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Abstract—We propose a statistical multiplexing-based hybrid
frequency-hopping orthogonal frequency-division multiple-access
(HFH-OFDMA) system to increase the downlink user capacity
of orthogonal frequency-division multiplexing (OFDM)-based
ultra-wideband (UWB) indoor radio access networks (RANs). The
downlink user capacity is here defined as the maximum allowable
number of users served with a given data rate in a piconet. Statis-
tical multiplexing, as noted by Walrand and Varaiya in 2000, is a
method in which multiple users with intermittent transmissions
efficiently share a link. The adoption of a statistical multiplexing
concept enables the HFH-OFDMA system to accommodate many
more users than the conventional FH-OFDMA system can. In
OFDM-based UWB indoor RANs, the downlink user capacity of
the HFH-OFDMA system is limited by either the total number of
available subcarriers in a piconet (resource-limited) or the FCC
UWB emission limit (power-limited). We analyze the downlink
user capacity of the proposed HFH-OFDMA system in both
single-piconet and multipiconet environments. In the single-pi-
conet environment, the proposed HFH-OFDMA system which
operates in 3.168-3.696-GHz band accommodates 256 users with
a data rate of 532.5 kb/s in an OFDM-based UWB indoor RAN,
while the proposed HFH-OFDMA system in the multipiconet
environment, under the same conditions of the single-piconet envi-
ronment, accommodates 110 users with a data rate of 532.5 kb/s.

Index Terms—Downlink, frequency-hopping orthogonal fre-
quency-division multiple-access (FH-OFDMA), indoor, MUI, mul-
tiple access, orthogonal frequency-division multiplexing (OFDM),
orthogonal frequency-division multiple access (OFDMA), radio
access network (RAN), statistical multiplexing, user capacity,
ultra-wideband (UWB).

I. INTRODUCTION

ECENTLY, ultra-wideband (UWB) technology, which op-
Rerates in an overlayed bandwidth of 3.1-10.6 GHz, has
been considered as a promising technology for accommodating
various short-range data services. In addition to its enormous
bandwidth, UWB technology has advantages, such as low cost
and low power consumption. Hence, this UWB technology has
been discussed as a candidate standard technology. IEEE 802.15
Task Group (TG) 3a was organized to standardize the UWB
technology for supporting high data rates in wireless personal
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area networks (WPANSs) [2], [3], and UWB technologies for
low data rates in WPANs have also been proposed in IEEE
802.15 TG 4a [4]. The UWB technologies proposed in IEEE
802.15 TG 3a mainly aimed for efficiently supporting a small
number of users requiring high data rates ranging from 110 to
480 Mb/s, while the IEEE 802.15 TG 4a committee discusses
how to accommodate a large number of users requiring low data
rates of several kilobits per second (kb/s) with an extremely low
user channel activity of 107% ~ 107°, Howeyver, this IEEE
802.15.4a-based technology may not be appropriate for sup-
porting a large number of users requiring data rates of several
tens to several hundreds of kb/s for indoor radio access net-
works (RANSs), for example, in stations, airports, and depart-
ment stores.

Orthogonal frequency-division multiplexing (OFDM) is one
of the promising technologies for high-rate data transmission
over frequency-selective fading channels. OFDM-based UWB
technologies have been studied in [5]. OFDM technologies
can easily overcome intersymbol-interference (ISI) in dense
multipath environments such as UWB indoor environments [6].
An OFDM-based UWB technology, called a multiband orthog-
onal frequency-division multiplexing (MB-OFDM) physical
technology was proposed by the Multi-band OFDM Alliance
(MBOA) [2]in IEEE 802.15.3 TG 3a, and it has been discussed
as a promising standard technology for high-rate WPAN.

MB-OFDM is a multiplexing and transmission scheme that
allocates all of the subcarriers in the subband to a single user
and it supports high data rate. However, it has difficulty in
supporting a medium rate from several tens to several hundreds
of kb/s. In this paper, we propose an efficient multiple-access
scheme to support data rates of tens to several hundreds of kb/s
for OFDM-based UWB indoor radio access networks (RANSs).
A number of multiple-access schemes for OFDM including
OFDMA and FH-OFDMA have been proposed [6]. Among
them, the frequency-hopping orthogonal frequency-division
multiple-access (FH-OFDMA) technique yields a frequency
diversity gain in frequency-selective fading channels like UWB
indoor channels. In this conventional FH-OFDMA, subcarriers
are exclusively allocated based on given hopping patterns
(HPs).

