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Abstract The radio spectrum of IEEE 802.16 medium
access control (MAC) protocol ranges from 2-66 GHz,
which is one of potential solutions for broadband wire-
less access (BWA) or beyond third generation (B3G)/
4G networks. The maximum transmission range can
reach about 48 km. However, with the property of
radio propagation, the maximum transmission distance
is proportioned inversely to the frequency the mobile
subscriber station (MSS) carries. According to this
property, the channel allocation can be based on how
far the distance between the MSS and the base station
(BS) in a macrocell. Therefore, this paper first proposes
a new concept of channel allocation model for BWA
system and investigates the relations between the sig-
nal propagation and the distance as well as propose
a signal-aware dynamic channel allocation (SDCA)
scheme for dynamic channel allocation (DCA) in BWA
networks (BWANs). The SDCA enables the BS to
allocate appropriate channels to MSSs according to the
received signal-to-noise ratio (SNR) value from the
MSSs. Besides, according to the frequency, the SDCA
can estimate a minimum power for MSS to communi-
cate. The SDCA not only increases the capacity of the
system but saves the overall power consumption of the
system well. We also present a new out-of-service pre-
vention scheme for supporting mobility in the system.
Simulation results show that the proposed SDCA can
achieve the channel utilization (throughput) by up to
94.4% when the spectrum ranges from 2-11 GHz.
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1 Introduction

The frequency allocation method of IEEE 802.16 wire-
less metropolitan area network (WMAN) standard in-
cludes fixed channel allocation (FCA) and dynamic
channel allocation (DCA) schemes. FCA follows the
initial characteristics of the mobile subscriber station
(MSS), e.g., decaying, multipath fading, frequency en-
hanced ratio, and power, etc. [12], to allot each MSS an
exclusive channel in advance. Some performance issues
for FCA are studied in [28, 38]. Comparing with FCA,
DCA does not reserve exclusive channels for MSSs be-
forehand, but stands on and follows the characteristics
of MSSs to offer proper channels [9]. The potential im-
plementation of DCA has been attracting some interest
for years due to the need for larger capacities and more
flexibility than those achieved through FCA. Nowadays
many DCA schemes are investigated and proposed in
various wireless networks [7, 8, 27, 36, 37]. It is well
known that DCA algorithms based on measurement
of actual interference, i.e., interference adaptive DCA
(IA-DCA), perform better than those based on traffic
assessment.

Broadband wireless access (BWA) has received
much more attentions in recent years [15, 16, 25, 39].
Work towards specification of “beyond third gener-
ation” (B3G) or fourth generation (4G) is ongoing
[6, 17, 30]. On the path toward 4G, it has to be seen
as the next-generation communications system, which
may include new wireless access technologies, but in
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any case will be able to provide an acceptable broad-
band access. It can be foreseen that the demand on
high bandwidth transmission follows a large number of
multimedia applications [23, 35] in wireless communi-
cations will be inevitable in the near future.

Fixed BWA systems, such as the local multipoint
distribution service (LMDS), provide multimedia ser-
vices to a number of discrete subscriber sites with IP
and offer numerous advantages over wired IP net-
works. This is accomplished by using base stations
(BSs) to provide network access services to subscriber
sites based on IEEE 802.16 WirelessMAN standard
[11]. The progress of the standard has been fostered
by the keen interest of the wireless broadband industry
to capture the emerging WiMAX (worldwide interop-
erability for microwave access) market, the next-wave
wireless market that aims to provide wireless broad-
band Internet services. The WiMAX Forum, formed
in 2003, is promoting the commercialization of IEEE
802.16 and the European Telecommunications Stan-
dard Institute’s (ETSI) high performance radio MANs
(HyperMANS). It provides one of potential solutions to
B3G/4G architecture [26, 33].

In recent year, a large number of papers in litera-
ture dealing with the proposal and/or the performance
evaluation of DCA schemes, but only a small number
of them are applied for BWA networks (BWANs)
correspondingly. With the characteristic of radio prop-
agation, a longer distance will cause fading signal and
losing path conspicuously [40] and the signal arriving
the BS from the subscriber station with lower frequency
will take a longer distance than that of higher frequen-
cies [5]. According to above mentions, with the wide
range of spectra (2-66 GHz), thousands of channels
will be able to be allocated for access in a cell of
BWAN, which we will call a macrocell hereafter, if each
channel’s bandwidth is 20 MHz. How to organize these
channels efficiently to increase the maximum capacity
of the system has become very important [1, 14]. Thus,
in this paper, we first point out the problem of how
to efficiently distribute channels (or frequencies) to
MSSs according to distances between the MSSs and
the BS, and then propose a new macrocell channel
arrangement model for BWA'’s cellular system.

Based on this model, we design a signal-aware DCA
(SDCA) scheme to coordinate MSS’s channel allo-
cation according to the received signal-to-noise ratio
(SNR) value of signal arriving the BS from the MSS.
One major benefit of this scheme is that, without global
positioning system (GPS) [29], SDCA can estimate the
distance of the MSS to the BS by only using the SNR
value whether in urban or suburban area. Furthermore,
the MSS will be informed by the BS to reduce its trans-
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mission power so that the overall power consumption is
minimized. Finally, considering the mobility of MSSs in
the macrocell, SDCA also supports MSS in various ve-
locities and movements in different directions without
out of radio service. We also show that the proposed
SDCA not only increases the capacity of the system
and the capability of MSS’s mobility in BWAN but
reduces the call blocking probability by allocating an
appropriate channel for MSSs.

This paper is organized as follows. Section 2 takes
an overview of the mechanism of IEEE 802.16 MAC
protocol. In Section 3, we illustrate the relationship of
the measured SNR and maximum transmission distance
in detail. Section 4 introduces a new macrocell chan-
nel arrangement model and SDCA for IEEE 802.16
networks. In Section 5, we give the performance eval-
uations of SDCA and show the impact of SDCA to
the IEEE 802.16 networks. Finally, some concluding
remarks are discussed in Section 6.

