown and
Nfnown — |Nfkmown| et g4 k = 1,..., N, denote the
holdoff exponent of node k, then Hjy = 2%++* is the holdoff
time of node k; and Vi = 2%k is the eligibility interval of
node k. Let S denote the number of slots in which node
k fails the competition before it wins, which is a random
variable, then the interval between successive transmission
opportunities is 7, = Hy, + Sk. Our goal is to determine the
distributions or mean values of 7, by modelling and ana-
lyzing the distributed scheduling algorithm, based on which
the throughput and delay performance can be derived.

Let Zj(t) denote the number of transmission times of node
k up to slot t, then Zx(t) is a counting process with inter-
event time 7. To simplify the analysis, we make the fol-
lowing assumptions: (1) the counting process of each node
eventually reaches its steady state and the intervals are i.i.d.,
that is, Zx(t) forms a stationary and ergodic renewal pro-
cess; and (2) the renewal processes of different nodes are
mutually independent at their steady states. Note that the
distribution of the renewal intervals of each node depends on
the number of competing nodes and their holdoff exponents
in its neighborhood. However, when all the processes reach
their steady states, we can assume that all the processes are
initiated at ¢ = —oo and the time of renewal events of dif-
ferent processes are uncorrelated. Our analysis is based on
the above assumptions.

The distribution of 7 is sketched in Fig.4. Suppose the
expected number of competing nodes in slot s for the node of
interest is M(s). As a result of the pseudo-random election
algorithm, the probability that this node wins the slot is

P8 = 3705 M
So the p.m.f. of S is
P(S=s)= ﬁ(lfp(i))p(s), s=1,2,.... (2)

To get the distribution of 7, we need to find My(s). But
My, (s) depends on the distributions of 75, j = 1,..., N,
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Figure 5: The age and excess time of a renewal pro-
cess.

since all the nodes in the neighborhood of node k are can-
didates to compete with node k. In this paper, we take
the following approach to solve this problem. We will de-
rive My(s) in terms of {pi(s)} by modelling the distributed
election algorithm and then use the relation px(s) = m
to obtain a set of equations for {px(s)} to solve them.

3.2 Collocated Scenario

To simplify the analysis, we first consider the collocated
scenario: all nodes are one-hop neighbors of each other.
In this simple case, there is no unknown node, and N, =
N, k=1,2,...,N; that is, all nodes have the same neigh-
borhood.

3.21 Identical Holdoff Exponent

To further simplify the analysis, we first assume equal
holdoff exponents, i.e., x1 = x2 = ... = xn. Hence when
the nodes are collocated, the transmission interval 7 has
the same distribution, px(s) = p(s),s =1,2,...,Vk.

To proceed with the analysis, we need to introduce the
notion of excess time of a renewal process. Let Z(t) be a
renewal process and ¢ be any chosen time slot, the spread,
Tz(t)+1, is the renewal interval in which ¢ lies, as shown in
Fig.5. The age of the renewal process, a(t), is the time
since the last renewal before ¢; the excess (or residual life
time) of the renewal process, e(t), is the time to the next
renewal after t. The limiting distribution of excess time is
established by the following lemma, which is a corollary of
the Renewal Reward Theorem. The proof is similar to that
for the continuous-time version of the lemma in [24].

LEMMA 1. (Limiting Distribution of Excess Time) Let
Z(t) be a renewal process and T be the renewal interval and
e(t) be the excess time, the limiting distribution of the excess
iy Hel9)zv} I{te(s)gy} =13V P(r > i) for fized

time 1s lim;_ oo W 2aim1
y > 0, where p = E[r] and I{-} is an indicator function.

By the stationary and ergodic assumption, we can take the
limiting distribution of excess time as its stationary distri-
bution

Ple<y) = iZP(T > i), 3)

The distribution of 7 is given in terms of {p(s)} as
1, ifi < H,

S w T2 —p(i))p(s), ifi> H.
(4)

P(TZZ’):{
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Using (3) and (4) we have

