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Smart antenna (or multi-beam antenna) systems can support simultaneous transmissions
(or receptions) of multiple packets in different beams using the same channel. However,
network performance is highly dependent on transmission scheduling. This study develops
two transmission-scheduling schemes for use with smart antenna systems to improve net-
work throughput and reduce transmission delay. The proposed scheduling mechanisms,
which are designed to minimize the average latency and maximize network throughput,
exploit the opportunities for parallel transmissions and consider communication restric-
tions and packet sizes. The performance results indicate that the proposed schemes outper-
form previous schemes in network throughput and transmission delay.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Wireless ad hoc networks are characterized by low cost
and high transmission rates without requiring the use of
any infrastructural support. The greatest challenge for
improving the network throughput of ad hoc networks in-
volves exploiting spatial reuse opportunities at which multi-
ple packets can be exchanged simultaneously in an area
without colliding with each other. Recent advances in anten-
na technology have increased spatial reuse opportunities.

Omnidirectional antennas transmit or receive signals
equally well in all directions. Transmissions using omnidi-
rectional antennas might easily create spatial bottlenecks
that severely limit the overall network throughput. Unidi-
rectional antennas [1-3,11,15] focus radio-frequency (RF)
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energy in a particular direction and exploit stronger beam-
forming, thereby saving energy and resulting in a smaller
interference area compared to that of omnidirectional an-
tenna systems. Although unidirectional antennas were orig-
inally applied for exploiting spatial reuse, they permit only
one transmission or reception by a node at a given time. Re-
cently, multiple-beam smart antennas [6-8,10,12-14] used
in ad hoc networks have received attention because of their
potential to improve network throughput. Through the
application of complex digital signal processing techniques,
multiple-beam smart antennas can support the simulta-
neous transmissions (or receptions) of multiple packets in
different beams by using the same channel. This is the case
with switched-beam smart antenna comprised of multiple
beam antenna array (SB-MBA) [7,13]. Numerous MAC
scheduling approaches [6,7,14-16] have been proposed for
increasing the opportunities for simultaneous transmis-
sions (or receptions) and improving network throughput
through smart antennas. However, enhanced scheduling
to increase the parallel degree of transmissions with smart
antenna systems is required.
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Several studies [6,7] have proposed scheduling proto-
cols with smart antennas to improve the spatial reuse
opportunities for unidirectional antennas. Although smart
antenna systems can support multiple-beam formations
in multiple directions, they cannot be used for data trans-
missions and receptions simultaneously. This constraint is
referred to as the Tx/Rx constraint in this study. A host with
smart antennas has the data diversity constraint, which re-
stricts its communication with only one neighboring host
in each beam; that is, a host equipped with k-beam smart
antennas may communicate with a maximum of k differ-
ent hosts during any given period. How to protect the
packet transmission from interference for a given set of
communication requests and minimize the transmission
latency by considering the Tx/Rx and data diversity con-
straints are the key challenges for maximizing network
throughput.

This study develops transmission scheduling schemes
with multiple-beam smart antennas to improve network
throughput and reduce delay time. The proposed mech-
anisms use clustering, and they centralize the intra-clus-
ter scheduling but schedule the inter-clustering by using
a distributed approach. In intra-cluster scheduling, each
cluster header collects all transmission demands from
its members, schedules parallel transmission pairs, and
broadcasts the scheduling results to the cluster mem-
bers. The proposed intra-cluster scheduling schemes ex-
ploit the opportunities for parallel transmissions and
consider communication restrictions and packet sizes,
to minimize the average latency and maximize the net-
work throughput. Furthermore, the proposed schemes
consider the transmission time of packets and regulate
the orders of packet transmissions to minimize their
packet delays.

The remainder of this study is organized as follows:
Section 2 introduces related studies. Section 3 specifies
the network environment and problem formulation. The
proposed transmission scheduling algorithms for intra-
cluster scheduling are presented in Sections 4 and 5 shows
the proposed algorithms for scheduling inter-cluster trans-
missions. Section 6 provides a performance evaluation of
the proposed schemes in contrast to those of existing stud-
ies, and finally, Section 7 offers a conclusion.

2. Related studies

Exploring spatial reuse opportunities to increase net-
work capacity has become one of the most critical chal-
lenges for wireless ad hoc networks in recent years.
Generally, advanced antenna technologies can be classified
into unidirectional and multiple-beam smart antennas.
Although multiple-beam smart antennas are more expen-
sive than unidirectional antennas, they can sense neigh-
boring hosts in each beam and support simultaneous
transmissions (or receptions) of multiple packets in differ-
ent beams. However, the hidden terminal and deafness [1-
5,12,13] problems can significantly degrade network
throughput. The following paragraphs present a survey of
related studies, which involve unidirectional or multiple-
beam smart antennas in MAC protocol designs.

Several MAC protocols that were developed for unidi-
rectional antennas adopted directional control packets to
prevent control packet collisions for improving network
throughput. The D-MAC [1] scheme uses control packets,
such as ORTS/DRTS and OCTS, and the DVCS scheme [2]
uses ORTS or DRTS packets based on the receiver’s location.
Related studies [3,4] have introduced the circular-based
DMAC (CRD-MAC) protocol to reduce the effects of the hid-
den-terminal and deafness problems and exploit space
usage by using ORTS and DCTS packets. However, when
the receiver loses the ORTS packet, its neighboring nodes
suffer from the deafness problem. In [5], the MAC protocol
for directional antennas (MDA) was designed to manage
the hidden terminal and deafness problems by construct-
ing a Deafness Table (DT) and using DRTS/DCTS messages.
It also considers the optimization of the circular RTS trans-
missions of control frames. However, the circular RTS
transmissions create a significant overhead to neighboring
nodes of senders and receivers when the intent of these
nodes is not to communicate with the sender or receiver.
The multiHop RTS MAC (MMAC) protocol [16] adopts the
DRTS/DCTS exchange to exploit the benefits of beamform-
ing by identifying shorter routes. However, the perfor-
mance of the protocol cannot be guaranteed because the
benefits are highly dependent on the topology and flow
patterns in the networks. The CW-DMAC protocol pro-
posed in [12] uses the ORTS and OCTS packets to reduce
the effects of the deafness and directional hidden terminal
difficulties for unidirectional antenna-based wireless mul-
ti-hop networks. However, using ORTS and OCTS packets
reduces spatial reuse. Bianchi et al. [14] proposed a space
division - time division MAC protocol to manage unidirec-
tional antennas for increasing the capacity. Although this
protocol guarantees interference-free transmission of con-
trol messages, the support for spatial and time frequency
divisions in the ad hoc network is complex.

Multiple-beam smart antennas have been commonly
applied in ad hoc networks [12,15-18] for exploring spatial
reuse opportunities to improve network capacity. The mul-
tiple-beam smart antenna is referred to as a multiple-beam
adaptive array (MBAA) in [6]. These smart antennas can
support simultaneous transmissions (or receptions) of
multiple packets in different beams by using the same
channel through the application of complex digital signal
processing techniques.