2 IEEE 802.16 overview

First published in April 2002, IEEE 802.16 standard
has recently been updated to IEEE 802.16-2004 [18]
(approved in June 2004). The standard focuses on the
“first-mile/last-mile” connection in WMANSs. Its pur-
pose is to facilitate the optimal use of bandwidth from
2-66 GHz, as well as interoperability among devices
from different vendors. Typical channel bandwidth al-
locations are 20 or 25 MHz (United Stats) or 28 MHz
(Europe) in 10-66 GHz, or various channel bandwidths
among 1-30 MHz in 2-11 GHz [19].

IEEE 802.16 has the maximum transmission distance
around 1.6-4.8 km and data rate up to 120 Mb/s. It pro-
vides a framework of BWA backbone networks based
on various BSs. In IEEE 802.16a [19], the transmission
distance is expended to 6-10 km with maximum data
rate up to 75 Mb/s. It supports nonline-of-sight (NLOS)
communications and thus fits in urban environment,
which may have a lot of hindrances. Moreover, for
the need of mobility in different radio access networks
(RANS), IEEE 802.16e [20] is established for roaming
of MSSs and operates in frequencies below 6 GHz.
The supplied data rate is approximately 15 Mb/s if the
channel bandwidth is 5 MHz.

The IEEE 802.16 physical (PHY) layer requires
equally radio link control (RLC), which is the capability
of the PHY to transition from one burst profile to
another. RLC begins with periodic BS broadcast of
the burst profiles that have been chosen for the uplink
(UL) and downlink (DL). The particular burst profiles
used on a channel are chosen based on a number of
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factors, such as rain region and equipment capabilities
[22, 25]. For ongoing ranging and power adjustments,
the BS may transmit unsolicited ranging using ranging
response (RNG-RSP) messages commanding the MSS
to adjust its corresponding power or timing.

During initial ranging, the MSS requests to be served
in the downlink via a particular burst profile by trans-
mitting its choice of downlink interval usage code
(DIUC) to the BS. The BS commands the MSS to use
a particular uplink burst profile simply by including
the appropriate burst profile uplink interval usage code
(UIUC) with the MSS’s grants in UL-MAP messages.
After initial determination of uplink and downlink
burst profiles between the BS and a particular MSS,
RLC continues to monitor and control the burst pro-
files. The MSS can use ranging request (RNG-REQ)
message to request a change in downlink burst pro-
file. The channel measurements report request (REP-
REQ) message shall be used by a BS to request SNR
channel measurement reports. The channel measure-
ment report response (REP-RSP) message shall be
used by MSS to respond to the channel measurements
listed in the received REP-REQ.

The investigated IEEE 802.16a PHY uses orthog-
onal frequency division multiplexing (OFDM) with
256-point transform, designed for NLOS operation
in 2-11 GHz frequency bands, both licensed and li-
cense exempt. Time division duplex (TDD) and fre-
quency division duplex (FDD) variants are defined.
Typical channel bandwidths vary from 1.25-28 MHz.
There are more optional air interface specifications,
e.g., based on orthogonal frequency division multiple
access (OFDMA) with 2,048-point transform or based
on single-carrier modulation. The finalization of IEEE
802.16-2004 standard improves the OFDM technology,
which splits a given frequency into subcarriers. This lets
operators transmit more signals over a given frequency
with less likelihood of interference, a key factor in
opening up unlicensed spectrum. IEEE 802.11 has a 64
OFDM physical layer, while IEEE 802.16 features a 256
OFDM architecture.

The IEEE 802.16¢ [20] is referred to as the process
of an MSS scanning and/or ranging one or more BSs
in order to determine suitability, along with other per-
formance considerations, for network connection or
hand-over, etc. The MSS may incorporate information
acquired from an MOB-NBR-ADV message to give
insight into available neighboring BS for cell selection
consideration [2, 21, 31]. These technologies provide
the MSSs with mobility in BWANS.

Although TEEE 802.16 standard defines DL-
subframe and UL-subframe that determine the down-
link and uplink channel allocation, such as DL-MAP

and UL-MAP, it does not define how to allocate these
large channels efficiently for enhancing the maximum
capacity of BS and MSSs. In this paper, we will consider
the whole above facts to improve the overall capacity
of BWANS and prevent the MSS out of service when it
is in mobility.

3 The signal estimation

As we discuss above, the maximum transmission dis-
tance is proportioned inversely to the frequency MSS
carries. By a pre-planned channel allocation model
based on this property, the BS can assign a proper
channel to an MSS for communication according to the
distance between the BS and MSS. The distance can
be obtained by using the well-known global positioning
system (GPS) [29]. However, applying the GPS will
increase the prime cost of the implementation of mobile
communication devices and reduce the possibility of
implementation to market. Besides, more important,
the obtained distance is not sufficient to determine
an appropriate channel for allocation since the system
still lacks the environment parameters such as the path
loss, the multipath fading, the figure noise, and the an-
tenna gain, etc. To overcome this problem, we propose
a signal-aware dynamic channel allocation (SDCA)
scheme based on the received SNR value of signal
arriving the BS from the MSS, which is a measured
value from the PHY, to estimate how far the MSS to
the BS and select a proper channel for allocation to
the MSS.

The power received from a transmitter at a sepa-
ration distance d directly impacts the SNR, which the
desired signal level is represented in received power P,
and is derived by

P,G,G,
- 1
PL(d)L (3.1)

where P, is the transmitted power, G, and G, are the
transmitter and receiver antenna gains, PL(d) is the
path loss (PL) with distance d, L is the system loss
factor (L > 1, transmission lines etc., but not due to
propagation), D is the maximum dimension of trans-
mitting antenna, and X is the corresponding wavelength
of the propagating signal [34]. The measurement unit
of P, is milliwatt (mW). The antenna gain G is equal
to 4w A./A%; A, is the effective aperture of antenna.
The length of A can be obtained by ¢/f =3 x 108/f
in meters where f is the frequency the signal carries.
Besides, the P, can be represented in dBm units as

P,[dBm] = 10log(P,[mW])

[Valid if d > 2D?/A],

(3.2)
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In the free space propagation model, the propaga-
tion condition is assumed idle and there is only one
clear line-of-sight (LOS) path between the transmit-
ter and receiver. On unobstructed LOS path between
transmitter and receiver, the PL can be evaluated as

