IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 50, NO. 8, AUGUST 2002 2015
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Abstract—Two direct sequence (DS) code division multiple ac- periodic code sequence with period determined by its data
cess (CDMA) multirate access methods with a fixed chip rate can rate;

be employed to support multirate services: multicode (MC) access « variable chip rate (VCR) access, where each user is as-

and multiple processing gain (MPG) access. In either an MC or ) d d ith chippi te det ined
an MPG multirate CDMA system, severe intersymbol interference Signed one code sequence with chipping rate aetermine

(ISl) may exist due to large channel delay spread relative to the by its data rate.
symbol interval. In this paper, we generalize the blind subspace However, the VCR scheme introduces extra difficulty to chip

technique to such a multirate CDMA system in order to estimate gy nchronization and frequency planning [17]. A constant chip
possibly long channel impulse response of a desired user. Then, we . .
rate is thus more desirable.

build a blind minimum mean-square-error (MMSE) detector to -on e .
detect the user’s information. The detection performance can be ~ TWO constant chipping rate access schemes use different
significantly improved by suppressing ISI, which becomes feasible strategy in code assignment. In an MC-based system, the
after the user’s channel parameters are estimated. The asymptotic data stream from a high rate (HR) user is converted into a
performance of the channel estimator and the detector is analyzed. garies of parallel low rate (LR) streams spread by different

In particular, for typical distributions of the inputs and channel . .
noise, closed-form expressions for the channel estimation error and code sequences. The MC multirate system is then translated

the output signal-to-interference-plus-noise ratio (SINR) of the de- 0 @ single-rate. CDMA system with additional virtual users
tector are derived as functions of the number of received data sam- entering the system. Many existing single-rate receivers are

ples and system parameters. Simulation results are provided to thus directly applicable to detect a user. However, its inherent
verify our analysis. modulation scheme causes detection delay for an HR user.
Index Terms—Asymptotic analysis, interference suppression, When MPG is adopted, the user's data rate can be easily

multirate CDMA, subspace decomposition. adapted by changing the length of the code sequence. In this
case, information symbols from a HR user suffers from peri-
|. INTRODUCTION odically time-varying interference. Those issues impose new

_ ) ~ challenges in multiuser detection for both multirate CDMA
A S Amultiple access technique to accommodate multiusgfstems. The maximum-likelihood (ML) detector that trades
 communications, a direct sequence (DS) che d'V'S'?ﬂf the performance and complexity [13] has been proposed.
multiple access (CDMA) scheme has been extensively studigfear detectors with suboptimum performance are very attrac-
for single-rate wireless communication systems [6], [21], [23]we due to low computational complexity. The decorrelating
[24]. One of the major reasons for its popularity is due to it§etector [4], [9], [12], [17], the minimum mean-square-error
capability of offering high capacity. However, the third—generQMMSE) detector [3], [11], [16], [19], successive interference

tion mobile radio systems should be able to provide multimedi@ncellation (IC) [8], and a decision feedback detector [18]
services such as voice, image, and data transmissionshaje been derived and analyzed.

different rates. Considerable activities have been conducted offy, this paper, we focus on a multirate CDMA communication

standardization. Several proposals are expected to convergg);&em when the multipath delay spread is comparable with
a global standard [27]. ~or much longer than the bit duration. For example, when
According to all those proposals, the CDMA techniqu@T-2000 vehicular channel A model is considered [15], the
will continue to thrive due to its attractive characteristics sughaximum delay spread is about 2/5. If the data rate is
as flexibility in system design and implementation. To deal Mbps, then the channel spans almost 5 bit periods which
with multirate information sources, different multirate access;ses significant intersymbol interference (ISI). As data
schemes can be employed [9], [13] under the CDMA umbrellgste increases, channel distortion becomes more severe. For
» multicode (MC) access where each high rate user is astch a communication scenario, both MC and MPG multirate
signed multiple codes to spread different bits; CDMA systems are considered and described by a compact
» multiple processing gain (MPG, or so-called variablihput/output data model. Paying close attention to the newly
spreading gain—VSG, or variable spreading length—VSérising channel characteristic, we extend the work for either a
in the literature) access, where each user is assigned eirgyle-user [14] or a single-rate CDMA system [1], [2], [20],
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estimation performance. Then, we construct an MMSE detectailing zeros to it. Therefore, the code vector for fitebit has a

to detect the user of interest based on estimated channel parfome; @cx, ., Wheree; isam x 1unitary vectorwithonly thgth

eters. Beginning with a straightforward receiver structure, vedementnonzero, and” representsthe Kronecker product[10].

