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Combining multicarrier ( O F D M )  and C D M A  technologies is ABSTRACT attractive for future wireless broadband communications and 
software radio realization. Based on the unified framework known as OFCDMA, we devel- 
op a programmable structure for OFDM-CDMA transceivers in spite of three different sce- 
narios to combine OFDM a n d  CDMA. By adjusting system parameters without changing 
the fundamental hardware and software architecture, various system scenarios can be 
implemented, which might serve as the foundation to design software radio. 

remain orthogonal on JT, which is thcn 
uscd for dcmodulation rather than T. 
OFDM systcms are usually implement- 
cd usine Fouricr transform for two rea- 

n thc diversc multisystem and multistandard wirc- I less communication environment, software-deCined 
radio is an extremely promising technology to compromise on 
needs from a11 aspccts. Critical issucs in dcsigning softwarc 
radio have been widely discussed in literature [l]. As wideband 
code-division multiple access (CDMA) has attracted thc most 
attention in International Mobile Telccornmunications in the 
ycar 2000 (IMT-2000) third-generation wireless systems pri- 
marily bccausc of its highcr capacity over conventional time- 
division multiplc acccss (TDMA) and frcqucncy-division 
multiple ~ C C C S S  (FDMA) tcchniques in cellular communication 
systems, soft rcalization of wideband CDMA radio invokes 
great interests in wireless communication research and 
advanced developme~it. However, the performance of wide- 
hand CDMA suffers from multiple access interference (MAI) 
and inter-symbol intcrferencc (ISI) duc to scvcrc multipath 
fading. To bcttcr utilizc thc spectrum and radio resources for 
multimedia services with satisfactory bit error rate (BER), 
multi-carricr CDMA or orthogonal frcqucncy-division multi- 
plcxing (0FDM)-CDMA is widcly considcrcd an cffcctivc 
means for future wireless multimedia communications. 

Multicarrier transmission, also known as OFDM is used to 
combat frequency-selective multipath fading. In a multicarrier 
transmissinn systcm, thc available channel bandwidth is divid- 
ed into multiple subchannels such that data symbols modulat- 
ed by different subcarriers can he transmitted in parallel. In 
order to  make the most of the avail- 
able bandwidth, spectra of adjacent 
subchannels arc  allowed to nvcrlap 
without intcr-channcl intcrfcrcnce 
(ICI) in such a manncr that all infor- 
mation-bcaring wavciorms of the sub- 
channels are orthogonal on some time 
interval. In an OFDM transmittcr thc 
original data stream with symbol dora- 
tion T' is scrial-to-parallel (SIP) con- 
vcrted to J groups of substrcams with 
symbol duration T. Thc highcst band- 
width efficiency is achieved by setting T 
= JT. However, the usual approach is 
to design T = JT + Ts, where Ts is the 
guard time. OFDM can mitigate fre- 
quency sclective fading if Ts is greatcr 
than the delay spread of the channel, 
sincc the waveforms of the suhchannels 

" 
sons: first, its programmability in digital 
implementation; and sccond, the exis- 

tence of fast algorithms for Fouricr transform. I n  digital imple- 
mentation a cyclic prcfix is uscd, with duration equivalent to 
the guard time Ts, The major disadvantage of OFDM is its 
high sensitivity to frequency offsets and waveform variations. 
Thcrcforc, thc data precision and linearity of the R F  amplifier 
shall he taken into colisideration [Z]. 

Modcrn wireless multimedia commuiiications adopting 
CDMA usually occupy a large handwidth, resulting in possible 
frequency-selective fading fnr singlc-carricr transmission tech- 
niques. Multicarricr transmission, which adopts longer symbol 
duration (possibly with guard time to avoid frequency selectivi- 
ty), has been proposcd to aid CDMA in mitigating this problem 
while maintaining bandwidth cfficicncy by minimizing the sepa- 
ration between adjacent carriers. This grcatly reduces thc com- 
plexity of equalization or the RAKE rcceivcr structiirc. On the 
other hand, OFDM comhined with CDMA can rcsult in fincr 
partitioning of radio rcsourccs in the time, frequency, and code 
domains, so morc cffcctivc radio rcsourccs allocation might be 
possible provided that an effective bandwidth allocation schemc 
is availablc [3]. All thcsc suggcst that OFDM-CDMA is an 
attractivc candidatc for fntorc wirclcss communication; thus, its 
softwarc radio realiration is of significant intcrcst. 

