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Abstract - This paper proposes broadband packet wireless ac-
cess employing Variable Spreading Factor-Orthogonal Fre-
guency and Code Division Multiplexing (VSF-OFCDM) with
two-dimensional spreading that prioritizestime domain spread-
ing in the forward link and Multi-carrier/ DS-CDMA (MC/DS-
CDMA) inthe reverse link for the system beyond IMT-2000.
Based on the wireless access scheme, we propose major radio
air interfaces in the physical layer to achieve our target maxi-
mum throughput beyond 100 Mbps and 20 Mbpsin theforward
and reverselinks, respectively. Furthermore, we present key tech-
nologies such as the adaptive radio link parameter control
coupled with link adaptation, pilot channel assisted coherent
detection in both links, adaptive antenna array beam forming
transmitter and receiver, cell search, and channel coding. Fi-
nally, simulation results el ucidate that V SF-OFCDM using the
proposed radio link parameters achieves a throughput above
100 Mbps at the average received signal energy per symbol-to-
background noise power spectrum density ratio (Es/No) of ap-
proximately 13 dB (101.5-MHz bandwidth, without antennadi-
versity reception, 12-path Rayleigh fading channel). Further-
more, MC/DS-CDMA realizes athroughput above 20 Mbps at
the average received EJ/Noof approximately 8 dB (40-MHz
bandwidth, with antenna diversity reception, 6-path Rayleigh
fading channel).

[.INTRODUCTION

Commercial Wideband-Code Division Multiple Access (W-
CDMA) [1] services were launched in Japan in 2001, and its
successiveintroduction is planned on aglobal scale. The achiev-
able maximum data rate guaranteed by the required quality in
W-CDMA is2 Mbps in the present standardization of the 3rd
Generation Partnership Project (3GPP). However, strong de-
mand for higher datarate communication services above 2 Mbps
in cellular systems will certainly occur. In order to offer such
services, High-Speed Downlink Packet Access (HSDPA) iscur-
rently under discussion in the 3GPP based on the W-CDMA air
interface [2]. HSDPA contains such techniques as adaptive
modulation and coding (AMC) in accordance with radio link
conditions (fast link adaptation), hybrid automatic repeat re-
guest (HARQ), and fast packet scheduling. However, atotaly
new wireless access scheme is certainly needed for broadband
transmission both in the forward and reverse links to achieve
significantly higher data rates with awide range of coverage,
optimized both in multi-cell environments such as a cellular
system and isolated-cell environments such as hot spot and in-
door office.

Anticipating the current and future increases in the amount
of datatraffic, forward link wireless access must establish broad-
band transmission with a maximum data rate above 100 Mbps
using an gpproximate 50 to 100-M Hz bandwidth [3]-[5]. In such
abroadband channel comprising many multipaths, the authors
clarified that Orthogonal Frequency and Code Division Multi-
plexing (OFCDM), which is originally based on Multi-carrier
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CDMA (MC-CDMA) [6],[7], or Orthogona Frequency Divi-
sion Multiplexing (OFDM) exhibits better performance than
conventional DS-CDMA based wireless access [3]-[5]. Thisis
because OFCDM and OFDM mitigate the degradation due to
severe multipath interference (MPI) in a broadband channel
using many low symbol rate sub-carriers, and make full use of
the frequency diversity effect by using the spread and coded
signalsover parallel sub-carriers. Furthermore, we recently pro-
posed OFCDM with variable spreading factor (V SF) packet
wireless access (hereafter VSF-OFCDM) [8], which changes
the spreading factor, SF, of OFCDM corresponding to the cell
structure and radio link conditions, including the special no-
spreading mode in the frequency domain. Thus, through V SF-
OFCDM, the seamless and flexible deployment of the same
wireless access method both in multi-cell and isolated-cell en-
vironments is possible, while still achieving the maximum ra-
dio link capacity in the respective environments. Meanwhile,
although the amount of traffic as large as that in the forward
link is not expected in the reverse link, a maximum data rate
whichismuch higher than that provided by W-CDMA,, say above
20 Mbps, may berequired. For reverselink wireless access, we
elucidated that the DS-CDMA approach, which utilizes coher-
ent Rake combining with a dedicated pilot channel associated
with acoded data channel, achievesaradio link capacity that is
higher than that in the multi-carrier approach with alarge num-
ber of sub-carriers, such asMC-CDMA and OFDM [3],[5].

