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Abstract

Key words:  software radio, IMT-2000, wide-band CDMA

This research group project intends to provide technology solutions
for wide-band CDMA IMT-2000. It aims at the following working

items.
Q More effective speech/video coding
Q 2-D antenna array and RAKE receiver
O New synchronization techniques to enhance link performance
O New error control technology
Q HOS to enhance detection performance

Q Multicode, multirate CDMA for multimedia/Internet
applications
O System performance

Q Channel Estimation and Software Integration

In addition to theoretical study and evaluation, we shall use a
common platform to verify developed DSP algorithms in each part. In
the third year, we shall start initial integration of software for the
preparation of real implementation of IMT-2000 software radio in the

second stage (4" and 5" years) toward practical industrial applications.
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Since the first introduction of analog cellular (the first generation)
AMPS in 1983, cellular communication has become as one of the
fastest growing industry. While migrating from the analog cellular
systems into the second generation digital systems such as GSM in
Europe and 1S-54 in North America using TDMA technology, and
[S-95 applying CDMA technology, all of them are regional standard
and technologies. In light the need of world wide common standard for
mobile users, ITU-R (International Telecommunication Union — Radio)
started the effort of the third generation wireless communication
systems, initially known as FPLMTS (Future Public Land Mobile
Telecommunication System). Later on, it has been changed to a new
name, International Mobile Telecommunications — 2000 (IMT-2000).
The meaning of 2000 is two-fold, with frequency range around 2000
MHz and being realized around year 2000. The ultimate goal of this
ITU-R effort is to create a world-wide common system on a
world-wide common frequency band to fully realize the no-boundary
moblie communications. Although the official deadline for IMT-2000
proposal is June 1998 and it will not be finalized prior to the end of
1999. It suffices to summarize the important air-interface technologies

that are possibly adopted in IMT-2000.

B [MT-2000 Requirements Related to Air-Interface

IMT-2000 targets at common network signaling and numbering,

in addition to intemational roaming. For the purpose of worldwide



common frequency band to ensure this goal, the following frequency
bands have been assigned in WARC’92 and WARC’95. IMT-2000 will
use 1885-2025 MHz and 2110-2200 MHz while 1980-2010 MHz and
2170-2200 MHz can be used for satellite components.

IMT-2000 targets not only for conventional voice wireless
communications but also for multimedia wireless communications
services. It is expected that a good portion of IMT-2000 traffic will be
of data/multimedia form. According to the consensus, Table |

summarizes the minimum service rates for IMT-2000.

Application Minimum
Scenario Service Rate

Indoor 2M bps

Pedestrians 384k bps

Vehicles 144k bps

Satellite 9.6k bps
Mobile

Table 1 Minimum Service Rate Requirements for IMT-2000

B  Wide-band CDMA

Due to the success of narrow-band CDMA cellular to demonstrate
advantages in high system capacity and other networking management
considerations, adopting CDMA technology for IMT-2000 has been
seriously evaluated in all major players in the world. However, some

inherent difficulties for IS-95 narrow-band CDMA exist



d Based on [S-95 1.2288 Mcps and 8 Kbps basic transmission
rate, many high-bandwidth applications required by
IMT-2000 are not practically feasible even by using
multi-code CDMA.

0 IMT-2000 operates for wide range applications in higher
frequency band and in much more complicated
environments such as indoor and other severe fading
channels. 1.2288 Mcps might not suffice to support
high-quality wireless transport simply due to channel
bandwidth and more receiving techniques are needed to

meet basic link performance.

Consequently, encouraging by early investigations and
experiments 1n broadband CDMA, several proposed system
architectures based on wide-band CDMA haven been seriously
considered in the North America, Europe, and Asia. The fundamental
frequency bandwidth is likely 5 MHz and its multiples primarily due to
US PCS band assignment.

B Basic Features of 1S-95

In spite of so many detailed documentation and papers about [S-95,
we are going to discuss some important characteristics that have strong

impacts on various IMT-2000 designs.

QO IS-95 applies pilot signals in the forward link to result in
coherent demodulation. However, pilot signals can be not
applied in the reverse link due to the limitation of

conventional communication theory.



O IS-95 uses RAKE receiver structure to combat multipath
fading.

O [S-95B uses hard handoff for high-speed data transmission,
which sets up the initial trial on multimedia wireless

communications in wide area.
In the IMT-2000, there are several technologies that can be
applied to enhance IS-95 for wide-band CDMA serving multimedia

traffic:

O More effective speech/video coding

O

2-D antenna array and RAKE receiver
O new synchronization techniques to enhance link
performance

O new error control technology

O

HOS to enhance detection performance
Q Multicode, multirate CDMA for multimedia/Internet

applications

In above, we shall further understand the complicated operating
environments and their channel modeling. Furthermore, we shall
understand system performance of different approach. This is the core

target for this project.

B  Family of Standards for IMT-2000 and Need of Software Radio

For the purpose of smooth migration, IMT-2000 is considering a

family of air-interface definitions conforming to the same technology.



How to develop a software radio that can be flexibly adjusting to
operating environments is of highest interest for IMT-2000. Under the
efforts of 3GPP and 3GPP2, programmable or software radio has much
more need to be realized. This project therefore concentrates on
developing technology to solve this challenge. Since it involves a wide
range of expertise, professors with good research credential in related
areas must work together to develop this group project and can easily

justify the need of grouping effort.

This project is expected to play one of the leading roles in this
area. Recent activities from group members in IEEE Communications
Magazine and IEEE Personal Communications Magazine, organization
of 2001 IEEE Workshop on Signal Processing Advances in Wireless
Communications, and much more publications, demonstrate this

group’s active role in software radio research.
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Based on above discussion, there are 7 projects to cover our research

items and major tasks:

More effective speech/video coding
2-D antenna array and RAKE receiver
New synchronization techniques to enhance link performance

New error control technology

O 0D o0 oD

HOS to enhance detection performance
O Multicode, multirate CDMA for multimedia/Internet
applications

O Channel measurement and modeling

Although the software radio is still not a clearly defined term, it is
clear that we must transform all communication implementation into
digital signal processing so that a programmable platform can be built
to carry out the communication transmitter and receiver functions.
Wide-band CDMA for IMT-2000 is a very complicated system and it
requires a huge amount of processing power. Fortunately, TI recently
developed a new generation DSP engine, C6X digital signal processor,
to deliver 1600 MIPS that seems to be able to meet our need. Therefore,
we select it as our platform. Since every sub-project in this group
project needs certain degree of DSP research, we thus ask 5 TI Céx
development tools in 5 universities. This is a critical part of our
successful research and we do need this funding. In the mean time, we
need to deal with complicated simulations, analytical verification, and

design process. Each sub-project needs a workstation and it is also a
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must. We spread the need into 2 or 3 years for financial purpose.

The next challenge is how to select a direction for research since
there are quite a few proposals. Luckily, the principle investigator
attended several recent TIA 45.5 CDMA cellular standard meetings and
recent ITU-R TG8/1 meeting. After extensive study and discussion
among professors, we note that the technology difference of various
approaches is not significant at all. The principle investigator will
describe this conclusion in details in [EEE ICC tutorial and an IEEE
mnvited journal submission. That is why we come out above working list
and project list. Especially, software radio must provide flexibility and
we are sure to work in the right direction. However, we also realize the
importance to catch state-of-the-art technology change. This project
will cooperate with major companies in standard efforts in north

America and Europe.