(4m)*d?
PL(d) = —3 (3.3)
or when powers are measured in dBm units
PL(d) = 92.4 + 201og(f) + 20log(d). (3.4)

From Eq. 3.3, we can get the desired T-R separation
distance in meters

d =" JPLW) = - J/PL@).
4 4 f

However, different modulation schemes such as
quadrature phase shift keying (QPSK), 16 quadrature
amplitude modulation (16-QAM), or 64-QAM have
different maximum PL values [33]. These values are
125 dB for QPSK, 120 dB for 16-QAM, and 115 dB for
64-QAM, and will impact the calculations of distance.
Figure 1, obtained from Eq. 3.5, shows the relation of
the frequency and the distance between two isotropic
antennas with different modulation schemes. We can
see that a higher frequency will lead to a shorter
transmission distance and vice versa. Furthermore, a
higher modulation scheme such as 64-QAM requires
lower PL ratio and thus achieves an overall shorter
transmission distances than lower modulation schemes
if the transmission power is fixed.

(3.5)

22 T T T T s e e S S ——

—e— QPSK125dBm
&5 16-QAM 120 dBm
——— 64-QAM 115 dBm

Maximum Distance (km)

O [ ! | ! | ! | ! | ! | ! | ! | ! |

2 3 4 5 6 7 8 9 10 11
Frequency (GHz)

Fig. 1 Maximum transmission distance versus frequency do-
mains from 2 to 11 GHz in OFDM with different modulation
schemes
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Nevertheless, this equation can not be applied in
street canyon scenario or urban environment. A gen-
eral PL. model that has been demonstrated through
measurements uses parameter o to denote the rule
between distance and received power [3]. PL(d) in
realistic environment can be expressed as

PL(d) = PL(dy) + 10p log (g)
0

+X, +Cp+Cp; d>dy, (3.6)

where the term PL(dy) is for the free-space PL with
a known selection in reference distance dj, which is
in the far field of the transmitting antenna (typically
1 km for large urban mobile system, 100 m for mi-
crocell systems, and 1 m for indoor systems) and is
measured by PL(dy) = 20log(4ndy/1). X, denotes a
zero-mean Gaussian distributed random variable (with
units in dB) that reflects the variation in average re-
ceived power that naturally occurs when PL model of
this type is used [13]. p is the path loss exponent, where
p = 2 for free space, and is generally higher for wireless
channels. It can measured by p = (a — bHy, + ¢/ Hp),
where a, b and ¢ are constants for each terrain category.
The numerical values for these constants is studied in
[12] where H, is the height of the base station and
is 10 m < Hy, < 80 m. Cy is the frequency correction
factor, accounts for a change in diffraction loss for dif-
ferent frequencies which a simple frequency dependent
correction factor C; due to the diffraction loss, and
measured by Cy = 6log( f/1900) [10]. Cp is the receiver
antenna height correction factor and 4 is the receiver
antenna height. Cy = —10.7log(h/2) when 2 m < H <
8 m. This correction factor closely matches the Hata—
Okumura mobile antenna height correction factor for a
large city [14]. The mostly NLOS conditions, doubling
the receiver antenna height results in approximately
3.5 dB decrease in path loss.

As we know that the audio or video quality of a
receiver is directly related to the SNR; the greater the
SNR is, the better the reception quality is. The limiting
factor on a wireless link is the SNR required by the
receiver for useful reception

SNR(dB) = P,(dBm) — Ny(dBm), (3.7)

where Ny(dBm) is the noise power in dBm. Assume the
carrier bandwidth is B, the receiver noise figure is F,
the spectral efficiency is r, /B, and the coding gain is
G.. Then the SNR for coded modulation with data rate
rp can be obtained by

b

P,
0

- (3.8)
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where

No(dBm) = —174(dBm) + 10log B + F(dB) (3.9)

and G, is normally considered as 5 dB. The noise might
consist of thermal noise generated in the receiver, co-
channel or adjacent channel interference in frequency
division or time division multiple access systems, or
multiple access interference in code division multiple
access spread spectrum systems.

4 The signal-aware dynamic channel allocation scheme
4.1 The measured SNR

As we discuss the SNR value in previous section, the
SNR value is affected by the transmitted power and
the frequency it carries. In order to obtain a criterion
measurement of the received SNR, we enforce each
MSS which has packets to transmit has to use the lowest
frequency to contend the channel access right during
the uplink contention period with a pre-defined trans-
mission power. The reason we consider the channel of
lowest frequency as the contention channel is that we
want to ensure that each MSS can communicate with
the BS even if it is in the boundary of the macrocell
since the lowest frequency can get the maximum trans-
mission distance.

The BS, after receiving a RNG-REQ message from
the MSS, calculates the estimated distance between the
BS and MSS according to the received SNR value.
Assume the BS needs a necessary received minimum
power or sensitivity P, mi, from each MSS, which cor-
responds to a minimum required SNR value denoted
as SNR, i, to successfully receive the signal. Then,
according to Egs. 3.2 and 3.7, we have

SNl{r,min = Lymin — NO
Substituting Eq. 3.6 in Eq. 4.1 leads to

4nziof>

SNRr’min = Pt + Gt + Gr — 2010g (

d
—10p log (d_) - X5
0

—Cj—Cpy—L—-N,

d 4md
= 10p log <d_> = P+ G,;+G,—201log <7TTOJC)—X(7
0

— Cy—Cy— L—SNR, in— N
(4.2)

60

S (2
o o

Transmission Power (dBm)

(o]
o

! | ! ! | !
15 20
Maximum Distance (km)

! L1
200 5 10

Fig. 2 Transmission power versus maximum distance when
p =4, B =20 MHz, coding rate = 3/4, SNR, min =24.4dB, F =7,
G,=16,G, =18, L=5dB

Solving Eq. 4.2 for maximum transmission distance d
denoted as dp,x, then we have

4md,
dmax = dOXIOeXp{I:Pt+G,+Gr—2010g< il Of)
c

—Xo——Cf—CH—L—SNRr,min—N0:|/10,0}.

