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Abstract— A more effective synchronization is required
for multiuser detection [10] because of its high sensi-
tivity to estimation errors of timings, carrier phases,
and amplitudes. From the multiuser synchronization ap-
proach proposed in [11], we develop a linear-complerity
programmable multiuser synchronization structure for
OFDM-CDMA in a multiray fading channel. Based on
LMMSE and BLUE, we develop joint estimation of tim-
ings, carrier phases, and amplitudes. The structure can
be programmed to various OFDM-CDMAs by adjusting
system parameters and its performance is also verified by
stmulations. An algorithm is further proposed to avoid
irrelevant calculations of FFT. The proposed structure is
valuable and desirable for its programmability and near-
far resistance.

I. INTRODUCTION

In high rate CDMA communications, signals are sub-
ject to frequency selective fading and therefore severe mul-
tiple access interference (MAI) unless a more complicated
equalizer or equivalence is adopted. Three schemes comb-
ing orthogonal frequency division multiplexing (OFDM)
[1], well known as multicarrier CDMA (MC-CDMA) [3],
multicarrier direct sequence CDMA (MC-DS-CDMA) [4],
and multitone CDMA (MT-CDMA) [5] were proposed to
solve this problem. Thus a programmable OFDM-CDMA
transceiver architecture [7] was developed based on the
unified framework, OFCDMA [8].

A programmable multiuser detection structure [9] was
then proposed to enhance the performance of the pro-
grammable OFDM-CDMA receiver, which assumes users’
timings, amplitudes, carrier phases available. It was
pointed [13] that the performance of multiuser detectors
is highly sensitive to timing jitter. Therefore, an effective
synchronization is desired for general OFDM-CDMA.

Synchronization in near-far environment is a challenge
due to severe MAI. Multiuser synchronizations for CDMA
{11]{12][13][14] have been proposed to solve this issue
while a general multinser synchronization scheme for
OFDM-CDMA is still desired. In this paper we extend
a linear-complexity programmable multiuser synchroniza-
tion structurc for OFDM-CDMA bascd on Chang’s frame-
work [11].
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The optimum synchronizer in a multiray Rayleigh fad-
ing channcl is first derived. Then, a programmable
structure based on linear minimum mean square error
(LMMSE) and best linear unbiased estimator (BLUE), for
different OFDM-CDMA systems has been illustrated. An
efficient algorithm is further proposed to reduce compu-
tations of fast Fourier transform (FFT). The performance
and implementation issues are then discussed.

II. OPTIMUM MULTIUSER SYNCHRONIZATION

Consider the uplink case for a general OFDM-CDMA
system. In what follows, signals are represented by their
lowpass equivalent envelopes for ease of analysis. The the
k*® uscr’s transmitted signal is

J M P
sk(t) = /2ax/IM Z z Z b (£)Chan (t — pT)etimt,

j=1m=1p=—P

where ar is the transmission power, bg;(f) is the
information-bearing signal on the (jm)'" subcarrier
etimts oo () is the T-durationed signature waveform
for the (jm)* subcarrier. It is assumed that there are
2P + 1 transmitted symbols on each subchannel for each
user and the number of subcarriers is JM. The j and m
are called the index of independent and dependent sub-
carriers respectively because e*¥im! carries independent
information for different j while identical information for
all m.

It is assumed that the k'™ user’s transmission signal
on the (jm)*™ subchannel is subject to a L-ray Rayleigh
fading channel with channel impulse response hyj,(t) =
Z,IL, 9rjmi0(t—1tx). Where the channel coefficients g jm
arc assumed zero-mcan complex Gaussian random vari-
ables, and g € [({ — 1)T,,!T,] is the delay corresponding
to the I'" ray of the k*' user’s signal. Let by;[p] be the
p'™P symbol of the bi;(t) and the number of users be K,
the received signal at the base station is

K J M L P
() = ZZZZ Z Brjmibi;[p]

k=1 j=1 m=1I=1 p=—P

chm(t = pT — 7 — tr)e™ ™" +q(t),
where Brjmu = v/20x/JMgrjmi, and 73 is the timing of
user k. Without loss of generality, we consider the phase
shift —wjm (7% + tkt) into grjmi; 7(t) is a zero-mean com-

plex AWGN process with variance 2.
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For notational convenience, we introduce the block ma-
trix construction method mentioned in [9], which states
that a variable with less subscripts represents a block
vector (a bold-faced lowercase letter) or a block ma-
trix (a bold-faced capital letter) constructed from it-
self with more subscripts by sequencing the additional
ones. For example, ., is a larger dimensional vector
constructed from a smaller dimensional vector Zyjmt by

— (T T T T T
Tm = [ ®fimis o Tagmis Trimzs o Tagmzs = Lagmrl -
Among the subscripts, a lowercase letter (e.g. k and k')
represents the index of the elements while the capital let-
ter (e.g. K) represents the total number of the corre-
sponding elements.