This project will start from theoretical research, then DSP algorithm
development, and finally real vernification. We wish in the second stage
of this project (4™ and 5™ years) that we can work with local industry to
deliver our technologies into real product R&D. In the first stage, based
on carlier successful research experience by all 7 professors in this
group project, we are confident in the initial achievement. We also have
a close tie among all sub-projects and shall proceed careful and detailed
mutual discussion very frequently. We are planning to organize 2001
IEEE Workshop on Signal Processing Advances in Wireless
Communications to get together world-wide experts into an open forum
to promote this related research. We believe that the national program
shall provide world-level leadership. Professor Jin-Fu Chang will be the

first workshop chair and world-wide experts are in the contact.
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Another major challenge is the integration of different DSP efforts
from each part. We initially request a major support of a post-doctor
position in the second and third year to work on integrated architecture
of DSP communication system for IMT-2000 sofiware radio
technologies in this Project. In the third year, another assistant to help
integration is asked. Not to limit our scope, we believe that it is the

minimum support for this project for practical success.

We shall also coordinate with another national program proposal
with antenna technology implementation from National Taiwan
University to approach a total solution of IMT-2000 wide-band CDMA

software radio.,

Up to this point, we already comes out preliminary design for our
W-CDMA software radio. The following is the UNPUBLISHED

abstract of our design (please keep confidential due to intellectual

property from this project):

B Software Realization of W-CDMA Radio’

Introduction

Software radio provides a wide range of interests for future wireless

communications:

Q flexibility to fit multi-standards in a common platform

13



flexibility to fit operation in different frequency bands
ability to normalize to a family of chip rates from a single clock

flexibility to serve variety of applications

0 0 0 C

ease of upgrades and updates.

However, the realization of software radio is not an easy task by
changing traditional hardware realization into a hardware platform

running effective software to detect signal. The difficulties include

O Effective algorithms for pure DSP functions: We have to turn all
traditioilal hardware design into digital signal processing
algorithms, at least for IF and baseband functions. These
algorithms result in huge amount of processing and our
estimation is more than thousands of MIPS.

O High-speed ADC with large dynamic range: The near-far ratio
could be more than 90 dB.

O Effective hardware platform to support tremendous processing
power at least thousands of MIPS:

O High battery power consumption due to high clock frequencies
and large amount of DSP MIPS. An efficient power

management scheme may be necessary.

14



As W-CDMA is going to be the base for the third generation wireless
systems, our initial goal here is to develop the design of hardware platform
and software structure based on this platform, for W-CDMA. IN other
words, we shall develop the programmable design of a W-CDMA radio to

demonstrate feasibility of future software radio.

B Target W-CDMA Systems

The following figure illustrates our target system:

W-CDMA

B Speech coding

The possible speech coding standards, including TIA/EIA-IS-96A,
18-127, 1S-733, G.729, and RPE-LTP, from Europe, North America,

15



and Asia, for IMT-2000 wideband CDMA are studied. The bitrate
ranges from less than 4 to over 13 kbps. The error protection and error
concealment of speech coding are very important in the environment of
wireless channels. We have studied 1S-96 and perform simulations in
fading channel conditions [changl]. Uneven error protection and
selective concealment can efficiently improve the speech quality in

wireless communications.

B Video coding

We study video coding for IMT-2000 from both the
standard-compatible and advanced technique approaches. The proposed
bitrates for video coding in IMT-2000 ranges from 2.048 Mbps for
asymmetric transmission for indoor or in slow moving scenarios to 64
Kbps for satellite communications. Both MPEG and H.263 could be
used in this environment. Because of the error propagation property,
error tracking and error concealment are crucial to wireless
communications. We have developed a precise error tracking algorithm
[chang?] for H.263. It improves the video quality significantly. For the
new technique part, zero-tree wavelet coding is studied. The error
resilience of wavelet coding is also enhanced by interleaving,

re-synchronization, and concealment [chang3].

B Error Control Codes and Decoding

Turbo codes will be considered for use in the target W-CDMA

16



systems for high-quality high-rate traffics, and convolutional codes for
the rest traffics. The main goal of our research 1s towards designing a
flexible and efficient decoder architecture. We have developed a
unified structure for wvarious trellis-based soft-output decoding
algorithms, including the BCJR algorithm, RTMEP algorithm, SOVA,
modified SOV A, and several new algorithms, suitable for use in the
turbo decoders [WWCO00]. For different soft-output algorithms, the
proposed structure has the same set of storage, but differ in the ways
how the stored quantities are updated and how the soft outputs
(reliability estimates) are computed from these quantities. Detailed
complexity and performance comparisons between structures for
different soft-output algorithms have also been conducted. We are
currently studying efficient implementation of the interleaver (and
deinterleaver) used in the turbo encoders and decoders. Other work in
progress includes investigation of stability and convergence properties

of iterative (turbo) decoding.

B 2-D Rake Receiver

With the help from Prof. T.S. Lee, [WuC99] proposed a general 2-D
RAKE receiver in general multi-path fading channel and ways to

implement it in linear complexity.

N Svnchronization (frequency offset estimation & phase

recovery & timing recovery)

17



For multiuser timing recovery, we have developed the theoretical
framework [CH0O0] from multiuser detection to show that acquisition
and tracking are two necessary steps toward effective synchronization.
Tracking can be achieved by traditional descend search algorithms.
Acquisition is generally a NP hard problem. Effective linear complexity
acquisition schemes have been developed and pilot-aided scheme is
further suggested [CHM99]. Joint estimation of amplitude, phase and
timing in fading channels has been demonstrated realizable with linear

complexity.

In the down-link, the block diagram of the proposed synchronization
subsystem is shown as in Fig. A. A cell search based upon passive
correlation and non-coherent integration is performed jointly with a

coarse frequency offset estimation.

The received signal, after frequency offset compensation, 1s used for
code group identification and long code synchronization, as specified in
the 3gpp specification. Coherent open loop fine code tracking (path
tracker) is proposed in this synchronizer, because the traditional
close-loop tracking may not be workable in a multipath environment.
The received signal is then de-spread with a fine code phase estimation,
and the residual frequency offset is estimated accurately with diversity
combining, due to the fact that the frequency offset is the same in all the
paths (fingers) of the channel. Finally, after fine frequency
compensation, the channel can be estimated easily with the maximum

likelithood criterion, and RAKE combining follows.

M Equalization (including interference rejection)




To increase system capacity with acceptable performance in the
presence of multipath, multi-input multi-output (MIMO) equalization
processing and channel estimation prior to multiuser detection are
needed by W-CDMA systems for effectively removing effects of the
multipath channel for each user and rejecting co-channel interference in
the mean time. The design of the equalizer for multiuser W-CDMA
systems basically includes nonblind equalization and blind equalization.
The former requires the channel information that can be estimated
through regular training procedure at the expense of system resources.
The latter performs equalization only with the received signal through
more complicated signal processing procedures. Effective equalization
1s crucial to improving the performance of the following multiuser
detection.

