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ABSTRACT

In this article we identify some of the key
problems that may be encountered when design-
ing a broadband multiple access system with
bandwidth on the order of tens or even hun-
dreds of megahertz. We commence with a com-
parative discussion in terms of the
characteristics of three typical code-division
multiple access schemes: single-carrier direct-
sequence CDMA (SC DS-CDMA), multicarrier
CDMA (MC-CDMA), and multicarrier DS-
CDMA (MC DS-CDMA). Specifically, their
benefits and deficiencies are analyzed when
aiming to support ubiquitous communications
over a variety of channels encountered in
indoor, open rural, suburban, and urban envi-
ronments. It is shown that when communicating
in such diverse environments, both SC DS-
CDMA and MC-CDMA exhibit certain limita-
tions that are hard to circumvent. By contrast,
when appropriately selecting the system param-
eters and using transmit diversity, MC DS-
CDMA becomes capable of adapting to such
diverse propagation environments at a reason-
able detection complexity.

INTRODUCTION

Future generations of broadband wireless mobile
systems will aim to support a wide range of ser-
vices and bit rates by employing a variety of
techniques capable of achieving the highest pos-
sible spectrum efficiency [1]. Code-division mul-
tiple access (CDMA) schemes have been
considered as attractive multiple access schemes
in both second-generation (2G) and third-gener-
ation (3G) wireless systems. Recently interest in
wireless communications has been shifting in the
direction of broadband systems [1, 2]. This is
mainly due to the expected spread of the wire-
less Internet and the continued dramatic increase
in demand for all types of advanced wireless

multimedia services, including conventional
voice and data transmissions. Furthermore,
future generations of broadband wireless systems
are expected to support ubiquitous communica-
tions, regardless of the propagation environment
encountered, while maintaining the required
quality of service (QoS).

In the context of broadband wireless commu-
nications using CDMA without the assistance of
frequency/time hopping, the main multiple
access options include single-carrier direct-
sequence CDMA (SC DS-CDMA) using time-
domain (T-domain) DS spreading [1],
multicarrier CDMA (MC-CDMA) using fre-
quency-domain (F-domain) spreading [1, 3], as
well as multicarrier DS-CDMA (MC DS-
CDMA) using T-domain DS spreading of the
individual subcarrier signals [1, 3]. The spectrum
as well as the spreading model of the above
three CDMA arrangements are shown in Figs. 1,
2, and 3, all of which have approximately the
same bandwidth. This figure will be augmented
in more depth in the next section.

In this article we investigate the behavior of
the above three CDMA schemes when com-
municating over broadband wireless channels.
We will show that regardless of the communi-
cation environments encountered, both SC
DS-CDMA and MC-CDMA exhibit more
severe problems than MC DS-CDMA. Broad-
band MC DS-CDMA augmented by transmit
diversity is capable of mitigating the problems
imposed by broadband wireless channels. It is
shown that by appropriately selecting the sys-
tem parameters, transmit diversity assisted
broadband MC DS-CDMA is capable of sup-
porting wireless communications in diverse
propagation environments. Furthermore, in
this article the issue of capacity improvement
achievable by broadband MC DS-CDMA sys-
tems is also investigated. Let us first embark
on a rudimentary overview of the above three
CDMA schemes.
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AN OVERVIEW OF
CDMA SCcHEMES USING
NoO FREQUENCY/TIME HOPPING

Hara and Prasad have provided an excellent
overview of both SC DS-CDMA and the differ-
ent multicarrier CDMA schemes in [3]. In this
section we provide a different digest of SC DS-
CDMA, MC-CDMA, and MC DS-CDMA, with
specific emphasis on the transmitted signals’
structures. As discussed in [3], MC-CDMA using
DS-spread subcarrier signals can be further
divided into multitone DS-CDMA, orthogonal
MC DS-CDMA, and MC DS-CDMA using no
subcarrier overlapping. The authors of this con-
tribution have shown in [4] that the above three
types of MC DS-CDMA schemes using a specif-
ic frequency spacing between two adjacent sub-
carriers can be unified in the family of
generalized MC DS-CDMA schemes using an
arbitrary frequency spacing, A, between two
adjacent subcarriers. In this article we take
orthogonal MC DS-CDMA as an example and
refer to it simply as MC DS-CDMA, unless it
would cause confusion. However, our analysis
can readily be extended to MC DS-CDMA
schemes using various frequency spacing values
of A.