Therefore, by unifying our evaluations on the constituent
techniques, this paper proposes broadband packet wireless ac-
cess employing VSF-OFCDM in the forward link and Multi-
carrier/DS-CDMA (MC/DS-CDMA) in the reverse link for a
promising wireless access candidate for the system beyond IMT-
2000. Furthermore, we propose V SF-OFCDM with two-dimen-
sional spreading that prioritizes time domain spreading where
the spreading factor in the time (SFmire) and frequency (SFrreq)
domains are adaptively controlled based on the cell configura
tion, radio link parameters (modulation and channel coding
schemes, number of code-multiplexing, etc.), and radio link
conditions (delay spread, Doppler frequency, etc.). In the rest
of the paper, we first describe our proposed broadband wireless
access scheme. We propose mgjor radio air interface param-
eters in the physical layer to achieve our target maximum
throughput beyond 100 Mbps and 20 Mbpsin the forward and
reverselinks, respectively, in Section I1. Furthermore, we present
key technol ogies such as adaptive radio link parameter control
coupled with link adaptation, pilot channel assisted coherent
detection inthe both links, an adaptive antennaarray beam form-
ing transmitter and receiver, cell search, and channel coding in
Section I11. Finally, we present in Section IV the smulation re-
sults that elucidate the performance of our proposed wireless
access technologies.

II. PROPOSED BROADBAND WIRELESSACCESS
The proposed broadband wirel ess access employs the two-lay-
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ered spreading by the cell-specific scrambling code and chan-
nel-specific orthogonal code. Furthermore, our proposed wire-
less access scheme mainly focuses on asymmetric frequency
division duplex (FDD), because FDD is more flexible than time
division duplex (TDD) for accommodeating independent traffic
assignment in the forward and reverse links according to the
respective traffic and for avoiding the use of inter-cell synchro-
nization in multi-cell environments. However, TDD is appli-
cable to specific environments by taking advantage of the fact
that TDD does not require apair band. In any case, it is desir-
ablethat FDD and TDD are based on theidentical air interface,
i.e., the difference is only the duplexing method.

A. VSF-OFCDM with Two-dimensional Spreading that Pri-
oritizes Time-domain Spreading in Forward Link

Figure 1 shows the concept of the proposed V SF-OFCDM em-
ploying two-dimensional spreading, where SFrime and SFrreq are
varied based on the cell structure in order to achieve higher
radio link capacity in both multi-cell environments such as cel-
lular systems and isolated-cell environments such as hot-spot
areas or indoor offices. We introduced time domain spreading
[9] and two-dimensional spreading [10] into our proposed V SF-
OFCDM in[8]. Asshownin Fig. 1, VSF-OFCDM employsthe
total spreading factor, S+ (= SFmime X S-rreg), OF greater than 1, in
amulti-cell environment to achieve higher link capacity. Thisis
because one-cell frequency reuse is possible for S > 1 by in-
troducing a cell-specific scrambling code, and we can expect a
direct increase in the radio link capacity by employing
sectorization. Furthermore, in two-dimensional spreading, we
prioritize time domain spreading rather than frequency domain
spreading. Thisisbecause, in afrequency selective fading chan-
nel, time domain spreading is superior to frequency domain
spreading in general to maintain the orthogonality among the
code-multiplexed channels, which isimportant to the applica-
tion of AMC employing multi-level modulation to achieve a
higher datarate. Meanwhile, in the smaller received signal-to-
noise power ratio (SIR) region, such asthe cell boundary, QPSK
data modul ation associated with alower channel coding rateis
effective in satisfying the required transmission quality. In this
case, employing frequency domain spreading, i.e., SFrreq > 1,
along with time domain spreading is very beneficial, since the
frequency diversity effect derived by frequency domain spread-
ing and interleaving enhance the transmission quality whilethe
impact of inter-code interference in QPSK data modulation
coupled with the lower channel coding rateis slight. Further-
more, when the orthogonality destruction in time domain is not
negligible, such asfor high mobility users, alower SFmire should
be employed. Consequently, in our proposal of two-dimensional
spreading, the two-dimensional SF values are adaptively con-
trolled according to the radio link conditions, such as delay
spread, Doppler frequency and other-cell interference levels,
and to the mgjor radio link parameters, such as the data modu-
lation scheme, in addition to the above-mentioned cell configu-
ration.