Asynchronous MAC protocols based on IEEE 802.11 DCF
were designed in several studies [6,7] to enable multi-
packet transmissions (or receptions) for multiple-beam
antennas. The hash-based scheduling mechanism referred
to as ROMA [6], extends the range of scheduled hosts to
two hops for improving scheduling efficiency. The ROMA
mechanism implements hash functions to randomly sepa-
rate nodes into senders or receivers per time slot and des-
ignates the priority of incoming links. The avoidance of
hidden terminals is considered in the scheduling process.
Although ROMA might arrange one-hop neighbors to in-
crease opportunities for simultaneous transmissions or
receptions, it also increases the control overheads by col-
lecting transmission requirements from two-hop neigh-
boring hosts. Furthermore, hash-based scheduling might
arrange large and small packets for transmission simulta-
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neously; thus, the beams that complete their transmissions
might be idle while waiting for other busy beams.

The authors of [7] proposed the ESIF protocol, a MAC
scheduling approach based on routing information. The
ESIF protocol changes IEEE 802.11 RTS/CTS messages to
RIF (RTS with intelligent feedback) and CIF (CTS with intel-
ligent feedback) to piggyback feedback on neighboring
nodes. The control messages used in ESIF are comprised
of frame control, duration, receiver address, transmitter
address, priority, N, and FCS fields. The duration field rep-
resents the estimated duration of communication, and
the N field denotes the number of potential transmitters
in the beam. When the sender and receiver exchange an
RIF/CIF message in certain beams, they simultaneously
send SCH messages to their neighbors in other beams.
After receiving SCH messages, the neighbors of the sender
or receiver sense which beams from the sender and recei-
ver still possess potential for transmission, and update
their directional network allocation vector (DNAV) accord-
ingly. The SCH message permits a neighbor to determine
whether it is located in the active beam of the sender or re-
ceiver. Therefore, a node can decide whether to defer the
transmissions for one-hop neighbors, thereby reducing
the effects of the deafness and hidden terminal problems.
Furthermore, this scheme removes the backoff policy to al-
low simultaneous transmissions or receptions of numerous
packets through smart antennas. However, the perfor-
mance of parallelism highly depends on the grouping
scheme which aims to construct a set of parallel transmis-
sions as a group and arrange the transmissions in a group
to be transmitted in parallel. In ESIF, each node does not
determine the schedules of other neighboring nodes by
considering all transmission requirements, including its
own and its neighbors’ transmission requirements.
Although ESIF minimizes energy and latency overheads,
the potential for parallel transmissions is not exploited
efficiently in transmission scheduling.

This study presents decentralized scheduling mecha-
nisms created by modifying the ESIF MAC for exploiting
the opportunities for parallel transmissions in clusters,
and by considering communication restrictions and packet
sizes to minimize the average latency and maximize net-
work throughput. Table 1 shows the characteristics of the
proposed scheme compared to related schemes. The pro-
posed scheme is a novel scheduling method that improves
the parallel degree of transmissions by using smart anten-
nas without additional support.

Table 1
Characteristics of proposed scheme compared to related schemes.

3. Network model and problem formation
3.1. Network model

Let V denote the set of n hosts hy,h,,...,h, and E denote
the set of neighboring connections between hosts, where
E € V x V. The topology of the ad hoc network can be de-
fined by G=(V,E). Let N; represent the set of single-hop
neighbors of host h;. Each host has a unique ID and is
equipped with a wide azimuth switched-beam smart an-
tenna (SB-MBA), which comprises a k-beam antenna array
[7,13] to sense neighboring hosts in each beam of smart
antennas. The antenna beam patterns of the SB-MBA are
predetermined by shifting the signal phase of each element
to cover all directions. Each station is assumed to create
non-overlapping multiple beams with gain, and the impact
of a side-lobe interference [6,7] or the benefits of nulling
are not considered [7]. Furthermore, each node is assumed
to be able to determine precisely the angle of arrival (AoA)
of a received signal [2] and the channel is symmetric. SB-
MBAs support simultaneous transmissions (or receptions)
of multiple packets in different beams at any given time
through the use of complex digital signal processing tech-
niques. The neighbormatrix L, which presents the neighbor-
ing relationship among stations, is described as follows.

Definition (Neighbor Matrix (L)). A neighbor matrix L with
size n x n x k is used to represent the beams where the
neighboring hosts are located. Each entry of the matrix l;;4
stores a binary value to denote whether host h; is located in
the beam sector g of host h; where 1 < g < k. If host h; is
located within g, the value of entry l;;4 is one; otherwise, it
is zero.

Fig. 2a shows the neighbor matrix of the network
shown in Fig. 1a. The entries l1 32, 132, l1.43, and ; 51 store
the value one because hosts hy, hs, hs, and hs are located in
beam,, beam,, beams, and beam; of host hy, respectively,
as shown in Fig. 2a.

The total transmission duration is partitioned into sev-
eral equal-length intervals, with each contains T slots,
meaning that all hosts complete their transmission
requirements in T slots. Let ¢;; denote a communication
pair where the intent of host h; is to send data to host h;.
Several terms for presenting the problem formulation are
defined as follows.

Schemes Antenna type Objectives CSMA/CA characteristics Extra support
D-MAC [1] Unidirectional Collision avoidance DRTS/ORTS, OCTS No

DVCS [2] Unidirectional Channel capability DRTS/ORTS, DCTS Location information
CRD-MAC [3,4] Unidirectional Reduce hidden-terminal and deafness ORTS, DCTS No

MDA [5] Unidirectional Reduce hidden-terminal and deafness DRTS, DCTS No

MMAC [16] Unidirectional Exploit benefits of beamforming DRTS, DCTS Routing information
CW-DMAC [12] Switch-beam Reduce hidden-terminal and deafness ORTS, OCTS No

[14] Switch-beam Interference-free transmission ORTS, OCTS Freq./Time divisions
ROMA [6] MBAA Multi-packet communication DRTS, DCTS Two-hop trans. req.
ESIF [7] SM-MBA Parallel transmissions (beams of a node) RIF/SCH, CIF/SCH No

Our scheme SM-MBA Parallel transmissions (cluster) RIF/SCH, CIF/SCH, CIR, SIA No
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hs and hy simultaneously.
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(b) Host A, can receive messages from hosts

hs and hy simultaneously.

Fig. 1. Example of WLAN equipped with four-beam smart antenna and propagation models.
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Fig. 2. Examples of neighbor matrix of hosts h; and h; from Fig. 1a.

Definition (Transmission Demand Matrix (D)). Let Trans-
mission Demand Matrix D = [d; j],«, represent the data units
of transmission requirements for a given network. The
entry d;; records the data units of transmission demand
associated with c¢;;.