In this paper, we propose a statistical multiplexing-based hy-
brid frequency-hopping (HFH)-OFDMA to increase the down-
link user capacity of OFDM-based indoor UWB RANSs. The
downlink user capacity is defined as the maximum allowable
number of users served with a given data rate in a piconet.
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The HFH-OFDMA system operates identically with the con-
ventional FH-OFDMA system if the number of users N, is
smaller than the number of total available data channels N,.
The HFH-OFDMA system accommodates more users than N,
for N,, > N, by using statistical multiplexing. Statistical multi-
plexing [1] is a method in which multiple users with intermittent
transmissions efficiently share a link. Statistical multiplexing
schemes do not have to control user data transmission, while
scheduling-based schemes in cellular systems do. Moreover, the
statistical multiplexing schemes do not have to wait for a longer
time for communications like the carrier-sense multiple-access
collision-avoidance (CSMA-CA) schemes of WLAN when tens
or hundreds of users exist.

This paper is organized as follows. In Section II, the operation
of the proposed statistical multiplexing-based HFH-OFDMA
system for OFDM-based UWB indoor RANSs is described. The
user capacity of the HFH-OFDMA system is analyzed in single-
piconet and multipiconet environments. The performance of the
proposed HFH-OFDMA system for OFDM-based UWB indoor
RANS is evaluated through simulation in Section III. Finally,
conclusions are presented in Section IV.

II. STATISTICAL MULTIPLEXING-BASED HFM-OFDMA
FOR OFDM-BASED UWB INDOOR RANS

A. Operation of HFH-OFDMA

Fig. 1 shows the operation of the proposed HFH-OFDMA
system. The HFH-OFDMA system checks whether the number
of data users (NV,) exceeds the number of total available
channels (N, ) in a piconet. The HFH-OFDMA system oper-
ates identically with the conventional FH-OFDMA system if
N, < N,. Since each subcarrier is not allocated to different
users at the same time in the conventional FH-OFDMA, no
subcarrier collisions occur, as shown in Fig. 1(a).

Subcarrier collisions may occur in the HFH-OFDMA system
for N, > N,. These subcarrier collisions may cause perfor-
mance degradation. However, some of the users may be inactive,
although their allocated subcarriers are the same, if the user ac-
tivity is low. Hence, the HFH-OFDMA system considers this
situation and controls the symbol power based on both the user
activity and the symbol value for N,, > N,.

If a subcarrier collision occurs, the HFH-OFDMA system
checks the channel activity, whether it is busy or idle, of users
with the subcarrier collision. This is possible in downlink since
a piconet coordinator (PNC) knows each user’s activity and
symbol value before transmission. If all users with subcarrier
collisions are inactive or if only one of all users with subcarrier
collisions is active (trivial hits), as shown in the shaded blocks
of Fig. 1(b), the HFH-OFDMA system does not take any action
for the collision as is done in a nonsubcarrier collision situation.
This is because subcarrier collisions of inactive users do not af-
fect the symbol values of active users at all.

The HFH-OFDMA system starts to control symbol power
when more than two users with the same subcarrier collision
are active. The HFH-OFDMA system checks the symbol values
of the corresponding active users. If all of the colliding sym-
bols are the same, as shown in User #3 and User #5 of the (n +
2)Tsth slot in Fig. 1(b), then the HFH-OFDMA system con-
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trols the symbol power of the colliding subcarrier to be below
—41.25 dBm/MHz, because this UWB emission limit is strictly
regulated by the FCC [7], and it is called a synergy. If all of
the colliding symbols are not the same, as shown in User #5
and User #N of the (n + 4)Tsth slot in Fig. 1(b), then the
HFH-OFDMA system controls the subcarriers to be off at that
interval because the addition of different symbol values may
yield an ambiguous symbol value at the receiver, and this is
called a perforation. This symbol power control scheme which
is based on synergy and perforation reduces the performance
degradation when subcarrier collisions occur [8].