Nonblind equalizers such as inverse filters, LMMSE equalizers,
successive cancellation type equalizers, multistage type equalizers etc.,
and blind equalizers such as successive cancellation type equalizers,
inverse filter type equalizers and minimum output energy type
equalizers etc. need be implemented through software real-time running
on a hardware platform with sufficient computing power for their
practical use in software radio. Practical software implementation of
equalization processing will become feasible by simplifying
equalization algorithms on one hand and using DSP processors with
higher computing capability on the other hand. The former is attainable
through adaptive filtering or new simple algorithms and the latter
depends on the progress of IC and VLSI technologies. We shall realize

general equalization in WCDMA software radio.
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B Multuser Detection (including multu-rate multi-code

detection)

We have proceeded analysis on de-correlating receiver and other
linear multiuser detection receivers in the general multi-path
environments based on mutli-rate and multi-code WCDMA,., It turns out
that these linear multiuser detection schemes can still function normally
except minor difference. For multimedia traffic, the strategy for power
assignment and power allocation has been developed for multi-rate
multi-code W-CDMA. [Chu(C99] proposed strategy for multiuser

receiver and its power allocation strategy for WCDMA.

B Channel Estimation and Software Integration

This i1s a newly added research subject in this project. We shall
integrate channe! estimation and RAKE receiver into our software radio
implementation to complete design. In the mean time, this part plays a
natural role in software integration for the whole design, due to its wide

interaction with various parts of system.

B Implementation

The proposed programmable radio architecture is as follows.

20



Proposed Radio Architecture
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The major challenges lie in the requirement of multiple digital signal
processors and thus the effective architecture to handle multi-tasking

among these digital signal processors.
The proposed software subroutines can be found in the following. At
this stage, we only concentrate on the DSP part and very minimum link

control function.

Again, the major challenge is the parallel processing of different

algorithms and effective arrangement of computations.
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Proposed Software Architecture
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Based on the programmable transceiver architecture designed for three
categories of OFDM-CDMA systems, a general linear-complexity near-far
resistant programmable multiuser detection structure using an antenna array is
proposed. Various system scenarios, including MC-CDMA, MC-DS-CDMA, and
MT-CDMA, can be realized by adjusting system parameters for the intended
mulitiuser detection scheme. To enhance multiuser detector, two schemes to
estimate channel parameters and array responses are proposed. By taking
complexity into consideration, we further propose a joint detection strategy to
reduce the complexity. From simulations, we verify satisfactory performance in

multipath channels. The details are listed in the appendix {f4 &%), while for the

details of other subprojects readers are suggested to refer to their individual

reports.
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Abstract

Based on the programmable transceiver architecture designed for three categories of OFDM-CDMA
systems{9], a general linear-complexity near-far resistant programmable multiuser detection structure us-
ing an antenna array is proposed. Various system scenarios, including MC-CDMA [5], MC-DS-CDMA [6],
and MT-CDMA [7], can be realized by adjusting system parameters for the intended multiuser detection
scheme. To enhance multiuser detector, two schemes to estimate channel parameters and array responses
are proposed. By taking complexity into consideration, we further propose a joint detection strategy to

reduce the complexity. From simulations, we verify satisfactory performance in multipath channels.

1. INTRODUCTION

Code division multiple access {CDMA) adopting power control and good maintenance
of the orthogonality of codes is proved to provide desirable features for cellular svstems
[12]. In practical CDMA applications, however, there are two technical challenges. First,
due to the demands of higher data rates and quality of service, an effective transmission
to combat potential frequency selective multipath fading at wider signal bandwidth is
desired. Second, a near-far resistant receiver is needed to remove multiaccess interference
(MAI) so that system capacity can be greatly enhanced.

Combing CDMA with orthogonal frequency division multiplexing (OFDM) techniques
[3] has been proposed to solve the first issue as well as increase bandwidth efficiency.
Three schemes {4] well known as multicarrier CDMA (MC-CDMA) [5]. multicarrier direct
sequence CDMA (MC-DS-CDMA) [6] and multitone CDMA (MT-CDMIA) [7] attract lots
of attention in the area of wideband CDMA, which greatly reduce the complexity of equal-
ization or RAKE receiver structure. On the other hand, CDMA combined with OFDM[
facilitates finer partition of radio resources in time domain, frequency domain, and code
domain, so that more effective radio resources allocation might be possible provided an
effective bandwidth allocation mechanism is available [8] [9]. As those schemes have their
advantages in different environments, a programmable transceiver architecture for general
OFDM-CDMA [9] was developed based on the unified framework known as OFCDMA
[10] so that various system scenarios can be realized by adjusting system parameters.

Using multiuser detection techniques [11] to solve the near-far problem has been con-

sidered a desirable feature in the third and future generations of CDMA systems. The

24



optimum multiuser detector has computational complexity of exponential order with re-
spect to the number of users which is difficult in practical applications. Therefore, a family
of suboptimum multiuser detection schemes of acceptable complexity have been studied
(e.g. {13 and [11]), while a general multiuser detection structure for OFDM-CDMA sys-
tems is still not available but is desired for future cellular systems.

In addition, the smart antenna, processing signals in both space and time domains
with an antenna array, can introduce more degrees of freedom such that the svstem per-
formance is significantly improved. Recently, it has been proposed for cellar systems to
enhance the overall capacity, including spectrum efficiency, channel capacity, and cover-
age range, and has attracted lots of attention thanks to fast innovations of digital signal
processors (DSPs). The increase in spectrum efficiency is due to the antenna array’s ca-
pability of producing virtual channels. Those virtual channels provide an alternative to
diseriminate signals among users if their directions of arrivals (DOAs) differ and hence
may help mitigating MAL

The programmable OFDM-CDMA system is highly desired because of its adaptability
to multisystems and capability of efficiently managing radio resources especially for the up-
coming multimedia communication age. However, it has seldom been studied. By taking
all above issues into account, we are going to present a thorough study of programmable
OFDM-CDMA multiuser detection. This paper is organized as follows. We derive a mul-
tiuser receiver structure with an antenna array subject to multiray Rayleigh fading in
section [1I after introducing the programmable OFDM-CDMA transceiver architecture in
section II. This proposed receiver provides not only a general space-time-frequency pro-
cessing structure for CDMA-based communication systems, but alse a prototvpe for other
multiple access approaches such as orthogonal division multiple access {OFDMA), and
space division multiple access (SDMA). Then, a family of linear complexity programmable
space-time rmultiuser detection schemes are presented, and the programmability are ver-
ified with illustrations in section VI. Since the channel parameters and array responses
are necessary for those schemes, two approaches to estimate them are illustrated in sec-
tion V. Then the computational complexity of the proposed structure is considered, and

a joint detection strategy based on interference cancellation is further proposed to reduce
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the complexity in section VI. The performance about the proposed detection structure
is investigated, and finally some simulation examples are shown with practical channel

considerations in section VIII followed by conclusion.