Definition (Scheduling Matrix (S)). A Scheduling Matrix
S =[SijtlnxnxT defines a transmission schedule, where

1, reserved for host h; sends data to h;
during slot t,
0, otherwise.

Fig. 3 shows an example of the scheduling matrix where
time slot ¢, is allocated to cs 1, €5, and ¢ 3. Let rand [t1, £5];;
denote the transmission rate and the transmission interval
from t; to t,, allocated to c;j, respectively. We have

Sijt =

d::

e alyl = || = et € ), and s = 1)

Let ¢;; represent the set of transmission slots from 0 to T
allocated to c;; where

0ij = {t € [0, T][sije = 1}.
Let delay(i,j) denote the waiting time of ¢;;. If the transmis-

sion interval [ty,t,];; is allocated for c;j, then the following
equation holds.

Time (slot)
lAvReceiver pr = -
Sender //‘// -
|
0 [ 0 0 [ 0 N 0

hyo| -1
Iy 0o 0 ‘ 0 | 0 0 = L1
hy 0o 0 ‘ 0 0 0 L1

- 0o 0 1 0 0 g
/14 P / el t12

i 1 1 0 0 0 g
hs J .

- - - - 2

- -t - - tl

hy hy hy hy hs

Fig. 3. Example of scheduling matrix; pairs cs 1, €52, and c4;3 will use slot
to.

|0ij] = |tz — t1 + 1| and delay(i,j) = t,

3.2. Problem formulation

Given a network G = (V,E), assume that the transmission
requirement for each host is stored in matrix D = [d;;]nxn.
Two operators are defined before introducing scheduling.
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Definition (Positive AND operator (©)). Given two positive
integers x and y, the operator ©® defines the Positive AND
operation as follows:

1, if(x>0)and (y > 0),

X =
©y {0, otherwise.

Definition (Positive XOR operator (®)). Given two positive
integers x and y, the operator ® defines the Positive XOR
operation as follows:

Xy = { 1, if (x;é)./),
0, otherwise.

Although the k-beam smart antennas system permits a
host to communicate with k different hosts at any given
time, the exploitation of parallel transmissions should sat-
isfy several constraints, thus avoiding the interference and
deafness problems. These constraints are introduced in the
following subsections.

3.2.1. Beam mode constraint

All beams of an antenna system should be set to the
same mode (either sending or receiving mode) at any gi-
ven time. This hardware constraint is referred to as a
beam mode constraint. The scheduling schemes cannot as-
sign a host to send a message using one beam and receive
a message using another beam at any given slot t. There-
fore, any host h; cannot be allowed to have both values of
Sixe and s, to be 1s at slot t, given that h, and h, are
neighbors of h;. Expression (1) shows the beam mode
constraint.

Sixt ©Syie =0, Vhe,hyeN;, VteT, VhieV. 1)

3.2.2. Data diversity constraint

Each beam of the smart antenna system can send mes-
sages to a maximum of one neighboring host at any given
time slot. This hardware constraint is referred to as the
data diversity constraint. Let neighboring hosts h, and h,
be located in beam, of host h; Expressions (2) and (3)
can be applied to ascertain whether host h; is arranged to
send/receive messages to/from its neighboring hosts hy
and h, in beam, at any given slot t. The following con-
straint should be satisfied.

(Si‘x,r ® Ii,x,q) ®© (Si‘y‘t ® Ii‘y.q) = 07 th hy € Nia vt
eT, 1<q<k (2)

(Sx‘i,t ® li,x,q) O] (Sy,i,t ® li.y,q) = 07 Vh)h hy S Ni7 vt
eT, 1<qg<k 3)

3.2.3. Interference constraint

Each beam of the smart antenna system can receive
messages from at most one neighboring host at any given
slot. This hardware constraint is referred to as the interfer-
ence constraint. Let neighboring hosts h; and hy be located
in beam, of host h;. Expression (4) verifies whether ¢,
interferes with host h; at any given slot t when it is ar-
ranged to receive messages from host h;.

Fig. 4. Example illustrating the interference constraint for c;; and cy, at
time slot t.

(Sj‘]"f &® li‘j7q) © (Sxy.t & lyj_q) = 07 Vhiy h)ﬁ hy € N‘v
vteT, 1<q<k (4)

Fig. 4 shows an example of the interference constraint
when ¢;; and ¢y, are scheduled at any given slot t.

The challenge addressed herein entails developing effi-
cient transmission scheduling schemes for exploiting the
opportunities for parallel transmissions and minimizing
total latency. The exploitation of parallel transmissions
should satisfy several constraints, including the beam
mode, data diversity, and interference constraints. The pro-
posed scheduling mechanisms are operated on the cluster-
based [13] network topology where a cluster consists of a
head, members and gateways. Let m denote the number
of constructed hosts in the cluster. Let 6;; and delay(i,j) de-
note the set of scheduled transmission intervals allocated
for a communication pair ¢;; and the latency of c;j, respec-
tively. The proposed scheduling mechanism attempts to
allocate the transmission interval ¢;; to achieve the follow-
ing goals.

m

o1
mm-az

i=1

m

o

=1

and min - iidelay(l}j)

i—1 j=1

The first goal is to minimize the average transmission
intervals, which can be achieved by exploiting the
opportunities for parallel transmissions. The second goal
is to minimize the total latency (i.e., the sum of trans-
mission latency for each communication), which can be
achieved by minimizing the interference among the
transmissions.

frame i frame i+1 |

| frame i-1 I

=
1
1

Request »EeScheduling "‘* Data Transmission Phase

" Collection Phase
Phase

Fig. 5. The duration of each frame in the proposed schematic is
comprised of three phases: request collection, scheduling, and data
transmission.
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4. Scheduling mechanisms for a smart antenna system

Two scheduling mechanisms, referred to as the Intra-S°
and S3 schemes, are proposed for the smart antenna sys-
tem. The Intra-S® scheme is proposed to schedule the com-
munication pairs for each cluster, and the S$*> scheme
extends the Intra-S> mechanism to the inter-cluster envi-
ronment. In a cluster, the head is responsible for collecting
the transmission requirements of the members and for
arranging the transmission slots for the requirements.
The proposed Intra-S® scheme partitions the duration of
each frame into three sub-frames, which are used for per-
forming operations such as requesting collection, schedul-
ing, and data transmission as shown in Fig. 5. The Intra-S*
scheduling algorithm is mainly comprised of these three
major tasks and is executed in every frame. The following
section details the Intra-S> scheduling scheme and illus-
trates its concepts with examples.