build a bank of MMSE receivers to detect various interferintnsuchaway, the code vecty ,,, ; adoptedforthe MC multirate

symbols first and then subtract their contributions from th&ccessmethodcanalsorepresentthe spreadingcodesforthe MPG

received data by borrowing the IC idea [8]. In this work, wenultirate access method after setting corresponding elements to

restrict our attention to the desired user under the assumptimzeros. We will thus usg. ..., ; to denote the spreading codes

that only the channel of that user has been estimated. Howe¥Yerthe jth bitin each block, irrespective of a particular multirate

it is desirable to mitigate the multiuser interference (MUI) iiccess method.

channel parameters of other users are available. The user’s signal is spread and then propagates through an
In practice, only a finite number of snapshots are collectashknown multipath environment with a finite-length channel

and processed. Due to large sample effect, there exists perturtrpulse response. Assume the channel has aofger.t To-

tions in the estimated data covariance matrix and, thus, in the gsther with the transmitter filter and receiver filter, the front-end

timated noise subspace. Based on perturbation analysis [5], [28grall channel impulse response can be described by unknown

and our data model, a closed-form expression of the channblp rate coefficientg, ,,(n). After consideringn bits in each

estimation error is derived explicitly as a function of systerhlock, the received signal due to usér (z) becomes [13]

parameters and the number of snapshots. Moreover, the per- Q. m

.fo_rma.nce of the MMSE dgtector is also invest.igated_ by exam- Uk, m (1) = Z G, (8 S, m (10 — 7

ining its output signal-to-interference-plus-noise ratio (SINR) =0

both analytically and experimentally. Various simulation results el oo

show that by considering signature waveforms of all symbols P o

from the des%red user, thg pegrformance of the channel e)gtimator sk, mu) = Z Z b m, 1)k, m, i = 1P (1)

and detector can be significantly improved. o ] ) .
The paper is organized as follows. Section I describes botR exPlicitly reveal the channel input/output (I/O) relationship,

MC and MPG multirate CDMA systems in one matrix/vectoW/€ Will employ a matrix representation [21]. Let us collect

form. A generalized subspace-based channel estimation tetiP Samples ofx, ,,,(w) in a vectory,, ,,,(n) from u = nP; to

nique is proposed, and identifiability conditions are discuss&d™ 741+ —1.If channel order is factorized b, asg, », =

in Section I1l. In addition, in that section, the asymptotic per, m£1 + Oi, m, thenv can be chosen as = Q Py, whereq

formance of the channel estimator is analyzed. Then, MMS1ISfiesQ > max . (s, m + 2). We also arrange channel

detectors are proposed, and asymptotic performance is studiggfficients in a vectog; .., = [gx,m(0), -- -, re,m (@, )]

in Section IV followed by numerical examples in Section V., Filt IS @ssumed to have unitnorifg;, || = 1, where the nonunity
nally, conclusions are drawn in Section VI. norm can be absorbed into a complex gain,... Under this

consideration and after careful arrangement, the convolution in
(2) is then written in a matrix form as