IT. THE PROGRAMMAELE OFDM-CDMA TRANSCEIVER ARCHITECTURE

It is well known that three different types of systems apply OFDM techniques to conven-
tional CDMA: multicarrier-CDMA (MC-CDMA) [5], multicarrier direct sequence-CDMA
(MC-DS-CDMA) [6], and multitone-CDMA (MT-CDMA) [7]. Those OFDM-CDMIA sys-
tems can be described by a unified framework known as QOFCDMA proposed in [10]. The
k™ user’s transmitter structure is shown in Figure 1 [10]. The original data stream & ()
with period 7" is serial-to-parallel (S/P) converted to J groups of data sireams b;,(t) with
period T. For each group, M identical branches of b;(t) spread by signature waveforms
Cxm(t) respectively modulate the subcarriers cos(w;n,t) form = 1,2, .M. Let w, = 27/T,
be the frequency separation between adjacent subcarriers. The relation between two sub-
carriers is given by

27 2Jm

wab—wcd;T(ﬂ—C)“' T

Figure 1 can be accommodated to those three multicarrier CDMA systems. e get

(b —d).

the MC-CDMA by setting ey (t) = ¢ with (cic?...e}') constituting a spreading code.
T = JT', and T, = T; the MC-DS-CDMA by setting cim(t) = c(t) = (cled oy V01,
T = MJT', and T, = T/Nyp; the MT-CDMA by setting M = 1, ¢p1(t) = o ft) =
(ched...cy®P), T = JT, and T, = T. The details and the differences among the three are
discussed in [4].

The digital transmitter of the OFCDMA, known as programmable OF DM-CDMA [9], is
depicted in Figure 2(a) [9]. Af identical branches of data streams at rate of f' = 1/7T" are
spread by the sequences (c},,...ch,) for m = 1,2, ..M, and then block-multiplexed (Block
Mux} to J groups. The M J samples are zero-padded and then a GH-point inverse fast
Fourier transform (IFFT) is operated, where G = [(MJ - 1)/H + 1], H = T,/T,, 1] is
the smallest integer no less than z, and 7, is the chip duration of the signature waveforms.
After IFFT, only the (-R‘,-)th fraction of the GH samples is retained for n = 1,2, ... N, where

the operation is called shift windowing. Finally they are passed to an analog low-pass filter
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(LPF} with bandwidth
MI-1+L
27, )
The i** user’s RAKE receiver is depicted in Figure 2(b) (9], and the details of the n'

BW =

finger is shown in Figure 2(c) [9]. The synchronized signal is sampled at rate of f, = G/T...
After each S/P conversion the GH/N samples are shift zero padded to GH ones, by which
we mean that the GH/N samples are zero-padded to G H samples and end-roundly shifted
by nGH/N samples forn =0,1,..N — 1. A GH-point FFT is next in operation and then
only the first M J samples are retained after windowing. At last, the 3/ J parallel branches
are block-multiplexed to the M tapped-delay-lines for despreading. The final outputs are
the sufficient statistics for detection. The programming scenarios of the OFDM-CDMA

transceiver is described in details in [9].

II1I. OPTIMUM MULTIUSER DETECTION

Comnsider the uplink case for an asynchronous OFDM-CDMA communication system.
In the following, all signals are presented by their low-pass equivalent complex envelopes.

The &'" user’s transmitted signal is

JooM P
Sk(t) =/ Ea.k/JM Z Z Z bkj(t)ckm(t - pT)EWJ-’"‘t, (1)

j=l m=lp=—~FP

where q; is the transmission power, by;{t) is the data stream at the subcarrier e*im,
i = v—1, and ¢, (t) is the corresponding T-durationed signature waveform. The j and
m are called index of independent and dependent subcarriers respectively because et
carries independent information for different 7 while identical information for all m. The
numnber of subcarriers and transmitted svmbols on each subchannel are JA and 2P 4 1
respectively.

An X-element antenna array is deployed at the receiver. At the z'" antenna, L-ray
multipath fading environment is assumed in the (jm)™ subchannel for the £ user with

channel impulse response:

[A%]

L
Rijme(t) = Zukjmzrgkjmr5(t — tur). (2}

=1
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Where gijm: and tgjmy, are the fading coefficients modeled by zero-mean complex Gaussian
random variables (r.v.s} and antenna responses respectively for the i*" path of the ™ user’s
signal in the (jm)'"* subchannel, and t; is the corresponding ray delay. Let 8y, denote the
DOA of the &*" user’s signal along the {* path with respect to the half-wavelength-spaced
linear antenna array; then the antenna response is given by ugjmpy = e 0 Hwmwiz—)sinlu)
where w is the RF carrier frequency. We may assume that ;. are identical for all 7 and
m when w;n, Jw << 1. It is reasonable to assume that Jx;jmi are independent for different
and I. And if the transmission bandwidth of each subchannel is smaller than the channel
coherent bandwidth, we may assume gi;m; independent for different j and m: otherwise,
some issues must be carefully considered and will be discussed in section VII.

Let by;[p] represent the p™ symbol of b;(t). The received signal at the z'* antenna is

K I M L P
) = DY DD X Begmiabsslpleen(t = pT — 7~ t)e™ ™ 4 (2).

k=i j=1 m=1 |=1 p=—P
where fgimir = \/W Uk jmizGkimt, a0d T; is k' user’s propagation delay. Without loss
of generality, we consider the phase shift —w;, {7 + i) into Gkjmi: Ne(?) are independent
and identically distributed {i.i.d.} complex AWGN processes with variance o for all =
K is the number of users. We introduce a block matrix construction method to facilitate
equation formulation, in which we use a variable with less subscripts to represent a block
vector {a bold-faced lowercase letter) or a block matrix (a bold-faced capital lecter) con-
structed from the same variable with more subscripts by sequencing the additional ones.
For example, &y, is a larger dimensional vector constructed from a smaller dimensional

VECLOT X jm! by

T T T T T T T,
Thm = [Tiimir Thomts o Trdmts Thimar - Thimar - Thamej -
U, is constructed from Ugmisn by
( Uwate - Uwrin - Uliikam \
Uin = | Ukuain Uk kin Uk rain
\ Ugsttin - Urnsiiin - Ugksiwam )
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Assume that all the subchannels are subject to slow fading. Let B, the amplitude ma-
trix, be a KJMLX x KJMLX diagonal matrix with the (kjmiz)" diagonal term corre-
sponding to Bgimiz- The jointly optimum multiuser detector given &' transmitted is {1][2)
argmax p Pr( v(t)|b', B), where b is constructed from b[p] and v(¢) from v, (¢). Assuming
that the maximum delay between users is less than PT and that & are equally probable,

it is equivalent to selecting b that minimizes

o X K ML
/ Z |luz(t) — Z Z Z Z B jmtcbis[Plekm(t — pT — e — ta)e™ ™82 dt,
= g1

=1 j=l m=1I=1 p=—P
OT maximizes
P P
Q( b) :2Re{ > b7[p] JHBHv[p]} — > b¥[plJ" B¥R[p-q|BJblg]. (3)
p=—F pg=—F
where J, the diversity matrix, is a KJMLX x KJ matrix constructed from KJ x KJ
identity matrices I by J = [I, I,..., I]T, (.)¥ denotes the conjugate transpose operation
of a matrix, and Re{.} denotes the real part of a complex number. The KJMWLX x 1
observation vector v[p | is constructed from
Ui jmiz(p] = /OC U (1), (t — BT — 74 — ti)e 4L, {4)
—oc
which can be produced via the programmable OFDM-CDMA receiver shown in Figure
2{b); {}* denotes the complex conjugate. Here we use & and 7 to represent the indexes
for users; 7 and r for independent subcarriers; m and s for dependent subcarriers: [ and n
for rays; z and y for antennas. The K JMLX x KJMLX correlation matrix R[p — g is

constructed from the asynchronous code correlation function

20
Bijmigirsng[p — @] = day Crmlt = PT — 7 — tideis(t — @T — 73 — tin)e 2msidt, (5)
—o0
where Awjp, s = Wjm — Wrs; Oz i5 the Kronecker delta function, which is introduced due
to the independent assunption of noise processes at different antennas. Note that R, ; are

identical for all x and R, , = 0if z # y. Because R, 1:mil9 — Pl = Riimizirsny[P? — 7.
we have R[p — q] = R"[q — p]. v[p] may be expressed as