OFDM-CDMA 
Generally, three types of systems to combiiic OFDM and 
CDMA are presented in the literaturc: 
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Figure I b. The transmitter of user k for MC-DS-CDM. 

* Multicarricr-CDMA (MC-CDMA) [4, 51 
Multicarrier direct sequence (DS)-CDMA (MC-DS- 
CDMA)[6] 

* Multitone (MT)-CDMA [7] 

MC-CDMA -The MC-CDMA transmitter spreads the origi- 
nal data  stream over diffcrent subcarriers using a givcn 
spreading code in thc frequency domain [SI. Figure la  shows 
the MC-CDMA transmittcr of the kth user Cor a binary phasc 
shift kcying (BPSK) modulation schcmc. Thc original data 
stream with symbol duration T is SIP convcrted to J groups of 
d,ata, strcams with symbol duration T = JT. The sequence (C: 
C k C k  ... C% constitutes a spreading code for user k. Thcn M 
identical branches of data streams for each group arc spread 
by the spreading codc. Finally, each branch modulatcs a suh- 
carrier for transmission. Thc scparation between adjacent car- 
riers equals l1T to vatisQ the condition for orthogonalitv with 
minimum frequency scparation. 

MC-DS-COMA -The MC-DS-CDMA transmitter spreads 
the SIP converted data streams using a given spreading code 
in the time domain so that the spectrum of each subcarrier is 
orthogonal with the minimum frequency separation [SI. Fig- 
ure l b  shows the MC-DS-CDMA transmitter of the kth user 
for a BPSK scheme. The original data stream with symbol 
durat ion T' is S I P  converted to  J 
groups of data streams with symbol 
duration T = M J T .  Then M idcntical 
branches of the SIP  convcrted data r - I :  
streams for each group are spread by 
the same signature waveform C k ( t )  = 

the  processing gain. Finally, each 
branch modulates a suhcarricr for 
transmission. The separation betwccn 
adjacent carriers equals NMDIT to sat- 
isfy the condition for orthogonality 
with minimum frequency separation. 

Data stream 

b&) 
1 2 3  

(ck ck Ck .. . CfMD), where N M ~ I  denotcs 

-+ T c  n n, 

MT-COMA - The MT-CDMA trans- 
mitter spreads the SIP converted data 
streams using a given spreading code 
in the time domain so that the spec- 
t rum of each subcarrier prior to  
spreading is orthogonal with the mini- 
mum frequency separation [XI. After- 
ward, the spectrum of each subcarrier 

overlaps much more densely to possibly 
yield better spectral efficiency. Figure 
I C  shows the MT-CDMA transmitter of 
the kth user for a BPSK schcmc. Thc 
original data strcam with symbol dura- 
tion T is SIP converted to J groups of 
data streams with symbol duration T = 
JT. The SIP convcrted data streams for 
a11 groups are spread by the ??me sig- 

where Nwr is the processing gain. And 
finally each group modulates a subcar- 
rier for transmission. The separation 
between adjacent carricrs cquals lIT to 
satisfy the condition for orthogonality 
with minimum frequcncy separation 
prior to spreading. 