SC DS-CDMA

By definition, an SC DS-CDMA scheme trans-
mits DS-spread signals using a single carrier. In
SC DS-CDMA the original data stream is spread
using a given spreading code in the T-domain, as
shown in Fig. 1. Hence, the transmitted signal in
SC DS-CDMA using binary phase shift keying
(BPSK) modulation can be expressed as

M N-1
sps=\2P 3 3 blilel]]

i=—M j=0 (@8]
Pr, (t _in - jTCl)COS(27tht),

where P and f, represent the transmitted power
and carrier frequency, respectively, 7} and T4
represent the bit duration and chip duration,
respectively, and the processing gain (spreading
factor) of N = T,/T, represents the number of
chips per bit. Furthermore, in Eq. 1 2M + 1 rep-
resents the number of bits conveyed by a trans-
mitted data burst, b[i] € {+1,-1} is the ith
transmitted bit, while c[j] € {+1,-1} is the jth
chip of the spreading code, and finally, p(¢) rep-
resents the chip waveform defined over the
interval [0,7).

The number of users supported by SC DS-
CDMA depends on the achievable processing
gain and the cross-correlation characteristics of
the spreading codes. When communicating over
frequency-selective fading channels, the number
of users supported by SC DS-CDMA is also
influenced by the auto-correlation characteristics
of the spreading codes.

MC-CDMA

MC-CDMA conveys the transmitted signals
using a number of subcarriers. In MC-CDMA
the transmitter spreads each parallel substream
of data generated with the aid of serial-to-paral-
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MC-CDMA using the frequency-domain spreading code {+1 + 1+ 1+ 1-1

—1—1-1} and S-P conversion associated with U = 2 bits.

lel (S-P) conversion across N, number of subcar-
riers using a given N,-chip spreading code, {c[0],
c[1], ..., ¢[N, = 1]} [3]. As seen in Fig. 2, the
transmitted MC-CDMA signal using BPSK mod-
ulation can be expressed as

L I S N
;[u)elj
UNP i=—Mu=0 j=0 (2)

pr, (t=iT,)cos2m(fe + Fiyr)t]

suc ()=

where P, c[j], f. and p,(¢) have the same meaning
as in Eq. 1. In Eq. 2 U represents the number of
bits that are S-P converted, where each transmit-
ted symbol contains U data bits, 2M + 1 repre-
sents the number of U-bit symbols conveyed by a
transmitted data burst, and b;[u] € {+1, -1} rep-
resents the uth bit of the ith transmitted symbol.
As seen in Eq. 2, the total number of subcarriers
is O = UN,,. Let fy < fi<...< fynp-1- Then theNNp
number  of subcarriers  {fjyiu}j=0 p-1
having the maximum possible frequency spacing
between any two subcarriers are used for con-
veying the N, chips of the substream b;[u] for u
=0, 1, ..., U- 1. Furthermore, in Eq. 2 T rep-
resents both symbol duration and chip duration,

IEEE Communications Magazine * October 2003



MC DS-CDMA
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M Figure 3. Power spectra and time-domain signal waveforms associated with
MC DS-CDMA using the time-domain spreading code {+1 — 1}, the frequen-
cy-domain spreading code {+1 - 1}, and S-P conversion associated with U =

5 bits.

! This assumption may be
satisfied by appropriately
choosing the number of
subcarriers occupying the
bandwidth available, pro-
vided that the channel’s
impulse response and the
corresponding channel
transfer functions are
known.

since in MC-CDMA the symbol duration and
chip duration assume the same value.

The number of users supported by MC-
CDMA depends on both the processing gain and
the cross-correlation characteristics of the differ-
ent spreading codes. However, since in MC-
CDMA each subcarrier signal is assumed to be
experiencing flat fading,! no multipath-induced
intersymbol interference (ISI) is imposed on the
subcarrier signals, which would impair their
autocorrelation. Hence, the number of users
supported by MC-CDMA remains independent
of the auto-correlation characteristics of the
spreading codes. If, however, the MC-CDMA
system’s transmission bit rate is high [3], the
transmitted signal would experience frequency-
selective fading. In this case S-P conversion
invoking a high number of input data bits and a
high number of subcarriers can be employed to
prevent the subcarriers from experiencing fre-
quency-selective fading.

MC DS-CDMA

Generally, MC DS-CDMA transmits T-domain
DS-spread signals using multiple subcarriers [5].
The philosophy of the MC DS-CDMA scheme
considered here is more general, as shown in
Fig. 3, which employs F-domain spreading in
addition to T-domain spreading (i.e., employs
TF-domain spreading). The corresponding MC
DS-CDMA transmitter scheme includes an S-P
converter, which reduces the subcarrier data rate
by mapping the serial data to a number of
reduced-rate parallel streams. In MC DS-CDMA
systems DS-based T-domain subcarrier spread-
ing is invoked to increase the achievable process-
ing gain associated with each subcarrier signal,
while F-domain spreading across several subcar-
riers is employed to further increase the total
attainable processing gain. The total processing
gain is usually determined by the product of the
T-domain and F-domain spreading factors. Fol-
lowing the philosophy of Fig. 3, the transmitted
MC DS-CDMA signal using BPSK modulation
can be expressed as