= Y R[q - p|BJblg] + nfp]. (6)

q=—P
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where n[p] is a KJMLX x 1 vector constructed from the noise components

o
Nkjmiz D] = / (e (8 — pT — 70 — ty)e "o tdt,

We see that
Efn[plniq)™] = ¢® R[p — g,

because

E [nkjml:c IP] n;rsny [Q]]
= / / Eln (0 (W] ez — pT — T — fra)i(u — g7 — 7 =ty )e e M didu

Uszijr,irsnyh) - Q]

Il

The general signal model shown in {6) may degenerate to some special cases if some of
the {K,J, M, L, X} are set to 1. For example, let J =M = L = X = 1, and then (6) is

reduced

u[p] = > Rlg - p]Bblq] + nip).

q=-F

This special case is the signal model for the asynchronous single carrier CDAMA in a flat-

fading channel. Letting J = M = 1, we have from (6)

valpl = .Y Y Ruale~plB, bld + . ]

n=1 y=1g=-F

P
> Riznalg ~ p1B,,blg] + m, (9], (7)

n=lg=-F

fl
B

where v, [p] ={vi[p], vulpl, ., vr1(p]]” are the receiver outputs locked to the " path
at the z't antenna for users & = 1,2,...K. This special case of (7) is just the space-time

signal model in a multipath CDMA channel proposed in [14]. Now let X' = 1, we get from
(6)
M L P
voulpl =D > Runla — p) B, bla] + mp].

s=1l n=1g=-F
where vou[p | = [0f,ulpl, vEimlp], 1 vRonu(P]]T is the matched filter outputs locked to

the {'" path at the m'" dependent subcarrier for independent subcarriers j = 1,2, ...J and
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users & = 1,2, ...K. This special case is the signal model for general OFDM-CDMA with

only one receiving antenna.

IV. PROGRAMMABLE MULTIUSER DETECTION

The jointly optimum multiuser detection for the OFDM-CDMA is just the maximum
likelihood sequence detection, which searches for b belonging to some finite set [for ex-
ample, {£1}%72P+1 for binary phase shift keying (BPSK)) such that {(3) is maximized.
This can be implemented by Viterbi Algorithm [2]. Since the complexity grows exponen-
tially with the size of b, suboptimum joint detection methods are preferable. We observe
that the signal model for OFDM-CDMA shown in (6) has the correspondence to that
for CDMA. Therefore, we can apply multiuser detection techniques in CDMA directly to
OFDM-CDMA possibly by some modifications. Moreover, all that needed for the proposed
multiuser detection can be acquired using the programmable OFDM-CDMA transceiver.
We then demonstrate the programmability of the structure.

Let R and B be KJMLX(2P +1) x KJMLX (2P + 1) matrices with R,, = R[p— q],
B, =8,,B; 7, o be KIMLX(2P +1) x 1 vectors with n,= n[p] and v,= vp]; Jbea
KJMLX(2P +1) x KJ(2P 4+ 1) matrix with J,, = d,.J. bbea KJ(2P+1) x 1 vector
with b,= b[p]. Then (6) can be expressed as

%= RBJb+7.
For convenience, we ignore the tildes above those symbols, that is

v=RBJb+n. (8)

We use the two-step mechanism for detection: a soft signal estimator b is derived by some
criterion first, and then passed to a hard limiter. For example, the single user maximum

ration combining (MRC) estimator is given by
b=JYBy, (9)

and the hard limiter for BPSK is operated by sign(Re(fJ)), where sign{.} is the signum

function. And the single user equal gain combining (EGC) coherent estimator is given by

b=JgHaHy, (10)
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where @ is the phase of B. Let A be a linear operator such that & = Awv is the linear
estimator for b. The linear minimum mean square error (LMMSE} estimator can be

derived by minimizing E[|lb — Av|*], where the expectation is taken with respect to b
and 1. Consider the covariance matrix of the error b — Awv:

El{(b— Av){b — Av)"] = EbbY| — AE[ vb"]| — E[bv™ AT + AE[ve™)A¥
=J+A(RBJJ"B? R+ *R)AY — J"BTRAY - ARBJ
=(I+0 " J¥BIRBI) " + (A - Aus)Elvv”j( A— Ay,

(1)
where
Ays=(J*B¥RBJ + 1) T B, (12}
and B is assumed nonsingular. The identity in (11) can be checked by

Ays(RBJIJYBYR +0*R) = JY"BYR,

and
(I - JIBYRAYN NI +0720%B" RBJ) ' =1

Because the correlation matrix E[vv®] is nonnegative definite, the trace of the second

term in (11) is always nonnegative, with equality when A = A,ss. Since E[|jb — Apl?]

4

trace{ E[(b — Av)(b — Av)"]}, Asrg is the desired solution.
Next if we treat b as an unknown constant, we are just dealing with a Gaussian linear
model, in which the minimum variance unbiased estimator exists and is identieal to the

best linear unbiased estimator (BLUE)
Agr = (JE BERBIY 'JBY. {13)

Similar to using EGC instead of MRC when the amplitude matrix is unavailable, {13} can
be modified to
v = (J7 @FROIY TPV, (14)

32



In addition, based on the purpose of the decorrelating detector in CDMA, which demod-
ulates the received signal without error in the absence of background noise, the one in
OFDM-CDMA is modified to

Apc =JIdH R (15)

When R is singular, the inverse is replaced by the Moore-Penrose generalized inverse. Note
that Ap;, A'g;, Apc all degenerate to the decorrelating operator in the single carrier,
single antenna case.

For the interference cancellation based estimator, the general form can be expressed as
b= M(v— f(b), (16)

where b is the updated estimator for the old one b We get some typical types by set-
ting M and f(g) For example, for the decision feedback estimator, we set f(g} =
(R — I)BJsign( b) and M = J¥B¥. for the parallel interference cancellation (PIC)
estimator, f (E] =(R-1 )JE, and M = J¥; and for the successive interference can-
cellation (SIC) estimator, f(g) = L, M = JHA(I 4+ L)', where L is such that
R=1TI+1L + L% 1t is straightforward to design multistage detection structures by
combining those discussed above.