It is assumed that the training interval T; is short
enough (T; << 1/fp , where fp is the Doppler fre-
quency) such that timings, phases, and amplitudes remain
constant during training. Based on maximum likelihood
criterion, the optimum estimator for the synchronization
parameters 3, and T can be obtained by

arg rgachr(v(t)lﬂ, 7, d[p]). 1

Unfortunately, it is impossible to solve this problem di-
rectly without further assumptions.

Unlike multiuser detection, gradient-based searching
algorithms may fail to find the global maximum of
Pr(v(t)|B, T, d[p]) because it is not a convex function.
Therefore, the conventional two-stage timing recovery
policy is adopted: acquisition and tracking. The former is
to coarsely estimate the possible timing interval such that
gradient-based searching algorithms are applicable to the
latter for a finer timing. In this paper, we concentrate on
timing acquisition.

Let Crjmiu = Brjmidyp, r. where &, is the Kronecker
delta function. Under the discrete timing assumption
(DTA) [11], that is 7 belongs to a finite set {3, : v =
1,2, ..U}, and furthermore #; = (I — 1)T, (1) becomes
arg maxg - Q(¢). where

P
2Red 3" "DVl § —

p=—F
P

> Y ¢*D"Rp - PO @)

p=—FPp'=-P

2(¢)

(.)*denotes the conjugate transpose operation of a ma-
trix, and Re(.) denotes the real part of a complex number.
The KJMLU x 1 observation vector v[p ] is constructed
from

Vkjmiu[p] = /

—00

0a

V() (t — PT — by — trr)e ™ Wimtat,

©)
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where (.)* denotes the complex conjugate. Summarizing
those indexes: k is used for users, 7 for independent sub-
carriers, m for dependent subcarriers,  for rays, and u for
possible timing instants. A prime notation is also used if
necessary, such as ¥’ j' m’ ' /. The KJMLUxKJMLU
correlation matrix R[p — p'] is constructed from

o0
Rijmiuk jmvw(p— 9] = / Crm (t = DT — 9, — try)

-0

Corme (t = Pp'T — b — tklll)e——z(wj"‘_wf""’)tdt.

The reference matrix D(p] = diag( D’[p], D'[p), ..., D'[p])
isa KJMLU x KJMLU diagonal matrix in which D’[p]
is a KJ x K J diagonal matrix constructed from the train-
ing sequences dj;[p].

Letting ¢ = Bé (by (kjmiu = Brjmidy.,m,) 10 (2), we
observe that if the diagonal amplitude matrix B is known
in advance, the maximum likelihood sequence detection
(MLSD) approach, which searches for all possible § such
that (2) is maximized, is applicable. On the contrary, if
the timing & is known in advance, the amplitude B can be
easily estimated. Hence, it is possible to develop an algo-
rithm which recursively estimates § and B. Furthermore,
the MLSD approach may still be applicable if the ampli-
tudes are assumed discrete-valued such that the number
of possible values of ¢ is finite. After ¢ is cstimated, say
¢, we can get T and 8 by
(4)

uy = argmax [Ckul s Tk = Vs Brimi = Chjmian, -

III. PROGRAMMABLE MULTIUSER SYNCHRONIZATION

Under the discrete timing assumption, the performance
function §2(¢) becomes a quadratic form. Similar to those
techniques used in multiuser detection, we are going to
derive a linear-complexity programmable multiuser syn-
chronization structure. All that needed in multiuser syn-
chronization can be acquired from the received signal v(t)
via the programmable OFDM-CDMA receiver proposed
in [7]. Hence the derived synchronizer is undoubtedly pro-
grammable. We then demonstrate how the synchronizer
is programed to different OFDM-CDMA systerns.

From (3), v[p] may be expressed as

P
v[p)= Y R[p-p1DPIC +mnlpl.

p=P

(5)

The idea is based on linearly combining the sufficient
statistics Ugjmiu[p]. Let R and D be KJMLU(2P +
1) x KIJMLU(2P + 1) matrices with R,y = R[p —
P, Dpp = SppD[pl; m be a KJMLU(2P + 1) X
1 vector with n,=nlp; J [I,I,..0T be a
KJMLU(2P+1)x KJM LU matrix constructed from the
KJMLU x KJM LU identity matrix I; It is obvious that
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E[n[p)n[p')] = > Rp — p'] and hence E[#7ii"] = o°R
Then (5) can be expressed as

v=RDJC +1. (6)

For single user approach, the optimum estimator based
on maximizing signal to noise ratio (SNR) is

¢=J% D", (7)

which is just the maximum ratio combing (MRC) of v.
For multiuser approaches, let A be a linear operator
such that { = Av. The LMMSE estimator is

Ays = (J¥D¥RDJ +o*C) 'TPDY,  (8)

where C¢ = E[¢¢H]. And the BLUE is
Agr, =(J"D"RDI)' TP DR, (9)

Observe that Apyg and Agy, require v, R, C¢,and D.
R and D can be stored in the database. C¢ can be eas-
ily estimated or assigned empirically at the first moment
and then tracked adaptively. Therefore, if the process
for getting v is programmable, then the two estimation
approaches for ¢ are also programmable. It is also true
for the multiuser synchronization structure which further
processes ¢ by (4).