ap M Uy=1s-1 Npy-l .
sups() =< X 2 2 2 bilulel)]
US 2 2Mu=0 5=0 j=0

pr, (=iT, = JT.)e [slcos2n(fe + Fy 1)t »

where P, b;[u], f. and p,(¢) have the same inter-
pretation as in Eq. 2, ¢/[j] represents the jth chip
of the T-domain spreading code, while ¢/s] rep-
resents the sth chip of the F-domain spreading
code. The Q = US number of subcarrier fre-
quencies are represented by {f;y4,} foru =0, 1,
.,U-1;5=0,1,...,5-1. As in Eq. 2, formu-
lated in the context of MC-CDMA, S number of
subcarriers are used for F-domain spreading of
the same data bit, and we have the maximum
possible frequency spacing between any two of
the S subcarriers. Furthermore, in Eq. 3 (2M +
1) is the total number of symbols transmitted
during a transmission burst, and the MC DS-
CDMA signal has a symbol duration of 7 as
well as a chip duration of 7.

Similar to SC DS-CDMA but in contrast to
MC-CDMA, the DS spread subcarrier signals of
MC DS-CDMA may experience frequency-selec-
tive fading. Hence, the total number of users
supported by MC DS-CDMA is jointly deter-
mined by the T-domain and F-domain spreading
factors, as well as by the auto-correlation and
cross-correlation characteristics of the spreading
codes employed.

In conventional MC DS-CDMA [3, 5], which
employs no F-domain spreading, the chips of a
DS spread subcarrier signal can be repeated
across S number of subcarriers, which is referred
to here as F-domain repetition, in order to
achieve a higher grade of frequency diversity.
Instead of solely using F-domain repetition, the
transmitted data stream can be spread in both
the T-domain and F-domain (i.e., in TF-domain)
as indicated in Fig. 3 and Eq. 3. As will be shown
later, the employment of TF-domain spreading
will allow us to mitigate the deficiency that the
number of users supported by MC DS-CDMA
decreases on increasing repetition depth S.

FLEXIBILITY COMPARISON

Above we have reviewed three typical CDMA
schemes: SC DS-CDMA, MC-CDMA and MC
DS-CDMA. In the context of broadband wire-
less communications the design and reconfigura-
tion flexibilities constitute important
considerations. The flexibility of a multiple
access scheme depends on its degree of freedom,
which is defined as the number of independent
parameters that can be controlled and adapted
during the system design phase or reconfigured
during the communications session with the aid
of advanced techniques facilitated by the con-
cept of software radios. Let us assume that the
above three typical CDMA schemes employ a
given zero-to-zero system bandwidth of W, =
2/T.y. Furthermore, they use a common chip
waveform and employ the same BPSK data mod-
ulation scheme. We also assume that these
CDMA systems support a common data rate of
Ry, = 1/T,. Then, in addition to the aforemen-
tioned degrees of freedom, the range of other
parameters that can be reconfigured by the
CDMA schemes considered are as follows:
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¢ In the context of SC DS-CDMA no other
degrees of freedom are available. In other
words, the characteristics of the transmitted
signal in SC DS-CDMA are fully deter-
mined by the above mentioned degrees of
freedom.

In the context of MC-CDMA, another
degree of freedom is the number of bits, U,
involved in the S-P conversion. This param-
eter determines both the symbol duration
and chip duration, which are expressed as
T, = T, = UTp. It also determines the total
number of subcarriers within the bandwidth
of Wy = 2/T.q, which can be expressed as Q
= (QUTy/T, - 1).

In MC DS-CDMA systems there are another
three degrees of freedom in addition to the
above mentioned ones. The first is the chip
duration, T,., which determines the total
number of subcarriers Q, yielding, for exam-
ple, O = (2T./T; - 1) for orthogonal MC
DS-CDMA. The second is the number of
bits, U, involved in the S-P conversion, which
determines the symbol duration (T = UT}).
Furthermore, the above two degrees of free-
dom determine the spreading factor of each
subcarrier signal, which can be expressed as
N = UT/T,.. They also determine the F-
domain repetition depth, S, or the F-domain
spreading codes’ length, S, which can be
expressed as S = Q/U. Finally, the third
parameter associated with MC DS-CDMA is
the frequency spacing A between two adja-
cent subcarriers [4], which may assume a
value spanning the range from 1/7; to 2/T.
As shown in [4], in MC DS-CDMA systems
the system’s total transmission bandwidth
Wy, total number of subcarriers Q = US,
subcarrier spacing A, and chip duration T,
of the T-domain spreading codes obey the
relationship of Wy = (US - 1)A + 2/T,.. MC
DS-CDMA using an arbitrary spacing value
of A includes the subclasses of multitone
DS-CDMA [6] using A = 1/T; and orthogo-
nal MC DS-CDMA [5] opting for A = 1/T,
as special cases. The results of [4] show that
the parameter A can be optimized to
enhance the MC DS-CDMA system’s bit
error rate (BER) performance.