The collision probability (P¢) in the HFH-OFDMA system
is expressed as [9]

0, if N, < N,

P B Nu—1
- 1—{1—W} , if Ny >N,

ey

where v, p, and k are the mean channel activity, the proportion
of signaling overhead for channel estimation and synchroniza-
tion, and the number of subcarriers which comprises one data
channel, respectively. Hence, N, is equal to (1 — p)Ngub/k.

The perforation probability (Pp) and the synergy probability
(Ps) are expressed as

0, it Ny <N,
Poe Y Nu-1
B R e B L2
=Dk
2
0, it N, < N,
PS_{PC—PP, it N, > N, )

where m; is the probability of modulation symbol ¢ €
{0,1,...,s — 1} and s is equal to 2 for QPSK modula-
tion [9].

The proposed HFH-OFDMA system does not cause unnec-
essary subcarrier collisions for N, < N,. However, for N, >
N,, the HFH-OFDMA system accommodates more users than
the number of total available channels at the sacrifice of some
perforations by using statistical multiplexing.

B. Downlink User Capacity of HFH-OFDMA:
Single-Piconet Environment

In the analysis of the downlink user capacity for conven-
tional OFDMA systems, it is assumed that all of the available
subcarriers are dedicatedly allocated to multiple users. In this
case, the downlink user capacity is equal to the number of total
available channels. However, the channel activity of data ser-
vices is generally low (e.g., 0.1-0.2), and each subcarrier may
be used during a small portion of time. Hence, the conventional
OFDMA systems may waste resources and limit the user ca-
pacity when the channel activity is low. On the other hand, the
downlink user capacity of the conventional OFDMA systems is
also limited by power, although there are available subcarriers in
a piconet. This case mainly occurs when most users are located
at a rather far distance or when the transmit power is strictly,
such as the UWB transmit power, which is strictly regulated by
the FCC.
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Fig. 1.

(a) HFH-OFDMA (N, < N,.). (b) HFH-OFDMA (N, > N,).

We analyze the downlink user capacity of the proposed HFH-
OFDMA in two cases: a power-limited case and a resource-
limited case. The downlink user capacity of the proposed HFH-
OFDMA system is limited by the smaller of the user capacities
for the two cases above, i.e., in the power-limited situation, the
HFH-OFDMA system cannot accommodate new users due to
a lack of transmit power although the number of available sub-
carriers is sufficient. On the other hand, in the resource-limited
situation, the system cannot accommodate new users due to a
lack of subcarriers, although the transmit power is sufficient. In
this section, the downlink user capacity in a single-piconet en-
vironment is analyzed.

Operational example of HFH-OFDMA. The HFH-OFDMA system operates identically with the conventional FH-OFDMA system for N, < N,.
The HFH-OFDMA system allows subcarrier collisions and controls the symbol power based on both the user activity and the symbol value for IV,

> N,.

To obtain the low-bound user capacity (CF ypy) in the
power-limited case, we assume that all of the users are located
at the piconet boundary and the activity of data channels is
identical. CF ypy is written as

%],
0] ([]’3—3} . AE)

2|@

(1 - p)Nsub
k

“)

S _
CP,HFH =

where
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[Eb/No,e,  required Ep/No for a specific data rate;
[

s ; : .
Ey/Nol.. oy received Ej /Ny at the piconet boundary;

v mean user channel activity;

AFE additional required energy to compensate for

the subcarrier collisions.

The received Ey /Ny is expressed as

&)’ %] 5

Nol|.., RFPC.;.T

revd

where RFEC, 1, and I denote the channel code rate, the modu-

lation order, and the implementation loss, respectively.
The received signal-to-noise ratio (SNR) can be expressed as

[S ]S - ®)

No Ny - Ly

revd

where

o path-loss exponent;

r distance from the PNC to the piconet boundary;
Li pathloss at 1 m;

Ny thermal noise at the receiver;

Pr  transmit power per subcarrier;

Xy shadowing factor from the PNC.