4.1. Request collection phase of Intra-S>

In this phase, the head collects the neighboring relation-
ships, i.e., the existing links for the hosts in its cluster and
constructs the neighbor matrix L. First, the head polls each
neighbor to collect neighbor requests. A polling operation is
comprised of at most k messages simultaneously sent from
k different beams and prompts hosts located in different
beam sectors of the head to transmit their transmission re-
quests at the next time slot. After receiving the polling mes-
sage, all polled members can simultaneously send their
transmission requirements to the head in the next slot. A
common transmission rate is used in this phase. The trans-
mission requirement specifies the volume of transmission
data and the transmission rate. Upon receiving transmis-
sion requests, the head establishes the transmission matrix
D, transmission rate matrix R, and null scheduling matrix S;
the scheduling phase can then be initiated.

Figs. 6 and 7 provide examples of the entire scheduling
algorithm. In Fig. 6a, host h; serves as the head of the clus-

Communication range of &,

o'
h
O h,
hy O
O hy
O
401
@ Head 312
O Member Beam sector

(a) The network topology.

ter. Each host is assumed to be equipped with a four-beam
smart antenna system. In this phase, host h; polls each
neighbor to collect neighbor requests and creates the
neighbor matrix L of the neighboring hosts, as shown in
Fig. 6b. The head h; arranges the available slots for each
member according to the neighbor matrix L, thus allowing
them to send transmission requirements to the head with-
out collision. Fig. 7a shows the potential communication
pairs, and Fig. 7b provides the data volume for each trans-
mission requirement for the network, as shown in Fig. 6a.

4.2. Parallel transmission construction for scheduling

Parallel transmission constructionis designed to exploit
the opportunities for parallel transmissions. This phase
mainly consists of two tasks: Host Parallel set Construction
(HPC) and Cluster Parallel sets Construction (CPC). In the
HPC, the cluster head considers one member host h; at a
time and constructs several Host-centric Parallel Sets (HPS)
for h;; thus, all parallel communications in the various
beams of host h; can be arranged. The cluster head then ap-
plies the CPC to construct the Cluster-centric Parallel Sets
(CPS). Each CPS can be regarded as a maximal merge set
of HPSs from different hosts and allows several hosts to
execute their communications simultaneously through
their multi-beam smart antenna systems.

The HPC executed by the cluster head attempts to ex-
ploit the opportunities for parallel transmissions from
multiple beams under the beam mode constraint and data
diversity constraint. Let b;, be the transmission require-
ment set of host h; in beamy:

bi.k = {Ci_j|dij > 0 and l,'j.k = l}

In the HPC, the head hyeqq Selects a communication pair
from each b;, for host h; to construct an HPS if b;; is non-
empty; thus, the HPC may produce several non-empty
HPSs for each host h;, which are referred to as gj1,8i2,.- -,
and g; . Fig. 8 presents the process of HPC for the example
provided in Fig. 7a. All transmissions associated with the

Beam sector

Receiver
z
Sender L2 =
h,
z 7
b
h,
z z
z
hy
b
7
hy
z
Z beam
h beam
5 beam

h, hy hy h, hy beam

(b) Neighbor matrix L=[l;;,]sxsx4 of hosts in
network 6(a).

Fig. 6. Example of network topology and neighbor matrix of the network.
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in the network.
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(b) Transmission matrix D according
to transmission requirements.

Fig. 7. Transmission requirements collected in the Head are represented by transmission matrix D.

pairs collected in an HPS can be simultaneously transmit-
ted through different beams of h;; hyeqq then ranks the HPSs
of all hosts in ascending order regarding the element num-
ber of each HPS and renames each HPS by parallel group g,
where 1 <x<mand |g}| > |g}| = --- > |g,|- Therefore, all
parallel groups are denoted by Pr{hpeqss) and can be ob-
tained through the union of parallel sets of different hosts:

PT (htieaa) = U418

The CPC merges the parallel groups of Pr{hyeqq) to generate
CPSs, which exploit more opportunities for simultaneous
transmissions in the multiple beams of multiple hosts.
The CPC should consider the communication constraints
when constructing the CPSs according to the neighbor ma-
trix L and transmission demand matrix D. The constraint
checking function fpr{(c;j, ¢xy) is defined as follows:

if(1)—(3)hold,
otherwise.

true,
false,

Sor(Cijy Cuy) = {

If function fpr(cij cxy) returns false, the communication
pairs ¢;j and ¢y, cannot be scheduled in the same time slot,
which avoids the violations of communication constraints.
The communication pair ¢;; can be collected into an exist-
ing CPS if fpr{cij, cxy) is true for each communication pair ¢y,
in the CPS. When the pair ¢;; is collected into the CPS, it
should be deleted from the original HPS. Let { be the new
set of Pr{hpeqq) Obtained by applying HPC; hyeqq then ranks
the parallel groups in ascending order according to the ele-
ment number of each group and renames each group CPS,,
where 1<x<|[{| and |CPS;| > |CPS,| = --- = |CPS|. The
computational complexity of the HP algorithm is
O(N x u), where N and u denote the number of neighboring
hosts and beams, respectively. Let { be the number of par-
allel groups of Pr{hpeqq). The computational complexity of
the CP algorithm is O(¢?).

Consider the example of Fig. 6a. The transmission
requirement sets of all hosts are by, ={c12}, b13={c14)},
byz={c23}, baz={ca3}, bsp={cs2}, and bs3={cs,}, and
others are empty sets. Fig. 7 shows the HPC and CPC proce-
dures applied to this example. In Fig. 8, the non-empty
HPSs are gi1={c12.C14}, .1={C23}, Za1={cs3}, and
gs1={Cs52,¢51}, which are constructed by applying the
HPC. The Pr{hyeqq) Set can then be obtained from the union
of g, g5, g5, and g, where gj = {ci2,¢14}, & = {Cs2,
Cs1}, 8 = {c23}, and g} = {c43}. Following the application
of the CPC, the sets in the Pr{hpeqq) are grouped into several

CPSs includirlg CPS; = {C5'2,C5’1,C4'3}, CPS; = {C]Vz,C1’4}, and
CPS3 = {C2‘3}.