j=0 I=—o0

Il. MULTIRATE DIRECT-SEQUENCECDMA M ODEL

m—1 Q-1

Consideramultirate synchronous CDMA system uiithisers ykym(n) = Z Z Oék7m,Ak,m,i,jgk7mbk,m,n+v‘,(j)
transmitting their data bits to a common base station through in- J=0 =iy, m, 0
dividual multipath fading channel [13]. Suppose the system sup- A L _JiPig ' 5
portsM differentdatarates. We partition all users idifagroups. kom. i g = kom. @)
Ingroupm, assume there af€,, users with datarat&,,. Then, where the lower limit fori depends on the channel order
K = Y| K. Usersin group 1 have the lowest data ratg, ,,, o = —. m — 1 + 8(Bk,m) With 8(-) denoting the Dirac
Ry, whereasR,,, is a multiple ofR;: R,, = mR;. For no- delta function,J is ar x v shift-down matrix with all 1s in the
tational convenience, denote thth user in themth group by first lower diagonal, and@’y, .., ; is av x (qx,m + 1) matrix
user §, m). The data streary, ,(n) of user &, m) is corre-  constructed from the code vectey .., ;
spondingly partitioned into blocks with each block containing 0 0
m bits. Denote thgth bit (; = 0, 1, ..., m — 1) in thenth 1
block bybs, m n(4) 2 br, m(mn+ 7). Multirate spreading can be J=
achieved by two different code assignment methods [13]. One is
to assignn different code sequences of lengthto user &, m), L0 Lo
leading to a MC multirate access method. The other one is to as- [ chom, j(0) 0 7
sign only one code sequence of lendtl repetitively to each . :
of m bits, whereP,,, = Py /m, resulting in an MPG multirate : E Cr,m, 5(0)
access method. In the former, we denote code vector foitthe  Cy o ; = |, (P —1) : )]
bit in each block byex, 1, ; = [ck, m,;(0), ..., Cr m, (P — T _
1)]¥. Inthe latter, we denote that common code vectanby, = o Ckym, (P — 1)
(¢, m(0), ..., éx m(Pm —1)]*. Inordertodescribe the MC and 0 0

MPG multirate CDMA SyStemS in ager_leral form, we _ConStrUCt a1 the knowledge about this order is not available, its upper bound can be
vector of lengthP; from¢;, .., by appending some leading and/oused as a substitute.
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For notational convenience, we have definkd 2 JZ and covariance matrid? = E{y(n)y" (n)} can be computed from

J? = I'in (2). Premultiplying the signature vect6¥, ., ;g;, ,, (4)- If the noise power is2, the EVD of R yields

Of by, m. n(J) by JiI W!|| shift thiS vector up/down by multiplgs R= l]sA-sl]f + UnAnUf7 A, = diag()\f + 03)

of P, positions, resulting in signature vectors of all other bits. A — o2 6
After consideringK users in the system and the additive n = et ®)

white Gaussian noise (AWGN)n), the received data then hasFor our desired user, all signature vectsgs,. , . lie in the

the following form: signal subspac®,. Thus, they are orthogonal 1d,,, which

leads to [20], [24]
M K, m—1 Q-1

y(n) = Z Z Z Ugs%,m,i,j = UgAE,m,i,jgz,m =0. ()

m=l k=l J=0 =ik m.0 ‘ Equation (7) holds for all possibleandj. Therefore, the sub-
e, m Ak, m, i, 9, m Uk, m, i (F) F0(n). (4) space method extended to a multirate CDMA system to estimate

. — — becomes
It can be observed that usek,(mn) contributes toy(n) a Ir,m

number of intrablock and interblock bits, as indexed;bgnd
i. Define the total number of bits involved in the data vector g; - = arg min =/ |y AY_ . UUA; o .
by Lx, ... It depends on the order of the channel, the multirate ll|l=1 T
access method, as well as the total number of data samples ~ (8)
collected. For example, when the MC multirate access methoblere: takes integers fromy .- to @ — 1 and;j from O to
is used,Ly m = m(Q — ix m o). Significant number of bits 7 — 1. For simplicity, we have dropped the limits for them in
from a user are involved if its multipath channel has a largbe summation. We will continue to do so in our later discus-
delay spread. However, signature waveforms of those b#ion without incurring confusion in the context. Since we re-
exhibit certain structures. They stem from the convolution eftrict our attention to the desired user, we will further skip sub-
shifted spreading codes with the same channel. This featsggiptsk andm from now on for the same reason. Thysg, -
will be utilized in our channel estimation next. Without los@ndAy, ., . will be denoted ag andA;, ;, respectively.
of generality, we assume that useér, () is our desired user In order to guarantee a unigue solutignsome conditions
whose channel vecta@g: _ needs to be estimated. need to be imposed on system parameters. First, according to