(4.3)

In the following, for instance, we use the 64-QAM
modulation scheme to show the relationship among
Py, diax, and SNR, iy, respectively. Figure 2 shows the
comparisons of P, with d,;,x in detail. We can see that
the required P, is proportionally increasing with dpax.
Meanwhile, a lower frequency, 2 GHz in this example,
will get lower power consumption than that of higher
frequencies. This implies that the power consumption
can be further minimized if the MSS adjusts P, accord-
ing to the assigned channel to its current geographical
location.

Figure 3 compares dn,x with different f under dif-
ferent p when applying a fixed P;, G, and G,. We can
see that higher f will lead to shorter dy.x and vice
versa. We also note that d,, will be shorter when in
urban environment (higher p). This implies that the
scale of the macrocell is affected by different areas
and can be adjust by system operators according to
the environment. Figure 4 shows the comparison of
dmax With the measured SNR; 1, of the BS. When vary
the SNR, min Of the receiver, the achievable dpax will
proportionally decrease with increasing the required
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Fig. 3 Maximum transmission distance versus frequency when
B =20 MHz, coding rate =3/4, SNR; min =24.4 dB, F=7, G;=15,
G,=18, P,=16 W, L=5dB

SNR; min- The dnax can also be achieved by adopting a
higher sensitive receiver of the BS.

4.2 Channel provisioning

Now we want to solve how to determine the scale
of a macrocell and allocate channels in the macrocell
accordingly, which can reflect the actual size of each
section in the macrocell. Assume k independent dis-
crete spectrum sections are available in a marcocell and

50 T T T T T T T T T T T T
—a—— f=2GHz
45 ——o—— f=5GHz
H——4a—— f=10GHz
40

W
o

N
o

Maximum Distance (km)
nN
[6)]

_
(&)

-
o

(&)

! T - T T \\\\\\\\\\\
%0 0 10 20 30 40 50

Receiver SNR (dBm)
Fig. 4 Maximum distance versus receiver SNR when p = 4,
B =20 MHz, coding rate = 3/4, F =7, G; = 16, G, = 18, P; =
15W, L=5dB
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are represented as Sy, Sz, ..., Sx. The total available
bandwidth of these spectra willbe S = 8§, + S, + ...+
Sk = Zf:l S;. If each channel has bandwidth B, the
available number of channels in each spectrum section
is given by
LSiJ :
ni=|—1\1€{l1,2,...,k}. (4.4)
B

Thus, we have a total number of available channels N =
K | n; for usage.

Assume the BS has the omnidirectional antenna and
a number of MSSs M are randomly distributed in a
macrocell. Before assigning channels to the macrocell,
we have to determine how to allocate an efficient num-
ber of channels for utilization according to the fraction
of related measure of area so that each area has enough
number of channels for use. Assume the macrocell is
divided into 4 concentric circles and the width of each
section created by these concentric circles is w as shown
in Fig. 5. Thus the area size of the ith concentric circle
D; = (iw)?7 and the area size of the ith section denoted
as A; is given by

Aj=D;— D,

= (iw)’7 — [(i — Dw)x
i—1

= (iw)’mw — Z Aj
j=1

= i — Drw?. (4.5)

For example, the area size of Ay = (2 x2— Drw? =
3rw? and A; = Smrw?. From Eq. 4.5, we can observe
that the ratio of the ith section’s area size to the first
section’s area sizeis A; = 2i — 1) A;.

Suppose MSSs are randomly and normally distrib-
uted in the macrocell, the channel allocation can fol-
low the ratio of A; to A; accordingly. Consequently,
the number of channels in each A; denoted as C;
will be (2i — 1)C,. According to the characteristic of
transmission distance increasing proportionally with a
decreasing frequency, we allocate available channels in
accordance with the highest to the lowest frequency
channels from the inner to the outer side of the macro-
cell. Then we have C, C,, ..., Cyp and C, =3Cy, C3 =
5C; and so forth as shown in Fig. 5.

However, MSSs in the outer side of the macrocell
will lead to the co-channel effect with other outer sides
of neighboring macrocells if we allocate same frequen-
cies in the Aj. To tackle this problem, we reserve
three times C;, for allocation in different neighboring
macrocells so that neighboring A, will have differ-
ent frequencies for transmission as shown in Fig. 6.
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dmax(ﬂ(Ah))

« \\4‘]'(“‘ Y]
de A2 ©)
A= Al dmax,j . % MSSi

C2 = 3C1 o

BS C1

Ch = (2h-1)C1

Fig. 5 An illustration of channel arrangement within the macrocell. The channel allocation is from highest frequency to lowest
frequency and is started from the inner side of the marcocell (the left side of the figure)

Deducting the contention channel (Cy = 1) from N, the
allocated channels satisfy

Ci+Co+...+Cp1 +3CL,<N-1 (4.6)

To solve Eq. 4.6 for i, we have

h h
ZCi+2Ch={Z(2i— 1)+2(2h—1)} Ci<N-1

i=1 i=1

= {wjuz(zh—l)}qglvq

= (hW*4+4h—2)C,<N-1

N B L
f— Cl 9

and the upper bound of 4 is equal to
N-—-1
h=|,]——+6—-2|.
L G - J

Now we have another problem to solve, that is, how
long the radius of a macrocell d . will be. According
to Eq. 4.3 and the environment’s parameters, we can
determine dp,, as the d easily. However, considering
the mobility of MSSs, the MSS may move out the
radio service range and lead to out-of-service effect if
channels are allocated from higher to lower frequencies
and started from the inner side of the macrocell. To
overcome this problem, we use d.x of the highest fre-
quency of the Ay, denoted as f;(Aj) as the macrocell’s
radius. The f;,(Ay) can be obtained by

fa(An) = frign — ((h — 1)°Cy + 1) B,

(4.7)

(4.8)

(4.9)

Fig. 6 An illustration of the
co-channel problem in SDCA
scheme where the number

of each macrocell is

denoted as a different
identification of Cj,, which

is reserved to avoid
interference and co-channel
effect with each other

—— Co-channel

Macrocell
/’ /

\
\_//
/ :

%)

b

where fpign is the highest frequency of the system and
((h — 1)*C; + 1) B is the summation of allocated chan-
nels’ bandwidth from A, to A;_;. Substituting Eq. 4.9
in Eq. 4.3, we can have the boundary of macrocell
dcenr as

deen = do x 10exp { |:Pini + G+ G,

~201og [4”d0(fhigh - ((hc— 1G4+ 1) B)]

_Xa - Cf - Ch - L— SNl{r,min - N0j|/10:0}’
(4.10)

where Pj,; is the given initial power and also the max-
imum power of the MSS for estimation of the distance
between the BS and the MSS.