Algorithm. Parallel Transmission Constructing

Algorithm : Parallel Transmission Constructinge
Input : Neighboring Matrix L, Transmission Demand Matrix D-
Output :P1(htead)
HP Let the number of beam sectors be « and the
transmission requirement sets be
bi,k={6‘i./‘ [ diJ=l and Ii,/', =1}
Pr(haead)={={}:
For each host 4; {
=1
Do {-
8:={}:
Forj=i+1 tou
If | By |70 {
select ¢ from b;;: gi. = gi.V{c} : }
If (|gue#0) { {=C U {gi} 1 14+ 1}
}until g;; = {};

}

Rename the elements of ¢ such that
lg"1>lg 2> ... > I8¢l +

CP Fori=1to|{|-1
Forj=i+1 to| {|
For each cap € g’
If for(Cap. Cxy) =true , forall ¢y € g7 {
81=g1V {cap} :85= 8- {cas} : }

=C-g%iflg'=0;
Rename the elements of " such that

lg"1>lg 2> .. 2lg ¢l :
Return Pr(hywd) :

4.3. Scheduling phase of Intra-S®

This phase treats the CPSs which are produced in the
PTC sub-phase as its inputs. Two scheduling schemes,
Max Parallel Transmission(MaxPTran) and Delay Aware
Scheduling(DAS) are proposed to maximize the number of
parallel transmissions and minimize the average latency,
respectively.
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Fig. 8. Process of HPC using the example in Fig. 6a.
Cs) ; in the following sequence: g} > g, > g4. Assume that the
i3 14 transmission rate is 1 data unit/slot. The values of Slots(1),
s - c1 )3 Slots(2), and Slots(3) are equal to 5, 6, and 3, respectively.
; The entries ds;=[0,4]s1, d52=[0,1]s52, and d43=[0,2]43
GimeSlot ——F—"F—+—+—+—+—+—+—F+—"F—+—F+—1+—

| 1
Iy I I Iy i

Fig. 9. Scheduling results of the example shown in Fig. 6a through the
application of the MaxPTran algorithm.

4.3.1. Max parallel transmission scheduling(MaxPTran)

The MaxPTranalgorithm schedules the transmission
pairs of the Pr{hyeqq) Set in a slot-based manner. The cluster
head initially resets the initiation time (i.e., t;). Let r and
dmax(i) be the transmission rate and maximal volume of
transmission data for the communication pairs in parallel
group g, respectively. The number of time slots, referred
to as Slots(i), is assigned for each parallel group gj, where
Slots(i) = [@1

Therefore, the transmission interval [t,t.] is reserved for
the parallel group g}, where ¢, is equal to t, + Slots(i), and
the interval

dun = [fs.+ [
r ab

is set for each communication pair ¢, € g}, where entry
dqp» denotes the data units of transmission demand associ-
ated with ¢, . The scheduling matrix S can be filled accord-
ing to the slots assigned for each communication pair of
group g/. The start time ¢; is then set at t, for the following
parallel groups. When the time slot assignments of all par-
allel groups are finished, the MaxPTran algorithm com-
pletes, and the header broadcasts the scheduling matrix S
to the members of the cluster. Let g be the number of the
transmissions required in the cluster. The computational
complexity of the MaxPTran algorithm is O(q).

Consider Fig. 6a as an example. The set Py{hyeqq) CON-
tains g} = {Cs2,C51,C43}, &5 = {C12,C14}, and g3 = {C23}.
The time slot assignment is applied to each parallel group

of scheduling matrix S are then filled by the head for the
communication pairs ¢s1, Cs2, and c43, respectively. Fol-
lowing the same process applied for group g}, the entries
61,4=[5,5]14 and 612 =[5,10]; of the scheduling matrix
S are filled to represent the schedules of the communica-
tion pairs c;4 and c;,, respectively. Finally, the entry
823 =[11,14],5 of the scheduling matrix S is filled accord-
ing to the assigned time slots of communication pair ¢; 3
belonging to group g4. Fig. 9 shows the scheduling results
of applying the MaxPTran algorithm onto the example
shown in Fig. 7a. The total transmission slots and latency
are 15 and 21, respectively.

Algorithm. MAXimal Parallel TRANsmissions

Algorithn : MAXimal Parallel TRANsmissions
Input : Pr(htead)
Output : Transmission Schedule Matrix S
Step 1.
t=0;1~0 ;
Step 2.
Fori=1 to |PT(Mteaq)| {
Compute Slots(i) for the group g’i € PT(htead);
te =ts + Slots(i);
Foreachcay € 8’ {

5'2,3 = [fs,fs + ‘Vd“’

L=t;}}
Step 3.
Broadcast the scheduling Matrix S ;

4.3.2. Delay aware scheduling (DAS)

DAS is a delay-sensitive scheduling algorithm that as-
signs a higher transmission priority to the parallel group
with lower numbers of time slots. DAS attempts to reduce
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Fig. 10. Steps of DAS for illustrating the changes of parallel groups in Fig. 6a.
sl 12 Let g be the changed g; after executing the DAS algorithm.
Ca3 e The DAS algorithm intends to adjust the orders of the com-
Cy3 Csy munication pairs among the parallel groups to further
23 S . _
TimeSlof ———+—4+—+—++++ minimize the value of Zqo.( A - Zp(g). Let g be the num
[ 1, ts o ber of transmissions required in the cluster. The computa-

Fig. 11. Scheduling results of the example shown in Fig. 6a through the
application of the DAS algorithm.

the total transmission time and average latency. The basic
concept of DAS is to adjust the communication pairs among
the parallel groups obtained from MaxPTran to reduce the
waiting time of each group. The variance function ¢(g})
is used to evaluate the variance transmission duration of
the communication pairs in each parallel group g}, where

‘ca,,zgg;<|g,| -5 D

? (&)

tional complexity of the DAS algorithm is 0(g?).

Recall that ¢;j and ¢y, can be scheduled in the same time
slot if function fpr(cij,cxy) returns true. Step 1 in the DAS
algorithm aims to exchange the communication pairs
Cap € & and cxy € g; if the following two conditions are sat-
isfied: 1) the value of function fpr(cp g, Cx,) returns true for
each ¢, € g} — {cqp}, and the value of function fpr{(cp g, Cap)
returns true for each ¢, € g/ — {Cxy}, and 2) the value of

2 (g — {Cas} +{cw}) + Z0 (g — {Cuy} + {cas})  should
be lower than Z¢(g) + Z¢ (gj/) Step 2 in the DAS algo-

rithm aims to change the communication pair ¢, into
the group g if ¢, satisfies the condition that the value of

| Request Collection Phase Scheduling Phase
CIR Duration SIADuration
r A 1
o | \ - o '
i ] 1 ]
| CIR . CIF ! 1] oack H Scheduling SIA Data i Beam fornode b
T T T T >
! 1 1 1 1
I CIR ! CIF ' 1| Ack ' Scheduling SIA Data ! Beam for node ¢
Cluster Header a ; T T T | —>
! 1 1 1
CR | scu | i i 1| scheduling I SIA | Da | iOther Beams
i : | [ [ [ 1 " 1 =
- H [N [ L 1 1 !
- e— P :
Listening i | RIF | | Data | . L Listening | HH i Beam fornode @
H L T 1 T T 1 T 1 -
Member b <|: 1| scu L i P : R i Other Beams _
! ! ' o ' b ' "
Listening ! | RIF I I Data | 1 i Listening | i i Beam fornode a__
X 1 i i HEl | i i i
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Fig. 12. Example illustrating the basic concepts of the extended ESIF MAC in the proposed Intra-S> scheme.
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Fig. 13. (a) Example of network topology for inter-cluster scheduling with smart antenna system. (b) Scheduled communication pairs of the example

shown in (a).

function fpr(Cap.Cxy) is true for each ¢ € gj. The waiting
cost function W(g;) is defined as W (g;") = Slots(i).