’ (7) and the dimension of the noise subspace, whidh#s —

S M S K L, m, the following should be satisfied [24];

m=

x

(%]

[ll. ESTIMATION OF MULTIPATH CHANNEL PARAMETERS M K.,
. . — com 2 Qr — .
There are different approaches to estimate channel parame- QR 221 kzl Liym 2 T+ 1 ©)
m= =

ters. One of the widely used methods is the subspace method . o . o
[14]. It has been successfully applied to single-rate CDMA Syg)_ther conditions can also be similarly derived by generalizing

tems [2], [24] and has been improved upon based on a Syg,gs_e for a single-rate CDMA system [21], [24] to the current
space intersection idea [22] for a long observation window th&Itirate CDMA system. In the current framework, the desired
is equal to several symbol periods. An extension to multiratSer creates multiple virtual users. Therefore, there are multiple

CDMA systems is also discussed with some restrictions on thignature vectors defining the subspace of the signal space of
length of the channel. In this section, we will generalize tH8t€rest, leading to an expanded subspace, as shown by the fol-

subspace idea to a multirate CDMA communication system fig#ing theorem.

channel estimation and study the asymptotic performance of the "€orem [21], [24]: Let A be a code matrix constructed
corresponding estimator. by stackingA;, ; of the desired user for alland j column by

column, and similarly, let,;,.; be an interference matrix whose
columns consist of signature vectors from all other users

As is well known, the subspace method employs either the A=) Hint = [Sk,m]:
noise subspace or the signal subspace. The signal subspatéiger (9) and if[A, H;,| has full column rank, thew is
also the span of signature waveforms of associated bits in theaeunique minimum solution of (8) up to a multiplicative
ceived data (4). Both subspaces can be obtained from eigenvasicalar. O
decomposition (EVD) of the covariancemf ). We denote sig- By minimizing (8), the solution is then the unique eigenvector
nature Vectorsy, .. i, ;g ., for user &, m) by si ., ;,; and of the following objective matrix:

A. Subspace Approach

assume that they are linearly independent. Collect these vectors H H
. . . o= AT UUA; 10
in a matrixSy, ,,, column-wise Z Gy T TR g (10)
3 J
Skom =[8kmijl, 1=tkmos .-, @—1 corresponding to its null eigenvalue. We will study the perfor-

mance of the proposed channel estimator next when the noise
subspace is obtained from the estimated data covariance matrix.

and. PUt all of its _'nformatmn bits 'r? a VeCt‘va,m(”)- pnder 2For convenience, we will not specify the dimension for any identity matrix
the i.i.d. assumptions on the users’ inputs and the noise, the daib@ dropping its subscript later.

j=0,....,m—1 (5)
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B. Asymptotic Performance of the Channel Estimator to simplify computations and obtain a closed-form expression,
Assume thai is estimated fromV data sample vectors [5], W€ Will derive B differently. _
[26] For notational convenience, dengte) in (4) byy,, andv(n)
by v,,. Our model (4) can be written in another form:
N
. 1 -
R=~ >y (n). CED o = Hbn 00 1)
N el where inputs from all users are collected in a vedtpwhose

u\f)a_riance is denoted by {b,b”} = I', andH is a corre-
a§8'g_)nding signature waveform matrix, including the effect of
complex gainswy, . Assume all inputs have zero odd mo-
ments, equal variancB{|bx, »(n)|?} = o7, and fourth-order
ggsolute momenE {|bx, .»(n)|[*} = mu. They are also inde-
pendent of each other, renderiliga diagonal matrixo21. In
the case when users have different transmission power, one can
properly scale the complex gain and, thus, the corresponding
) - ) ) columns ofH to make the power of all users virtually equal for

Z=R-o,l=UQU], 2 = diag{ A} (12)  the evaluation purpose. Additionally, we assume thathas
Then, the perturbation of the noise subspac&dfas the fol- zero odd moments and is independent of inputs.
lowing form [26]: It is shown in the Appendix that for a given matiX, wave-