X is assumed to have a median value of 1. Substituting (6)
into the S/Ny value of (5) yields

B

No :RFEC.M.NO.LI.['

revd

Substituting (7) into the [Ej/No]®

rcv

q value of (4) yields

PT“I'_Q-(I—,D)
RFEC-/L-NO-Ll-Iﬂ([&} -AE) Tk
req

No
(®)
For N,, < N,, AFE is equal to 0 since no collision exists. How-
ever, for N, > N,, AFE is greater than 0, and its value is deter-
mined by the given channel coder which compensates for sub-
carrier collisions.
The downlink user capacity in the resource-limited case
(CR mru) can be derived from (1) and written as

. Nsub

S _
Cp uru =

(= P)Now, if N, < N,
CS _ 1+ log(1—Pc) if Nu > N(l,
R,HFH - )
lo -
s (1 B p)Nsub
k
)
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Fig. 2. Downlink user capacity of HFH-OFDMA in the single-piconet environ-
ment. The downlink user capacity is limited by the transmit power if the required
E, /Ny is high or r is large (i.e., a power-limited situation). On the other hand,
the downlink user capacity is limited by the resource if the required E; /Ny is
low or r is small (i.e., a resource-limited situation). (a) Downlink user capacity
(N, < N,). (b) Downlink user capacity (N, > N,).

For N, < N, C’%HFH is determined by Ngyp, p, and k. How-
ever, for N, > N, C’%HFH is determined by not only N, p,
and k but also the channel activity 7 and the collision probability
Pe.

Taking into account the power-limited and resource-limited
cases, the downlink user capacity of HFH-OFDMA systems
(Cipy) is given as

Crn = min {Clg,HFHa CES{,HFH} . (10)

Fig. 2 shows the downlink user capacity of the HFH-OFDMA
system in a single-piconet environment for various sets of r, P,
and AE. p, Nqup, RFFC, and 1 are set to 0.22, 128, 1/3, and 2,

Authorized licensed use limited to: AJOU UNIVERSITY. Downloaded on March 07,2025 at 02:02:18 UTC from IEEE Xplore. Restrictions apply.



CHONG et al.: STATISTICAL MULTIPLEXING-BASED HFH-OFDMA SYSTEM FOR OFDM-BASED UWB INDOOR RANs

Fig. 3. Multipiconet environment. A target piconet is assumed to be closely
surrounded by six neighbor piconets and the surrounding neighbor piconets in-
terfere with the target piconet.

respectively. L1, I, and v are set to 44.2 dB, 2.2 dB, and 0.2,
respectively [2]. In particular, Pr is set to —14.0 dBm consid-
ering the FCC UWB emission limit [7]. For N, < Ng, asr
increases, CE’HFH decreases, as shown in Fig. 2(a), because the
path loss at the cell boundary increases. However, C’;—E’HFH does
not depend on r and remains constant. For a radius 7 of 30 m,
Cfpy is limited by a Clg,HFH value of 50 if the required Ej, /Ny
is smaller than 10.2 dB. In the same case, Cfjpy is limited by
C8 ry» Which is determined by (4) if the required Ej, /Ny is
larger than 10.2 dB.

For N,, > N,, the proposed HFH-OFDMA allows subcarrier
collisions. Fig. 2(b) shows that ngHFH depends on AE and
CPS{,HFH also depends on P¢. If U, Pc, and AFE are set to 0.2,
0.3, and 2 dB, respectively, then Cjpy is limited by a CPS{,HFH
value of 89, which is derived from (9) if the required FEj /Ny
is smaller than 5.7 dB. In the same case, Cjpy is limited by
C8 ypy» Which is determined by (4) if the required Fj /Ny is
larger than 5.7 dB.

The analysis results show that the downlink user capacity is
limited by the transmit power if the required Ej, /Ny is high or r
is large (i.e., a power-limited situation). On the other hand, the
downlink user capacity is limited by the resource if the required
Ey /Ny is low or r is small (i.e., a resource-limited situation).

C. Downlink User Capacity of HFH-OFDMA':
Multipiconet Environment

Fig. 3 shows a multipiconet environment considered in the
analysis. A target piconet is assumed to be closely surrounded
by six neighbor piconets. Since the target piconet and the sur-
rounding neighbor piconets operate in the same band that ranges
from 3.168 to 3.696 GHz, the surrounding neighbor piconets
interfere with the target piconet. This interference reduces the

1797

downlink user capacity of the HFH-OFDMA system, compared
with that in the single-piconet environment without interference
from neighbor piconets.