In fact, v can be produced from v(t) via the pro-
grammable OFDM-CDMA with a sequence of shifted
u(t), that is v(t + v, +t,). The i*" user’s RAKE re-
ceiver architecture for the programmable OFDM-CDMA
is depicted in Figure 1 [7] where the n'" finger is shown
in Figure 2 [7]. The synchronized signal is sampled at
rate 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 GH
samples and end-roundly shifted by nGH/N samples for
n = 0,1, .N — 1, where G = [(MJ - I)T + 1] and
H = z2. Next, a GH-point FFT is performed and then
only the first M .J samples are retained after windowing.
At last, the M J parallel branches are block-multiplexed
to M tapped-delay-lines with weightings ¢f}, for despread-
ing. Note that if the v(t) is replaced by v(t~1,), the final
outputs virsn correspond to vgjmi, defined in (3). The re-
lation between the programmable multiuser synchrouizer,
detector and receiver is shown in Figure 3. The struc-
ture in Figure 3 is computation-consuming bhecause v,
are calculated independently for @ = 0,1,...U — 1 even
though they are correlated. A more efficient structure is
proposed and the details are shown in Figure 4 with ad-
ditional blocks “S/P”, “interpolation”, and “Mux”. The
block “Update ALG” standing for “update algorithm” is
discussed in the next section. Because the fundamental
structure of the synchronizer is the same as that of the
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Fig. 2. The n* finger of the OFDM-CDMA RAKE receiver

programmable OFDM-CDMA receiver, the proposed lin-
ear synchronization is still programmable.

We now demonstrate how the multiuser synchroniza-
tion structure is programmed to the MC-CDMA, MC-DS-
CDMA, and MT-CDMA respectively. Parameter settings
are summarized inside Figure 3.

A. Programming to MC-CDMA

Assuming that U = U,GH, the inverse of adjacent sub-
carriers separation is set to 7, = T, = T, and the data
sampling rate is f, = %M = UM The two blocks

“shift zero padding” and * wmdowmg are not needed for
H =1 and GH = MJ. The tapped-delay-lines regress to
be one-tap (N = 1), that is ¢},, = ¢ for m = 1,2,...M.

The correlation matrix R is chosen with

Rk_;mlu k’]‘m’l’u’[p p] ( rk’ / H t— pT vu

— )t — P'T — hyr — Ly )e VT UE-TFTm—a)t gy

where II(t) = 1 for t € [0,T] and T1(¢) = 0 otherwise.

B. Programming to MC-DS-CDMA

Weset T, = T, = xi— and f, = Yo}fd = Uallun The
“shift zero padding” and ° ‘windowing” are not needed be-
causc H = 1 and GH = MJ. Thc wcighting cocfficients

are identical for all tapped-delay-lines, that is ¢, = c¥,
n=1,2,..Nap. The correlation matrix RM” is chosen
VTC 01
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C. Programming to MT-CDMA
For the MT-CDMA in which M =1, welet T, =T and

= _..Un,ff” = jS’—,H, and ¢, = ¢ for n = 1,2,...Nyr.

The correlation matrix RM7 is chosen with
00
YL yrulp=9) = [ it =T — b, — tu)
—00

ew(t = p'T — thu — i )e " FUDtar,
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Fig. 3. The programmable multiuser synchronization structure for
OFDM-CDMA
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Fig. 4. An efficient synchronization structure modified from the
programmable OFDM-CDMA receiver

IV. THE UPDATE ALGORITHM

Since v,, and vy, are correlated for a = 1,2,..U — 1,
some repeated processings are avoidable. Given a se-
quence {Zo,Z1,...,TN-1,LN,...,L2n—1}, let us consider
getting y™ in terms of ¥° and other parameters, where y™
is an N-vector representing the N-point discrete Fourier
transform (DFT) of ™ = [T, Tmet1y s TmaN—1] L -
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The N-point DFT of ™ is yj* = Yon—o ZnimW™,
where W = e=*%. It is very straightfoward that