BROADBAND WIRELESS
COMMUNICATIONS
BAsSeED oN CDMA

CHARACTERISTICS OF BROADBAND CHANNELS

Future generations of broadband wireless sys-
tems will aim to support a wide range of services
and bit rates in a bandwidth on the order of tens
or even hundreds of megahertz. Thus, these
broadband wireless signals may have significantly
higher bandwidth than the coherence bandwidth
of the channels encountered, and so will
inevitably experience severe frequency-selective
fading. Furthermore, broadband wireless systems
(using, e.g., multicarrier transmissions) may
encounter a different Doppler frequency shift
for the lowest and highest subcarriers, due to the
high frequency difference between them.

LIMITATIONS OF
BROADBAND SC DS-CDMA AND
BroADBAND MC-CDMA

In Table 1 we summarized some of the typical
signal characteristics and the corresponding
receiver models in the context of the SC DS-
CDMA, MC-CDMA and conventional non-F-
domain spread MC DS-CDMA systems
communicating over time-varying wireless com-
munication channels. When aiming to support
broadband transmissions reaching a bandwidth
of, say, 20 MHz in diverse propagation environ-
ments, both SC DS-CDMA and MC-CDMA
exhibit certain deficiencies. Specifically, the
broadband wireless communication systems, for
example, may have a 20 MHz bandwidth and be
required to support a bit rate of 1 Mb/s. In this
context both broadband SC DS-CDMA and
MC-CDMA systems would experience the fol-
lowing problems.

Communications in diverse propagation environ-
ments cannot be readily supported by SC DS-
CDMA or MC-CDMA. Assuming binary
transmissions (e.g., BPSK modulation), in SC
DS-CDMA the transmitted symbol’s duration
and the data bit’s duration are the same in both
of the above schemes. Propagation measure-
ments conducted in typical wireless environ-
ments including indoor, open rural, suburban,
and urban areas show that the delay spread is
typically distributed over the range of [0.1 ps, 3
us] [7]. Hence, when communicating at 1 Mb/s,
SC DS-CDMA cannot perform well in environ-
ments having a delay spread higher than 1 ps.
Otherwise, severe intersymbol interference (ISI)
will be imposed on the adjacent symbols due to
the delayed and unresolvable paths having rela-
tive delays higher than 1 ps. In the context of
MC-CDMA, we might argue that S-P conversion
may be employed for rendering the symbol dura-
tion higher than the highest delay spread
encountered (e.g., > 4 us), which would mitigate
the ISI. However, employing S-P conversion in
MC-CDMA will result in an increased peak-to-
average power fluctuation [8], due to the
increased symbol duration and as a result of the
increased number of subcarriers. Furthermore,
using S-P conversion cannot mitigate the follow-
ing problem.

Frequency diversity may not be efficiently exploit-
ed in broadband SC DS-CDMA. By the same
token, achieving frequency diversity in MC-
CDMA may be hampered, since significant cor-
relation may exist between the fading envelopes
of adjacent subcarriers of a broadband MC-
CDMA system when the frequency selectivity of
the channels is low. A broadband SC DS-CDMA
scheme designed using a high number of RAKE
fingers for propagation environments having a
high delay-spread will combine noise, if the
number of resolvable paths is low, since the
environment encountered exhibits a low delay
spread. By contrast, a broadband SC DS-CDMA
scheme designed using a low number of RAKE
fingers is suitable for environments with a low
delay spread. However, this scheme will waste
some of the effective received signal energy
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Multiple-access Number of Spreading Number of Diversity combining
scheme subcarriers gain resolvable paths approaches
1, T T
SC DS-CDMA 1 — 1, (AL RAKE
Tcl Tcl Tcl
2UT, 2T,
MC-CDMA =—b_g =b 1 F-domain
TCI TCl
2T, T, T, Ty
MC DS-CDMA e = leJ”’ {T +1 RAKE and/or F-domain
T, T, c c
Achievable diversity Slow fading Strong ISl Correlation between
order combined components
T, 1 Ty
SC DS-CDMA ,| |1 Yes, if Tp < 1/(AF) Yes, if Ty < Ty No
@
st Lo L
2UT, v P "
MC-CDMA - Yes, if T, < 1 Yes, if UTp < T, T N
T, es, if Ts < 1/(AF) es, e = Im orif (T, >T,,)
Ty, |Tu
T, T,
2T, . U 1
MC DS-CDMA X[TC—IJ / U Yes, if T, < 1/AF Yes, if UTy, < Ty Yes, if —<—
cl c m

Tcq: Chip duration of spreading codes in SC DS-CDMA; T.: Chip duration of spreading codes in MC DS-CDMA; Tj: Bit duration of input
information; Ts: Symbol duration; U: Number of bits involved in S-P conversion; T,,,: Delay spread of the environment with the lowest
delay spread; Ty;: Delay spread of the environment with the highest delay spread; AF: Maximum Doppler frequency shift.