In the power-limited case, the downlink user capacity
(C{ypy) of the HFH-OFDMA system in the multipiconet
environment can be expressed as

B M
b
Cflurn = [IO+NOLCW1 St ?NSUI’ (a1
) _ 5 .
v (I:IO+I}VO:|req . AE)

where Iy denotes the interference from other PNCs. The re-
ceived Ep/(Iy + No) and the received signal-to-interference-
and-noise ratio (SINR) are written, respectively, as

5 M
Eb M _ |:(IO+N0):|rcvd (12)
IO + NO revd a RFEC K I
[ : }M = Prr=" XoLi” (13)
IO + NO revd (W Ziozl PTd;aXiLfl + N())

where

d; distance from the ith interfering PNC to the mobile
station;

n  average number of users in an interfering piconet;
1o number of interfering piconets considered;

W interference loading factor;

X, shadowing factor from the :th interfering PNC.

The interference loading factor W is expressed as

(14)

W = min{l,w}.

Nsuh

Both X and X; are assumed to have a median value of 1. Sub-
stituting (13) into the [S/(Iy + No)|M , value of (12) yields

rcvda

{ o } M Prr=eL7!
ot Noliewa  RFECLT (Wi, Prdo Lt + No)
(15)
Substituting (15) into the [Ey/(Io + No)|peyq value of (11)
yields (16), which is shown at the bottom of the following page.
The additional term in the denominator, W Zi‘):l Pr d,i_o‘Ll_l,
denotes the interference from neighbor PNCs, and it reduces
Clipg- W varies from O to 1. W is equal to 0 when no neighbor
picbnet exists, while W is equal to 1 when full interference is
loaded from the neighbor piconets to the target piconet. From
this fact, [Fy /(o + No)]i\fvd can have a range as

%],z [,
No ~ o+ Ny

revd revd

{ B, }M . Prr—oL7!
TotNodveva ™ RFECuI (L2, Prd; "Ly + No)

a7)

(18)
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If W =0, that s, [Eb/(IO + NO)]rcvd|VV 0= [Eb/NO]
then C’P,HFH has the maximum value as given by

rcevd?

M M S
[CP,HFH]max = CP,HFH|W=O = OP,HFH' (19)

If W = 1, that s, the full interference from the neighbor piconet
affects the target piconet, then Clg\’/,[HFH has the minimum value
as given by

[Cl])‘{HFH] min

M
= CP,HFH W=1
Prr=*L7 (1= p)Noun

FEC i E
RFEC,, [ (2 ° Prd7°L7 +N0) ([m] - AE) k
(20)
As mentioned, cell coverage of the indoor RAN environments,
such as stations, airports, and department stores, is not as wide
as that of cellular system environments. Hence, considering in-
terference only from the closely surrounded six neighbor PNCs

and neglecting the thermal noise at the receiver (Np), (20) is
approximated as

a'(l_p)'Nsub

([Ioil}\fo}mq ' AE) -k

2y
where ¢ = D/r, and D denotes the distance from a target PNC
to a neighbor PNC.

In the resource-limited case, the downlink user capacity
(CR'ypn) of the HFH-OFDMA system in the multipiconet
environment is identical to C}S{’HFH, since the number of
subcarriers in a piconet does not change in the multipiconet
environment. Hence, C{{{HFH is expressed as

~
min

[CP HFH

6-RFEC. ;. .5

CR HFH = Clg.,HFH' (22)

Similar to the single-piconet environment, the downlink user
capacity (C}Ly;) of the HFH-OFDMA system in the multipi-
conet environment is written as

M : M M
Chpg = min {CP,HFH7 CR,HFH} . (23)
Fig. 4 shows the maximum and minimum downlink user ca-
pacities of the HFH-OFDMA system in the multipiconet envi-
ronment. The parameter values are the same as for the single-pi-
conet environment. For V,, < N, Fig. 4(a) shows a comparison

