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Abstract—Beamforming is used in IEEE 802.15.3c networks to
avoid high propagation attenuation and path loss and improve
the overall system throughput by exploiting spatial channel reuse.
In this paper, we introduce design challenges of scheduling in
beamforming-enabled IEEE 802.15.3c networks. These challenges
include positioning, axis alignment, and interference relation veri-
fication. We then propose a joint design of axis alignment, position-
ing, and scheduling. The objectives of the proposed joint design
are to reduce the consumed channel time, increase the degree of
spatial channel reuse, and improve the channel utilization. For
positioning, we define and prove a sufficient condition for anchor
selection to improve positioning accuracy. The designed channel
time allocation period (CTAP)-minimized scheduling algorithm
is depicted as a two-layer flow graph, and it consists of the
following three phases: 1) layer-1 edge construction; 2) layer-2
edge construction; and 3) scheduling. Through the observation
of transmission and reception beams, we define a rule to verify
the interference relation of two flows. In addition, given correct
topology information, we prove that CTAP-minimized uses the
least time to serve all data flows. We evaluate and compare our
algorithm with existing approaches through simulations. The ob-
served performance metrics include utilized channel time, system
throughput, scheduling efficiency, and spatial channel reuse de-
gree. The results show that CTAP-minimized performs well and
achieves its objectives.

Index Terms—Axis alignment, beamforming, IEEE 802.15.3c,
positioning, scheduling.

I. INTRODUCTION

M ILLIMETER-WAVE wireless personal area networks
(mmWave WPANs) that operate in the 60-GHz band

have recently attracted much attention due to their high-data-
rate transmission capability (more than 3 Gb/s) such that nu-
merous high-bandwidth-demand indoor wireless applications
become possible. Examples of such applications include un-
compressed transmission of high-definition television (HDTV),
high-speed Internet access, and wireless gigabit Ethernet. Ex-
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isting wireless local area networks (WLANs) and wireless
personal area networks (WPANs) cannot support these ap-
plications, because the required data rate is far beyond their
capabilities. As a result, mmWave WPAN has become a major
trend in short-range communication systems, leading to active
research and standardization efforts in this area, e.g., IEEE
802.15.3c [1].

An IEEE 802.15.3c network is called a piconet, which is
formed in ad hoc fashion. Among a group of devices (DEVs),
one of these DEVs is designated as the piconet coordinator
(PNC). The PNC is responsible for providing synchronization
and management for the piconet. In addition, the PNC manages
the access control of the remaining DEVs. The necessary
control information is embedded in beacon messages. Upon
receiving a beacon message, DEVs are aware of the existence of
the PNC, and they learn when and how to access the channel.
The channel time is divided into a sequence of superframes,
and each superframe consists of the following three portions:
1) beacon; 2) contention access period (CAP); and 3) channel
time allocation period (CTAP). Each superframe starts with
a beacon, followed by a CAP. The channel access of the
CAP is governed by the carrier-sense multiple access/collision
avoidance (CSMA/CA) method. The remaining time in a su-
perframe is the CTAP, which provides time-division multiple
access (TDMA)-type of communications. The CTAP comprises
one management channel time allocation (MCTA) and multiple
channel time allocations (CTAs). MCTA is for DEVs to issue
their transmission requests to the PNC, whereas CTAs are for
DEVs to transmit data frames.

A. Problem Description

In IEEE 802.15.3c piconets, beamforming is used to avoid
significant path loss, increase the antenna gain, and extend the
transmission range. With beamforming, DEVs can only trans-
mit and receive signals at a specific direction. This approach
means that exploiting spatial channel reuse among data flows
can improve the scheduling efficiency and channel utilization.
However, in the scheduling algorithm defined in the IEEE
802.15.3 standard (herein called conventional scheduling), each
CTA is allocated to only one data flow. Thus, conventional
scheduling does not get benefits from beamforming to improve
the overall system throughput.

In this paper, we study the CTA problem by exploit-
ing beamforming characteristics. It is essential for a pair of
DEVs to properly set their antenna array when implementing
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Fig. 1. Axis alignment. (a) DEVb listens to beacons sent from the PNC. (b) DEVb sends an association request to the PNC. (c) DEVb rotates its axes and
resends an association request to the PNC. (d) PNC replies the association request to DEVb.

beamforming [2]–[4]. To achieve this condition, a pair of DEVs
must know each other’s position. Due to being responsible for
CTA, a PNC must know the interference relation of DEVs
to schedule noninterfered flows in a CTA. Positioning is an
approach for a PNC to collect DEVs’ interference relation.
Among existing positioning work, signal-measurement-based
approach is not suitable for mmWave networks because of
serious signal fading. Furthermore, one common assumption of
existing work [5]–[7] is the predeployment of self-positioning-
capable anchors. Through these anchors, other nodes then
determine their coordinates. However, where we can deploy
anchors should first be tackled. The reason is that a piconet is
dynamically formed and predeployed anchors cannot work well
when encountering obstacles (e.g., walls and furniture).

Both positioning and axis consistency affect multimedia
content delivery. When the axis system is not consistent in a
piconet, a PNC may schedule interfered flows in a CTA, and
thus, a collision occurs. Moreover, the data transmission of a
pair of DEVs may fail. Fig. 1(a) illustrates the significance of
axis consistency. When DEVb receives beacon messages that
are sent by the PNC (i.e., DEVa in this example), it knows that
it is located in the first quadrant of the PNC and the PNC is in
its third quadrant. In such a situation, transmission from DEVb

to the PNC (and vice versa) always fails due to the problem of
axis inconsistency.

Although axis alignment and positioning are crucial for
beamforming-enabled 802.15.3c networks, both factors are not
within the scope of the standard. In this paper, we design
a scheduling mechanism for beamforming-enabled mmWAVE

networks. To exploit the maximum degree of spatial channel
reuse and achieve the maximum channel utilization, the de-
signed scheduling mechanism integrates with both axis align-
ment and positioning.