§U, ~ —Z'6RU, (13) form matrix H , the numbetV of data vectors, and staFistics of

where(-)" denotes the pseudoinverse. If a perturbation occursmlPUtS and EOlsef can always t_)e evaluateq accorldlng to er- I
estimatingl/,,, then an error will be transferred to our channet"ler (4.3)' when the communication SySte_”? Is a real system (a
estimate. We have shown thais a unique eigenvector corre—quantltles are real-valued), or (50),_whe_n itis ac_or_nplex system.
sponding to the null eigenvalue 6I. Assume that the pertur- When applying those results to simplify (17), it is noted that

. ) ; ; U BU,, can be first simplified in two cases, respectively.
bation ofg is 6g and that the pfarturbatlon @} is 50. Then,ég Case 1—Real SystenSinceU”U,, — I, U, is orthogonal
has the following form [1], [5]:

to bothZ" and H, applying (43) yields
59 ~ —0'50q. pply 9(2)y

According to (10),60 is given by

803" A, [sU Ul +U,6U)1 A, ;. (15) Whereyi, j, i, j, IS a scalar
b J Yit.g1,42,92 = O—l?gHAg,jzzTHHHZTA'ilyjlg

The finite data samples will determine the accuracy of the s
space estimate, thus affecting the performance of the estim
An estimation errcr SR is introduced in estimatind? due to
finite data samplesR = R+ 6R. Because of (11), matri&R
is Hermitian (complex conjugate symmetric). It can be assum
to be a small perturbation whe¥ is large enough.

For notational convenience, 1&t be the noise-free data co-
variance matrix

O—'U
ULBU, = <2 % s in,io

Substituting (13) in (15), (15) in (14), and noticing (7), we obtain to2g" Al z2a, g (20)
N T H H T o - ks 12, 32 ) -17 1--
bg =~ Z O'4; ;U U, 6RZ'A; jg. (16)  Sincez = o?HH" andR = Z + 421, (20) is simplified to
(%)
Yiv, j1, iz, 42 = gHAg,jZZTRZTA'thg' (21)

Equation (16) shows thalg is directly related todR, which _
is random due to the randomness of the received data. Basegase 2—Comp|$’x Systemdfter applying (50) and ob-
on this result, the covariance and mean-square-error (MSE)S6fvingZ = o, HH"", we obtain

channel estimate can be further evaluated. The covariance be- " o2
comes U BUw =~ Vi, g, oL
HY H H
E{6g6g" } ~ | Z | o'Al ,U.U/E where
“7127]17]; = = Vi1, g1, %2, j2 :gHAVZ,szTRZTAﬁ,hg (22)
-{6RZTA¢17 99" Al jZZTéR} U U A, 07, A7)

. L ) ) . which is same as (21).
To evaluate this quantity, it suffices to determine the following In both cases, (17) becomes

general-form quantity for an arbitrary mataX:

2
/ Hy o, %o o
B2 E{6RDSR}. (18 Eloese™t~ > v
t1,%2,]15 ]2
This form will also appear in our later discussion on the P AH Ha
detector's performance. IfD is replaced by Z'A;, O 4, i UnUn Aiy, 1,00 (28)

g9 Al . Z', then (17) can be easily evaluated. Matdk Wherevi, j, i, j, is given by (21). The MSE of the estimated
depends on the second-order statisticss& Therefore, it Channel vector is then the trace of matfiX6gsg™ }

relies on up to the fourth-order statistics of the received da&H(Sg”Q} ~ 0_,2 Z e

since R is related to the second-order information of the N 1o d1st2, 2

channel output. For a single-rate CDMA system, it is shown in

[26] that B can be evaluated, as long as the system parameters, Ar {OTAZ, ZUUT A, |, OT} - (29)
distributions of inputs, and channel noise are given. Howev@lgcording to (24), it can be observed that the MSE is propor-
2/N, which is similar to the result obtained in [1].