The purposc of the M identical infor- 
mation-bcaring branches in MC-CDMA 
and MC-DS-CDMA is to increase frc- 

nature waveform ck( t )  = (ckck I i' ,.. c p r ) ,  N 

quency divcrsity. If the carricr separation betwccn adjaccnt 
subchannels is big enough, they are subject to uncorrelatcd 
fading and provide frequency diversity. Therefore, M must hc 
big enough to  ensure the dimCnsion of diversity but small 
enough to maintain uncorrelatcd fading. The design principle 
of the J multiplcxcd group after SIP convcrsion for the three 
schemes is to makc each suhchannel frequency nonselective. 
Therefore, J must he big enough to makc cach suhchannel fre- 
quency nonselectivc under allowable complexity. Since multi- 
carrier transmission spreads thc total signal energy into several 
subchannels, under thc conditions of no pilot tone and the 
samc pcrformance as singlc-carrier using completc subchannel 
information, the complexity of acquisition and synchronization 
for these typc of systems grows (likely linearly depending on 
the detection scheme) with the numbcr of subcarriers. 

It is shown in [9] that MC-CDMA is preferable when all 
subcarriers arc coherently modulatcd because spreading in the 
frequency domain needs reliahlc carrier and phase recovery. 
When noncoherent modulation is preferred in applications, 
MC-DS-CDMA and MT-CDMA have better performance. 
MT-CDMA has much denser spectrum overlap between sub- 
carriers than MC-DS-CDMA for possibly bettcr spectral cffi- 
ciency. This property is advantageous to accommodate more 
users since a longer pseudo-noisc ( P N )  sequence can be 
adopted when the available bandwidth is uscd. However, MT- 

... bk,l(t) 1- 
1 

1 
Figure IC. The transmitter of user k forMT-CDMA. 
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CDMA more severely undergoes two 
types of interference, intercarrier inter- 
ference and multicarrier MA1 as dis- 
cussed in [9]. Some techniques to 
improve BER, like equalization and 
joint multi-user detection, shall be con- 
sidered in system design. 

OFCDMA 
Three types of OFDM-CDMA systems 
can be described using a unified frame- 
work of OFCDMA developed in [9]. A 
programmable architecture based on 
OFCDMA can accommodate trade- 
offs in practical applications of soft- 
ware radio. Figure 2a depicts its 
transmitter structure. The original data 
stream for user k is SIP converted to J 
groups of data streams, and M identical 
branches of data streams for each 

Data stream 

- ... bd t )  
----, 

Figure 2a. The transmitter of user k for OFCDMA. 

group are further spread by the sjgua- 
ture waveform ck,,,,(t) = (c:,"~ ~ k , ~  ... c;,.J. Finally, each 
branch modulates a subcarrier cos(2n&,,t) for m = 1, 2, ... M, 
j = 1,2, ,.. J. Let the minimum separation between carriers he 
fo = UTo, that is, 

1 I fa ,b - fc.d = -(a - c)  + - ( b  - d ) .  (1) To To 

A RAKE receiver for OFCDMA is depicted in Fig. 2b. 
Without the loss of generality, the  receiver for user 1 is 
described. The received signal r(t) is synchronized by delay of 

and is then locked to h fingers of the RAKE receiver by 

delay of ?I,", for n = 1, 2 ... h respectively. Where is the 
estimated path delay and TI,", for n = 1, 2, ... h a r e  the esti- 
mated delays for an L-ray multipath fading channel. In the 
nth finger, the synchronized signal is first demodulated for 
each of the MJ suhcarriers, where $,$ is the frequency estima- 
tor for each subcarrier. Then it is fed into an integrate-and- 
dump circuit with time interval Tc, the chip duration for the 
signature waveform, and sampled at the period of T,.  The 
sampled data are then passed to  a tapped-delay-line with 
weighting coefficients cy,, for n = 1, 2 ... N in order to de- 
spread the signal. We reset the tapped-delay-line filters at the 
period of T = NT,. Finally, the outputs of the tapped-delay- 
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linc filters of a11 subcarriers in all fingers, 4," for r = 1, ... J ,  s 
= I, ,., M, n = I, ... h, arc furtlicr processcd to signal detec- 
tion with the aid of estimated channel paramctcrs. If thc 
probability of detcction is sufficiently high, those detected 
outputs are helpful for synchronization aiid chaiinel cstima- 
tioii. Thereforc, thc detection outputs are fcd hack for syn- 
chronization and chaiincl estimation i n  gcneral. Of course, 
other tcchniques may be adoptcd, such as using a predefined 
sequcnce for synchronization or using a pilot tone for channel 
estimation. 