B. Related Work

Recent research issues for IEEE 802.15.3c networks include
hardware implementation and system architecture design for
60-GHz systems, beamforming protocol design, performance
analysis and interference estimation, and resource management
[8]–[22]. The focus of this paper is resource management,
particularly on channel time scheduling.

In the scheduling algorithm defined in the IEEE 802.15.3
standard (conventional scheduling), each CTA is allocated to
only one data flow. Thus, conventional scheduling does not
get benefits from beamforming to improve the overall system
throughput. In [18], an interference-avoiding scheduling is
proposed. A handler is responsible for discovering concurrent
transmission-capable flows by ensuring that the accumulated
interference is less than a predefined threshold. Every time a
data flow is added to calculate the induced interference, the
handler examines all flow combinations to discover the optimal
scheduling result.

In [19], the following two types of communications are
considered: 1) direct paths and 2) relay paths. To improve the
overall system throughput, a single-hop flow will be served
through a relay path if this relay path can share CTAs with some
direct paths. The condition of sharing CTAs is an acceptable
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signal-to-noise-plus-interference ratio (SINR) that is measured
at receivers. Similar to [18] for interference ratio measurement,
in virtual time-slot allocation (VTSA) [20], a PNC precon-
structs a cochannel interference table for all DEVs. Every time
the PNC receives a new channel time request, it allocates this
new flow to the CTA, where the cochannel interference value
among all values is the least.

In [21], the author proposed a scheduling approach called the
randomized exclusive-region-based scheduling (REX) scheme.
The main idea is that the receiver of a specific flow has an
exclusive region (ER) and that the senders of other flows should
be located outside the ER to ensure noninterference. DEVs can
be equipped with either omnidirectional or directional antennas,
and thus, REX defines four kinds of ERs. The ER condition is
that exactly one sender is located inside the ER of a receiver.
Multiple flows are allowed to be scheduled in the same CTA
only if they satisfy the ER condition. In REX, one flow is
selected to be allocated a time slot; then, all remaining flows are
verified based on the ER condition to discover spatial channel-
reuse-capable flows.

In [22], directional transmission scheduling (DTS) is pro-
posed. In DTS, each DEV maintains a neighbor profile,
in which the IDs and directions of one-hop neighbors are
recorded. When a DEV has data to send, it issues a transmission
request with its own neighbor profile to the PNC. The PNC per-
forms scheduling based on the received transmission requests
and the corresponding neighbor profiles. To avoid interference,
for a specific data flow, DEVs that are located in the sender’s
neighboring sectors are forbidden to simultaneously send data.
For example, if the intended receiver is located in its potential
sender’s sector 3, the neighbor profile of this flow is sectors 2–4.
Other senders are forbidden to send data to the directions of
sectors 2–4.

In short, the adopted criteria for exploiting the advantage
of the beamforming technology in existing scheduling mech-
anisms include the SINR value [18]–[21] and location profile
[22]. The former parameter explores flows that satisfy the
condition of spatial channel reuse through pairwise interactive
interference measurement. Thus, these approaches maintain a
large database for storing the interference information. More-
over, the distance between a sender and a receiver is one key
parameter for SINR estimation in some propagation models.
However, most of the existing works do not describe the utilized
positioning scheme; instead, they assumed that the coordinates
of DEVs are known. Location-profile-based scheduling has to
record not only the desired reception sector but its adjacent sec-
tors to avoid interference as well. Thus, it restricts the through-
put improvement due to the lack of more accurate topology
information, and the PNC has to maintain all DEVs’ neighbor
profiles.

C. Contributions

A scheduling mechanism with axis alignment and anchor
selection has not been studied for IEEE 802.15.3c networks.
In this paper, we design a joint algorithm of axis alignment,
positioning, and scheduling for IEEE 802.15.3c networks. To
the best of our knowledge, this paper is the very first work

that jointly considers these three factors for IEEE 802.15.3c
networks. The contributions of our approach are summarized
as follows.

1) Unlike existing positioning work, our algorithm can be
applied to one random-topology environment without
preconfigured anchor nodes.

2) We define and prove a sufficient condition for anchor
selection, which is one of the key conditions to improve
positioning accuracy.

3) By taking transmission and reception beam patterns into
account, the proposed verification rules of concurrent
transmission most exert the advantage of beamforming.

4) We prove that the designed scheduling algorithm uses the
least channel time to accommodate all data flows’ time
requirements.

The rest of this paper is organized as follows. Section II
describes the axis alignment and positioning. Section III intro-
duces the CTAP-minimized scheduling algorithm. Section IV
presents and discusses the performance evaluation. This paper
is concluded in Section V.

II. AXIS ALIGNMENT AND POSITIONING

As described in Section I, axis alignment and positioning are
two important schemes to improve scheduling efficiency. Un-
like some existing positioning approaches, our mechanism does
not deploy landmarks or pre-configurable anchors in advance.
In this section, we first briefly describe some preliminaries, and
then the operations of axis alignment and positioning.

A. Preliminary

Piconets are dynamically formed, and DEVs can freely join
and leave a piconet. A PNC announces its existence through
periodically broadcasting beacons in each direction. When a
DEV is activated, it first scans all channels to discover the
existence of a PNC. When receiving beacon messages, the DEV
exchanges an association request/response with the PNC to
join the piconet, and then, it becomes one member; otherwise,
it initiates a piconet and serves as a PNC. PNCs and DEVs
are equipped with configurable beamforming antennas, and
thus, they transmit or receive data frames at a certain direction
at a time.

A PNC embeds the information of transmission beamwidth
ϕt and transmission azimuth angle θt in beacons. Here, the
transmission beamwidth and transmission azimuth angle rep-
resent the covered angle of the transmission beam pattern and
the angle between the direction of the transmission beam and
the x-axis in the azimuth plane, respectively.