N—-1 m+N-—1
y’:n — Z m"+mu/nk — Z IE,,I/V("_m')k
n=0 n=m
m=~1
= W™+ D (@nrn —z) W) (10)
n=0
Therefore, we can get y™ in terms of y° and {zn, Tnin :

n = 0,1,..m — 1} by (10). We see that given
the old data {z¢,Z1,..,2m—1} and the updating data
{TN,TN+15 s EN4m—1}, Y™ can be obtained in terms of
y° without directly computing the DFT of ™.
Agsuming the number of the discrete timing set is U =
U,GH. Only the m = 1 case should be considered in (10),
that is for k = 0,1,..GH ~ 1, yi' = Wk (yi + zo4n —
Zn). The structure for the update algorithm is shown in
Figure 5. When GH cannot divide U or U cannot divide
GH, additional interpolations are required. Therefore,
for practical applications, it is more efficient to design
GH and U such that either of them can divide the other.
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Fig. 5. The structure of the update algorithm

V. PERFORMANCE EVALUATION AND IMPLEMENTATION
ISSUES

We have shown a programmable multiuser synchroniza-
tion structure for the OFDM-CDMA. The programmabil-
ity is still preserved because all that needed for estimation
can be obtained using the original receiver structure. It is
shown in [11] that in CDMA, the modified mean square of
error for timings and complex amplitudes tends to zero as
SNR tends to infinity. We then want to figure out whether
this property is true in OFDM-CDMA or not.

Let us assume the number of rays L = 1 for illustra-
tion. Observing (2), R can be regarded as a new cross-
correlation matrix for imaginary users k = 1,2, ..., KJM
with signature waveforms being c_, jm(t) = cp(t)erwimt,
Therefore, the K-user OFDM-CDMA system can be con-
sidered as a special case of a K.JM-user CDMA system
with new signature waveforms generated from the origi-
nal signaturc wavceforms and the subcarriers. Thercfore,
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all characteristics for multiuser synchronization in CDMA
are inherited by OFDM-CDMA. This implies that the
proposed programmable multiuser synchronization struc-
ture for OFDM-CDMA is also near-far resistant.

We now show the simulation results when the pro-
grammable synchronizer is set to the MC-DS-CDMA sys-
tem. A 4-user, l-independent subcarrier, 4-dependent
subcarrier case is considered ((K,.JJ, M) = (4,1,4)) with
the length of training scquences being 2P +1 = 1. It is
assumed that the number of subcarriers JM = 4 is de-
signed such that the signal undergoes flat fading (L = 1)
on each subchannel and B4, are identically and inde-
pendently distributed with variance 1/(JM) = 1/4. The
discrete timings are ¥, = u/T’ = u/(MT) = u/(4T), for
u = 0,...,3 and are uniformly distributed. Gold codes
of length 15 are used and the BLUE, LMMSE and MRC
approaches are compared. Figure 6 shows the acquisi-
tion error rate and mean square error of the complex am-
plitude in different SNRs, which verifies that the BLUE
and LMMSE are near-far resistant in a frequency selec-
tive fading channel. When SNR is high, the performance
of BLUE is close to the better LMMSE. Quite different

10° 10 —
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—+— BLUE —— BLUE
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§ é
‘g 1077 4 5
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Fig. 6. The probability of acquisition and mean square error of the
complex amplitude for multinvser LMMSE, BLUE and single
user MRC approaches.

from multiuser detection, the linear operator Apgy is de-
terministic in multiuser synchronization. The complexity
is of o(N?) where N is the size of Apy. Therefore, the
BLUE is preferred for its low complexity compared to
LMMSE. On the other hand, for the LMMSE estimator,
we can store a collection of data about A s(C¢,0?) in
the hardware under some empirical estimates of C¢ and
o2. Once the C¢ and o? are determined, Ay s(Ce,07)
can be chosen from the database.

Note that in our analysis the value of the reference
matrix D (or reference sequences d;[p]) is not specifi-
cally assigned. It may be possible to design D such that
JAIDYRDJ is diagonal. If this is the case, then from
(2). the single user approach in (7) becomes the optimum
solution. Therefore, it is very important in designing the

0-7803-6728-6/01/$10.00 ©2001 IEEE.
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training sequences and this subject leaves much more for
further study.

VI. CONCLUSIONS

A linear-complexity programmable muitiuser synchro-
nization structurc for OFDM-CDMA is devcloped to cn-
hance system performance. In addition to the BLUE
and LMMSE estimators are considered for estimating ¢,
other types of estimators can be derived accordingly. The
update algorithm is further proposed to avoid irrelevant
computations of FFT. The synchronization structure suc-
ceeds to the features in CDMA because we may think of
the OFDM-CDMA as a special case of CDMA with more
imaginary users and the performance is further verified
by simulation. The low-complexity BLUE performs well
at high SNR. The LMMSE outperforms BLUE and MRC,
and if the database-lookup approach is used its complex-
ity is as low as that of BLUE. It is also possible to design
the training matrix D so that J¥ D¥ RDJ is diagonal,
and then a large number of computations can be reduced.
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