M Table 1. Typical signal and receiver characteristics associated with SC DS-CDMA, MC-CDMA and conventional non-F-domain
spread MC DS-CDMA communicating over wireless communications channels.

delivered by the paths that cannot be combined
due to the low number of RAKE fingers in envi-
ronments with a high delay spread. As a remedy,
hybrid schemes based on selection combining
and maximal ratio combining (SC/MRC)
schemes may be employed, depending on the
specific environment. In SC/MRC schemes only
a fraction of the resolvable paths, the dominant
ones, are selected, and then combined using
MRC. However, the high complexity imposed by
the estimation of all resolvable paths and the
suboptimum performance due to the received
signal energy loss associated with the uncom-
bined paths are unavoidable. Consequently, a
highly efficient diversity combining arrangement
has to invoke an adaptive MRC scheme, which is
capable of combining a time-variant number of
resolvable paths encountered in various propa-
gation environments. However, the cost of such
a combining scheme is the associated increase of
complexity. Again, in the context of broadband
MC-CDMA the adjacent subcarriers may be
exposed to correlated fading, especially if the
delay spread of the channel is relatively low,
resulting in the relatively high coherence band-
width. Consequently, combining the adjacent
subcarrier signals may not achieve the expected
BER performance when transmitting over such
low-dispersion fading channels. As indicated in
Table 1, the correlation of the fading envelopes

experienced by the adjacent combined subcarri-
ers cannot be removed by S-P conversion; it can
only be mitigated by employing high-latency
interleaving of the transmitted data before the S-
P conversion.

Multiuser detection (MUD) is a highly efficient
detection technique, which is capable of attain-
ing near-single-user performance, while support-
ing a multiplicity of users and hence increasing
the user capacity of wireless systems. The down-
link (base-to-mobile) is expected to become the
bottleneck in the forthcoming wireless Internet,
which is likely to convey more downloading traf-
fic than uplink (mobile-to-base) traffic. More-
over, the mobile handset has to be light and
have relatively low signal processing complexity.
Hence, at the mobile station (MS) relatively low-
complexity detectors have to be employed. How-
ever, in order for broadband SC DS-CDMA or
broadband MC-CDMA to achieve the best pos-
sible BER performance, both require high-com-
plexity MUDs. It is well recognized that the
MUD algorithms’ complexity typically increases
at least linearly with the total number of users
detected by the system. The complexity of MUD
cannot be sufficiently relaxed, even if orthogonal
spreading codes and synchronous downlink
transmissions are used. The orthogonality of the
spreading codes used in broadband SC DS-
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CDMA will be destroyed by the delay spread of
the channel, which results in multipath interfer-
ence imposed by both the desired user and the
other users. By contrast, the orthogonality of the
spreading codes used in broadband MC-CDMA
employing F-domain spreading will be destroyed
by the frequency-selective fading experienced by
the different subcarriers. In the context of down-
link transmissions, the orthogonality of the
spreading codes may be restored in the MC-
CDMA receiver with the aid of the zero-forcing
approach conditioned on perfect channel estima-
tion, and at the expense of noise enhancement
[3]- Furthermore, the receiver of SC DS-CDMA
requires signal processing at a rate comparable
to the chip rate, which is extremely high in
broadband SC DS-CDMA systems.

Transmit diversity [9] using multiple base station
(BS) antennas has been proposed for boosting
the capacity and data rate of CDMA systems. In
the context of SC DS-CDMA communicating
over various propagation channels including
indoor, open rural, suburban, and urban areas,
transmit diversity schemes designed on the basis
of encountering a low number of resolvable
paths or based on the premise of encountering a
constant number of resolvable paths may not
achieve the maximum attainable throughput. In
an MC-CDMA system, usually each subcarrier
signal is assumed to experience flat fading. How-
ever, the actual diversity gain achieved by using
multiple BS antennas and combining the subcar-
rier signals is time-variant. This is because the
coherence bandwidth associated with the above-
mentioned various communication environments
is different. A desirable multiple access scheme
designed for diverse propagation environments
is typically expected to be able to achieve a con-
stant diversity order and maintain similar BER
performance, regardless of which communica-
tion channels are encountered.