We note that the boundary of the macrocell now
is shrunk from dp.(fi(Ap)) to dunux(fn(Ar)), see the
righthand side of Fig. 5, to avoid out-of-service effect.
The reason we use f;,(Ay) to determine the boundary
of the macrocell is that the MSS may not reach the
BS as it appears near the boundary of the macrocell
if it uses the assigned frequency fi(Ay) < f. < fu(Ap)
with Pj,; and the boundary is determined by f;(Ap).
According to this plan, it is guaranteed that, with f, and
Pini, every MSS in A; can communicate with the BS.

Following above discussions, the boundary of each
Ajis determined by f,(A)), e.g., the boundary of A, is
dmax (fn(Ap)), the boundary of Aj_1 iS dmax(fh(An-1)),
and so forth. As mentioned prior, the macrocell is
divided into 4 sections with equal width w. According
to Eq. 4.8, the width of each section w can be ob-
tained by

dcell
o

w =

(4.11)

Assume a MSS [ wants to communicate with the BS,
it first sends a RNG-REQ message to the BS with Pjy;
in the contention channel Cy. The BS, after receiving
the request message and the measured SNR; jin, Will
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Fig. 7 An illustration
of maximum transmission

Maximum Transmission Distance

® Pini * fh(An)

distance under different

frequencies with a same

®  Pini * fh(Ah-1)

initial power Pj,;. Notice

that the “x’ implies AND

®  Pini *f;(A1)

dceil = dmax(fh(Ah))

estimate dpyax; according to Eq. 4.3. The MSS i can be
determined in the jth section by the following equation:

. lrdmax,i—‘
i=|—1
w

Although, according to Eq. 4.3, d,y increases expo-
nentially by lowering the carried frequency as shown
in Figs. 2 and 4. The shortest distance determined by
highest frequency with the given power Pi, is still
more than several kilometers. Figure 7 illustrates the
relationship between the achieved dpax(fr(A))) with
Piy; and the corresponding A;. This result implies that
the transmission power can be further reduced after the
channel (frequency) is assigned to the MSS.

From Egs. 4.1 and 4.2, the minimum transmission
power P; min of the MSS i can be determined by

(4.12)

Pt,min = SNRr,min + NO + PL(d) + L

4rdy f,
= SNRr,min +No— G, — G, +20 lOg <T[T()f)

dmx‘
+10,010g< da 'l> + X, +Cr+Cy+ L.
0

(4.13)

In order to ensure that all channels allocated in A;
can be operated well, the dn,y; is set as the boundary
of the location the MSS resides and is equal to jw.
This assumption can be guaranteed by the following
theorem.

Theorem 1 In any section Aj, all frequencies f, € A;
with the Py nin can reach the boundary of A;.

Proof From Eq. 4.13, the P; i, of the boundary of A;
is determined by highest frequency f,,(A;)) € f, and the
distance jw. Since the highest frequency f,(A;) with
power P; nin can reach the boundary of A;, all frequen-
cies f; < fu(A;) with P, can reach the boundary of
Aj.
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Once the channel C; is determined, channels of each
section A; will be determined accordingly. However,
how to determine the size of C; is an open issue for
discussion. From Eq. 4.8, we have h o« 1/C;, that is,
h will be smaller if C; is set larger. This will lead to
bigger sections in the macrocell and, unfortunately, get
unprecise frequency allocation since a bigger section
will have more frequencies for allocation. And all fre-
quencies refer to the same boundary of the section.
This drawback would not save the power consumption
efficiently. On the contrary, if we set a smaller Cy, & will
be larger (w will become smaller) and MSSs may easily
across the boundary of sections. This would lead to
increase the probability of out-of-service and decrease
the user satisfaction.

Besides, some lower frequencies might be remained
for dynamic channel resolution usage if there exists the
case according to Eq. 4.8. These remaining channels
Cp are dynamically allocated to any section A; of the
macrocell as all channels of A; are not available. These
lower frequencies can be treated as reserved channel
for backup use.

4.3 Co-channel problems

According to Eq. 4.11, the width of each section is
obtained by w = dcey/h. If the w is greater than or
equal to de(1 —cos30°), see Fig. 8 for details, the
second outer section will overlap the neighbor’s second
outer section. To avoid this problem, w must satisfy

dcell

w=—=2 deen(1 — cos 30°). (4.14)
Solving Eq. 4.14 for h, we have
h <22+ +/3) > 7.4641. (4.15)

Since & must be an integer, then # < 7. According to the
result, we conclude that when A > 7, it will lead to the
second or other outer sections co-channel effect. There-

fore, from Eq. 4.8, we have h = 1/NT_II +6—2J <

7 and, then, we obtain C; > (N — 1)/75. Thus, the
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Fig. 8 An illustration of co-channel effect by inner section of
neighbor BSs

co-channel effect can be guaranteed only in the most
outer section if we make the restriction of C; > (N —
1)/75.

Moreover, in the SDCA framework, there still ex-
ists another slight problem. This problem, for example
shown in Fig. 9, will happen when the MSS 4 uploads
to the BS; and the MSSz downloads from the BS, at
the same time if the MSS4 and MSSp use the same
frequency concurrently. The probability of this case is
small because it happens just when the MSSs approach
the boundary of the Aj, and the downloading station
MSS i uses the same channel with MSS 4. To avoid this
situation, we have two possible solutions: (1) The BS
should detect the channel interferences and select the
lowest interference channels to MSSs before assign-
ment; or (2) the superframe is synchronized with its
neighboring BSs, that is, all BSs’ uplink and downlink
are operated at the same time. The latter approach can
be easily achieved by coordination among BSs.