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 54, NO. 4, APRIL 2006

REC =13, u=2p=022
600 T T T T T T

M -
—— [CP. HFH]W=0 0 forr=30m

o M
[CP. HFH]W=0.53

for r=30m| |

a
o
o

M -
¥— [Cp, hrrlwet.o0 fOr F=30m

M
8 = Cg hen E

N

o

o
T

W
o
o

Downlink User Capacity
N

-
=)
a

0 4 ) 5 8 10
Required Eb/(IO+N0)
(@
RTEC =1/3, 1 =2,p =022, r= 30m

+[C!HFH]maK.AE=1dB
—— 1O ] AE=20B
—e—[C} AE=3dB
—a— [CP HeH T max'
@ 1O ]y AE=1dB
oW O ey AE=2dB
e IC!‘HFH]mm'AE=3dB H

M -
B [Cp ey ]y AE=4dB

_-o_-CRHFH Pe=01 Il
- y— -CY L, P.=02

_-o_-CRHFH P =03

- - - CR HEH PC 0.4

14

P, HeH  max:
AE=4dB

Downlink User Capacity
N

] i o R
12 14
N

Required Eb/(I0+ O)
(b)

Fig. 4. Maximum and minimum downlink user capacities of the HFH-OFDMA
system in the multipiconet environment. C'3' ;. ;; decreases although CY' oy
remains constant as the interference loading factor W increases. (a) Downlink
user capacity (IV, < N, ). (b) Downlink user capacity (N, > N, ).

of C’IJ)‘/{HFH and CR'py for the three different cases of inter-
ference loading. C'p ypy decreases although C{‘{/{HFH remains
constant as the interference loading factor W increases.

For N,, > N,, the proposed HFH-OFDMA in the multi-
piconet environment allows subcarrier collisions, as shown in
the single-piconet environment. Fig. 4(b) shows CP urp and
CR7HFH for N, > N, and shows a similar trend to Fig. 2(b).
Clyry also decreases as W increases. The HFH-OFDMA
sysiem in the multipiconet environment normally operates with
W = wg, where wq ranges from O to 1.

Pr

r“"Ll_l(l

- P)wa

Chlurn =
RFEC T (W >

(16)
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Fig. 5. Downlink user capacity of the HFH-OFDMA system in the multipi-
conet case (W = 0.53). This value of 0.53 is derived in the case when the

average number of users in an interfering piconet is 100 under the assumption
that 7, k, p, and Ny, are set to 0.2, 2, 0.22, and 128, respectively. (a) Downlink
user capacity (N, < N, ). (b) Downlink user capacity (N, > N, ).

Fig. 5 shows the downlink user capacity of the HFH-OFDMA
system in the multipiconet environment when the interference
loading factor W is set to 0.53. This value of W is derived in the
case when the average number of users in an interfering piconet
is 100, that is, n is equal to 100, under the assumption that v,
k, p, and Ny, are set to 0.2, 2, 0.22, and 128, respectively. For
Ny < Na, Cffpy is limited by a Cf/ypy value of 50, as shown
in Fig. 5(a) if the required Ej, /(Io + No) is smaller than 6.3 dB.
In the same case, CLy; is limited by Cp/ypy if the required
Ey/(Ip + Nyp) is larger than 6.3 dB. /

For N, > N,, if we assume that 7, P, and AP are set to
0.2, 0.3, and 2.0 dB, respectively, C¥s is limited by a C3 iy
value of 90, which is derived from (22) if the required F/ (I o+
Ny) is smaller than 1.9 dB. In the same case, C ik is limited by
Cplypy which is determined by (16) if the required Ej,/(Io +
Ny) is larger than 1.9 dB.
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Fig. 6. FER performance of HFH-OFDMA (N, < N, ). To achieve an FER
requirement of 0.01 in the UWB indoor RANs (CM4), the proposed HFH-
OFDMA requires an E;, /Ny value of 3.18 dB when NV, < N,.

III. PERFORMANCE EVALUATION

We consider an additive white Gaussian noise (AWGN)
channel and the CM4, a UWB indoor channel that is one of
the IEEE 802.15 TG 3a UWB indoor channel models [10].
The channel characteristic of CM4 is similar to that of indoor
RAN environments, such as stations, airports, and department
stores, since CM4 is measured in an extremely nonline-of-sight
(NLOS) UWB indoor environment.

OFDMA parameter values are set as follows:

¢ channel bandwidth: 528 MHz;

e subcarrier bandwidth: 4.125 MHz;

* number of total subcarriers: 128;

* number of data subcarriers: 100;

* symbol interval: 312.5 ns;

» switching interval for inverse fast Fourier transform

(IFFT)/fast Fourier transform (FFT): 242.42 ns;

* cyclic prefix: 60.61 ns;

e guard interval: 9.47 ns.