Observe that the estimators described above involve the correlation matrix R, and some
involve the amplitude matrix B or its phase ®. As will be shown in the next section, the
methodology to estimate B is the same as that to estimate b. Therefore, if the process
for getting R is programmable, all the multiuser detection schemes described above can
be programmable. Therefore, the remaining difficulty is how to get R without losing
programmability. From equations (4) and (5), if we replace wv,(¢) in (4) with ci(t —
qT — 73 — tin)e™r" then we get (5). In addition, ¢;,(t — qT — 7y — ti)e™r*! is just a part
of the i*® user’s transmitted signal. Therefore, if the timings 7; and f;, are available,
known or estimated, the correlation matrix R, ; can be produced from the programmable
transceiver. The structure for calculating R, . is shown in Figure 3(a). The details are
shown in Figure 3(b), in which the “GH points semi-IFFT” differs just a little from the
conventional IFFT, and the comparison is shown in Figure 3(c). Since R, , are identical

for all =, we ignore the subscripts “z,z” in those figures.
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The programmable multiuser detection structure is depicted in Figure 4. The received
signals v (t) for z = 1,2, ... X are preprocessed by the programmable OFDM-CDMA re-
ceiver (referring to Figure 2(c) for details) and then the sufficient statistics v is generated.
The correlation matrix R is computed in terms of timings t, 7, and spreading codes ¢}
(referring to Figure 3(b) for details). The programmable estimator estimates both the sig-
nal b and the amplitude vector 8 constructed from Syjmiz, while those two operations may
be duplexed in time by scheduling or in frequency by pilot-added signaling. To compute
the linear operator A and A’ requires R, B and f{, D respectively, where the reference
matrix D relevant to training sequences is defined in the next section. Those operations
can be implemented by DSP subroutines. The estimated noise variance o2 is necessary in
LMMSE estimators.

We now demonstrate how the multiuser detection structure is programmed to implement
the MC-CDMA, MC-DS-CDMA, and MT-CDMA respectively. Those systems can be
realized by adjusting system parameters where the parameter changes are summarized

inside Figure 4.

A. Programming to MC-CDMA

For the MC-CDMA, at the receiver end, the inverse of adjacent subcarriers separation
is set to T, = T, = T, and the data sampling rate is set to f, = %J = %1 The two
blocks “shift zero padding” and “windowing” are not needed for H = 1l and GH = M J.
The tapped-delay-lines regress to only one tap (that is N = 1), that is ¢, = ¢* for
m=1,2,..M. The correlation matrix generator produces R with

o

—~ —~ o~ —~ ~ 2_-', .—T‘\ — &)
Rkjml!n:,irsnx[p - q] = (C?}‘Cf / H(t - pT — Tk ™ tkg)n(f - qT— T — tm)ﬁil Tli=ritJim Vil
-0
(17)

where II(f) = 1 for ¢ € [0,T] and II(t) = 0 otherwise.

B. Programming to MC-DS-CDMA

_MJ
and f, = 7 =

For the MC-DS-CDMA, at the receiver end, we set T, = T, =

Eﬁ‘i‘,ﬂ. The “shift zero padding” and “windowing” are not needed because H = 1 and

Nup

GH = MJ. The weighting coeflicients are identical for all tapped-delay-lines, that is ¢}
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=¢p, n=1,2,..Nyp. The correlation matrix generator produces R with

o0 AN . .
C:{t—pT—ﬁc—tkg)cf(t—QT—ﬁ—fiﬂ}et T (U*"]"’J\m_sj)tdt. (18)

Rkjm!a:,irsm: [p_Q] = ]

—0o0

C. Programming to MT-CDMA

For the MT-CDMA in which M = 1, at the receiver end, we let f, = % = Qlfiﬂ Wea
set cf, = cf for n = 1,2, ... Nyr. The correlation matrix generator produces R with
= = -~ - yam g
Rejiz.irnzlp — g} = f it — ol — T ~ tr)es(t — qT — 7 — b)) TU V4L, (19}

-G

V. THE AMPLITUDE ESTIMATOR

Those signal estimators described in the previous section require information about the
amplitude matrix B. We now propose two estimators for B, the LMMSE estimator and
the BLUE. Let di;[p] be the training sequences for p = —N,,...,0,...N,. The training
time interval 7; should be designed short enough (7 << 1/fp , where fp is the Doppler
frequency) such that B can be regarded constant during training and detection.

We get from (6) the signal model

sl= S Rlg-plDigl8 +niyl

g=—=N

The reference matrix D[g] = diag{ D"[q], D"{q], ... D"[g]) is a KJMLX x KJMLX
diagonal matrix in which D"[g] is a K'J x KJ diagonal matrix constructed from the
training sequences dy;[g]; B is a KJMLX x 1 vector constructed from Sy;m,. Let v’ be
constructed from v([p] and vice versa, we get v' = R D'J'@8'+n', where J' = [I',T', .I']T
is a KJMLX(2N, + 1) x KJMLX matrix constructed from the KJMLY x KJMLX
identity matrix ['. By the same approaches as those in the previous section, the LMMSE

operator can be verified to be
Aps = (JTDUR' D' J + 2C~ Y)Y ' JH pH
where C' = E(8'3'"]. And the BLUE is

b= (J" DFRD 7y g DHE
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In fact, the methodology of acquiring 8 is the same as that of acquiring b. Therefore,
other multiuser detection schemes, such as PIC and SIC detection schemes from (3), can

be applied to estimating 3.

VI. REDUCED COMPLEXITY JOINT DETECTION

Complexity and performance are two important benchmarks in multiuser detector de-
sign. For complexity, there are two concerns that need to be carefully taken into considera-
tion: complexity introduced by programmability and complexity introduced by number of
subcarriers. In this section, we discuss the complexity of the programmable multiuser de-
tector in terms of two parts, preprocessing and postprocessing. And then a joint detection
strategy based on interference cancellation is further proposed to reduce the complexity.
For the performance, detailed discussions are in next section.

Since the methodology to estimate B is the same as that to estimate b, we only consider
the complexity of the latter. Refer to Figure 4, the whole detection processes may be sep-
arated into two parts, namely preprocessing and postprocessing. The former generates the
sufficient statistics v from the received signal v(t) via the programmable OFDM-CDMA
receiver; the latter estimates the transmitted bits b in terms of ¥ under some optimization
criterion. The complexity of preprocessing is system predominant, that is the computa-
tional complexity only depends on the specific system chosen, and is independent of the
multiuser detection scheme chosen. Although the complexity of postprocessing is also sys-
tem predominant, the order of computational complexity is dominated by the multiuser
detection scheme chosen. Since the computational time in DSPs is dominated by multipli-
cation operations. We just analyze the complexity of complex-valued multiplication per

user per bit.

A. Complexity of preprocessing

We see in Figure 2(c) that the whole operations of preprocessing are dominated by
the “GH points FFT” and the “tapped-delay-lines”. The former requires NGH logGH
operations, where log is the base 2 logarithm, G = [(MJ - 1)/H + 1}, H = T,/T,, and
N is the length of the signature sequences in time domain. The latter requires AfJN

operations. Summing up the operations with respect to all paths, antennas and users, it
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requires totally
LX(NGHlogGH + MJN)/J = ¢{LXNM log ML J)

operations per user per bit. The complexity order of the preprocessing for different svstems
is summarized in Table L.

In practical applications, if the programmable OFDM-CDMA is capable of adapting to
the three multicarrier CDMA systems, the processing speed should be fast enough to deal
with the maximum computational complexity among the three. In addition, the ratio of
complexity of OFDM-CDMA to CDMA 1s

L'XNMlogMJ L'MlogMJ
LXN L ’
where L’ , L are the number of paths in OFDM-CDMA and CDMA respectively. Please do

not ignore the advantage in processing non-frequency-selective fading channel in QFDM-

CDMA, compared to CDMA counterpart.