The OFCDMA coiicept can describe all three types of sys- 
tcms: MC-CDMA, MC-DS-CDMA, and MT-CDMA. Trans- 
mittcr structurc of MC-CDMA depicted i n  Fig. l a  can he 
irnplemcnted using OFCDMA. The signature wueforms are 
designcd such that ck,,,,(f) = e?, wherc (Ck c k  ... c k j  constitutc 
a PN sequcnce for user k ,  T = JT, and To = T (i.e., the mini- 
mum separation betwccn carriers isfo = UT). 

The OFCDMA striicturc can be adapted into thc MC-DS- 
CDMA transmitter depictcd in Fig. 1b. The signature wave- 
form is  such that each subcarricr of user k has the same 
signature waveform, that is, ck,,(t) = ck( t )  = (cAc: .,. $ M D j  

and T = M J T .  Furthermore, if To = TINM,> (i.e., the minimum 
separation betwcen carriers is fo = NM,]K'), thc transmitter of 
MC-DS-CDMA is a spccial casc of Fig. 2a hy setting thc signa- 
turc wavcforms on all suhcarriers the same (i.e., ck,,,,(t) = 
e,&)), suggesting a simplification in real implementation. 

Finally, OFCDMA can be traiisformed into MT-CDMA by 
taking only onc branch in cach group j, that is, M = I ,  ck,;(f)  
= ck(f) = (tic: ... cThwj, and T = J?". Setting To = T (i.e., 
the minimum separation betwccii carriers is fo = I/T), the 
transmittcd signal is reduced to the trensmitted signal for MT- 
CDMA. In Fig. IC, there is only one branch for each group of 
the SIP converted data stream (i.e., sctting M = I) and, we 
definc ck,,(t) q(f) for simplicity from Fig. 2a. 

1 2  

PROGRAMMABLE 
OFDM-CDMA TRANSCEIVER 

In this section we demonstratc the  capability of pro- 
grammable OFDM-CDMA transceiver to accommodate dif- 
fercnt system structurcs as one of the major features of 
softwarc-defined radio. Assuming that an appropriate R F  
scction and analog-digital convertcr (ADC) available, the 
programmable traiisceivcr owrates at baseband to intermedi- 
itefrcquency (IF). 

The transmitter of user k is showii in Fir. 3a. M idciitical 
hranches of the original data stream q t h  data rateft = l/T 
arc sprcad by the sequences ~ i , ~  ... C k , m  form = I ,  2 ... M.  
Wc definc a block as a sequcnce of N sprcad samples at thc 
output of the spreading opcration. Then the M hranches of 
the sprcad seqnenccs are block-multiplexed (block muxed) to 
J groups; obviously, each group consists of M branches. Thc 
MJ samplcs produced by evcry opcration of the MJ parallcl 
branches arc furthcr zero-paddcd to GH samples in order to 
implement OFDM by inversc fast Fourier transform (IFFT), 
where C = r(MJ- 1)H+11, H = T,,/T,, and rxl denotes the 
smallcst intcger grcater than x .  Tc is thc duration of a chip 
time for thc signature waveforms, and To is thc invcrse of the 
freqiicncy separation between two neighboring suhcarriers. 
After zero padding, the samples are processed by GH points 
IFFT. After IFFT operation, only some sclected samples G 
are retained. This operation is thc block denoted "Shift Win- 
dowing." Finally, thc retained G-samplc sequence is passed to 
an analog low-pass filter (LPF) with bandwidth 

MJ - I +  
7 

Figurc 3h shows the programmable RAKE recciver archi- 
tccture for thc OFCDMA. The details of each finger in Fig. 
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Parameter changes are discussed and 
summarized in Table 1, and the follow- 
ing subsections describe how OFCDMA 
is programmed to the three schemes. 