USING BROADBAND
MC DS-CDMA FOR SUPPORTING
UsiQuitTous WIRELESS COMMUNICATIONS

It is well recognized that, to a certain extent,
MC DS-CDMA constitutes a trade-off between
SC DS-CDMA and MC-CDMA in the context
of the system’s architecture and performance.
MC DS-CDMA typically requires lower chip
rate spreading codes than SC DS-CDMA due to
employing multiple subcarriers. It necessitates a
lower number of subcarriers than MC-CDMA
due to imposing DS spreading on each subcarri-
er’s signal. Consequently, MC DS-CDMA typi-
cally requires lower-rate signal processing than
SC DS-CDMA and has lower worst-case peak-
to-average power fluctuation than MC-CDMA.
However, MC DS-CDMA goes far beyond con-
stituting the trade-off between SC DS-CDMA
and MC-CDMA. It exhibits a number of advan-
tageous properties, which can be exploited to
support ubiquitous broadband wireless commu-
nications in diverse propagation environments.
Earlier we showed that MC DS-CDMA has the
highest degrees of freedom in the family of
CDMA schemes that can be beneficially exploit-
ed during the system design and reconfiguration

procedures. Below we investigate how the specif-
ic parameters of MC DS-CDMA can be adjusted
to satisfy the requirements of ubiquitous com-
munications in diverse propagation environ-
ments.

The delay spreads are assumed to be limited
to the range of [7,,,T], where T}, corresponds
to the environment with the shortest delay
spread considered (experienced, e.g., in an
indoor environment). By contrast, T, is associat-
ed with an environment having the highest possi-
ble delay spread, as in an urban area. First, in
order to ensure that the MC DS-CDMA system
considered maintains the required constant fre-
quency diversity order in different communica-
tion environments, the simplest approach is to
configure the system such that each subcarrier
signal is guaranteed to experience flat fading.
Then the required constant frequency diversity
gain is attained by combining the independently
faded subcarrier signals, which is achieved with
the aid of F-domain repetition or F-domain
spreading. When communicating over various
fading channels having delay spreads in the
range of [T},,Ty/], the flat fading condition of
each subcarrier signal is satisfied if the chip-
duration, T, is higher than the highest delay
spread, Ty, (i.e., when T, > Tyy).

Second, in order to achieve the highest possi-
ble grade of frequency diversity for a given F-
domain repetition depth, the subcarrier signals
combined must experience independent F-
domain fading. This implies that the F-domain
spacing between the combined subcarriers must
be higher than the maximum coherence band-
width of (Af)cy = 1/T,,. Let U be the number of
data streams after the S-P conversion stage.
Then the above condition is satisfied if

v, 1

TC Tm ,
that is,

Usle
T,

m

where U/T, is the minimum frequency spacing
between two adjacent subcarriers conveying the
same data bit.

The above philosophy might be augmented
with the aid of an example. Let us assume that
the total bandwidth of the broadband MC DS-
CDMA system is about 20 MHz. The delay
spread is assumed to be limited to the range of
[T,, = 0.1 us, Ty = 3 us], which includes the
typical delay spread values experienced in
indoor, open rural, suburban, and urban areas.
Based on the philosophy discussed earlier in this
subsection, we can set T, = 4 us > Ty; = 3 us,
and U = T./T,, = 4 us/0.1 us = 40. When, for
example, a total of 80 subcarriers occupying the
spectrum of Fig. 3 and having a total system
bandwidth of about 20 MHz (= (80 + 1)/T,) are
employed, the repetition depth is two, that is,
each data stream can be transmitted on two sub-
carriers. Consequently, this MC DS-CDMA sys-
tem will operate efficiently over a wide range
communication environments and will achieve a
total diversity order of two, provided that the
delay spread of the specific environment encoun-
tered is in the range of [0.1 us, 3 ps].

|
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significantly
higher than the
coherence
bandwidth of the
channels

encountered.
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|
The Doppler

frequency shift of
the lowest and
highest subcarriers
may be substantially
different. This is
because broadband
MC DS-CDMA
may occupy a
system bandwidth
on the order of
tens or even
hundreds of MHz.

Advantages — Based on the above rules for
selecting the system parameters, broadband MC
DS-CDMA is capable of mitigating the problems
encountered by both SC DS-CDMA and MC-
CDMA. Specifically, broadband MC DS-CDMA
has the following advantages:

*MC DS-CDMA is capable of supporting
ubiquitous communications in environments as
diverse as indoor, open rural, suburban, and
urban areas. This is achieved by avoiding or at
least mitigating the problems imposed by the dif-
ferent dispersion fading channels associated with
the above-mentioned diverse communication
environments.