On the other hand, in an isolated-cell environment, in order
to avoid inter-code interference caused by the destroyed orthogo-
nality in the frequency domain, we employ SFrreq = 1. However,
in the time domain, we apply SFrime > 1 to realize code-multi-
plexing, where the orthogonality among the code-multiplexed
channels is almost maintained owing to the low mobility in an
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Fig. 1. Concept of seamless wireless access deployment.

isolated-cell environment. By introducing time domain spread-
ing, within the same frame timing, i.e., without incurring any
additional transmission delay, the data channel isflexibly code-
multiplexed at any dot independently by fast packet scheduling
with the associated control channel, which is avery advanta-
geous feature in transmitting the control datawhen AMC and
HARQ are applied in the data channdl.

Table 1(a) summarizes the major radio air interface param-
etersfor VSF-OFCDM. We utilize the 768-sub-carriersfor V SF-
OFCDM with the sub-carrier spacing of 131.836 kHz, based on
the optimization to compensate for the maximum multipath de-
lay time of up to 1.6 nsec and to avoid the influence of the
Doppler frequency. The frame structureis shownin Fig. 2 with
the frame length of 0.5 msec. In Fig. 2(a), the pilot channel is
time-multiplexed with other channels. Notethat the pilot chan-
nel includesthe primary and secondary common pilot channels



Table 1. Major Radio Air Interface Parameters.
(a) Forward Link.

Wireless access VSF-OFCDM

Bandwidth 101.5 MHz

Number of sub-carriers 768 (131.836-kHz spacing)
FFT/IFFT sampling speed 135.0 Msps

OFCDM total symbol duration 9.259 nsec

OFCDM effective symbol duration 7.585 nsec

OFCDM guard interval duration 1.674 nsec

0.5 msec (54 OFCDM symbols)
QPSK, 16QAM, 64QAM
1/3-3/4

1-256

Frame length

Data modulation

Channel coding (Turbo coding) rate
Spreading factor

(b) Reverse Link.

Wireless access MC/DS-CDMA

Bandwidth 40 MHz

Number of sub-carriers 2 (20-MHz spacing)

Chip rate per sub-carrier 16.384 Mcps

Roll-off factor 0.22

Frame length 0.5 msec (8192 chips/sub-carrier)

Data modulation QPSK, 16QAM, 64QAM

Channel coding (Turbo coding) rate 1/3-3/4, 1/8, /16

Spreading factor 1-256

(Primary-CPICH and Secondary-CPICH, respectively) that are
transmitted by the omni-sector and fixed beam forming antenna
patterns, respectively. Another candidate of the frame structure
is shown in Fig. 2(b), where the pilot channel is code-multi-
plexed with other channels. Based on the air interface param-
etersin Table 1(a), when 16QAM datamodulation and the chan-
nel coding rate R = 1/2 are applied associated with Crux = 11
code-multiplexing of S = 16, the achievable maximum through-
put, Ry, becomes 101.376 Mbps. Furthermore, if we employ
64QAM data modulation with R = 3/4 in the fully code-multi-
plexed case, i.e., Cnx = SF, Ry reaches athroughput of over 300
Mbpsin the proposed V SF-OFCDM air interface.