OFCDMA Programmed to MC-CDMA 
- For MC-CDMA the signature 
sequences are programmed to cl,, ,  = 
cF for  m = 1, 2 ... M .  Because H = 
TOIT, = TIT = 1 and G = MJ, the zero 
padding and shift windowing blocks are 
not needed when GH = MJ as shown 
before. The bandwidth of the LPF is 
MJ12T0 = MJIZT, = MJIUT' = MIZT, 
by recalling that liT' IS the data rate of 
the original data stream. At the receiver 
end, the sampled data rate is MJIT, = 
MI2T. The tapped-delay lines have only 
one tap (i c., N = 1 for MC-CDMA) 
because of sctting 4; = 1,, fors = 1, 2, 
..., M. 

OFCDMA Programmed to MC-DS- 
CDMA - For MC-DS-CDMA the signature sequences are 
programmed to c l , ,  = cf for n = 1, 2 ... N M ~ .  Because H = 
TJTC = TJT, = 1 and G = MJ, the zero padding and shift 
windowing blocks are not used. The bandwidth of the LPF is 
MJIZT, = MJN,+,&WT = NMDIZT. The RAKE receiver for 
MC-DS-CDMA operates with sampled data at f3 = GIT, = 
MJIT, = N,+,D/T'. TWO blocks, shift zero padding and window- 
ing, are not used because GH = MJ. As for the tapped-delay- 
line filters, all of those have identical sets of weighting 
coefficients (i.e., c& are set to cfss = cr) for n = 1, 2 ... NM,, 
and s = 1, 2 ... M .  This suggests fast computation methodolo- 
gy in implementation. 

OFCDMA Programmed to MT-CDMA - An MT-CDMA 
system has only one branch for spreading (i.e., M = l), and 

Figure 3b. The digital RAKE receiver of user I for OFCDAU 

3b are shown in Fig. 3c. The data rate of the sampled data is 
f = GIT,. In Fig. 3c, the G parallel branches are zero-padded 
and end-roundly shifted accordingly to GH parallel branches 
after Sip conversion from the sampled data with data ra teh = 
G/Tc, Then the GH parallel samples are further processed by 
GH points FFT, and then only the first MJ samples of the 
transformed sequence are retained after windowing Finally, N 
consecutive outputs of the MJparallel branches are block- 
muxed to the input of M tapped-delay lines for despreading. 
The wcightings for the sth tapped-delay line are ci> for n = 1, 
2 ... N. Finally, the outputs from those tapped-delay-line fil- 
ters are the intended decision variables for detection. 

Thc architecture described in Fig. 3 can be used to implement 
MC-CDMA, MC-DS-CDMA, and MT-CDMA, respectively 
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we define c[,1 = cc for n = 1, 2 ... N M ~  for simplici- 
ty. Then the parameter for block mux is changed 
from M M J  to 1% We sec that N = TOIT, = TIT, = 
NMT and G = r(MJ - 1)H + 1 1 = r(J - ~ ) N M T  + 11. 
Unlike the other two schemes, the for zero padding 
and shift windowing blocks are needed since GN # 
MJ in general. Thc bandwidth of the LPF is ( J -  1 
+ NMT)/2JT'. The RAKE receiver for MT-CDMA 
operates with data sampled at fs = GIT, = GN..!T 
= GNMr/JT. There is only one taped-delay-line fil- 
ter by setting M = 1. 

The changes addressed by programmability of the 
OFCDMA architecture are summarized in Table 1. 

IMPLEMENTATION lSSUES 

H = l  H = N M ~  
-1 

W Table 1.O~CDMAparamei~r.changes for.MC-CDMA, MC-DS-CDMA, 
and MT-CDMA. 

The whole software architecture can be realized by 
the hardware structure shown in Fig. 4. Operating 
algorithms can be stored in ROM in advance. Based on the 
system selection, appropriatc parameters and subroutines can 
be chosen and adjusted to perform thc transceiver functions 
by proper controlling from the controllcr and propcrly execut- 
ing digital signal processor (DSP) functions. 