3From now on, we will uséto represent the perturbed version of the quantit)rrlonaI to Tul4Ys ; Ik 5
and a$ preceding the quantity to represent its perturbation. Meanwhile, it is determined by projections of code matrices

1,%2,7J1,J2
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A;_; of the desired user onto the noise subspace accordingSabstitutingég by (16),6 f is related taSR by
the quantity inside the trace operator. If we examine the scalar g - - ; - -
Vi1, j1, 43, j2» WE CaN conclude that the MSE is approximately inf ~ kA0 ZAi,jUnUn SRZ'A; jg — B ORR™"h.
versely proportional to the power of the transmitted signal be- 7

cause of the tern%'RZ". According to subspace decomposi- (27)
. ) : 9 P ‘ecomp TFor comparison purposes, we adopt the output SINR as an indi-
tion of Z in (12), v, ;,.4., 5, @lSO depends on projections o

ianat ¢ A bits f the desired ¢ ator of the performance of our detector [21]. Define an inter-
s!gnalurebvec ors of various bits from the desired user onto the .. matrix;,; = R — (Aggt A¥  where¢ is the power
signaf subspace. of the desired user. Then, SINRs of the proposed detector and

the ideal MMSE detector can be defined as
IV. DETECTION OF THEDESIRED USER

: . . : _ BRI}
_In this section, we focus on detection of our desired user SlNR—Cm
(k, m) after its channel vecta§ has been estimated based on nt
our previously discussed subspace method. ¢ | FZR|12+ E{6FPRRES £} 28)
~5 e H
o R“Ln o +E 6 Rzn 6

A. Direct MMSE Detection f H_tf (8" Rinedf}

A linear MMSE detector can be designed by reconstructing SINR, :CM. (29)
the signature waveform of the desired signal. This kind of de- fo Bini],

tector has been proposed and discussed in detail in [3] and [¥lre are two term&{Sf2RhHSF} and E{sf R Sf) to
for a dual-rate/multirate CDMA system. As we know from oupg gimpjified in (28). By direct substitution of (27), they are
data model (4), there are various bits from the desired user c@¥panded to

tributed to the received data vector. To simplify the structure of
the detector, we detect only the followimg bits from the cur- E {5fHﬁﬁH5f}
rent block ateachtime =0, j =0, ..., m — 1):
~ H aH + H tAH
T ~ g A77ZE (5RUnUnA7‘,17j10A
bi(n) = [bzymjn(()), %7m7n(m—1)} : E;J o {

Other options exist by detecting bits from neighboring blocks .7 fA0TAf . UnUféR} Z'Ai, 9
and then subtracting their contributions from the data vector ’

to improve the detection performance. However, even with our  _ ZEHR_IE {6RfoffZOTAijnU,ﬁ’6R} ZiA; g

current choicefn MMSE detectors are still required g

o -1 . , _ —
fo;=R Ao;5 j=0,....m—-1 (25 -3 g"Al ZE {5RU,,,U5A,;,j0TAHfOfféR}
Equation (25) provides a standard detection technique. Ex- i
tensive discussion about the method itself seems unnecessary. . g~ + RFR1E {6Rfof£{6R} R 'n (30)

However, due to our particular channel estimation method, the

performance of these detectors is dependent on the estimagte, 6fHRint6f}

channel parameters and needs to be investigated.

~ Y g"Al  ziE {5RUnUf Yo Ule:

B. Asymptotic Detection Performance

1,%2,71, 72
From (25), we observe that the detector depends arhich it AH . ;

is the bit position in the block. Therefore, we neadletectors A0'4;, UL, 5R} Z'4i, .9
to detect all bits irb; (n) within the current block. For shorter _ _
notation and without confusing the context, we drop the sub- — Y _R"R'E {6RGAOTA£’]U”UZ’6R} Z'A; ;g
scripts and denotg, ; andA, ; by f andA, respectively. Keep i J
in mind that they, as well as relevant quantities subsequently de-
fined, are pertaining to a particular bit fn(n). An ideal (op-
timal) MMSE detector after ignoring a positive scalar is the one
with ideal covariance matrix and true signature waveformvector + A R™'E {§RGSR} R™'h (31)
f, = R 'h,whereh = Ag. Since the covariance matrix is esti- . . ) _
mated from data samples with perturbatt® and the channel WhereG = R™"R;,,R™". On the right-hand side of (30)
vector has an error from estimation, our detector exhibits d&. (31), €ach term includes a quantity of a typical form
graded performance. We will analyze this loss analytically. Firll = £{0RD6R}, whose expression has been derived analyti-
replacingR by R + 6R andg by g + 8¢ in (25) and then ap- cally in the Appendix fo_r an arbltra_\ry matrik. By settingD _
plying Taylor's series expansion {®+ s )~ and keeping the equal fto the corresponding %L@Etltles, all terms c;’;m be obtained
first-order terms, it can be found that analytically. ThereforeE{8f" hh™ s f} and E{6f" Riy:6 f}

can be evaluated. Finally, the expression of SINR follows.