*Broadband MC DS-CDMA guarantees that
the combined subcarrier signals experience inde-
pendent fading.

*Broadband MC DS-CDMA is capable of
mitigating the requirements of high-chip-rate-
based signal processing, as encountered in broad-
band SC DS-CDMA. This is achieved by
introducing computationally efficient fast Fouri-
er transform (FFT)-based parallel processing,
carrying out modulation/demodulation for all
subcarriers in a single FFT step. Broadband MC
DS-CDMA is also capable of mitigating the
worst-case peak-to-average power fluctuation
experienced, since with the advent of using DS
spreading of the subcarriers we have a signifi-
cantly decreased number of subcarriers from
MC-CDMA.

*In broadband MC DS-CDMA the orthogo-
nality of the T-domain spreading codes remains
unimpaired by fading-induced dispersion, since
each subcarrier signal experiences flat fading.
Therefore, for downlink transmission, users sig-
natured using different T-domain spreading
codes can be detected with near single-user per-
formance without employing MUD. The desired
signal can be detected using conventional low-
complexity single-user detectors.

*The achievable frequency diversity order is
a constant value when communicating over a
variety of fading channels. Consequently, when
multiple BS antennas are employed, the transmit
diversity scheme employed can be designed
under the assumption of a constant frequency
diversity order.

Disadvantages and Their Countermeasures —
With the aid of Table 1 we conclude that the
two main deficiencies associated with broadband
MC DS-CDMA are as follows.

*The Doppler frequency shift of the lowest
and highest subcarriers may be substantially dif-
ferent. This is because broadband MC DS-
CDMA may occupy a system bandwidth on the
order of tens or even hundreds of megahertz.
The different Doppler frequency shifts corre-
sponding to different subcarriers will destroy the
orthogonality of the subcarriers, and a given sub-
carrier signal will experience intersubcarrier
interference (ICI) imposed by the adjacent sub-
carrier signals. However, in most cases the ICI
imposed by the other subcarrier signals becomes
negligably low, provided that the mobile termi-
nal’s traveling speed is not too high. This is
because the orthogonality between the desired
subcarrier and its adjacent subcarriers remains
relatively intact due to their similar frequencies.

By contrast, the distant subcarriers impose rela-
tively low crosstalk on the desired subcarrier,
since the crosstalk between the subcarriers
decays inversely proportional to their F-domain
separation [4].

*In broadband MC DS-CDMA each subcar-
rier signal experiences flat fading. According to
the second column of Table 1 the achievable fre-
quency diversity order also depends inversely
proportionally on the number of parallel sub-
streams. Hence, the frequency diversity order
alone in broadband MC DS-CDMA may be
insufficient for maintaining the required BER
performance. However, the diversity order
achieved can be augmented by using transmit
diversity, as discussed in the context of 3G
CDMA systems in [9].

MC DS-CDMA UsING
TF-DOMAIN SPREADING

In MC DS-CDMA using F-domain repetition it
can be shown that for a given number of subcar-
riers O, each having a constant chip rate of R, =
1/T,, the number of bits per symbol, U, and the
processing gain, N = UT,/T,, decrease upon
increasing the repetition depth, S, due to the
relationship of Q = S x U. Hence, the number
of users, K, supported by the conventional MC
DS-CDMA using solely T-domain spreading also
decreases upon increasing the repetition depth,
S. This is because the number of DS spreading
codes with good correlation characteristics is
determined by the number of chips per symbol.
Hence, for a given total system bandwidth, the
maximum number of users supported and the
frequency diversity gain achieved by using F-
domain repetition have to obey a trade-off. This
is not a desirable result. We would like to
achieve the maximum possible transmit diversity
gain as well as the required frequency diversity
gain without having to accept any further trade-
offs (i.e., without decreasing the total number of
users supported by the system). This can be
achieved by using both T-domain and F-domain
(i.e., TF-domain) spreading in MC DS-CDMA
systems.

The philosophy of the TF-domain spread
broadband MC DS-CDMA system [1] may be
augmented with the aid of Fig. 3 and Eq. 3.
Specifically, as suggested by Fig. 3 and Eq. 3,
each user in the system employs an F-domain
spreading code in addition to a T-domain
spreading code. Consequently, the total number
of users supported by the TF-domain spread
broadband MC DS-CDMA scheme is deter-
mined by the product of the T-domain spreading
factor, N, and the F-domain spreading factor, S,
that is, by N x § = (UT/T,) x (Q/U) = QT/T,.
Explicitly, the number of users supported by TF-
domain spread MC DS-CDMA is independent
of the frequency-diversity order S.