Pe=

S

)=P@SM—P@§y—D=%PWZw

_ , ify<H, 5
N\ ivs, LIS -pws), y>H O

where j1 = H + E[S) = H + X2 s TI32H(1 = p(3)p(s).
Employing the above results, we can calculate the prob-
ability that another node j will compete with node k in
the given slot Si = s. In this simplified scenario, there is
no unknown node, the possible competing scenario is either
case 1 or case 2, as shown in Fig. 6. Recall that H = 2°T4
is the holdoff time, and V' = 27 is the eligibility interval
length. Since the renewal processes of node k and node j
are assumed to be statistically independent, at the current
transmit time ¢ of node k, the time from ¢ to the next trans-
mit time of node j is simply the excess time e;(t) of node
j. By the assumption that the renewal process is stationary
and that the distributions of 74 are identical, we can simply
denote ¢;(t) as e. The competing probability for Case 1 is

T =

P(EarliestNextXmtTime; < TempXmtTime,)
=Plt+e+H+1<t+H+s)=Ple<s). (6)
The competing probability for Case 2 is

P(TempXmtTime, € NextXmtEligibleInterval;)
= Plt+e<t+H+s<t+e+V-1)
= P(s+H-V<e<s+H). (7)
So the probability that node j will compete with node k in
the given slot Sy = s is the sum of the probabilities of the
above two cases, and by using (5) we get
P(node j competes with node k|Sk = s)
= Ple<s|Sk=s)+Pr(s+H-V <e<s+ H|S,=5s)
( % + % Zfigﬂ Dl Hé;ﬁ(l = p()p),
if s <V,
% + % Zfing7V+1 Yin Hé;i(l = p()p),
— ifV<s<H, (8)
B (S + S )
(SEa T = p()p),
\ ifs>H.

When the holdoff exponents of all the nodes are identical,
this probability is the same for any two nodes k and j. We
denote it as P(Compete|S = s), and denote Nfompete(s) as
the number of nodes (among N — 1 neighbors) which com-
pete with node k in slot s. By the assumption of statisti-
cal independence, Nfompete (s) is binomial distributed, i.e.,
NE mpete(s) ~ B(N — 1, P(Compete|S = s)). Hence the
expected number of nodes competing with node k in slot
5 is E[NE pete(s)] = (N — 1)P(Compete|S = s), and the
competing nodes in slot s for node k is

M(s) = (N — 1)P(Compete|S = s) + 1. (9)
Substituting (9) into (1) we get

N L 10

p(s) = M(s) (N —1)P(Compete|S = s) + 1" (10)

(

Combining (8) and (10), we get a set of equations by which
we can solve for p(s), s = 1,2,.... Typically, p(s) — 0
as § — 00, so we can truncate the tail and consider only
p(s), s = 1,2,...,L for some large L, and then solve the
fixed point equations by using standard iterative method.
The computation complexity of the above approach is high
since there are L elements to update at each iteration, where
L should be typically chosen large enough. As we will see
in the next subsection, this approach becomes more com-
plicated when the holdoff exponents are not identical. This
renders it difficult for performance evaluation and impracti-
cal for online performance optimization. We next propose a
simplified approach by assuming that S follows a geometric
distribution.

By observing the histograms of our simulation data, we
find that the distribution of S can be approximated by a
geometric distribution. So we make a further approximation
that p(1) =p(2) =... =p, and

P(S=s)=(1-p) 'p. (11)

Then we have E[S] = L. Similar to (4) and (5) we can
derive the distribution of 7 as follows

1, ify < H,
and the distribution of e as
P@=w=;Ph2w
EX ify<H
_ M? —_— )
‘{ b —pp-m=1, ity > H. (13)

Then the probability that another node j will compete with
node k in the given slot Sy = s is
P(node j competes with node k|S, = s)
£ P(Compete|S = s) = P(e < 5|Sk = s)
+P(s+ H-V <e<s+ H|S,=35)
Vo 1-(-p)°
vt ifs<V,
s 4 a-p*~V-@a-p°
M Hp ’
= ifV<s<H, (14)
H o4 1-(1-p)* " H 14 (1-p)°~V-(1-p)°

K np ’
if s > H.

For the geometric distribution, p(s) = p for all s, hence
M (s) = M for all s, which implies that the number of com-
peting nodes in each slot s should be the same. Here we
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approximate M as the expectation of M (s) as

1

p

M ~ Es[M(s)]
= Eg[(N —1)P(Compete|S = s) + 1]. (15)
Using (14) and (15) and after some manipulations, we get

(1-p" T -Qa—p"*
pp(2 —p) ) 1

(e

1
p
(16)

Notice that the last term in the second bracket of RHS is
typically small, we can simplify (16) by dropping that term

as
1 |4 1
—:(Nfl)(—+—>+l
p Ko Hp

Substitute E[S] = %, and pp = H+E[S] into (17), we express
the above equation in terms of E[S] as

(17)

V + E[S]
H + E[S]

2° + E[S]

E[S] = (N 71 1 B(S]

—1) +1=(N-1) +1

(18)
A fixed point iteration can be used to obtain E[S] from (18).