B. MC/DS-CDMA in Reverse Link

In contrast to the forward link, we elucidate that the DS-CDMA
approach achieves a higher link capacity using coherent Rake
combining with adedicated pilot channel than doesusing alarge
number of multi-carriers, such as MC-CDMA and OFDM
[3].[5]. The DS-CDMA approach is a so advantageous for the
application to a mobile terminal, owing to lower power con-
sumption for itsinherently much lower peak-to-average power
ratio feature compared with MC-CDMA and OFDM which ac-
company ahigh pesk-to-average power ratio causing an incresse
in the back-off of the power amplifier. In the DS-CDMA ap-
proach, the maximum system capacity is achieved employing a
multi-carrier, each having the bandwidth with the minimum re-
quired received signa energy per bit-to-background noise power
spectrum density ratio (Ex/No) assuming a constant system band-
width. Therefore, we optimized the sub-carrier bandwidth of
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MC/DS-CDMA in the reverse link to approximately 20 to 40
MHz, for various channel models, from the tradeoff between
the improvement in the Rake time diversity effect and the deg-
radation dueto increasing MPI [11]. Thus, in our proposal, as
shown in Table 1(b), the reverse link MC/DS-CDMA consists
of 2-sub-carriers each with a20-MHz bandwidth. Furthermore,
from the viewpoint of actual system deployment, it is desirable
to arrange several sub-carriersto avoid unexpected extraordi-
nary interference and for spare usage. Furthermore, in the re-
verse link, the seamless deployment from amulti-cell environ-
ment to an isolated-cell environment is promising by utilizing
the same air interface, but optimized for each environment by
changing theradio link parameters. Figure 1(b) showsthe can-
didates specified for the isolated-cell environment by introduc-
ing the orthogonal function in the time and frequency domains
into DS-CDMA in order to increase the radio link capacity in
an isolated-cell environment. In this mode, in order to mitigate
multiple accessinterference, the following approaches are con-
sidered optionally by removing a cell-specific scrambling code
: (1) Transmission timing all ocation among the accessing users,
(2) Different sub-carrier assignments among the accessing us-
ers [12],[13], (3) Interference rejection based on signal pro-
cessing, such asinterference canceller or beam forming.

Asshown in Fig. 2(b), the frame length is 0.5 msec, where
the dataand pilot channel s are code-multiplexed within aframe.
Based ontheair interface parameters shown in Table 1(b), when
QPSK data modulation with R = 1/2 and Cnx = 3 code-mullti-
plexing of SF = 4, the achievable maximum throughput, Ry,
becomes 24.576 Mbps.

[Il.KEY TECHNOLOGIES
IN PROPOSED WIRELESSACCESS
In the paper, we present key technol ogies needed in broadband
wireless access, especially focusing on the aspects of the physi-
cal layer.

A. Adaptive Radio Link Control

Figure 3 represents the overall adaptive radio link control con-
cept [14]. In a conventional AMC scheme adopted say in
HSDPA, the datamodul ation and channel coding scheme (MCS)
is selected among the candidates according to only the received
signal quality such as the received SIR. However, thisisinsuf-
ficient for supporting various QoS requirements, since the ma-
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jor radio link parameters in the MCS strongly depend not only
on the received SIR, but also on the QoS requirements, espe-
cially the tolerable packet transmission delay. Therefore, our
proposal is an adaptive radio link parameter control that con-
sidersthe QoS requirements, that isto say, we propose to intro-
duce adeay requirement, i.e., maximum number of packet re-
transmissions, in addition to the conventional MCS, and to
employ adifferent radio link parameter set according to the QoS
requirements [14]. Based on the selected radio link parameter
set, the appropriate MCS is adaptively changed in a short pe-
riod, Ty, to match the instantaneous radio link conditions.

During packet data transmission, adjustment of the thresh-
old for the appropriate MCS selection is a so beneficial because
the optimum threshold for a certain mobile station (MS) de-
pends on its Doppler frequency and multipath channel condi-
tions. Therefore, in order to realize efficient M CS selection, the
switching threshold for a particular MCS is increased or de-
creased according to the ratio of the received ACK/NACKsin
HARQ or the measured channel conditions when that MCSis
used. Thisis outer-loop control for the above adaptive radio
link parameter control, where the control period, Tz, islonger
compared with Ta.

Furthermore, as shown in Fig. 4, in the forward link V SF-
OFCDM, the optimized SFmime and SFrreq are selected to match
theradio link conditions, considering the delay spread and Dop-
pler frequency of a propagation channel and the other-cell in-
terference levels as described in Section 11-A.