B. Complenity of postprocessing

Now we consider the complexity of postprocessing. Let 2P + 1 = 1 for ease of tllus-
tration. Refer to (13), it requires o[{ KJP (ML) X/(KJ) = oK JXAPL? operations
to do JABYRBJ, o[(KJY¥/(KJ)] = o[K?J? operations to compute its inverse, and
o[ KIMLX/KJ] = o{MLX)] operations t¢c dc J7B#2. Hence the total complexity for
the BLUE is of K2J? + KJX M?L?|. If iterative interference cancellation algorithms, such
as the Gauss-Seidel algorithm or the Jacobi’s method {15], are adopted instead of direct
matrix inversion, the complexity is reduced to o[ K J(S+ X ML)}, where S, usually < 10,
is the total number of iterations. Please note that our programmability does not introduce

any extra order of complexity {see table}.

C. Reducing complezity

First of all, let us consider the case when J = M =L = X =3P+ 1 = 1. If we
substitute R for R with .ék‘,- = 8¢ R, then (8) is reduced to vy = Ry ebr + ny, for
k=1,2,..., K, in which the optimum multiuser estimator and the conventional single user

one coincide. Based on the fact that detection made jointly between two users effectively
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suppresses their mutual interferences, we can control the factors to be detected jointly or
not, by setting some Rijmiirsn = 0 in {12),(13),(15) and (16) according to the significance
of interference types, such as MAI or interchannel interference (ICI). For example, when
MALI is the most serious, the detection is made jointly only with respect to users to reduce
complexity by setting

ij!,rsn = dj,rém,sél.nijt,rsn- (20)

Then the term J¥ BY RBJ in (12) and {13) is reduced to

ML

X
z Z E Bﬁtr-z?—mta:,mlm Bmiz:

m=1 [=1 z=1
and the complexity is further reduced to ofK(S + X M L)] for iterative algorithms, When
ICT is the most serious, the detection is made jointly only with respect to all subcarriers

by setting

Ry in = 01 a0 i Rein.

Another approach is combining the identical bits after they are estimated by some
criterion. For example, let Ek = Z:{:\_a‘c:m: where ’E)k;m is the estimator of b, in terms of

Vem- Since
K M

Tem = [RBJb];:m + Ny = Z Z ka,isBisti T Demo

i=1 s5=1

where J here is a JLX x J matrix obtained by setting K = M = 1 in the .J defined in
(3). Let A, be a linear operator such that Sk;m = ApmUim. If the LMMSE criterion is
considered, by the orthogonality principle [1], we have

A = Elopmbi ] (Elvimvi,) )"

M K A
= O J'BERuim) D D RimisBiJI"BE Rigpm + 0 Rimpm) ™,

=1 i=1 g 5=1
which degenerates to the single user LMMSE estimator proposed in [14] if we let J = M =
1 and one-shot detection is adopted. The order of postprocessing complexity for several
types of multiuser detectors is summarized in Table II. The proposed method significantly

reduces the complexity.
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Theoretically, to some subchannel, its more neighboring subchannels produce more in-
terference. Moreover, major terms of insignificant interference (usually ICI} may still be
as important as minor terms of significant interference {usually MAI). Hence, a system-
atic approach to make a detection jointly with only some neighboring subcarriers rather
than all subcarriers is more desirable. Assume that the most efficient way is to detect
jointly with the most N; neighboring independent subcarriers, the most Ny neighboring
dependent subcarriers. We now simplify R to R by setting ﬁkjmg,irm =0forl{j—r| > N,
|m — 5| > Ny Because the matrix R simplified in this may become very sparse and that
R itself has a very particular structure so an efficient algorithm may probably exist for

those detection schemes.

VII. CHANNEL MODEL CONSIDERATION AND SIMULATION RESULTS

Those complex Gaussian 1.v.s gxjm in (2) may be assumed independent for different
k and {. As the number of carriers grows, the number of resolvable paths reduces under
fixed transmission bandwidth; the diversity is transformed from time domain to frequency
domain. However, it is unreasonable to assume g,y independent for different jm anymore
if the separation between adjacent subcarriers is less than the channel coherent bandwidth.

We first discuss how to model the statistical relations of those gi;m in practical ap-
plications. Assume that the system undergoes a frequency selective fading channel with
maximum delay spread 7,,. Let us begin with the single carrier case, where we add an
additional number ‘1’ to the subseripts of corresponding symbols. The impuise response
of the multiray fading channel can be modeled by

Li—1

)= > wdlt —7) (21)
{=l
where 7y are 1.i.d. zero-mean complex Gaussian 1.v.s with variance o7, and 7y = ({+A) T,
with A; uniformly distributed on {0, 1]. L, is the number of resolvable paths given by

Ll = [Tm/Tcl] . (22)

In general OFDM-CDMA systems, it is more useful to characterize the behaviors in in-

dividual subchannels. Assume that there are totally D subcarriers with carrier separation
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2/T, Hz and subbandwidths 2/7, = 2/(NT), where T, is the chip duration and 7 is the
symbol duration and N is the length of the time-domain spreading codes. The frequency
response of A(t) is

Ly—~1 L1-1 L—1

oG
Hiw) = Ryt e Tt — eI = tE‘J‘”U"‘AI}Tﬂ — ":'tE_me[1
v ¥

o8 =0 =0 {=0

where we consider the random phases e 7*&/Tet into +, without loss of generality. H{w) is
a periodic function of w and one period of H(w) equivalently characterize the frequency
~ response of the channel. Theoretically, we need only L, samples of H{w) to maintain the
statistical information. Let M = —I%éi = Z=_which is the ratio of carrier separation and
the total transmission bandwidth. M umforml;.-' separated samples of one period of H(w)
also maintains the statistical information if A > L,. Let w, = ffT"d , and define I';, as
the samples of H(w), we have

Ly—-1

Co=H(wn) = Y m(e? 2™,

=0
We observe that I, is the M-point discrete Fourier transform of v . On the d*® subchannel,
the related frequency samples are Tgyn—y for n = 0,1, ..., [22] — 1. For MC-CDMA and
MC-DS-CDMA, [MT .i — 1 =1, therefore only two samples Ty_;, Ty characterize the 4
subchannel. When the number of carriers M is so large that each subchannel undergoes
flat fading, it is more convenient to characterize the fading coefficient in the d*® subchannel
by T4/ D only, where 1/v/D is introduced to make total power conserved.
For other types such as MT-CDMA, in which the subchannels are subject to frequency
selective fading, the impulse response h4(t) can be verified to be related to the inverse

discrete Fourier transform of Tyip1 forn=0,1,..., L' — 1, where L' = [(’W”] that is

B-1

= Yub(t — 1),
=0

where 1 v
Pt Cypn. ej?n',-’L’ nE,
Yat \/EL' ; d+ 1( )

and 7/ = (I + AT, with A, uniformly distributed on [0,1]. Because the number of
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resolvable paths on the subchannels is L = {%,/T:1]. An equivalent model is

L-1
halt) = 3 vablt — 7).
=0 :

where and 7|’ = (! + AT, with A, uniformly distributed on [0, 1] and L samples of 4 is
generated from L' samples of \/%'}',’ﬂ by interpolation. When the spread subspectral over-
lap very tightly we may assume that all subchannels experience the same fading statistics.