3.2.2 Nonidentical Holdoff Exponents

Now we consider the case where holdoff exponents zj, k =
1,..., N are not identical, but we still restrict ourselves to
the collocated scenario. The analysis is similar to the iden-
tical holdoff exponent case. The competing scenarios are
illustrated in Fig.7. The competing probability for Case 1 is

P(EarliestNextXmtTime; < TempXmtTime,)
= P(t+e+H; <t+Hp+s)

= P(e; <min{0,s+ Hr — H;}). (19)

And the competing probability for Case 2 is
P(TempXmtTime, € NextXmtEligibleInterval)
= P(t+e <t+Hp+s<t+e +Vj)
= P(min{0,s+ Hr — V;} < e < s+ Hy). (20)

Denote P(CY |Si = s) as the probability that node j will
compete with node k in the given slot Si = s, which is given

83

by

P(C] 15k = 5)

P(node j competes with node &[Sk = s)
P(e; < min{0,s + Hy — H;})
+P(min{0,s + H, — V;} < e < s+ Hy)
((Pe; < s+ Hg|Sk=s) = %ﬁi’“,

(1>

ifS+Hk§‘/j,
P(S+Hk—‘/j<€§5+Hk|Sk:5):L_‘/§7
= if V; < s+ Hy, < Hj, (21)

P(e]' <S+Hk—H]'|Sk=S)
+P(s+ Hp —V; <e<s+ Hy|Skr =s) = (%),
\ 1f8—|—Hk>HJ

where pi; = H; + E[S;] = H; + 3252, s TI,Z) (1=p;()ps (s),
and (x) is expressed as

(*) = P(ej < s+ Hp — H]'|Sk = 8)
+P(s+ Hp —V; <e<s+ Hp|Sp = s)
r V, 1 s+Hy %)
;‘; l—"_lu_7 Zy:H’;-‘rl Zl:y—HJ
'Hi;l(l —p;(0)p;(1),
if Hj < s+ Hy < H; +V},
s+Hp—H 1 s+Hy 0o
lujl ! + E Zy:s-{;Hk—VJ+1 Zl:y—Hj
= 'Hi:l(l —p;(@)p;(1),
if Hj +V; < s+ H, <2Hj,
H; s+Hy—H, s+H
H_JJ (Zy:H§+1 ! +Zy:5fHk7VJ+l)
oo 1— .
(272, TIZ = 2i ()2 ()
L if s+ Hi > 2H;.

(22)

j
1
K

Again by the assumption of statistical independence, My (s) =
Z;\;ék,jzl P(C] |Sk = s)+ 1, and we have

1 1
Pi(s) = Mi(s) SN, P(CL 1Sk =) +1 23)

Similarly we can find the distributions of 7;, 7 =1,2,..., N
by the fixed point iterations.

Due to the complexity of the above approach, as before
we further assume that S;, j = 1,2,..., N are geometrical
distributed, that is, assume p;(1) = p;(2) = ... 2 p;, and

P(S;=5)=(1—p;)° 'p;. (24)

Hence the distribution of e; is

Plej=y) = —P(r; 2y)
et ify < Hj,
= J
S =py)? T ify > H.
(25)



Then (22) can be simplified as

(*) = P(ej < s+ Hy 7Hj|Sk = s)
+P(s+ Hp —V; <e<s+ Hy|Skr =s)
(v,  1-(1-p;)
“_.Ji + L.fpj ’
itHy <s+Hy < H; +Vj,
(1_pj)5+Hk*Hj*Vj_(1_pj)5+Hk*Hj
HjPj

s+Hp—H;

s+Hp—H;

+T7
if H;+V; <s+ H, < 2Hj,

s+ Hjp —2H; s+ Hp, —H;—V;
£+1—<1—pj>b* A a—p st R H Y
M

J HiPj
(—py) "k H

(26)

KjPj ’
if s+ Hy > 2H;.