Algorithm. Delay Aware Scheduling (DAS)

Algorithm : Delay Aware Scheduling (DAS)
Input : Pr(hyead)
Quitput : Transmission Schedule Matrix S

Step 1.
For anytwo g’yand g {
Cas€Q i Cry €8}
If fodCxys Cpg), Where cp g €87 — {Cas}

If fodCas, Cprq)s Where ¢pr g €87 = {Cxy} {
U=g'r{cas}*{cu};
V=gr{cxa}t{cas}

If o(U)+o(V)=<(g ') +e(g ) {
8'=U;gi=V:}}}
Step 2.
For any two g’;and g’; {
If fodcxy, Cap), Where capeg s, forall ey, €g s {
8'1=8'rt{Cas} ;
gr=8r{cas}i}}
Step 3.
t=0:1=0;
Foreach g’ following the value of (g ;) increasing order {
Compute Slots(i) for the group g'; ;
te=1t.+ Slots(i);
Foreachc.p€ g’ {

J,p=[ls.ls+ {dﬂ}b-‘]arb | Bisilag } ;

;
Step4.
For each g, following the value of #(g";) increasing order {
Foreachcqs€ g’ {
5a,b= [ls: ’e]a,b
while [#-1, 2.-1],, can not interfere with ce Ug
§a=b: [Is N “]a,b } }
Step S.
Broadcast the scheduling Matrix S

Consider Fig. 7a for example. The set Pr{hyeqq) returned
from the PTC procedure contains g; = {Cs»,C51,Ca3},
g, ={c12,¢14}, and g5 = {c,3}. Assume that the transmis-
sion rate is 1 data unit/slot. First, the value of Z¢(gj) is
determined by using

o(g) = (1.67* +133° +0.33%) +2 x (2.5°) +0
=17.17.

The communication pair cs, belonging to g} can be ex-
changed with ¢33, which belongs to g3 because

Zo(gh) < Ze(g]), where
To(g) = (17 +0* +1%) + 2 x (25%) + 0 = 145.

Thereafter, cs, can be changed from g4 to g5. The changed
set Pr(hpeqqa) contains g = {c23,C51,¢43} and g3 = {c12,
C14,C52}, and the group g7 is discarded because it is empty.
The parallel groups of the DAS are determined by modify-
ing the results obtained through the application of MaxP-
Tran, as shown in Fig. 10. In Fig. 10, the parallel groups
obtained in MaxTran are improved by exchanging
s €g; and cy3 gy for minimizing the value of
Z(g) —Z@(g) in Step 1 of DAS. Thereafter, the results
can be improved further by merging cs, € g§ into g3 to in-
crease the sizes of the parallel pairs of gJ.

The values of Slots(1) and Slots(2) are 6 and 5, respec-
tively. Because the parallel group with a lower number of
slots is scheduled with a higher transmission priority, the
time slot assignment is applied to the parallel groups in
the following sequence: g; >g;, where W(g;) and
W(gs) are 5 and 6, respectively. Therefore, the entries
65'1 = [0,4]5'1, 52'3 = [0,3]2’3, and 54'3 = [0,2]473 of SChedUling
matrix S are filled by the head according to the slot assign-
ments of ¢s 1, C23 and cg43, respectively. Thereafter, the en-
tries 51_2 = [5,]0]1_2, 51_4 = [5,5]1'4, and 55,2 = [5,6]5'2 of
scheduling matrix S are filled for pairs ¢y, €14, and csp,
respectively. In particular, pairs c¢s; and cs3 belong to
group g7 and interfere with ¢, 3. However, they can work
in parallel with cs5; thus, the entries Js, can be changed
to 953 =[4,5]s, for reducing the waiting duration. The
scheduling results of the DASalgorithm are shown in
Fig. 11. The total transmission slots and latency are 11
and 14, respectively.

4.4. Synchronization of Intra-S°

ESIF MAC [7] handles synchronization by modifying the
IEEE 802.11 RTS/CTR messages to RIF/CIF messages with
intelligent feedback. Based on the synchronization ap-
proach proposed in [7], this study further defines several
control packets such as theCollecting Information Request
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(CIR) and Scheduling Information Announce (SIA) to satisfy
the synchronization requirements of the Intra-S>. The CIR
and SIA packets further assist the cluster header to gather
scheduling information from its neighbors and announce
the scheduling results to them, respectively. Each node is
aware of the number of the neighboring nodes by receiving
RIF and CIF messages, and listening to the SCH messages
from the neighbors. An introduction of the synchronization
of Intra-S® is shown in Fig. 12.

During the request collection phase, the cluster header
broadcasts the CIR messages in all beams to initiate and
synchronize the operations in the phase. The appropriate
duration included in the CIR messages is used to termi-
nate the phase. On receiving the CIR message, each neigh-
boring node sends the information including the
neighboring relationships in the beams and transmission
requests to the cluster header using the RIF/CIF/SCH mes-
sages before the duration ends. The cluster header can
determine the neighbor matrix and transmission demand
matrix for the next phase according to the information re-
ceived from neighboring nodes. The Scheduling Phase ini-
tiates after the Request Collection phase is complete. The
cluster header executes the Intra-S® algorithm to schedule
the transmission interval allocated for the communication
pairs, minimizing the average latency and maximizing the
network throughput. Thereafter, the neighboring nodes
wait for the scheduling results announced by the cluster
head.

The cluster header announces the scheduling results by
broadcasting SIA messages in all beams. On receiving the
scheduling results, the neighboring nodes follow the
scheduled timing to initiate the transmissions. The N field
of the SIA messages shows the repeat times to apply the
scheduling, meaning that each scheduling result of theln-
tra-S® can be applied for a synchronizing transmission per-
iod; thus, the control overhead of Intra-S® is cost efficient.
Fig. 12 shows an example of the basic concepts of the ex-
tended ESIF MAC for the proposed Intra-S® scheme. In
Fig. 12, the cluster header a broadcasts CIR messages to
collect the transmission requests of its member nodes b
and ¢, and SIA messages to announce the scheduling
results.

5. The S® scheme

The proposed S® scheme extends Intra-S> to permit the
consideration of inter-cluster scheduling. The applied in-
ter-cluster scheduling operates on a cluster-based [9] net-
work topology where several stations referred to as
gateways participate in more than one cluster.

There are two challenges when extending the Intra-S*
algorithm from an intra-cluster to inter-cluster scenario.
First, according to the beam mode constraint, a gateway
cannot be scheduled to send a message from one cluster
and receive a message from another cluster at any given
slot t. Second, determining how to minimize the average
latency is critical, especially for cross-cluster routing.