F=1f,+6f, 6f ~ R 'Abg— R '6RR 'h. (26) These terms are inversely proportional’a As N — oo,

J
-3 g" Al Z' E{sRU,U] A; ;0" A" GSR} R™'R
%]
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SINR converges t&6INR, as expected. Unfortunately, dif- g 2 0nmel MSE fora LR vser
ferent from the channel MSE, the final expression of SINR fc
a finite N does not exhibit a compact form, even though son
terms on the right-hand sides of (30) and (31) can be simplifi

accordingly.

(b} Channel MSE for a HR user

(=)
o

C. Interference Cancellation (IC)

stimation error

It has been shown that as far as the desired user is concerig
significant ISI exists in the data vector due to distortion of a reg
atively long channel. However, signature waveforms of all ir§
terfering bits are known at the receiver after the channel of t
desired user has been estimated. Motivated by the succes
interference cancellation technique [8], we will attempt to sus

Channel estimation error

107k

cessively cancel ISI. By estimating those interfering bits fir: —Fropesed SR o]

and subtracting their contributions to the received data vect || o : | et

it is easily understood that the new detector will provide bett ™ ~z00 00 o0 o 1o " o0 a0 20 0 000
performance under certain conditions [8]. This fact motivates

us to detect the desired user as follows. Define interfering bit Fig. 1. Data length effect on channel estimation errors.

vectorby(n + i) = [by — .(0), ..., by (@ = 1] in

the (n + 4)th block ¢ # 0). First, we design MMSE detectors ) ) )
F; to detec, (n + <) in neighboring blocks. After making de- Fig. 1 |nvest|_gat_es the effect of thg amqunt of data record (in
cisions based on the outputs of the MMSE detectors and sighms ofV, which is the number of bit periods of the LR user)
constellation, we construct and subtract IS! frg(n). Then, a ©N the channel estimation error for a LR and HR user, respec-
new data vector is obtained, which is free of ISbi(n + ¢) t!vely. The average MSE is based on 1000 independent realiza-
are reliably estimated for all 0. We finally build MMSE de- tions. The solid line represents the proposed method; ite
tectorsF, to detect desired bits in the current blodk (n). for the conventional subspace method (we define it for conve-
Detailed study on successive interference cancellation has bBIfICe), where only t.he signature waveform of the current bit
carried outin the literature, for example, [7] and [8]. It is omittedf US€d in estimation; and the dashed line from our analytical
in the current work due to lack of space. Instead, we will tuffgSult: For the LR user, it is observed that the MSE from our

— 4 . . .
our attention to experimental study on the proposed channel B§thod reaches & 10+ after 1000 bit periods. The experi-
timator and MMSE detector next. mental result is very close to our analytical results whéis