\
To estimate px, we proceed as follows

1

Dk

M ~ Eg, [Mk(s)]

N

3 Es, [P(Cg 1Sk = 5)} T (@27

J#k,j=1

We can derive Eg, [P(C’i |Sk = s)] from (21), (24) and (26).
The formulation is very complex and takes different forms
depending on the value of zj and x;. Similarly we can make
some approximations to find the counterparts of (18) as in
the last subsection. Here we directly give the approximation
result as

] Vi+E[S] . S
safretis=a]= {0 e e
) J .

Note that E[Sk] = ﬁ, combining (27) and (28), we have

N
2% + E[Sk]
E[Sk] = > 55T T Ta
J=1,5kw; >, 25970+ BlS;]
N
+ > 1|+1, k=1,...,N.

J=1j#k,x;<zy

(29)
Again we can solve for E[Sk]’s using fixed point iteration.

3.3 General Topology Scenario

Now we extend the results to the general topology sce-
nario. The difference between the collocated scenario and
the general topology scenario is that in the general topology:
(1) the neighborhood node sets of different nodes Ny may
be different; (2) there exist unknown nodes, hence besides
the competing cases 1 and 2, there are unknown competing
nodes. However, the analysis procedure is almost the same
for each node, (27) still holds with minor modifications

N
E[Si] = — ~ Es, [P(c; 1Sk = 5)] +1,  (30)
J#k,j=1

where Nj, = Nfrown 4 Npnknown — gince unknown nodes
are always regarded as competing nodes in each slot by the

distributed election algorithm, we have

P?"(C'j'~C | Sk =s)

P(j compete with k in slot s| S; = s)

1, jeNZEoU s (31)

Taking unknown nodes into account, we find the expression
for E[Sk] by a similar procedure as in the last section

N}I:nown )
2% + E[Sk]
E[Sk] = > i L B[S,]
J=Lj#k,x; >z, J
Nnown
+ Z 1 + Ngnknown + 1’

J=1,j#k,x;<zp
k=1,...,N. (32)
Again we can solve for E[Sk]’s by fixed point iterations.

3.4 Performance Metrics Estimation

Let TAZ | 1 ake denotes the time node A needs to accom-
plish a three-way handshaking with node B. Now we can
derive E[TAB ;.1 axe] given the distributions of 7 of all nodes
k=1,...,N. From the procedure of the three-way hand-
shaking as illustrated in Figure 3, we can see that TAZ ., =
tap +tBa, where tap is the time interval between node A
sending a Request to B and B replying a Grant to A, and
tpa is the time interval between B sending the Grant and A
replying with a Confirm. By the independence assumption,
and further assuming that the renewal processes of node A
and B have run for a long time so that we can assume that
tap follows a limiting distribution as the excess time ep.
However, tpa may not follow the same distribution as ea
since it is dependent on ¢t 4B, thus the limiting distribution
does not hold. It is very complicated to find the exact dis-
tribution of tp 4 since the renewal interval 7 is not geometri-
cal distributed. Hence we take an empirical approach here.
Note that when 74 < 7g, the renewal process of node A can
be considered to run for a long time after sending Request,
so in this case we can assume that tga ~ ea. In this case,
E|TAE johare] = Eles] + Elea]. On the other hand, when
TA > TB, tBa = Ta since the portion of excess time ep is
negligible, and E[Tjs2 jnare] =~ Eles]+ E[ra]l = Eles]+pa.
Empirically, we can estimate E[T/AZ 1 .xc] as

E[Tiumashare] =~ Eles] + apa + (1 — a)Elea] (33)

where « is a compromising factor. Based on the simulation

E[

data, we find a = %“‘] to be a good choice for the identical

holdoff exponent case and a = (-F4— )? for the nonidenti-
cal holdoff exponents case. Once E[Sy] is known, from (25)

we can calculate E[ey] as

Hy, oo
St 2 e
y=1 Pk y=Hp+1 Hok
. Hk(Hk + 1) H; 1
- + k 2

24, PP prepr
2Ik+3+22zk+7+2mk+4E[Sk]+E2[Sk]

90k + E[Sy]

Eley]

(34)



Employing the results of E[Sk]’s from previous subsections,
we can determine E[T/A2 ., .c] for any two neighbor nodes
A and B by using (33) and (34). Note that E[Thandshake] is
simply the MAC delay performance metric. To evaluate the
MAC throughput performance, we need to know the data
subframe reservation mechanism, which is left unspecified
in the standard and open for implementation. However, the
above analysis results for the control channel are necessary
for determining the throughput performance once the data
reservation mechanism is specified.