The statistical model proposed in [23] is adopted for de-
scribing general properties of 60-GHz indoor channels and
estimating the propagation distance between a transmitter and
a receiver. In [23], the path loss from a transmitter to a receiver
is determined by taking

PL(d)[dB] = Pt[dBm] + Gt[dB] + Gr[dB] − Pr[dBm] (1)

where PL(d) is the measured path loss over distance d (in
meters), Pt and Pr are the transmitter and receiver powers,
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Fig. 2. Example that shows an IR.

respectively, and Gt and Gr are the antenna gains of the
transmitter and the receiver, respectively. In addition, PL(d)
can be described by the path-loss exponent model as follows:

PL(d) = 10 log10

(
4πd0

λ

)2

+ 10n log10

(
d

d0

)
(2)

where λ is the wavelength, n is the path-loss exponent, and d0 is
a reference distance. Note that the first term is exactly the free-
space path loss. In [24], the recommended setting of d0 is 1 m.
The path-loss exponent characterizes how fast the path lost in-
creases with the increase of the transmitter–receiver separation,
and its setting depends on the propagation environment, e.g.,
line-of-sight (LOS) or non-line-of-sight (NLOS) transmission,
office, or corridor environments. In this paper, we assume that
the received signal power is mainly from the LOS path. Based
on the experiment results shown in [23], the n value is set
to be 2.

B. Axis Alignment

Axis alignment is executed when a DEV joins in a piconet.
When a newly joined DEV receives a beacon of θt transmission
azimuth angle, it replies an association request to the PNC.
If 0 � θt � π (i.e., the DEV is located in the first or second
quadrant of the PNC), the DEV sets its transmission azimuth
angle as (θt + π); otherwise, the DEV is located in the third
or fourth quadrant of the PNC, and its transmission azimuth
angle is (θt − π). If this newly joining DEV does not receive
an association reply sent by the PNC, it counterclockwise
rotates its x- and y-axes with α◦ and resends the association
request. Here, α is a predefined constant (in degrees). This axis
rotation repeats until the DEV has received an association reply.
Therefore, the axes of all DEVs are aligned with the PNC.

One example is shown in Fig. 1. In this example, DEVa

is the PNC, and DEVb is a newly joining DEV. α is 30◦

in this example. The transmission azimuth angle carried in a
beacon is 45◦. Because 0 � θt � π, upon receiving the beacon,
DEVb responds with an association request to DEVa by setting
the transmission azimuth angle to be 225◦ [see Fig. 1(a)]. If
DEVb does not receive the corresponding association reply, it
counterclockwise rotates its x- and y-axes with 30◦ and resends
the association request [see Fig. 1(b)]. After the second axis

rotation, DEVb receives the corresponding association reply
[see Fig. 1(c) and (d)].

C. Positioning

After performing axis alignment, a PNC realizes the quad-
rants in which DEVs are located. Instead of PNC relaying,
data are directly delivered among DEVs. In such a case, the
PNC cannot derive the interference relation of data flows only
through the quadrant information. Positioning is an approach
to provide a PNC the interference relation among all flows to
decrease transmission collision and increase network through-
put. In this paper, positioning is the process for nodes to self
determine their coordinates.

First, because a piconet is initiated by a PNC, the coordinate
of this PNC is (0, 0). Then, the coordinate of the second
joining DEV is estimated by the following two parameters:
1) the transmission azimuth angle θt and 2) the propagation
distance d. The propagation distance is estimated through the
propagation mode. Indeed, upon knowing Pt, Pr, Gt, and Gr,
we can derive PL(d) by using (1). Further substituting PL(d),
d0, λ, and n into (2), we can derive the estimated propagation
distance d. Therefore, the estimated coordinate of the second
joining DEV is (d cos θt, d sin θt).

For the remaining joining DEVs, they can calculate their
coordinates by selecting at least a pair of anchors. A DEV
can be an anchor when its coordinate is known. To improve
positioning accuracy, the PNC is always the first anchor of an
anchor pair. The problem now is how we can properly select the
second anchor. We first give one definition and then explore the
sufficient condition of anchor selection as follows.

Definition 1: The intersection region (IR) is the overlapped
area of two transmission beams. In Fig. 2, the area colored
yellow is the IR of BeamA and BeamB .

Proposition 1: For a DEV to be positioned, let S be the set of
all second-anchor candidates. The transmission azimuth angles
of the PNC and anchor candidate DEVi are denoted by θa and
θi, respectively, where DEVi ∈ S. If j = arg min((π/2) −
|θa − θi|) ∀i, then among all candidates, (PNC,DEVj) is the
best anchor pair.

Proof: For simplicity and without loss of generality, we
use Fig. 2 to illustrate our proof. In Fig. 2, we assume that
two anchors of DEVc are DEVa, i.e., the PNC and whose
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coordinate is (0, 0), and DEVb, whose coordinate is (xb, yb).
In addition, their transmission azimuth angles are θa and θb,
respectively. The width of the transmission beam pattern is ϕt.
The maximum positioning error of the actual and the estimated
coordinates may occur at one of the four vertices of the IR. We
denote the coordinates of the four vertices as (x1, y1), (x2, y2),
(x3, y3), and (x4, y4). The coordinates of four vertices are
listed as follows:{

x1 = yb−(tan θb)xb+(sec θb−sec θa)
ϕt
2

tan θa−tan θb

y1 = (tan θa)x1 + (sec θa)ϕt

2

(3)

{
x2 = yb−(tan θb)xb+(sec θb+sec θa)

ϕt
2

tan θa−tan θb

y2 = (tan θa)x2 − (sec θa)ϕt

2

(4)

{
x3 = yb−(tan θb)xb+(− sec θb−sec θa)

ϕt
2

tan θa−tan θb

y3 = (tan θa)x3 + (sec θa)ϕt

2

(5)