These parameters are set considering indoor UWB RAN envi-
ronments like stations, airports, and department stores.

We assume that 100 subcarriers are divided into two groups
and that two subcarriers from each group are allocated to a user
at a time. Therefore, each group consists of 50 subcarriers and
each user transmits data following two HPs, which are inde-
pendently allocated by two groups. In this case, Ng,1,, p, and
k are set to 128, 0.22, and 2, respectively. Hence, the number
of available channels (N, ) is 50, which is given by the relation
of N, = (1 — p)Ngup/k. Convolutional coding with a code
rate 1/3 and quaternay phase-shift keying (QPSK) modulation
are used. Each bit is assumed to be repeated eight times. Hence,
the data rate of each user is 532.5 kb/s. At the receiver, a soft
Viterbi decoder decodes the encoded symbols and the maximum
ratio combining (MRC) scheme combines eight repeated bits. A
frame consists of 1200 coded bits.

Fig. 6 shows the frame-error-rate (FER) curve of the proposed
HFH-OFDMA system for N, < N,. To achieve an FER re-
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TABLE 1
CALCULATION OF LINK BUDGET OF HFH-OFDMA SYSTEMS
AT THE PICONET BOUNDARY OF 30 m (N, < N, )

| Parameter | Value |
| Aggregated Information Rate (Rp) | 26.6 Mb/s |
Transmit Power (Pr) -14.0 dBm
Path Loss at 1 meter (L1) 442 dB
Path Loss at the cell boundary of 30m (L2) 29.5 dB
Receiver Power (Pr = Pr — L1 — L2) -87.7 dBm
Receiver Noise Figure 6.6 dB
at the Antenna Terminal (N F') ’
Average Receiver Noise Power per Bit
(Py = —174 + NF + 10 x log Rp) -932 dBm
Implementation Loss (I) 2.3 dB
. By 1S
Received Ep/No ([N_g]mud:PR_PN_I) 3.2 dB
Required Ey/No ([§2] — +AMqyp) (3.18+AM) dB
req

quirement of 0.01 in the UWB indoor RANs (CM4), the pro-
posed HFH-OFDMA requires an £, /N value of 3.18 dB. The
FER curve in the CM4 channel is close to that in the AWGN
channel. This is because the MRC scheme in the CM4 fre-
quency-selective fading channel yields similar performance to
that in the AWGN channel [11]. For N,, < N,, the link budget
of the proposed HFH-OFDMA system is calculated in Table I.
We consider a path-loss exponent « of 2 in calculating the path
loss at the cell boundary, 30 m (L) [10]. The link budget shows
that [y /No] .. and [Ey /No),., are 3.2 dB and (3.18 + AM)
dB, respectively. AM is a margin which is used to compensate
for the variation in propagation loss.

Fig. 7(a) shows the FER performance of the HFH-OFDMA
system for V,, > N,. As the HP collision probability (Pc)
increases, the FER performance of the HFH-OFDMA system
becomes worse. Fig. 7(b) shows the additional required energy
(AE) to satisfy an FER requirement of 0.01 as the HP colli-
sion probability increases. For an HP collision probability of
40%, AFE is 2.6 dB. AE depends on the applied channel coding
scheme. Hence, we can reduce A ' by applying a much stronger
channel coding scheme (for example, a Turbo coder with a code
rate of 1/3) to the HFH-OFDMA system.

Table II shows the downlink user capacity of the proposed
HFH-OFDMA system for varying the required Ej /Ny values
and the mean user channel activity v in the single-piconet en-
vironmet. Table II is derived from (8), (9), and Fig. 2. If the
required Ej, /Ny value and T are set to 3.18 dB and 0.1, respec-
tively, then Cypy is limited by a Cr mru value of 256, as shown
in Table II, i.e., the HFH-OFDMA system can accommodate
256 users with 525.2 kb/s in UWB indoor RAN:Ss if the required
Ey /Ny value and T are set to 3.18 dB and 0.1, respectively. For
a required E, /Ny value of 4.7 dB, if 7 is 0.4, then Cypy is
fixed to 50, as shown in Table II, although Cp xrw is less than
50. We need to select the operation mode yielding larger down-
link user capacity between the noncollision mode (N,, < N,)
and the collision mode (N, > N,) when N,, > N,, in the
HFH-OFDMA.