Figure 10 shows the proposed SDCA algorithm in
detail. Let RS represent the transmission request from
MSS i on channel ¢ with request bandwidth b and
the total request set R = {R?, R?, ..., R%}. Assume
the channel set C = {c¢y,¢p,...,¢y| 1 <n < N} and its
precedent occupied bandwidth of ¢, is denoted as b,
where 0 < b,, < B. The time complexity of the SDAC
is O(n) where n = (2j — 1)C; is the number of channels
in A;. This implies that the SDAC is easy to be imple-
mented and can select a channel for MSS rapidly.

4.4 The mobility

In the following, we will discuss the mobility of the
MSS in detail. To prevent the out-of-service effect of
MSSs due to mobility, we investigate a location pre-
diction scheme to add to SDCA for channel migration.
IEEE 802.16 standard recommends that the BS has to
broadcast a REP-REQ message to all MSSs for channel
measurements within 10 s to check whether the MSS

Fig.9 Anillustration of interference by inner section of neighbor
BSs

is still in the service set. Therefore, the BS can get the
SNR value by the replied REP-RSP message from each
MSS to estimate the distance periodically.

Thus, shown in Fig. 11, the movement distance be-
tween time f; and t, of MSS i denoted as Ad;(Af) can
be calculated by using cosine theorem as

Ady(An) = \Jd2, +d2, — 2didyy, cos 6. (4.16)

where the 6,, can be estimated by using smart antenna
systems [24, 32] that employ antenna arrays coupled
with adaptive signal-processing techniques at the BS.
From Eq. 4.16, the average velocity v; of the MSS i is
given by v; = Ad;(At)/At = Ad;(At)/(t; — 1y).

To predict the maximum distance between the MSS
i and the BS in time #; denoted as #;, where £ = 1, + Af,
we have to obtain the ¢,,. According to cosine theorem,
the ¢, is obtained by

(A (Adi(AD) —d7,
¢r, = cos’ = = ).
( 2d;, Adi(AY) )

(4.17)

We simply suppose that each MSS moves forward di-
rectly. Then the moving distance can be estimated as

SIGNAL-AWARE DyNAMIC CHANNEL ALLOCATION

BEGIN
if receive a Rl?'b with measured SNR; pin from MSS i then
estimate the dpax,; and refer to its correspondent Aj;
check all channels ¢, in A; from high to low frequency;
if b,, + b; < B then
allocate ¢, for MSS i;
b, < b, + b;;
endif
if cannot find an available channel then
random select a channel for allocation;
endif
endif
END

Fig. 10 The algorithm of SDCA in the BS.
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Aj+1

Fig. 11 An illustration of mobility

Ad'(t; — 1) = Ad(At) = v;At. Therefore, the estimated
distance at time #; will be

dig, = \/dg[] + (Adi(AD + ;A

—/2di, (Adi(AD) + viA) cos . (4.18)

Substituting Eq. 4.17 in Eq. 4.18 we have

di,tg = <d§t2 + 2viAt\/di2,[1 + diz,fz - Zdi’[l dl'7[2 COS 9[2

2U,‘Aldi’tl (di,t] - di,tz Ccos 9;2)
(&2, +d2, —2d;, d;;, cos6,)"?

Ll Ll

1/2
+(viAt)2> . (4.19)

Once the predicted distance d;,, > jw, i.e., the MSS
might exceed the boundary of A;, or d;;, < (j— Dw,
i.e., less the boundary of A;, the BS will notice the MSS
i to migrate to a new channel in Ay (k = [d;,,/w]) with
the message (P;, c;,). Therefore, by using the prediction
to prevent the out-of-service effect, the performance of
the BWA system can be maintained well. Besides, the
overhead of prediction will not be heavy since we only
use the routine procedure of channel measurement,
which is specified in the IEEE 802.16 standard, to get
the information for estimation.

5 Simulation model and results

5.1 Simulation model

In this section, we design a detailed simulation model
for performance evaluation as described below. We

adopt IEEE 802.16 as the data link layer protocol and
the 64-QAM modulation model with 3/4 coding rate.

@ Springer

The channel bandwidth is considered as 5 MHz and
operates in TDD mode. The frame length is set to
20 ms and each OFDM symbol time is evaluated a cyclic
prefix of 1/4 of the useful time 7} and is chosen to
deal with delay spread values for NLOS operation in
suburban areas. We assume Pj,; of the BS is 300 mW
and P; . of each MSS is limited to 450 mW. Other
simulations parameters can be found in Table 1.

There are 1,800 channels ranged from 2 to 11 GHz.
The simulation model is composed by three different
simulation scenarios. The first scenario has a fixed size
of macrocell and its radius is 4.35 km long, which is
calculated from P, = 300 mW, B =5 MHz, C; = 24,
fn(Ap) = 6.675 GHz, p = 4, and w = 621 m. In the
second scenario, there are 38 channels ranged in the
spectrum from 2.5-2.69 GHz and the radius of the BS
is 5.228 km long determined by Pi, = 300 mW and
fn(Ap) = 2.64 GHz. The width w of each section is
1,307 m long and 4 equals 4. In the last scenario, we
adopt two segments of spectra 2.5-2.69 GHz and 5.725-
5.85 GHz simultaneously. There are totally 63 channels
used for channel allocation. The related parameters
are P, =300 mW, B =5 MHz, C; =1, and f,(Ay) =
5.72 GHz, respectively. The size of macrocell is 4,675 m,
w=779m, and h = 6.

All MSSs are randomly distributed in the macrocell
through all simulations. The MAC service data unit
(MSDU) arrival rate of each MSS follows the Pois-
son distribution with a mean A, which consists of a
upload 2, = 50 frames/s (0.75 Mb/s) and a download
Aq = 50 frames/s. That is, each allowed MSS will oc-
cupy total 1.5 Mb/s bandwidth including the uplink
and downlink transmissions. Each frame length is an
exponential distribution with a mean of 1,885 bytes

Table 1 System parameters in simulations

Parameters Value
Frame length 20 ms
Bandwidth (B) 5 MHz
F,/B 7/6
Fy,=17/6-20 5.833 MHz
(Ty/Tp) 1/4

T, =256/ F; 43.89 ps
OFDM symbol time, Tsym = Ty + Tp 54.86 s
Modulation/code rate 64-QAM 3/4
Carriers Nppr 256

Bit rate 15.75 Mb/s
SNR min 24.4dB

Tx antenna gain (Gy) 16 dB

Rx antenna gain (G) 18 dB

The system loss factor (L) 5dB
Receiver noise figure (F) 7dB
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(~ 20 ms), which consists of a 6-octets MAC header,
a 32-bit cyclic redundancy check (CRC), and a 1,875-
octet MSDU payload. The MAC frame consists of four
initial maintenance opportunities (UITUC=2) slots, ten
request contention opportunities (UIUC=1) slots. The
transmit to receive (7/R,) transition gap (TTG) and
the R,/ T, transition gap (RTG) are both 5.14 us.