{
x4 = yb−(tan θb)xb+(− sec θb+sec θa)

ϕt
2

tan θa−tan θb

y4 = (tan θa)x4 − (sec θa)ϕt

2 .
(6)

The region formed by (x1, y1), (x2, y2), (x3, y3), and (x4, y4)
is a parallelogram, and its area AIR is

AIR = |D1||D2| |sin(θa − θb)|
where D1 and D2 are two edges of the parallelogram. The
lengths of |D1| and |D2| are

|D1| =
√

(x1 − x2)2 + (y1 − y2)2

=

√
[1 + (tan θb)2]

[
(sec θa)ϕt

tan θa − tan θb

]2

=
sec θa sec θb

tan θa − tan θb
ϕt

|D2| =
√

(x2 − x4)2 + (y2 − y4)2

=

√
[1 + (tan θa)2]

[
(sec θb)ϕt

tan θa − tan θb

]2

=
sec θa sec θb

tan θa − tan θb
ϕt.

Because

1
tan θa − tan θb

=
cos θa cos θb

sin(θa − θb)

the area is

AIR =
ϕ2

t

[sin(θa − θb)]
2 | sin(θa − θb)|

=
ϕ2

t∣∣cos
(

π
2 − (θa − θb)

)∣∣ . (7)

To minimize the positioning error, we attempt to minimize
AIR. The parallelogram has the smallest area when the denomi-
nator of (7) is 1, i.e., cos(π/2 − (θa − θb)) = 1. In other words,
the DEV that has a 90◦ or 270◦ transmission azimuth angle

Fig. 3. Example of coordinate calculation for a new joining DEV when
utilizing the OAP method.

difference with the PNC is the best second anchor among all
candidates. �

Based on Proposition 1, we design the following two anchor
pair selection mechanisms: 1) One_Anchor_Pair (OAP) and
2) All_Anchor_Pairs (AAP). OAP utilizes Proposition 1 to
select the second anchor, whereas AAP utilizes Proposition 1
to do weight assignment.

1) OAP. Once a new DEV has finished the message ex-
changes of association request/reply with the PNC, all
anchor candidates then transmit their information of coor-
dinates and transmission azimuth angles to that new DEV.
Among these anchor candidates, the new DEV selects the
PNC and the anchor candidate that satisfies Proposition 1
to be its anchor pair. As shown in Fig. 3, let DEVa and
DEVb denote two selected anchors. The coordinates of
DEVa and DEVb are (0, 0) and (xb, yb), respectively,
and the transmission azimuth angles of DEVa and DEVb

are θa and θb, respectively. Let (x, y) denote the coordi-
nate of this new DEV. Therefore, we know that{ y

x = tan θa
y−yb

x−xb
= tan θb

and thus{
y = (tan θa)x
y = (tan θb)x + yb − (tan θb)xb.

After variable substitution, we derive

(x, y) =
(

yb − (tan θb)xb

tan θa − tan θb

(tan θa)yb − (tan θa)(tan θb)xb

tan θa − tan θb

)
. (8)

One illustrative example is shown in Fig. 4. Because
DEVc is the third node that joins this piconet, it can only
select DEVa and DEVb as its anchors. In this example,
we assume that θa and θb are 105◦ and 160◦, respectively.
The coordinate of DEVb is (3.897, 2.25). Based on (8),
the coordinate of DEVc is (−1.089, 4.064).

Then, DEVd joins the piconet, and we can choose
either (DEVa,DEVb) or (DEVa,DEVc) as its anchor
pair. The transmission azimuth angles of DEVa and
DEVb to DEVd are 45◦ and 145◦, respectively. On the
other hand, the transmission azimuth angles of DEVa and
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Fig. 4. Coordinate calculation for DEVc and DEVd.

DEVc to DEVd are 45◦ and 345◦, respectively. Because
|θa − θb| = 100◦ and |θa − θc| = 300◦, (DEVa,DEVb)
creates a smaller IR area than (DEVa,DEVc). Thus,
DEVd selects (DEVa,DEVb) to be its anchor pair, and
its coordinate is (2.975, 2.975).

2) AAP. The basic idea of AAP is that, when utilizing as
many anchor pairs as possible, the IR has the smallest
area, and thus, the positioning error is the least. Thus,
AAP considers all available anchor pairs to do position-
ing, and the PNC is the designated anchor of all pairs.
Assume that one newly joining DEV has n anchor pairs.
This DEV gets a coordinate from each anchor pair, and
coordinate calculation is according to (6). Each coordi-
nate is further assigned a weight based on the transmis-
sion azimuth angle difference of two anchors. The anchor
pair whose difference of transmission azimuth angles is
nearer 90◦ is assigned a larger weight. Therefore, the
assigned weight of the kth anchor pair is

ωk =
σk∑n
i=1 σi

, k = 1, 2, . . . , n (9)

where σk = | cos(π/2 − (θk,2 − θk,1))|, and θk,1 and
θk,2 are the transmission azimuth angles of the first and
second anchors for the kth anchor pair, respectively.
Let (xk,2, yk,2) be the coordinate of the second anchor
of the kth anchor pair. Note that (xk,1, yk,1) = (0, 0),
because the PNC is always the first anchor of each pair.

By integrating (8) and (9), the coordinate of this newly
joining DEV (x, y) is

(x, y) =

(
n∑

k=1

ωk
yk,2 − (tan θk,2)xk,2

tan θk,1 − tan θk,2

n∑
k=1

ωk
(tan θk,1)yk,2 − (tan θk,1 tan θk,2)xk,2

tan θk,1 − tan θk,2

)
. (10)

Again, we use the same example (shown in Fig. 4)
to explain the operations of AAP. Because DEVc has
only two anchor candidates DEVa and DEVb, its de-
rived coordinate is (−1.089, 4.064). On the other hand,
DEVd has two anchor pairs, i.e., (DEVa,DEVb) and
(DEVa,DEVc). For the first anchor pair, (θ1,1, θ1,2) =
(45◦, 145◦). For the second anchor pair, (θ2,1, θ2,2) =
(45◦, 345◦). The coordinates that are derived from the two
anchor pairs are (2.975, 2.975) and (2.689, 2.689), respec-
tively. Furthermore, ω1 is 0.526, and ω2 is 0.473. Thus,
the coordinate of DEVd is 0.562 × (2.975, 2.975) +
0.474 × (2.689, 2.689) = (2.822, 2.822).