4. SIMULATION RESULTS

In this section, we provide ns-2 simulation results for var-
ious scenarios and compare them with the analytical perfor-
mance predicted by the modelling framework developed in
this paper.

4.1 Simulation Setup

We first outline the structure of our ns-2 simulator. The
ns-2 simulator used in our study includes typical
TCP/IP/LL/MAC/PHY stack. The current MAC modules
for ns-2 include 802.11, ethernet, TDMA and satellite; how-
ever, no 802.16 MAC module is available. In our work, we
implement a new MAC module for the IEEE 802.16 mesh
mode and use it to study the system performance. The
module consists of three logic parts, the network controller,
the scheduling controller, and the data channel component.
The network controller is responsible for the network config-
uration, node entry, synchronization, etc. In real systems,
the network controller is very complex; in our simulator,
we simplify this part by keeping the network configuration
message exchange mechanism and ignoring the message con-
tents. The scheduling controller part handles the signaling
channel contention, three-way handshaking and data chan-
nel allocation. During the holdoff time of a node, the MSH-
DSCH messages received from PHY module are sent to the
scheduling controller. In the transmission slot, the schedul-
ing controller contends the next transmission time using the
election algorithm defined in the standard based on the col-
lected neighbors’ information. A new timer is set to activate
the next transmission after that. Besides the scheduling, the
scheduling controller also sets the request field properly in
the MSH-DSCH message if data packets are received from
LL layer and replies with grant or confirm according to the
three-way handshaking procedure. The data channel com-
ponent receives and transmits data packets in the allocated
time slots. In our simulation we use a simple reservation
mechanism by assigning each data packet in one minislot.

The exponent value determines the node transmission in-
terval and holdoff time. In our simulations, the set of possi-
ble exponent values is {0, 1, 2, 3, 4}. During initialization,
every node obtains a random node ID. The initial trans-
mission time for each node is arranged sequentially. In the
mesh mode, the node IDs are the input parameters of the
election algorithm. The randomness of the node IDs makes
sure the initial transmission time arrangement does not af-
fect the final results. In our simulation, we investigate two
types of network topologies, namely, collocated and general
scenarios.

4.1.1 Collocated Scenario

In the collocated scenario, all nodes are within the radio
transmission range of each other so that every node can ob-
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tain the up-to-date schedule information of all neighbors.
The IEEE 802.16 is a new standard and lacks of field test-
ing. The total transmission opportunities in control channel
becomes 256 when the exponent value is 4. On choosing the
exponent value, we believe 4 is large enough; otherwise, the
connection setup latency will become too long. So we set 4
to be the largest exponent value in our simulations. Besides
the exponent values, we also vary the total node number to
study the control channel performance.

There are two cases in the collocated scenario — identical
and nonidentical exponent. In the first case, all the nodes
have same exponent values. In the second case, different
node may have different exponent values and the node num-
bers with different exponent values are equal. The reason
to have the two cases is that the consecutive transmission
interval, especially the connection setup delay are affected
by the exponent values of the competing neighbors.

4.1.2 General Topology

In the IEEE 802.16 mesh mode, nodes store the schedul-
ing information of all nodes in two-hop neighborhood. In the
general topology, the scheduling information of some neigh-
bors beyond one hop may become stale. The reason is that
some one-hop neighbors could not update the information
in time for some specific transmission order. During the
current transmission time, a node can tell the stale schedul-
ing information by comparing those nodes’ schedules with
the current time. These nodes become unknown nodes be-
cause the local node does not know their actual scheduling
information and always treats them as potential competitors
(Node D in Fig.2). So, in the general topology, the potential
competing nodes number for a node differs from that in the
collocated scenario.

In our simulation, the node placement in general topology
is shown in Fig.8. There are totally 15 nodes and the one-
hop neighbors are connected by lines. The exponent values
for the nodes are not identical. Their exponent values are
assigned arbitrarily from set {0, 1, 2, 3, 4} and listed in ta-
ble 1. In this topology, we assign a node between two nodes
with smaller exponent values a larger exponent value. The
node with larger exponent value has longer update period
so that the scheduling information of the two nodes with
smaller exponent values has more opportunities becoming
stale to each other. In the simulation, if a local node finds
the stored schedule for a node within the two-hop neighbor-
hood is out-of-date, the local node treats it as an unknown
node and contends its next transmission opportunity using
the pseudo-random election algorithm. The node transmis-
sion intervals obtained from simulations are compared with
the theoretical results.