Table III shows the downlink user capacity of the proposed
HFH-OFDMA system for varying the required Fy/(Iy + No)
values and the mean user channel activity v in the multipiconet
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Frame Error Probability, PF
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Required EB/NO for an FER of 0.01
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Fig. 7. FER performance of HFH-OFDMA (N,, > N,,). As the HP collision
probability (Pc ) increases, the HFH-OFDMA system needs additional required
energy (A E) to satisfy an FER requirement of 0.01. (a) FER curve. (b) Required
E,/No and AFE for an FER of 0.01.

TABLE II
DOWNLINK USER CAPACITY OF THE HYBRID FH-OFDMA SYSTEM AND THE
CONVENTIONAL FH-OFDMA SYSTEM IN THE SINGLE-PICONET ENVIRONMENT

RFEC =1/3, u=2, p=022, r=30m,
Pc =04, [Ep/No),., =3.18dB, AE =2.6dB
v Hybrid FH-OFDMA Conventional FH-OFDMA
0.1 256.2 50.0
0.2 128.5 50.0
0.3 85.9 50.0
0.4 64.6 50.0
RFEC =1/3, u=2, p=022, r=30m,
Pc =04, [Ep/Nol,.,=47dB, AE =2.6dB
v Hybrid FH-OFDMA Conventional FH-OFDMA
0.1 195.64 50.0
0.2 97.82 50.0
0.3 65.21 50.0
0.4 50.0 50.0

environment. Table III is derived from (16), (22), and Fig. 5. If
the required E;, /(1o + No) value and U are set to 3.18 dB and
0.1, respectively, then CfiLy is limited by a C'ypy value of
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TABLE III
DOWNLINK USER CAPACITY OF THE HYBRID FH-OFDMA SYSTEM AND THE
CONVENTIONAL FH-OFDMA SYSTEM IN THE MULTIPICONET ENVIRONMENT

RFEC =1/3, pn=2 p=022, 7r=30m, W =0.53
Pg =04, [Ey/(Io+ No)l,., =3.184B, AE =26dB
) Hybrid FH-OFDMA Conventional FH-OFDMA
0.1 110.50 50.0
0.2 55.25 50.0
0.3 50 50.0
0.4 50 50.0
RFEC =1/3, pn=2, p=022, r=230m, W =0.53
Po =04, [Ey/(Io+ No)l,., =47dB, AE =2.6dB
) Hybrid FH-OFDMA Conventional FH-OFDMA
0.1 78.02 50.0
0.2 50.0 50.0
0.3 50.0 50.0
0.4 50.0 50.0

110, as shown in Table III. That is, the HFH-OFDMA system
can accommodate 110 users with 525.2 kb/s in UWB indoor
RAN:Ss if the required Fy/(Iy + No) value and ¥ are set to 3.18
dB and 0.1, respectively. For a required Ey/(Iy + Ny) value
of 4.7 dB, if v is 0.2 or higher, then C’I]{”{;H is fixed to 50, as
shown in Table III although C'IJ;.V{HFH is less than 50. In summary,
the HFH-OFDMA system in both single-piconet and multipi-
conet environments can accommodate more users than the con-
ventional FH-OFDMA system in OFDM-based UWB indoor
RANS.

IV. CONCLUSION

In this paper, we proposed a statistical multiplexing-based
HFH-OFDMA system as a multiple-access scheme for
OFDM-based UWB indoor RANs and analyzed the perfor-
mance in terms of the downlink user capacity in single-piconet
and multipiconet environments. The analysis results show
that the downlink user capacity of the HFH-OFDMA system
is limited by either the total number of available subcarriers
in a piconet (resource-limited) or an FCC UWB emission
limit of —41.25 dBm/MHz (power-limited). The proposed
HFH-OFDMA system does not cause unnecessary subcarrier
collisions when the number of users is small. Moreover, the
proposed HFH-OFDMA can accommodate more users than
the conventional FH-OFDMA through statistical multiplexing
when the number of users is large.
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