III. CHANNEL TIME ALLOCATION PERIOD-MINIMIZED

SCHEDULING ALGORITHM

In this section, we describe the proposed intrapiconet
scheduling algorithm called CTAP-minimized scheduling. The
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objective of the CTAP-minimized scheduling algorithm is to
use the least channel time to serve all data flows such that the
system throughput is maximized.

In the CTAP-minimized scheduling algorithm, topology and
data flow information is represented by a two-layer flow
graph G = (V,E1, E2), where V is the set of n data flows
f1, f2, f3, . . . , fn, and E1 and E2 are the sets of flow rela-
tion, Ei ∈ V × V , i = 1, 2. Vertex vi is represented as (fi, ti),
where fi and ti are the flow ID and channel time requirement,
respectively. The layer-1 edges ∀ei ∈ E1 are unidirectional,
and the direction means the scheduling order of data flows.
The layer-2 edges ∀ej ∈ E2 indicate the interference relation
between any two flows, and thus, these edges are undirectional.
In the following discussion, we use vi · f and vi · t to indicate
the represented flow ID and the channel time requirement of

vertex i, respectively. In addition, e
→
ij
1 and eij

2 indicate the
layer-1 and layer-2 edges between vertices i and j.

CTAP-minimized scheduling consists of the following
three phases: 1) layer-1 edge construction; 2) layer-2 edge
construction; and 3) scheduling. Each phase is described as
follows.

A. Phase 1: Layer-1 Edge Construction

In the CTAP-minimized scheduling algorithm, flows are
sorted in decreasing order of requested channel time. Based
on the sorting result, vertices and the corresponding layer-1
graph are obtained. In particular, let (f1∗ , f2∗ , f3∗ , . . . , fn∗)
be the sorting result that satisfies t1∗ ≥ t2∗ ≥ t3∗ ≥ . . .≥ tn∗ .
Next, the n vertices are (f1∗ , t1∗), (f2∗ , t2∗), (f3∗ , t3∗), . . . ,
(fn∗ , tn∗). Because this sequence indicates the scheduling or-
der, each vertex has an edge to its right-hand-side neighbor, i.e.,

e
→
ij
1 , i = 1, 2, , n − 1, j = i + 1. Here,

→
ij indicates that the edge

direction is from vertex i to vertex j.

B. Phase 2: Layer-2 Edge Construction

The layer-2 graph represents the possibilities of spatial
channel reuse. An edge between two vertices is added when
these two flows interfere with each other upon simultaneous
transmission, and thus, they cannot be scheduled in the same
CTA. Because of equipping a directional antenna, a receiver
only accepts signals in a certain beam direction. In this paper,
we call this beam pattern reception beam, and its beamwidth is
denoted as ϕr.

Let (si, ri) and (sj , rj) be the senders and receivers of flows
fi and fj , respectively Our concepts of exploring the possibility
of spatial channel reuse for fi and fj are twofold.

1) If si (or sj) is not located in rj’s (or ri’s) reception beam,
it is obvious that rj (or ri) cannot hear signals that are
sent from si (or sj), and thus, fi and fj do not interfere
with each other.

2) If si (or sj) is located in rj’s (or ri’s) reception beam and
rj (or ri) is located in si (or sj) transmission beam, rj (or
ri) can hear signals from si (or sj). Consequently, fi and
fj interfere with each other and cannot be scheduled in
the same CTA.

Before explaining the verification rules of spatial channel reuse
in detail, we first define the following two parameters.

1) Reception azimuth angle (θr): This is the angle between
the direction of the reception beam and the x-axis in the
azimuth plane.

2) ∆θx,y
z : This is the included angle of two vectors

→
zx and

→
zy. According to the trigonometric function, we have

∆θx,y
z = cos−1

( →
zx · →

zy

| →
zx || →

zy |

)
. (11)

For flows fi and fj , because their coordinates are known,
we can derive four included angles—∆θ

si,sj
ri , ∆θ

si,sj
rj , ∆θ

ri,rj
si ,

and ∆θ
ri,rj
sj —according to (11).

Flow fj cannot simultaneously transmit data with fi when
either rj can receive si’s signals or ri can receive sj’s signals.
Moreover, rj can receive si’s signals only when the following
two conditions are satisfied: 1) si is located within the reception
beam of ri, and 2) rj is located within the transmission beam
of si. For condition 1, the induced angle ∆θ

si,sj
rj must be less

than or equal to half the reception beamwidth. For condition 2,
the induced angle ∆θ

ri,rj
si must be less than or equal to half

the transmission beamwidth. However, we consider the effect
of sidelobes; thus, the angle requirement is doubled to be ϕr

and ϕt.
Similarly, to receive sj’s signals, ri must be located within

the transmission beam of sj , and sj must be located within
the reception beam of ri. Therefore, the induced angles ∆θ

si,sj
ri

and ∆θ
ri,rj
sj must be less than or equal to the reception and the

transmission beamwidths, respectively.
Based on the aforementioned description, the layer-2

edge construction rule is given as follows.

Layer-2 edge construction rule:

For vertices (fi, ti) and (fj , tj)
If ((

∆θ
sj ,si
rj ≤ ϕr

)
&&

(
∆θ

ri,rj
si ≤ ϕt

)) ∥∥∥((
∆θ

si,sj
ri ≤ ϕr

)
&&

(
∆θ

rj ,ri
sj ≤ ϕt

))
Then

∃eij
2 ;

Else

� ∃eij
2 .