5.2 Simulation results

To compare with SDCA, a randomly dynamic channel
allocation (RDCA) scheme [18] and measured dynamic
channel allocation (MDCA) scheme [41] are simulated
for comparison. Figure 12 shows the average P, of
MSSs by varying M in SDCA and RDCA, respectively.
From Fig. 12, we can see that SDCA only consumes
53.52% P, than MDCA and RDCA when M = 16,000.
This is because that RDCA adopts random fashion to
allocate channels for MSSs and may choose higher fre-
quencies for MSSs. This misarrangement may compel
MSSs to use higher power to communicate with the BS
and lead to waste the battery power.

Unlike RDCA, MDCA is based on the measurement
of actual interference to allocate channels. The BS will
scan all channels and selects a proper channel with
lowest interference power for channel assignment. This
strategy will lead MDCA to use lower frequencies first
no matter how far the distance between the BS and
MSS is. This behavior will cause a result that more
MSSs cannot use lower frequencies as M increasing
since lower frequencies run out soon. On the contrary,
SDCA allocates appropriate channels for MSSs accord-

600 —— —
i * SDCA |]

o MDCA |

o + RDCA [
500} d
400+ -
300 -

200["

Average Transmission Power (mW)

100}

T I S T N R S N
6 8
Number of MSSs (1000 MSSs)
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10 12 14 16 18 20

o
o
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Fig. 12 The average P; versus M when p = 4, B = 5 MHz,
coding rate = 3/4, SNR, min =24.4dB, F =7, G; = 16, G, = 18,
L=5dB
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Fig. 13 The comparison of channel throughput derived by
SDCA, MDCA, and RDCA under different M

ing to their geographical locations in the macrocell and
calculates a minimum transmission power to inform the
MSS so that the overall battery consumption can be
minimized. This outcome also indicates that the battery
consumption can be minimized further if we can get the
information of the distance and frequency of the MSS
when designing the B3G or 4G systems.

Figure 13 shows the throughput per channel by us-
ing SDCA and RDCA, respectively. We can see that
both the throughput of SDCA and RDCA increase
with increasing M. The throughput of SDCA reaches
14.87 Mb/s per channel (approximately 14.87/15.75 =
94.4% channel utilization deducting the physical and
MAC headers) when M reaches 18,000. This is because
that SDCA uses a moderate P, (300 mW) and f,(Ay) =
6.675 GHz to pre-plan the size of macrocell. Therefore,
MSSs in the macrocell will be equally distributed into
channels and thus the system can get higher through-
put. MDCA and RDCA, by contrast, only obtain the
throughput of 10.2 Mb/s and 9.72 Mb/s per channel
when M = 20,000 since they do not allocate channels
according to positions. This will lead to higher call
blocking ratio due to the limitation of P;, and may
allocate many MSSs in one channel.

In following simulations, we investigate the relation-
ship between user satisfaction and transmission power
by varying M. If the required P, exceeds the P, . of
the MSS in the assigned frequency, the MSS will not
be served by the BS and leads to call blocking. This
result will decrease the user satisfaction. From Fig. 14,
we can see that SDCA can achieve 100% user satisfac-
tion when M < 13,000. The obtained user satisfaction
of SDCA outperforms 1.3 times (100%/75.6%) than
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Satisfaction (%)
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Fig. 14 User satisfaction versus M when P/ m,x = 450 mW

that of MDCA and 1.49 times (100%/67.1%) than that
of RDCA when M = 13,000. This is because SDCA
allocates adequate channels for MSSs according to the
distances between the MSSs and the BS. This strategy
enables the BS to allocate channels more equally. On
the contrary, MDCA and RDCA does not consider
the locations of MSSs and may misarrange frequencies
for MSSs. This consequence will lead to inner MSSs
competing with outer MSSs in lower frequencies. Thus,
outer MSSs will have less chance to get frequencies and
cannot communicate with the BS.

In Fig. 15, we reduce the P; . from 450 mW to
350 mW to observe the effect on user satisfaction. It

o
©

Satisfaction (%)

o
3

05 ! ! ! !
0O 2 4 6 8

Number of MSSs (1000 MSSs)
Fig. 15 User satisfaction versus M when P; max = 350 mW

! ! ! ! ! ! ! !
10 12 14 16 18 20 22 24 26

@ Springer

appears an interesting outcome in SDCA when we
decrease the P;max of MSS. This result shows that
SDCA only achieves 98% user satisfaction when M <
3,000 and is lower than that of MDCA 100%. This is
because that the radius is determined by P; = 300 mW
and f,(Ap) = 6.675 GHz. However, from Eq. 4.13,
the boundary of A,_; needs P, > 350 mW by us-
ing fr(An—1) to achieve this distance. Please notice
that, after determining the radius of the macrocell, the
boundary of each A; is determined by jw where w
is a fixed value and obtained from Eq. 4.11. This will
result in some higher frequencies in A,_; requiring
P, > 350 mW. Consequently, SDCA only achieves 98%
user satisfaction. However, MDCA uses the measure-
ment strategy to assign channels for MSSs. When M is
low, MDCA can achieve 100% user satisfaction since
it allocates lower frequencies to MSSs first. But the
user satisfaction will drop sharply when M > 2,000.
Moreover, SDCA can maintain higher user satisfaction
about 86% than MDCA and RDCA in 63.4% and
60.2% when M = 16,000.