Next, we consider the performance of our proposed multiuser detector. The first issue
we concern about is whether the proposed multiuser detection schemes outperform the
conventional single user detection one, which is certainly true in the single carrier case.
Let us assume L = X = 1 for ease of illustration. Observing (3}, we can regard R as a
new crosscorrelation matrix for imaginary users & = 1,2, ... KJM with their signature
waveforms being cp (t) = cp(t)e®imt. Therefore, we can regard a K-user OFDM-CDMA
system as a special case of a K'JM-user CDMA system {This proposition also provides an
opportunity to implement multirate transmission via an OFDM-CDMA structure). There-
fore, all characteristics of multiuser detection in CDMA are inherited to QFDAM-CDMA.
Another reason to justify the performance is the optimization process during derivation
of the multiuser detector. For linear multiuser detection, we make linear combinations of
the statistics of all users. Due to some optimization criterions, for example the LADMSE
and BLUE, the performance cannot be worse than the single user detection for which we

use the statistic of the intended user only.

We also want to make sure no performance degradation in a programmable detector com-
pared t0 a specific multicarrier CDMA, for example, a programmable LMMSE multiuser
detector realized to MC-CDMA compared to a multiuser detector specifically designed for
a specific multicarrier CDMA. Observe that those derived programmable multiuser detec-
tion schemes are operated in terms of the observation vector v, for example, b= Aprsv
for the LMMSE detector. Since v is a sufficient statistics for & by (3), there is no loss
of information if the detection is made according to v rather than the received wave-
form vector w(t). Fatherhood, those multiuser detector schemes, formula forms shown in
(12)-(16), are not constrained to be programmable during derivation. Programmability is

actually from producing v and the other operations required for multiuser detection, such
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as getting R and estimating B while being implemented via the original programmable
transceiver architecture. Since there is no difference in mathematical formulation between
programmable and nonprogrammable multiuser detector, we conclude that there is no
performance degradation to achieve programmability.

Finally, we investigate the programmable detector performances in MC-CDMA and MC-
DS-CDMA by simulation. Beginning with {21), we assume that in the single carrier case,
the transmission bandwidth is such that the number of resolvable paths is 7, = 4 with
unit-energy uniform multipath power profile. The statistical relations of ggjmy in (2) are
generated according to the channel consideration discussed above. Propagation delays are
assumed to be i.id. uniformly distributed on [0,7"] where T’ is the symbol period in the
single carrier case. The number of transmission symbols is 2P 4+ 1 = 1, and the number of
subcarriers is designed such that each subchannel undergoes frequency-flat fading (L = 1).
In X > 1 cases, the DOAs are randomly generated according to uniform distribution.

The following programmable detection schemes are evaluated: the LMMSE and BLUE
detection shown in (12) and (13), the corresponding reduced complexity detection RLMMSE
and RBLUE by (20), the decorrelating (DC} detection shown in (13) and the modified
BLUE (BLUE1) shown in {14}. In addition, the single user MRC and EGC detection

shown in (9) and {10) are also investigated for comparison.

Case 1: Programming to MC-CDMA
The number of independent and dependent subcarriers are set to J = 1 and M = 16
respectively, Figure 5(a) shows the BER versus SNR plot for K = 8 users using Hadamard

codes of length 16 with one antenna, that is X = 1. Figure 5(b) shows the case for X = 4.

Case 2: Programming to MC-DS-CDMA

Since in asynchronous MC-DS-CDMA, bandwidths are spread in the time domain, the
codes with good crosscorrelation properties are preferred. We use Gold codes of length 31
in this case. The number of independent and dependent subcarriers are J =1 and A =4
respectively; the number of users is A = 31. The BER versus SNR plot for single antenna
and four antennas are shown in Figure 6(a) and Figure 6(b) respectively.

For the two cases, it is obvious that the proposed multiuser detection approaches out-

perform the single user detection approach. In addition, we see that the performance of
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RLMMSE and RBLUE is satisfactory although they are still interference limited. The
decorrelating detector (DC) is suitable for MC-DS-CDMA but very poor for MC-CDMA.
The reason is that the correlation matrix R in MC-CDMA is usually near singular so that
the elements of R™! is usually very large resulting in tremendous noise enhancement. The
BLUEL is preferable for MC-DS-CDMA. Therefore, the amplitude B is more critical in
MC-CDMA than in MC-DS-CDMA. In addition, it is cbvious from those results that using
antenna array also provides significant gains. The design of multiuser detection schemes

and the number of antennas deployed trade off between performance and complexity.

VIII. CONCLUSION

The programmable OFDM-CDMA systems are highly desirable because of its adapt-
ability to multisystems and capahility of efliciently managing radio resources. especially
for the upcoming wireless multimedia communication age. We propose a multiuser de-
tection structure to enhance system performance while maintaining its programmability.
Because the theoretical formulations related to the QFDM-CDMA receiver are similar to
those related to the conventional CDMA, the detection schemes for the OFDM-CDAA
may simply follow those in CDMA. The BLUE and LMMSE estimator for the necessary
amplitude matrix B is also derived, and other estimators may simply follow the multiuser
detectors. The complexity of the proposed detection structure are considered and the pro-
posed strategy to design an efficient detector, that is good enough in performance and as
low as possible in complexity, significantly reduce the complexity. The performance of the
programmable multiuser detection structure in the OFDM-CDMA is guaranteed because
we may consider the OFDM-CDMA as a special case of CDMA with more imaginary users.
Moreover, there is no performance loss to achieve programmability theoretically, hecause
the proposed detection structure processes identical sufficient statistics v. The simulation
results justify that the proposed programmable multiuser detection structures including

reduced complexity schemes have effective performance.
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Fig. 1. The k*" user's transmitter structure of the OFCDALA.

TABLE1

COMPLEXITY ORDER OF THE PREPROCESSING FOR PROGRAMMABLE OFDM-CDAA, MC-CDMA.

MC-DS-CDMA, MT-CDMA, axp CDMA, NOTE THAT M =115 MT-CDMA, axD THEREFORE

THE COMPLEXITY DOES NOT INVOLE M.

OFDM-CDMA | MC-CDMA

MC-D5-CDMA

MT-CDMA

Complexity | LXNM log M J LXM?*log MJ

LXNM log MJ

LXNlogJ

cnm.ﬂ
YN

LX N
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Fig. 4. The linear programmable multiuser detector, in which the programmable OFDM-CDMA receiver

and correlation matrix generator is shown tn Figure 2 and Figure 3 respectively.

TABLE II
COMPLEXITY ORDER OF THE POSTPROCESSING FOR SEVERAL TYPES OF MULTIUSER DETECTORS:
LMMSE, BLUE, REpucEp LMMSE {RLMMSE), REnucep BLUE (RBLUE), ann
DecorreLaTiNG (DC). THe RLMMSE axp RBLUE, aRE REDUCED FROM LMMSE ano BLUE

ACCORDING TO (20). 5§ 1S THE NUMBER OF ITERATIONS OF THE ALGORITHM.

‘ Dhrect Matrix Inversion | Iterative Algorithm
{ LMMSE and BLUE K2+ KJXM?L? KJ(S + X M?L?)

[—

| RLMMSE and RBLUE K? + KXML K(S+XML)
| DC K22 X ML SKJX ML
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Fig. 5. The BER versus SR for the programmable multiuser detection structure programmed to MC-
CDMA system. Several detection schemes are shown for comparision. 8 users, Hadamard code, code

length = 16.
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