This construction rule is applied to all pairwise vertices.
Then, the 2-layer flow graph is constructed.

C. Scheduling

After constructing both layer-1 and layer-2 edges, the PNC
then performs scheduling by visiting all vertices of the con-
structed flow graph in sequence. Let S be the set that consists
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of all flows and Si be the subset of flows that are scheduled
in CTAi. Initially, Si is an empty set. The PNC first visits the
entrance vertex of the first-layer flow graph (i.e., v1), schedules
v1 · f in CTA1, sets the time duration of CTA1 to be v1 · t, and
then moves v1 · f from S to S1. The PNC further visits the
second vertex v2 and checks if e12

2 exists. If e12
2 exists, the PNC

allocates CTA2 to v2 · f , sets the time duration to be v2 · t, and
moves v2 · f from S to S2; otherwise, v2 · f is scheduled in
CTA1, and v2 · f is moved from S to S1. Assume that v2 · f is
scheduled in CTA1. The PNC then verifies the possibility of the
concurrent transmission of v3 · f and S1. If both e13

2 and e23
2

do not exist, then v3 · f is also scheduled in CTA1. When S is
empty, the scheduling stops.

Assume that there are m flow subsets. Let V (Si) and Ti

be the vertices in Si and the time duration of CTAi, re-
spectively, and 1 � i � m. In addition, T1 � T2 � . . . � Tm.
For flow fk, the PNC keeps trying to schedule fk in CTAi,
i = 1, 2, 3, . . . ,m by verifying the existence of layer-2 edges.
The PNC stops its discovering when a CTA, e.g., CTAj and
1 � i � m, can accommodate fk without interfering with all
existing flows. If fk cannot be scheduled in one of these m
CTAs, the PNC allocates a new CTA, i.e., CTA(m+1), to fk,
and sets Tm+1 to be tk. The scheduling rule is summarized as
follows.

Scheduling rules:

For fk

If (� ∃ekl
2 ,∀l Si, i ∈ 1, 2, . . . ,m)

Then schedule fk in CTAi without modifying Ti;
Else schedule fk in CTA(m+1) and set Tm+1 = tk.

We use an example to illustrate the operations of CTAP-
minimized scheduling. In Fig. 5, there are eight DEVs
(s1 ∼ s4, r1 ∼ r4) and four flows f1(s1 → r1), f2(s2 → r2),
f3(s3 → r3) and f4(s4 → r4). The required transmission times
of the four flows are 0.7, 0.4, 0.8, and 0.5 ms, respectively.
The network topology and flow information are summarized
in Fig. 5(a). Both transmission and reception beamwidths are
set to be 30◦. An arc indicates the transmission beam pattern of
a sender, and a colored triangle represents the reception beam
pattern of a receiver. The PNC of this network is s4.

First, because the time requirements of four flows are 0.7,
0.4, 0.8, and 0.5 ms, respectively, the vertices, after sorting in
decreasing order of time demand, are v1(f3, 0.8), v2(f1, 0.7),
v3(f4, 0.5), and v4(f2, 0.4), respectively, as shown in Fig. 5(b).
Then, each vertex has an outbound arrowed edge to its right-
hand-side neighbor. Now, we have constructed the layer-1 flow
graph.

Next, the interference relation of any two vertices is
discovered by performing phase-2 operations. The included
angles of all flow pairs are listed in Fig. 5(a). We first
verify the interference relation between vertices v1 and v2.
Based on Fig. 5(a), we know that ∆θr3,r1

s3
= 10◦, ∆θs3,s1

r3
=

15◦, ∆θr1,r3
s1

= 8◦, and ∆θs1,s3

r1
= 15◦. Because f1 and f3

satisfy two conditions—(∆θs3,s1
r3

= 15◦) ≤ (ϕr = 30◦) and

(∆θr1,r3

s1
= 8◦) ≤ (ϕt = 30◦)—a layer-2 edge e12

2 exists be-
tween v1 and v2.

We further verify the interference relation between vertices
v1 and v3. Because both ∆θr3,r4

s3
= 88◦ and ∆θr4,r3

s4
= 104◦

are larger than transmission beamwidth (ϕt = 30◦), no layer-2
edge exists between v1 and v3. After pairwise verification, the
layer-2 flow graph is constructed, as shown in Fig. 5(b).

The last phase is scheduling. The PNC sequentially visits all
vertices. It first visits vertex v1, allocates CTA1 to f3, and sets

CTA1’s time duration to be 0.8 ms. Following the e
→
12
1 edge, the

PNC then visits v2. Because there is a layer-2 edge e12
2 between

v1 and v2, the PNC allocates a new CTA (i.e., CTA2) to f1

and sets the time duration to 0.7 ms. Again, the PNC follows

the e1

→
23 edge and visits v3. Because e41

2 does not exist, f4 is
scheduled in CTA1, whereas the CTA1 time duration remains
intact. Finally, the PNC visits v4 and discovers that f2 does
not interfere with both f3 and f4, because both e23

2 and e24
2 do

not exist. Thus, the PNC again schedules f2 in CTA1 without
modifying the CTA1 time duration. In short, v1, v3, and v4 can
be processed in CTA1, because no interference exists, whereas
v2 is scheduled in CTA2, because it interferes with v1.

The total CTAP time to serve these four flows is (0.8 ms +
0.7 ms) = 1.5 ms, as shown in Fig. 5(c). Compared with the
conventional scheduling that uses (0.8 ms + 0.7 ms + 0.5 ms +
0.4 ms) = 2.4 ms, the improvement of channel time utilization
of CTAP-minimized scheduling is up to 37.5%.

Given correct topology information and flow information,
CTAP-minimized scheduling utilizes the least channel time to
serve all data flows, as stated in Proposition 2.