The proposed inter-cluster scheduling applies an adap-
tive round-robin method to satisfy the beam mode con-
straint and minimize latency. In the proposed scheduling

1 '
,
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' 1 -
cluster hg | :
L 1 Ce.7 Ce.9
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. ..

cluster_ind= hg
dutv_ind= 0

cluster_ind= hg
dutv_ind= T4

Fig. 14. Time slot arrangement that considers the inter-cluster scenario
shown in Fig. 13.

Table 2
Abbreviations of Compared Mechanisms.
ROMA Receiver-oriented multiple access of [6]
ESIF Explicit synchronization via intelligent feedback of [7]
Intra-S* Proposed scheduling algorithm
S3 Proposed scheduling algorithm
2

-->X-- Intra-S3(DAS)
—O— Intra-S3(MaxPT)
1.5 -+ — - ESIF

— 3 - ROMA
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Fig. 15. Comparison of network throughput under various packet arrival
rates.
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Fig. 16. Impact of packet arrival rate on transmission delay.

process, each gateway maintains a cluster indicator and
duty indicator to perform decisions regarding which
cluster it will participate in and what its participation
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Fig. 19. Comparison of transmission delay of proposed schemes and
ROMA and ESIF under various network densities.

duration is. The gateway participates in exactly one cluster
at a time. Fig. 13 gives an example to illustrate the inter-
cluster scheduling algorithm. In Fig. 13, two clusters share
the common gateway h,. Let cluster_ind and duty_ind be
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Fig. 20. Comparison of aggregated data transmissions of proposed
schemes and ROMA and ESIF in the duration time.
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Fig. 22. Comparison of transmission delay by varying the number of

the cluster indicator and duty indicator maintained by sta-
tion h,, respectively. Assume that gateway h, currently
participates in cluster h; and that cluster_ind is set at hg.
At T;, the cluster head h; announces the time slot arrange-
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ment to its members; thus, gateway h, knows that the end
of the participation time of this cluster is T;.4. Furthermore,
the gateway h, sets the duty_ind to Ti.4. If the cluster head
he initiates its intra-clustering between T; and Tj.4, then its
scheduling does not consider h, because h, does not partic-
ipate in the cluster. At Ti.4, the gateway h, switches from
cluster h; to cluster hg and waits for the next scheduling
cycle of cluster hg. Fig. 14 shows the resultant scheduling
for the two clusters.

6. Simulation study

This section examines the performance improvement of
the proposed Intra-S> and S® schemes against the ROMA [6]
and ESIF [7] approaches in terms of aggregated throughput
and average packet delay. Each node is equipped with an
SB-MBA [13], and the transmitting range of the beam is
set at 100 units at a data rate of 11 Mbps. The MAC proto-
col depicted in Subsection 4.4 is applied to the proposed
schemes. Each node generates packets with sizes randomly
chosen from 500, 1000, 1500, and 2000 bytes. Similar to
IEEE 802.11, the SIFS, AIFS, and DIFS durations are set at
10, 20, and 50 ps, respectively. Similarly, the packet sizes
for the RTS, CTS, and ACK are 44, 38, and 38 bytes, respec-
tively. The packet sizes of the RIF/CIF/SCH/CIR/SIA are set
at 21 bytes [7]. The generation of packets at the source
node is modeled as a Poisson process with Rayleigh fading
channels. Furthermore, each node has a buffer that can
hold a maximum of 30 packets. Each performance metric
is obtained by averaging the respective metrics of a 1000
experiments. The 95% confidence interval is always less
than 5% of the reported values. Table 2 shows the abbrevi-
ations of each compared mechanism. The network simula-
tor ns-2 is used to perform all simulations.

6.1. Simple topology

To facilitate the understanding of the benefits in the
proposed schemes compared to those of related studies,
the simple network topology shown in Fig. 13a and b is
first considered. Each node is equipped with the four-beam
smart antennas. Figs. 15 and 16 examine the performance
of each scheme in terms of network throughput and end-
to-end delay when the packet arrival rate ranges from 2
to 20 packets/s.

Intra-S® and ESIF generally outperform ROMA in terms
of network throughput and delay. Although ROMA im-
proves the scheduling efficiency by considering the two-
hop neighboring hosts, the overhead for collecting the
communication requests leads to lower throughput com-
pared to the other two mechanisms. Moreover, the hash-
based policy for deciding the link priority can be further
improved by applying a more efficient policy. In ESIF, each
node determines its own transmission schedule based on
the transmission demands of neighboring nodes. However,
the performance of parallelism highly depends on the
grouping scheme which aims to construct a set of parallel
transmissions into a group. By comparison, the proposed
Intra-S® determines the schedule by considering all re-
quested data transmissions in a cluster. Therefore,

Intra-S> exploits more opportunities for parallel transmis-
sions than ESIF does, thus resulting in a higher network
throughput, as shown in Fig. 15. Regarding Fig. 15, Intra-
$3 with DAS has a higher throughput thanintra-S®> with
MaxPTran because it adjusts the transmission schedule
among the parallel groups to further reduce the total num-
ber of time slots required for all transmissions. As shown in
Fig. 16, Intra-S> with DAS achieves a shorter delay than
thelntra-S®> withMaxPTran because it further adjusts the
transmission schedule among the parallel groups. When
the packet arrival rate is larger than six packets/sec, the
probability of packet drop is increased with the degree of
data congestion. As shown in Fig. 17, the proposed Intra-
$? demonstrates higher performance than the other two
mechanisms do in terms of the drop probability, because
the Intra-S> achieves superior parallelism, thereby reduc-
ing the phenomenon of data congestion.

6.2. Ad hoc topologies

The following simulation environment considers a net-
work containing 200 nodes that is distributed in an area of
500 % 500 square units. The number of beams equipped in
each node ranges from 1 to 8.

6.2.1. Performance study of the Intra-S> scheme

The performance of an eight-beam smart antenna sys-
tem is shown in Figs. 18,19,20,21,23 and 24. Fig. 18 shows
a comparison of the aggregated network throughputs of
the compared approaches that was executed by varying
the number of neighboring hosts ranging from 1 to 16. In
general, the network throughputs of the compared ap-
proaches increase with the number of neighboring hosts.
However, the network throughput remains the same when
the number of neighboring hosts is higher than 10. This is
because the number of parallel transmissions is bound by
the number of beams. By comparison, the proposed Intra-
$3 withDAS and MaxPTran, outperforms ROMA and ESIF,
because it exploits more spatial reuse opportunities by
arranging more simultaneous transmissions (or recep-
tions) of multiple packets in different beams. In particular,
Intra-S® withDAS has a more favorable throughput com-
pared to that of MaxPTran, because it furthers adjusts the
transmission pairs among parallel groups to reduce the to-
tal number of required time slots for all transmissions.
ROMA has a poor network throughput compared to other
schemes because its control overhead increases with the
number of neighboring nodes.