4.2 Results

421 Transmission Interval

In the identical exponent case, all nodes have same trans-
mission probability and expected holdoff time. However, the
actual holdoff time depends on the channel contention situ-
ation. Fig.9 shows the expected node consecutive transmis-
sion intervals H + E[S] obtained from (18) and simulations
under various node numbers and exponent values, where NV
is the total node number and « is the exponent value. We
can see that the two sets of results match well. In the fig-
ure, the node transmission intervals increase with the total



Figure 8: The node placement in general topology
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Figure 9: Simulation and analytical results on the
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Figure 10: Simulation and analytical results on the
expected transmission intervals for the nonidentical
exponent

node number and exponent values. When N becomes larger,
the contention becomes more intensive so that a node has
to compete more times before it wins. When the exponent
value increases, node holds off longer time before the next
transmission, therefore the intervals increase with = too.

In the nonidentical exponent case, we divide the N nodes
into five groups of equal size. The nodes in each group takes
the same exponent value from the set {0, 1, 2, 3, 4}. The an-
alytical transmission intervals obtained by (29) and the sim-
ulation results are shown and compared in Fig.10. Again the
excellent match between the simulation and analysis demon-
strates that our model is very accurate. It is seen that the
system behaves similarly as in the identical exponent sce-
nario, however the average of the intervals is longer.

In the 802.16 mesh mode, a node needs to compete for the
next signaling channel access during the current one. There-
fore, the interval between two consecutive transmissions is
critical to the system performance. From the above results,
we can conclude that the interval increases with the total
neighbor number and exponent value. If there are more
nodes in the neighborhood, the contention becomes inten-
sive, so a node needs more time to get the access to channel.
For different values of N, when = = 0, the competition is the
most severe and a nodes fails many times before winning,
especially when N is large. With the increase of the expo-
nent value, the contention becomes less competitive because
nodes have longer holdoff time; however, the transmission
interval becomes longer too. We can also conclude that the
exponent values have more significant impact on the system
performance. Based on the results, a node with real-time
traffic should have smaller exponent value so that it can
have more chance to access the channel. On the other hand,
too many nodes with small exponent values will generate
serious contention. Hence a 802.16 system can be optimized
by assigning appropriate exponent values to the nodes in the
network.

4.2.2 Three-way Handshaking Time

The IEEE 802.16 mesh mode employs a three-way hand-
shaking procedure to set up connection. In this section,
we compare the theoretical connection setup time obtained
from (33) and (34) with that got by simulations. In our
simulation, the pairs of requester and grantor are selected
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Figure 11: Simulation and analytical results on the
three-way handshaking time for the identical expo-
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arbitrarily for the three-way handshaking and the results are
the average of the data obtained from all pairs.

The three-way handshaking time for the identical expo-
nent scenario is shown in Fig.11. In the simulation, the
total node numbers are 10, 30, 50 and 100 respectively. The
solid lines represent the theoretical results and the dotted
lines are the data obtained by simulations. We can see that
the two sets of results match very well. It is seen that the
connection setup time increases with the total node number
and exponent values. When N is large enough (N = 100),
the three-way handshaking time decreases first with the in-
crease of exponent value and then goes up again. The reason
is that the increase of x can reduce the channel competition
to some extent when IV is large. This phenomenon verifies
our conclusion on the transmission interval. However, when
the exponent x becomes large enough (z = 4), the holdoff
time dominates, hence, the connection setup time becomes
similar under different number of nodes.

The three-way handshaking time for the nonidentical ex-
ponent scenario is also studied. Again we set the total node
number to be 10, 30, 50 and 100. The total nodes are divided
into five groups of equal size. The nodes in each group takes
the same exponent value from the set {0, 1, 2, 3, 4}. Here,
we present the cases for N = 10 (Fig.12) and 100 (Fig.13)
only. In these figures, the five pairs of curves are the connec-
tion setup time for requestors with exponent 0,1,2, 3, and 4
respectively. The abscissa represents the grantor exponent
values. The solid lines are the analytical results and the
dotted lines are the simulation results. Again it is seen that
our model is very accurate for the nonidentical exponent
scenario as well.