Proposition 2: Let S be the set of n flows. S is sorted in
decreasing order of channel time requirement. Let T be the
required channel time to serve these n flows upon utilizing
the CTAP-minimized scheduling approach. Then, T is the least
channel time to serve these n flows.

Proof: We utilize the apagoge method to prove
Proposition 2. Assume that these n flows are scheduled
in m CTAs. Let CTAi denote the ith CTA. Ti and Si indicate
the time duration of CTAi and the subset of flows scheduled in
CTAi, respectively. Let fij and tij be the jth flow scheduled in
CTAi and its channel time requirement, respectively. Based on
CTAP-minimized scheduling, we know that


Ti = ti1
T1 ≥ T2 ≥ . . . ≥ Tm

T =
∑m

k=1 Tk.

If T is not the least channel time to serve all flows, there is at
least one CTA that can be shortened. Let the total service time
and the ith CTA time, after rescheduling, be T ∗ and T ∗

i . Thus

T >

(
T ∗ =

m∑
k=1

T ∗
k

)
.

Suppose that CTAi can be shortened. This condition means
that fi1 must be rescheduled to CTAh, 1 ≤ h ≤ (i − 1).
However, the reason that fi1 cannot be scheduled in CTAh is
that fi1 fails the concurrent transmission verification with Sh,
1 ≤ h ≤ (i − 1). If fi1 is rescheduled to CTAh, some flows
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Fig. 5. CTAP-minimized scheduling. (a) Network topology and flow information. (b) Constructed two-layer flow graph. (c) Scheduling results of conventional
scheduling and CTAP-minimized.

in CTAh must be rescheduled to other CTAs. We consider
following two possibilities.

1) th1 > th2 > ti1 > th3. fi1 interferes with fh1 or fh2. To
allocate fi1 in CTAh, either fh1 or fh2 must be resched-
uled to CTAi. When allocating fh1 to CTAi, T ∗

h and T ∗
i =

Th. Thus, T ∗ = T , which contradicts our assumption.

On the other hand, fh2 is allocated to CTAi, and fi1 is
scheduled in CTAh. In such a situation, T ∗

h = Th = th1,
and T ∗

i = th2 > Ti. Thus, T < T ∗, which also contra-
dicts our assumption.

2) th1 > ti1 > th2. The only way of scheduling fi1 in CTAh

is to allocate fh1 to other CTAs. Similar to the first case,
we know that T ≤ T ∗.
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TABLE I
NOTATION LIST

TABLE II
PARAMETER SETTINGS

As a result, T cannot be shortened, and CTAP-
minimized scheduling utilizes the least time to serve these
n flows. �

IV. PERFORMANCE EVALUATION

In this section, we evaluate the proposed scheduling al-
gorithm by developing simulation results. We first describe
our simulation environment and performance metrics and then
discuss simulation results.

A. Simulation Environment

The piconet topology is randomly generated in a 10 m ×
10 m area. The first joining DEV is designated to serve as a
PNC. The maximum duration of a superframe is 20 ms, whereas
it varies according to the time requests of data flows. The packet
arrival of a DEV is a Poisson distribution with rate λ. The
simulated channel model is as described in [25], which is spe-
cific to 60-GHz wireless systems. The notation and parameter
settings in our experiments are listed in Tables I and II, respec-
tively. Each simulation result is the average of 50 experiments.

We compare the performance of the following four schedul-
ing algorithms:

1) CTAP-minimized;
2) conventional scheduling;

3) FIFO with spatial–temporal channel reuse, which is
called first-in first-out (FIFO) here);

4) DTS [22].
The operations of FIFO are similar to CTAP-minimized
scheduling, except that it does not execute channel time sorting.
Instead, flows are served according to their arrival time.

The performance metrics are described as follows.
1) Utilized channel time T : The utilized channel time to

schedule all flows, which is calculated as

T = ns(tb + tc + tm + 3∆t) +
ns∑
i=1


mi∑

j=1

(ti,j + ∆t)


 .

2) System throughput ρ: The aggregated transmission rate of
a piconet. Its unit is given in gigabits per second. When
all DEVs have utilized the same transmission rate r Gb/s,
the system throughput is

ρ =
r
∑ns

i=1

∑mi

j=1

∑|Si,j |
k=1 t(fi,j,k)

T

where T is the utilized channel time.
3) Scheduling efficiency (δ): The percentage of collided

channel time, which is caused by positioning errors. It
is derived by

δ = 1 − Tc

T

where Tc is the total time duration of collided CTAs, and
T is the utilized channel time.

4) Spatial channel reuse degree (γ): The number of sched-
uled data flows per data transmission time unit (in milli-
seconds). Its definition is

γ =
1

nsmi

ns∑
i=1

mi∑
j=1

ni,j

ti,j
.

B. Simulation Results

We then present and discuss the simulation results of each
observed metric.

1) Utilized channel time. Fig. 6 shows the utilized channel
time of each approach. For FIFO and CTAP-minimized
scheduling, we implement the following three positioning
mechanisms: 1) ideal; 2) OAP; and 3) AAP. The ideal
positioning means that the exact coordinates of all DEVs
are known; thus, there is no positioning error. In this
simulation, we set ϕt = ϕr = 30◦. Obviously, the con-
ventional scheduling uses the most channel time among
four mechanisms to schedule all flows, because each
CTA is allocated to exact one flow. DTS, on the other
hand, uses more channel time than CTAP-minimized
scheduling and FIFO. The reason is that the verification
rule of spatial channel reuse of DTS is relatively con-
servative. Some flows that can simultaneously transmit
data may fail the verification test. Although implementing
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Fig. 6. Utilized channel time versus the number of data flows for ϕt = ϕr =
30◦ and λ = 0.8.