Spreading Codes Assignment — Let the
maximum number of users that can be support-
ed by the T-domain spreading codes be K. It
is well recognized that the number of S-length
orthogonal codes used for F-domain spreading is
S. Since the above two sets of orthogonal codes
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(the T-domain and F-domain codes) can be
assigned to users independently, we can see that
even if § number of users share the same subset 100
of T-domain spreading codes, these S user sig-
nals might be distinguishable with the aid of the
associated number S of F-domain spreading
codes. Hence, the spreading codes used in the
broadband MC DS-CDMA system can be
assigned as follows.

If the number of users is in the range of 0 < 10-2
K £ K4y, these users will be assigned the
required T-domain spreading codes and the
same F-domain spreading code. However, when
the number of users is in the range of sk, < K
< (s + DKprr s = 1,2...,5 — 1, the same subset
of T-domain spreading codes must be assigned
tos or (s + 1) users, and hence these s or (s + 104
1) users have to be assigned different F-domain
spreading codes. These s or (s + 1) users
employing the same subset of T-domain spread- 10-5
ing codes are identified by their corresponding
F-domain spreading codes.

T=2,U=8,5=8 N=32

Correlating
detector

BAWN =

oo+
AARAARAR

BER

10-3

Decorrelating
detector

Ep/Ng (dB)

Signal Detection — The subcarrier signals
conveying the different chips of the F-domain
spreading code encounter independent fading;
therefore, the orthogonality of the orthogonal
codes used for F-domain spreading cannot be
retained. Hence, multiuser interference is

M Figure 4. Simulation-based BER vs. the SNR per bit, Ep/Ny, performance of
both the single-user correlator and decorrelating MUD for transmit diversity
assisted broadband MC DS-CDMA using BPSK modulation and TF-domain
spreading when communicating over frequency-selective Rayleigh fading
channels, where each combined subcarrier was independently flat faded.

inevitably introduced, which degrades the BER
performance when increasing the number of
users sharing the same subset of T-domain
orthogonal codes. However, in synchronous
downlink broadband MC DS-CDMA using TF-
domain spreading, the number of users sharing
the same subset of T-domain orthogonal codes is
only a fraction of the total number of users sup-
ported by the system, which assumes the maxi-
mum value of S. Hence, for this fraction of users
advanced MUD algorithms [2] can be invoked in
order to achieve enhanced BER performance
while maintaining acceptable complexity.
Accordingly, the receiver of broadband MC DS-
CDMA will have substantially lower complexity
than that of broadband SC DS-CDMA or broad-
band MC-CDMA. Specifically, in the proposed
system the MUD complexity depends on

[K/Kmﬂ]’ where Irx-|

represents the minimum integer lager than x,
while in broadband SC DS-CDMA or broad-
band MC-CDMA the receiver’s complexity
depends on the total number of users supported,
K.

Detection Performance — The BER vs. sig-
nal-to-noise ratio (SNR) per bit, E;/Nj, and the
performance of both the correlation-receiver-
based single-user detector and the decorrelating
MUD are shown in Fig. 4 for the TF-domain
spread broadband MC DS-CDMA system. The
parameters associated with Fig. 4 are: a total sys-
tem bandwidth of 256 MHz, a single-user data
rate of R, = 1 mb/s, T, = 2 transmitter anten-
nas, length N = 32 T-domain spreading codes,
and length § = 8 F-domain spreading codes,
when supporting K = 1 x 32, 2 x 32, 3 x 32, and
4 x 32 users, corresponding to K’ = 1, 2, 3, 4 and
Knax = 32. Note again that K’ represents the

number of users sharing the same subset of T-
domain spreading codes. From the results of Fig.
4 we observe that when using the decorrelating
MUD, the SNR per bit of E,/N, required to sup-
port 4 x K,,,,, = 128 users increases only by about
1 dB over the scenario supporting K,,,,, = 32
users.

CONCLUSIONS

The systems of interest studied in this article are
broadband CDMA schemes supporting ubiqui-
tous communications, regardless of the specific
propagation environments encountered. Specifi-
cally, a broadband MC DS-CDMA was pro-
posed for satisfying the requirements of
broadband systems and supporting ubiquitous
communications with the aid of transmit diversi-
ty. We have shown how the system parameters
can be configured in order that the broadband
MC DS-CDMA scheme becomes capable of
supporting ubiquitous communications without
compromising the achievable BER. We have
also considered the user capacity improvement
in broadband MC DS-CDMA with the aid of
TF-domain spreading. Our studies suggest that
broadband MC DS-CDMA using transmit diver-
sity constitutes a promising multiple access
scheme capable of avoiding the various design
limitations encountered when communicating
over diverse propagation environments. For
more details on the associated schemes please
refer to [1].
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