In Figs. 16 and 17, we compare the user satisfac-
tion with M under different P; . by using different
download/upload links of 2 Mb/s/256 Kb/s, respec-
tively. Comparing Fig. 16 with Fig. 14, we can see that
the user satisfaction of SDCA starts degrading from
100% when M = 8,000 in Fig. 16 and M = 12,000
in Fig. 14. This result (8,000/12,000 =2/3) can be
easily obtained by reversing the ratio of required band-
width of these two scenarios that 2.25 Mb/s (2 Mb/s +
0.25 Mb/s) over 1.5 Mb/s (0.75 Mb/s + 0.75 Mb/s).
This result shows that SDCA can achieve higher user
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Fig. 16 User satisfaction versus M when P;max = 450 mW and
DL/UL loads are 2 Mb/s/256 Kb/s
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Fig. 17 User satisfaction versus M when P; max = 350 mW and
DL/UL loads are 2 Mb/s/256 Kb/s

satisfaction than MDCA and SDCA efficiently even if
the required bandwidth of each connection is high.
Figure 18 shows the average P; of MSS by SDCA,
MDCA, and RDCA by increasing M when the spec-
trum ranges from 2.5-2.69 GHz. SDCA can save
4.59 mW (98.9/103.49 = 95.6%) average P, compared
to RDCA and 4.61 mW (98.9/103.51 = 95.4%) com-
pared to MDCA when M = 2,500. We can see that
MDCA can obtain lower average transmission power
when M is low because MDCA adopts the measured
scheme to allocate channels for MSSs. However, the
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Fig. 18 The average P, versus M when spectrum is 2.5-2.69 GHz

o

average P, of MDCA will increase when M increases
since no lower frequencies can be allocated for MSSs
as M is larger.

In Fig. 19 shows the average P; of MSS by varying
M when the segments of spectrum are 2.5-2.69 GHz
and 5.725-5.85 GHz. We can see that, from the result,
MDCA can benefit from adding an additional spec-
trum 5.725-5.85 GHz when M is low. This is because
MDCA allocate lower frequencies to MSSs firstly and
thus MSSs can use lower P, to communicate with the
BS. However, the superiority of MDCA will degrade
when M increases. SDCA, by contrast, obtains a sta-
ble power consumption since it allocates channels to
MSSs according to MSSs’ positions. As the M is large
(M > 4,000), SDCA can save about 66.8% transmission
power than MDCA and RDCA. Therefore, from this
result, we can know that SDCA can get more remark-
able power saving as more frequencies (spectra) can be
obtained.

In the following, we investigate the channel uti-
lization of the system when the available spectrum is
narrow. Figure 20 shows the obtained throughput from
SDCA, MDCA, and RDCA. Compare to Fig. 13, it is
obviously that the gap of throughput improvement has
been reduced. This is because there are a few chan-
nels for selection by SDCA and thus the improvement
is limited. However, SDCA still obtains throughput
14.89 Mb/s per channel (approximately 14.89/15.75 =
94.5% channel utilization) than MDCA and RDCA.
We can see that SDCA can distribute MSSs into chan-
nels efficiently whether the available spectra are wide
Or narrow.
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Fig. 19 The average P; versus M when spectra are 2.5-2.69 GHz
and 5.725-5.85 GHz
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Fig. 20 Throughput versus M when spectra are 2.5-2.69 GHz
and 5.725-5.85 GHz

Finally, in Fig. 21, we extend the mobility model to
vehicular environment. The mobility model uses the
random way point model [4] in the macrocell field.
Here, each MSS starts its journey from a random loca-
tion to a random destination with a randomly chosen
speed (uniformly distributed between 0 and 20 m/s).
Once the destination is reached, another random des-
tination is targeted after a pause. We vary the pause
time, which affects the relative speeds of the mobile.
In the mobility model, we investigate the out-of-service
effect by increasing the mobility. We randomly place
M = 5,000, 10,000, and 15,000 into the macrocell to ob-

7 T T T
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——2—— 10000 MSSs
6 -—©—— 15000 MSSs

Out-of-Service Ratio (%)

| |
2 4 6 8 10 12 14 16 18 20
Average MSSs Velocity (m/s)

Fig. 21 The out-of-service ratio versus average velocity of MSSs
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serve the out-of-service effect. We can see that the out-
of-service ratio increases with increasing the velocity
of the MSS. However, SDCA can control the out-of-
service ratio in an acceptable value about 6 %. From this
result, we can see that SDCA can support mobility well.

6 Conclusion and future work

This paper proposes a signal-aware dynamic channel
allocation (SDCA) to improve the channel utilization
as well as to reduce the probability of out-of-service for
IEEE 802.16 networks. The relationship between the
SNR value achieved by different modulation schemes
and the maximum transmission distance is also intro-
duced in this paper. According to the received SNR
value from the MSS, the BS can estimate the distance
from the MSS to the BS and determine an adequate
channel for allocation so that the channel is used more
efficiently. Moreover, by adopting SDCA, the power
consumption of MSSs can be saved further since it
tunes minimum transmission powers for MSSs by con-
sidering the corresponding geographic locations and
allocated channels. Simulation results show that SDCA
can achieve the channel utilization (throughput) by up
t0 94.4%.

To prevent the out-of-service effect on the MSS due
to mobility, SDCA uses a location prediction scheme
based on measured SNR of REP-REQ messages in
each superframe period to prior allocate a new channel
for the MSS before it moving out the section. Simula-
tion result shows that the out-of-service ratio gets more
improvement when the velocity is high.

As we discussed in Section 4, a longer w will lead
to more channels in a section and thus increases the
mobility of MSSs and reduces the probability of out-
of-service. However, this will lead to lower the en-
hancement of power saving. This is a tradeoff of the
enhancement of power saving and the mobility of the
MSSs. How to determine an optimal w considering
the mobility and power saving together to improve the
system performance is an interesting issue and can be
investigated further.

Finally, SDCA still has its limitation that it cannot
allocate channels (frequencies) to MSSs dynamically
based on adaptive modulation scheme. This is because
different modulation schemes correspond to different
transmissible range patterns. Thus, how to allocate an
appropriate modulation scheme and channel to the
MSS according to its location is an interesting issue and
future work.
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