Different from the identical exponent case, the connec-
tion setup time for the nonidentical case is related with
the requester and grantor order besides the exponent val-
ues. When two nodes with different exponent values want
to set up a connection, according to the standard, if the
node with smaller exponent value is the requester, the re-
quester node has more chances to send confirmation mes-
sage during the grantor’s holdoff time after its reply. So the

87

300

250

Requester exp=4

200 b

Requester exp=3

Time Slot
=
@
o
T

100 T
Requester exp=2 _—

MESASSSREREEEEELESSSSS St
Requester exp=1

50

Requester exp=0

0 I I I
0 1 2 3 4

Grantor Exponent

Figure 12: Simulation and analytical results on the
three-way handshaking time for the nonidentical ex-
ponent case with N =10

connection setup time is shorter. On the other hand, the
requester needs to hold off longer time before sending the
confirmation message. In this case, the connection setup
time is mainly decided by the requester’s holdoff time. Be-
cause the requester’s exponent value is large, the connection
setup time becomes longer too. This point can be seen in
the two figures. In the figures, we can also see that the
connection setup time increases with the exponent values of
the requester and grantor. The connection setup time also
increases with the total node number. The curves for re-
questors with large exponent values are flatter, the reason
is that the connection setup time is mainly determined by
their eligible interval and holdoff time.

4.2.3 General Topology Scenario

Table 1 shows the sequence numbers and the exponent val-
ues of each node in Fig.8. The node transmission intervals
obtained by simulation and (32) are also included. The er-
rors between simulation and theoretical results are less than
5%. This shows our model is accurate for general topology
as well. Comparing with the collocated scenario, we can see
that the node transmission intervals are similar. The rea-
son is that although unknown nodes are always potential
competitors in general topology, they can also be compet-
ing nodes in the collocated topology. The small variance of
the total competing node number will not affect the system
performance significantly.

5. CONCLUSIONSAND FUTURE WORK

In this paper, we have presented an analytical model for
the distributed scheduling algorithm in the IEEE 802.16
mesh mode. In the mesh mode, every node competes for
the channel access and tries to broadcast its scheduling in-
formation periodically. The channel contention result is cor-
related with the total node number, exponent value and
network topology. Our model assumes that the transmit
time sequences of all the nodes in the control subframe form
statistically independent renewal processes. Based on this
assumption, we have developed methods for estimating the
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Figure 13: Simulation and analytical results on the
three-way handshaking time for the nonidentical ex-
ponent case with N = 100

Node | Exponent | Simulation | Analysis | Error
0 4 272.95 262.09 | 3.98%
1 0 18.52 18.65 0.66%
2 2 71.1 64.34 2.47%
3 3 138.78 134.48 | 3.12%
4 3 139.44 135.52 | 2.81%
5 1 38.23 37.91 0.85%
6 0 18.89 18.96 0.36%
7 2 70.76 69.14 2.28%
8 2 68.26 65.63 3.85%
9 1 36.36 36.05 0.86%
10 0 19.84 19.93 0.42%
11 3 138.86 134.29 | 3.29%
12 1 37.29 36.85 1.17%
13 0 21.12 21.53 1.96%
14 4 272.09 260.09 | 4.41%

Table 1: Simulation and analytical results on the ex-
pected transmission intervals for the general topol-

ogy
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distributions of the node transmission interval and connec-
tion setup delay, which are instrumental for evaluating per-
formance like throughput and delay. Comparisons with ns-2
simulation results show that the model is quite accurate in
typical scenarios.

Since the detail reservation scheme for the data subframe
of the IEEE 802.16 mesh mode is left unstandardized, our
model also sheds some light on the data subframe reser-
vation scheme. For example, based on our analysis, the
nodes with real time traffic shall have smaller holdoff ex-
ponents because they can have more chance to obtain data
channel. However, too many nodes with small exponent
value generate intensive competition that wastes system re-
source. Then the nodes can adjust their exponent values
adaptively according to the competition node number vari-
ation to meet the connection QoS requirements. A good
reservation scheme should guarantee the bandwidth alloca-
tion fairness and improve the channel utilization at the same
time. Such a reservation scheme needs the information like
the connection setup time and success probability provided
by our model. Our future work is to propose such a reserva-
tion scheme taking into account the tradeoff between system
resource utilization and the connection QoS requirements.
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