Fig. 19 shows the impact of network density on trans-
mission delay. In general, both the neighboring interfer-
ence and control overhead increase with the number of
neighboring hosts. ROMA attempts to collect communica-
tion requests from two-hop neighbors; thus, ROMA has a
larger delay compared to other schemes. Because Intra-S>
with either DAS or MaxPTran approaches attempt to ar-
range a maximal number of parallel transmissions in dif-
ferent beams, the waiting time of most transmissions is
significantly reduced; thus, the two proposed approaches
outperform the existing ROMA and ESIF approaches in
transmission delay. Intra-S® with DAS further adjusts sev-
eral transmissions by applying the MaxPTran schedule to
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complete all transmissions of each parallel group earlier.
Therefore, Intra-S® withDAS reduces the delay considerably
compared to Intra-S® with MaxPTran.

Fig. 20 shows the aggregated data transmissions of the
proposed schemes as compared with ROMA and ESIF. A
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Fig. 26. Comparison of delay time for Intra-S*, S*>, ROMA, and ESIF by
varying the number of beams.
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Fig. 27. Comparison of normalized throughput for Intra-S%, S*, ROMA, and
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Fig. 28. Comparison of multi-hop interference for Intra-S*> and S° by
varying the number of beams.

node applying the ESIF MAC can arrange its parallel trans-
missions in beams and avoid the deafness and hidden ter-
minal problems. Therefore, ESIF has lower control
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overhead and shorter transmission delay than ROMA. In-
tra-S® determines the schedule by considering all re-
quested data transmissions in a cluster. Therefore, Intra-
$3 exploits more opportunities for parallel transmissions
than ROMA and ESIF do, and as a result. The proposed In-
tra-S° has shorter delay and more aggregated data trans-
missions, as shown in Fig. 20.

Fig. 21 shows the impact of the number of beams on the
network throughput. The four compared approaches have
superior network throughputs when the number of beams
is increased, because the number of opportunities for spa-
tial reuse increases with the number of beams. Intra-S*
with MaxPTran and DAS outperforms ROMA and ESIF be-
cause it uses the multiple beams more efficiently. How-
ever, Intra-S® with DAS outperforms Intra-S*
withMaxPTranbecause it reduces the number of required
time slots to complete all transmissions.

Fig. 22 shows the results of an additional examination
of the impact of the beam number on transmission delay.
Intra-S> with DAS has the shortest delays compared to
other approaches because it reduces the number of re-
quired time slots to complete all transmissions. Intra-S*
with DAS has the smallest delay compared to other ap-
proaches because it attempts to reduce the transmission
delay of each parallel group. Intra-S® with MaxPTransignif-
icantly arranges a maximal number of simultaneous trans-
missions in different beams, resulting in higher
transmission delay performance compared to ROMA and
ESIF.

6.2.2. Performance Study of the S* Scheme

The S scheme is designed to extend Intra-S° to consider
inter-cluster scheduling for avoiding a scheduling collision
between clusters. The performances of Intra-S®> and S* with
the DAS are compared with those of ROMA and ESIF. An
eight-beam smart antenna system was used in the experi-
ments. Figs. 23-26 show the simulation results, where S*
(DAS) denotes Intra-S> with DAS.

Fig. 23 shows a comparison of the aggregated network
throughputs of the compared schemes that was conducted
by varying the number of neighboring hosts ranging from 1
to 16. The S scheme outperforms Intra-S® because it avoids
the violation of the beam mode constraint of gateways.
However, the Intra-S> approach still reduces the transmis-
sion delay considerably, as compared to the ROMA and
ESIF approaches, as shown in Fig. 24.

Fig. 25 shows the impact of the number of beams on the
network throughput for the proposed Intra-S® and S°
schemes compared to ROMA and ESIF approaches. The pro-
posed Intra-S*> and S® schemes have superior network
throughputs when the number of beams is increased be-
cause the opportunities for spatial reuse increase with
the number of beams. The proposed S> approach effectively
avoids the violation of the beam mode constraint for gate-
ways; thus, it outperforms Intra-S> in terms of network
throughput. Furthermore, S> attempts to arrange the max-
imal number of parallel transmissions in different beams
without collisions in the schedule; thus, the delay time of
most transmissions can be significantly reduced. Therefore,
$2 has a shorter transmission delay than the other three ap-
proaches, as shown in Fig. 26.

Fig. 27 shows the effect of packet size diversity on per-
formance. In this study, the diversity of packet size is de-
fined as the probability that the size of new generated
packet is different to the size of a previously generated
packet. The size of a newly generated packet is always dif-
ferent to the size of a previously generated packet in case
the diversity of the packet size is set at one. The evaluation
results of ESIF and ROMA drop substantially when the
diversity approaches one, as shown in Fig. 27. This is be-
cause both ESIF and ROMA do not schedule packet trans-
missions according to packet sizes and available time in
each channel, thus leading to significant bandwidth holes.
The proposed S® and Intra-S® apply the proposed schedul-
ing mechanisms and arrange the orders of packet trans-
missions to reduce the number of bandwidth holes.
Therefore, the results of S> and Intra-S*drop only slightly
when the diversity approaches one.

The proposed S3 and Intra-S> apply the neighboring
graph to represent the interference relationship for
exploiting the opportunities for parallel transmissions.
Fig. 28 shows the interference impact of multi-hop neigh-
bors on the network throughput, which is caused by vary-
ing the number of beams. The percentages of interference
are measured according to the ratio of interference created
by multi-hop neighbors to the total interference on the re-
ceiver side. In Fig. 28, the multi-hop interference decreases
with the number of beams because it can be effectively re-
duced when increasing spatial reuse opportunities. Con-
versely, S*> has less multi-hop interference than Intra-S>
because it further applies the inter-cluster scheduling
mechanism. The difference between the multi-hop inter-
ference of S°and Intra-S® is reduced with the number of
beams, as shown in Fig. 28. Thus, the proposed schemes
have superior network throughputs and delays, even if
they apply the neighboring graph to represent the interfer-
ence relationship for exploiting the opportunities for paral-
lel transmissions.

7. Conclusion

This paper proposes Intra-S> and S® approaches for
scheduling transmissions using smart antenna systems.
The Intra-S® scheme with the MaxPTranscheduling ap-
proach considers the beam mode, data diversity, and inter-
ference constraints, and is designed to arrange a maximal
number of simultaneous transmissions in different beams
for exploiting spatial reuse opportunities. Furthermore, In-
tra-S> with DAS further adjusts the transmissions among
parallel groups to initiate each parallel group earlier, there-
by reducing the number of required time slots for complet-
ing all transmissions. The S* approach is proposed for use
in the inter-cluster environment. The S* approach success-
fully reduces the latency of inter-cluster scheduling. The
performance results reveal that the proposed S* and In-
tra-S> with MaxPTran and DASpolicies outperform ESIF
and ROMA in network throughput and latency.
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