B. Pilot Channel Assisted Coherent Detection

In the forward link, we employ pilot channel assisted channel
estimation for the signal despreading in V SF-OFCDM. Further-
more, in order to mitigate the inter-code interferencein the fre-

Fig. 5. Pilot channel assisted MM SE combining.

guency domain spreading, minimum mean square error (MM SE)
combining is applied for the signal despreading. Thus, we pro-
posed pilot channel assisted MM SE combining asshownin Fig.
5, in which the essential parameters needed for calculating
MM SE weights, i.e., the channel gain of each sub-carrier, noise
power, and transmission power ratio of al the code-multiplexed
channelsto the desired one, are estimated by exploiting the pi-
lot channel within aframe[15]. By applying MM SE combining
inthe despreading, the throughput performance of V SF-OFCDM
employing SFrreq > 1 isimproved owing to the compensation
effect for the inter-code interference caused by the destruction
of code-orthogonality in a frequency-selective fading channel.

Meanwhile in the reverse link, pilot channel assisted coher-
ent Rake combining is applied to MC/DS-CDMA. In our pro-
posal, the continuous dedicated pilot channel alocated within a
frame achieves packet-by-packet timing detection of multipath
components and channel estimation for each resolved path.
Furthermore, an improved tracking ability in afast fading chan-
nel isrealized compared with atime-multiplexed pilot channel
structure.

C. Adaptive Antenna Array Beam Forming Transmitter and
Receiver

An adaptive antenna array beam forming transmitter/receiver
in the forward/reverselink is used in order to extend the cover-
age area especially for high-speed packet transmission in the
forward link and to decrease the transmission power of the MS
in the reverse link. In broadband transmission, because of the
remarkable increase in data traffic such as the large volume of
data downloaded via the Internet, the amount of data traffic,
i.e., the datarate of channels, istotaly different in the forward
and reverse links. In addition, by employing a shared packet
channel, a much smaller number of shared channels than the
number of active usersis assigned in the forward link coupled
with an elaborate time-division fast packet scheduling algorithm.
Therefore, asshown in Fig. 6, the number of shared channelsin
the forward link and that of the dedicated channelsin the re-
verse link becomes asymmetric, and it is difficult to direct the
beam nullsin the receiver beam pattern toward the directions of
arrival (DOA) of the high-speed packet transmission users us-
ing ashared channel in the forward link.

Consequently, our proposal is to generate the receiver an-
tenna weights, i.e., antenna beam pattern, based on the DOA
estimation of the target user’s channel in the reverse link. Fur-
thermore, in the forward link, the transmitter antenna weights
are generated based on the above DOA estimates of the desired
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user aswell asthose of other users derived in thereverselink by
performing RF circuitry calibration, which compensatesfor the
phase/amplitude fluctuations of parallel RF receiver/transmit-
ter circuitries, and carrier frequency calibration, which compen-
sates for the direction of the main lobe due to the difference in
the wavelength between the reverse link and forward link car-
rier frequencies.

D. Channel Coding and HARQ

As the bandwidth becomes much broader, the channel coding
gain must be more effective since the received signal level in
the entire bandwidth approaches a static channel. Thus, to as-
sure error-free conditions, HARQ employing packet combing,
such as Incremental redundancy and Chase combining, is an
inevitable technique asit isin HSDPA. Nevertheless, powerful
channel codingisaso essential especialy inrea-timedatatrans-
mission, in which along delay due to HARQ is not allowed. In
the reverse link employing MC/DS-CDMA wireless access, we
apply avery low rate turbo coding, such as R = 1/8, coupled
with auser-specific scrambling code (thisis called code spread-
ing[16]). Thereasonfor thisisthat sincethe orthogonality among
users cannot be maintained in genera due to the asynchronous
signal reception at the base station (BS) caused by different
propagation conditions in the reverse link, the bandwidth ex-
pansion employing alow rate channel coding rate is effective
thanks to a higher channel coding gain associated with Rake
time diversity, rather than using orthogonal spreading codes
among users.