Fig. 7. Throughput performance versus various λ settings for ϕt =ϕr =30◦.

the same verification rules, FIFO still performs worse
than CTAP-minimized. This case reveals the effect of
sorting data flows in decreasing order of channel time
requirement. Compared with ideal positioning, the max
and min performance degradation of CTAP-minimized
with implementing AAP and OAP is (8.6%, 0.2%) and
(11.9%, 1.7%), respectively.

2) System throughput. We investigate the performance of
system throughput, and the result is shown in Fig. 7. Be-
cause each CTA is exclusive to a flow when implementing
the conventional scheduling protocol, its throughput is in-
tact. DTS uses neighbor profiles to explore noninterfered
flows and schedule the channel time; thus, a PNC may
schedule multiple data flows in a CTA. As a result, DTS
outperforms the conventional scheduling protocol. Due
to providing coordinate information to the PNC, CTAP-
minimized performs even better than DTS. Compared
with CTAP-minimized and as expected, FIFO has lower
throughputs with different λ values. The only difference
between FIFO and CTAP-minimized is whether to per-
form sorting flows in decreasing order of channel time

Fig. 8. Performance of scheduling efficiency versus various beamwidth set-
tings for CTAP-minimized with different positioning schemes.

requirement. Based on Proposition 2, the total used chan-
nel time could be shortened without sorting flows.

When λ increases from 0.1 to 0.5, we observe that the
system throughput significantly increases for both FIFO
and CTAP-minimized. The reason is that a superframe
can accommodate all packets. As λ keeps increasing, both
approaches utilize more superframes to deliver data pack-
ets, and thus, the system throughput slowly increases.
Interestingly, when λ is larger than 1.5, the system
throughput decreases. The reason is the high collision
probability of transmitting channel time requests.

3) Scheduling efficiency. Once the coordinates of DEVs
have inaccurately been estimated, the collision may hap-
pen in CTAs due to being scheduled inaccurate topology
information. To observe the relation between beamwidth
and wasted channel time caused by an inaccurate posi-
tioning result, we compare five positioning approaches,
i.e., random, AAP, OAP, AAP (repositioning), and OAP
(repositioning). Random means that, instead of obeying
Proposition 1, every DEV randomly selects its second
anchor. Regardless of adopting OAP or AAP, the third
joining DEV only have two available anchors. These two
anchors may result in a large IR area and a high position-
ing error. In such a situation, this positioning error will
impact the following positioning accuracy and schedul-
ing performance. We call this condition the propagation
effect of positioning error. AAP (repositioning) and OAP
(re-positioning) are two enhanced positioning schemes
that deal with the propagation effect of positioning error.
The main concept is that a PNC issues a repositioning
command to all DEVs while changing the order to reduce
positioning errors. The repositioning operations are out of
the scope of this paper.

The performance of scheduling efficiency as a function
of various beamwidth settings for the five positioning
approaches is shown in Fig. 8. As expected, regard-
less of the positioning scheme used, the scheduling ef-
ficiency decreases as the beamwidth increases. Among
all the approaches, the random scheme performs the
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Fig. 9. Performance of scheduling efficiency versus various beamwidth set-
tings for CTAP-minimized with different positioning schemes.

worst (when ϕt = 60◦, 25% channel time is wasted).
The reason is that randomly choosing an anchor results
in serious positioning inaccuracy. Compared with OAP,
AAP has a smaller IR area and thus performs better in
terms of scheduling efficiency. In addition, both AAP
(repositioning) and OAP (repositioning) have around a
10% improvement. That is, CTAP-minimized scheduling
can achieve higher performance when strengthening the
positioning algorithm.

4) Spatial channel reuse degree. CTAP-minimized, FIFO,
and DTS mechanisms improve the spatial channel reuse
degree by allocating multiple flows in a CTA. Generally,
the more the data flows in a CTA, the more the improve-
ment in channel reuse.

Fig. 9 depicts the performance of the spatial channel reuse
degree as the beamwidth increases from 15◦ to 45◦. Because
the conventional scheduling protocol does not allocate multiple
noninterfering data flows in a CTA, its reuse degree is intact.
On the other hand, when the beamwidth increases, the reuse
degrees of the other three approaches decrease. Among the
three approaches, DTS degrades the most (38%). The main
reason is that DTS executes concurrent transmission valida-
tions based on the information of blocked sectors, which are
recorded in neighbor profiles. However, the area of blocked
sectors has a strong correlation with beamwidth. Indeed, as
the beamwidth increases, the blocked area increases. Flows in
the blocked area are not allowed to simultaneously transmit
data, even if these flows do not interfere with one another.
That is, the effect of spatial channel reuse is restricted by a
large beamwidth. On the contrary, CTAP-minimized explores
noninterfering flows through estimated coordinates and in-
cluded angles. Although the IR area increases as the beamwidth
increases, either properly selecting the second anchor or imple-
menting AAP can minimize this impact. The simulation result
shows that the degradation of spatial channel reuse degree for
CTAP-minimized is less than (7.93 − 7.27)/7.93 = 8.32%.

Although the performance variance of FIFO is the least
among the three enhanced scheduling algorithms, we observe
that sorting flows in decreasing order of time demand still
affects spatial channel reusability.

V. CONCLUSION

In this paper, we have proposed a scheduling algorithm
for IEEE 802.15.3c WPANs. Due to the characteristic of uti-
lizing beamforming antennas, axis alignment and coordinate
estimation are two essential factors for the design of spatial
and directional reuse improved scheduling. We observe that
azimuth angles and beamwidths impact the accuracy of coor-
dinate estimation and coordinate accuracy further affects the
scheduling efficiency of PNCs. We have designed two location
determination schemes OAP and AAP, both of which try to
reduce positioning errors. Upon collecting coordinates and
transmission requests of DEVs, a PNC schedules noninterfered
flows in the same CTA and sets the CTA time duration as the
longest requesting time. The simulation results show that our
mechanism improves scheduling efficiency. Our future work
will extend this algorithm to support interpiconet scheduling.
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