The low-pass filter (LPF) block in Fig. 3a consists of a digi- 
tal-analog converter (DAC) and an analog LPF. It is a very 
important issue is whether one DAC can be applied to  all 
multicarrier CDMA schemes. Wc see that the input data rates 
of the LPFs arc different for the three schemes. To accommo- 
date all three schemes, we can design a DAC with operating 
data rate greater than those in all schemes and adjust suitable 
bandwidth for the analog LPF of each scheme. Of coursc, the 
input data rate of the LPF for each schcme should be made 
equal by digital signal processing techniques such as intcrpola- 
tion, up sampling, and filtering. As for thc ADC, we can 
select with the same sampling rate as the data rate of the 
DAC discussed earlier and down-sample the outputs following 
a digital LPF to meet the smaller data rate necdcd in each 
schemc. Therefore, it is possible to use one DACIADC to fit 
the threc schemes at thc price of a possible increase in corn- 
putational complexity. 

For the R F  scction, two important factors should be con- 
sidcred: the allocation of the signal band and the handwidth 
of the R F  transmittcr. If the bandwidth of thc R F  transmitter 
is allowed to he sufficiently large, grcatcr than that necdcd for 
all schemes, and thc allocation of thc signel band is fixcd, only 
one R F  [unction is necded. In gcncral, the OFCDMA pro- 
grammable structurc fits multiband R F  functions as long as 
therc is enough bandwidth. 

To improve system pcrformance in practical systems, some 
wcll-known techniqucs may be includcd, such as pilot-aided 
signaling, forward error control (FEC), and cqualization. 
Pilot-aided techniqucs can be very flcxibly implemcntcd in 
multi-carrier systems to cnhance link performance. FEC can 
be applied eithcr before, after, or hctween spreading and Src- 
qucncy-division multiplexing. Equalization can be rcalized as 
a filter (fccd-Soonvard andlor backward) into cach subcarricr of 
our rcceiver without any difficulty. The bcst design choices 
really rely on system opcration and can be incorporated into 
the proposed programmable structure. Some DSP tcchniqucs 
may also bc useful for improving the performance. A modi- 
ficd cyclic prefix mcthod (say gencralizcd cyclic prcfix) must 
be considered accordingly to allcviatc interferencc caused by 

multipath fading. 
It can he shown according to [lo] that 

OFCDMA can be described in terms of 
synthcsislanalysis configuration (trans- 
multiplcxcr) of subband transforms. Some 
optimization approachcs proposed in 
multirate signal proccssing may bc useCul 
for the OFCDMA scheme. For examplc, 
the spreading sequences Cor code division 
and thc trmsformation (not necessary 
FFT) for orthogonal frcquency division 
may bc jointly designed and optimized 
under certain circumstances. 

Finally, based on the prograrnmablc 
architecturc proposed, we summarizc the 
basic subroutincs to perform OFDM- 
CDMA general trauscciver functions: 

* Zero padding . FFT 
* Shift windowing 
* Windowing filtering 

Modulation and demodulation 

Multiplcx 
Tap-dchy-line filtering 

* Synchronization, including frequency 
offset ,  Liming, and likely phase 
rccovery 

81 

BUS 

W Figure 4. Thegeneral hardware ,struciure to realize theproposedprogrammable 
transceiver. 
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- Low-pass filtering 
* Generalized cyclic prefix 
* Up-sampling Eollowcd by filtcring 
* Down-sampling following filtcring 

CONCLUDING REMARKS 
Through a general OFCDMA conccpt, wc liavc dcmonstratcd 
a programmablc architccturc such that multisystem OFDM- 
CDMA is possible based on one hardwarc and softwarc plat- 
form. Despite remaining practical implemcntation issucs, 
programmable architecturc for multiplc systcms is valuablc, 
providing the theoretical frarncwork for  softwarc radio. 
Detailed design of the algorithms for diffcrent opcrating cnvi- 
ronments may simply follow a traditional approach with this 
programmablc transceiver architecture. 
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