E. Fast Cell Search Algorithm

Our concern is an inter-cell asynchronous system in order to
provide the flexibility for continuous system deployment from
outdoorsto indoorswithout preparing an external timing source.
Therefore, aMS must synchronize the frame timing and iden-
tify the scrambling code of the best cell site with the highest
received signal power (this processis called cell search). We
proposed athree-step cell search algorithm utilizing only the
primary-CPICH (i.e., an additional synchronization channel is
not needed) [17]. Thethree-step cell search agorithm comprises
the following three steps: OFCDM symbol timing detection by

detecting the guard interval timing or the correlation between
thereceived signal and primary-CPICH replicain thefirst step,
the frame timing and cell-specific scrambling code group de-
tection using primary-CPICH in the second step, and the cell-
specific scrambling code identification within the detected group
inthethird step. By separating the OFCDM symbol and frame
timing detection, and the cell-specific scrambling code deten-
tion, the fast cell search time performance (approximately 2
msec at the detection probability of 95%) is achieved [17].

IV.SIMULATION DEMONSTRATION

The achievable throughput performancelevel sby V SF-OFCDM
and MC/DS-CDMA intheforward and reverselinks areinves-
tigated in a broadband multipath fading channel. In both links,
turbo coding with the constraint length of K =4 bitsisused asa
channel coding scheme. InVSF-OFCDM, time domain spread-
ing is applied employing SF = 16 (S-mime = 16, Srrreq = 1) aSS0-
ciated with Crnux = 12 code-multiplexing, and the several com-
binations of data modulation and channel coding rate, i.e.,
(QPSK, R=1/3), (QPSK, R=1/2), (16QAM, R=1/3), (QPSK,
R =1/2) and (64QAM, R = 1/2), are evaluated. Meanwhile, in
MC/DS-CDMA, QPSK datamodulationis applied withR=1/
3and 1/2, and Cnx is changed for SF = 4. In the evaluation, the
average throughput is defined as Ry X Nac / Nirans, Where Ry isthe
total information bit rate, and Nians and N, are the total number
of transmitted and correctly received packets, respectively.

Figure 7 showsthe average throughput performance asafunc-
tion of the average received signal energy per symbol-to-back-
ground noise power spectrum density ratio (ES/No) in the for-
ward link based on VSF-OFCDM. We assumed a 12-path ex-
ponential decayed Rayleigh fading channel with ther.m.s. de-
lay spread s = 0.34 nsec. The symbol timing is detected using
the guard interval correlation, and the channel estimationisre-
alized with the time-multiplexed pilot channel within aframe.
Asshown in Fig. 7, the average throughput over 100 Mbpsis
realized at the average received ES/No of approximately 13 dB
using the combination of 16QAM data modulation with turbo
coding of R=1/2 and Cnx= 12 of SF = 16.

Figure 8 represents the average throughput performance as
afunction of the average received EJ/No per antennain there-
verselink based on MC/DS-CDMA.. We assumed 2-branch an-
tenna diversity reception in a 6-path exponential decayed
Rayleigh fading channel. The path search and channel estima-
tionisperformed using the pilot channel code-multiplexed within
aframe. As shown in Fig. 8, the average throughput over 20
Mbpsisachieved at the average received Es/No of approximately
9 dB using the combination of QPSK data modulation with turbo
coding of R=1/2 and Cnx =3 of SF = 4.

V.CONCLUSION
This paper proposed abroadband packet wirel ess access scheme
employing VSF-OFCDM with two dimensional spreading that
prioritizes time domain spreading in the forward link and MC/
DS-CDMA inthereverselink for the system beyond IMT-2000.
Based on the wireless access scheme, we proposed mgjor radio
air interface parametersin the physical layer to achieve our tar-
get maximum throughput beyond 100 Mbps and 20 Mbpsin
the forward and reverse links, respectively. Furthermore, we
present key technol ogies such as the adaptive radio link param-
eter control coupled with link adaptation, pilot channel assisted



coherent detection in both links, adaptive antenna array beam
forming transmitter and receiver, cell search, and channel cod-
ing. Finally, smulation results el ucidate that the VSF-OFCDM
using the proposed radio link parameters achieves a throughput
above 100 Mbps at the average received E/No of approximately
13 dB (101.5-MHz bandwidth, without antenna diversity re-
ception, 12-path Rayleigh fading channel). Furthermore, MC/
DS-CDMA redlizes athroughput above 20 Mbps at the average
received EJ/Noof approximately 8 dB (40-MHz bandwidth, with
antenna diversity reception, 6-path Rayleigh fading channel).
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