large. The proposed method performs better than the conven-
tional method due to inclusion of signatures of interfering sym-
bols in our cost function. However, for an HR user, the number
We study the performance of our channel estimation awd interfering symbols in the data vector is much larger than
detection methods in different scenarios. A dual-rate sythat for a LR user. Therefore, performance differs from that for
chronous CDMA system is simulated [13]. The first group LR user, as shown by Fig. 1(b). This time, the conventional
has two low-rate (LR) users. The second group has twoaethod fails to provide a good channel estimate, but the pro-
four-fold data rate users. Thus, each high-rate (HR) usensed method still works well with increased error level. The
creates four virtual users. Although both multirate acced#ference between the analytical result and the experimental re-
schemes are almost equally important, we primarily focus tkalt tends to decrease Asincreases. However, it requires more
MPG multirate access method while leaving the MC multirateceived data vectors for the solid line to converge to the dashed
access scheme only as comparison to minimize redundafing. Fig. 2 compares the output SINRs of our direct MMSE de-
in presentation. For the MPG access, spreading sequenessor without IC and detector with IC with other detectors such
of length 32 are obtained first by adding one random codses the decorrelating detector (e.g., [9] and [17]) and RAKE de-
to the Gold sequences of length 31. Then, each sequencéedor (e.g., [11] and [12]). The solid line indicates that with IC,
split into four subsequences to be assigned to each HR uger dashed-dotted line is based on our direct MMSE detection,
[9]. All users transmit BPSK data symbols at the same powttte “zs” indicate the detector from conventional channel esti-
per bit [12]. Twenty one chip spacing channel coefficients fanation method, the circles are for the decorrelating detector,
each user are randomly selected from an intefval, 1) but the diamonds are for the RAKE detector, and the dashed line
fixed in different realizations. Thus, channel response spassour analytical result. For the LR user in Fig. 2(a), we ob-
about three bit periods of an HR user. Each time= 96 serve that with sufficient received data (after 400 bit periods),
chip data samples are collected and processed. Totally, 15+B detector with IC outperforms all other detectors. The exper-
background noise is added to the system. The first user in eatlental data from direct MMSE detection is highly consistent
group is treated as the user of interest, respectively. Therefoséth our analytical result. This detector also shows performance
we have a desired LR user and HR user. The channel estimasnilar to the conventional detector due to limited number of in-
mean-square-error (MSE) and the output SINR of a detecterfering bits. Both detectors approach that of the decorrelating
are adopted as performance measures. detector that uses spreading codes of all users in the system.

V. SIMULATIONS
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Fig. 3. Effect of sparse channel order on channel estimation errors.
Fig. 2. Near—far effect on output SINR.

Channel order effect on output SINR
T

10 T T

The RAKE detector has the worst performance in this case. F [
the HR user in Fig. 2(b), after enough data is collected, the ¢
rect MMSE detector is better than all other detectors, exceptt 3
proposed detector with IC. Significant improvement (about .}
dB) is achieved after performing cancellation of ISI. The SINF

convergence level is even slightly higher than that of the Lg ¢
user with IC. The conventional detector is unable to detect tig, .| R v L -
user. The decorrelating and RAKE detectors show similar pez : :
formance, where SINRs only converge to about 5 dB. It is als® 7
observed that even the channel estimation errors are differ:
for both users, as shown in the previous figure; the SINRs a
almost indistinguishable for largey because a relatively reli- ¢
able channel estimation performance after a certain error le |

is achieved. ' : ; -

65 - : . . . e -

We next study the channel order effect when sparse chann  ° 5 10 15 20 25 30
. . . Channel order
are used. Assume signals from three paths gpemrip periods
wheregq varies from 2 to 30. Three nonzero channel coefficients Fig. 4. Effect of sparse channel order on output SINR.

for each user are randomly generated at each realization, and the

corresponding channel vector is normalized to have unit norm.We also investigate the effect of rate ratio between the two
The second path arrives with random delay from ¢ to1. The sets of users. The data rate of two users in the second group is
results based on 1000 data vectors are presented in Fig. 3sfotimes that of two users in the first group. Instead of setting
the channel MSE and in Fig. 4 for the SINR. All SINR resultsn = 4 as before, we allown to take the following integers:
presented from now on are based on direct MMSE detection s 2, 4, 8, 16]. Fig. 5 depicts the channel estimation errors for
less otherwise specified. From Fig. 3, it is clear that the MSEdfferentm, whereas Fig. 6 shows the SINRs. The solid lines are
for both the LR user and HR user show reliable performander the desired LR user, and the dashed lines are for the desired
Wheng increases to 30, error levels are still belowk510~2. HR user.m = 1 corresponds to a single-rate CDMA system.
However, the channel estimation performance for the LR us&s mn increases, the MSE for the LR user increases because a
is better than that for the HR user. After comparing Fig. 3 aignificant number of virtual interfering users enter the system.
g = 20 with Fig. 1 at N = 1000 for both the LR user and At m = 16, each HR user creates 16 virtual users. Hence, the
HR user, we can see that the MSEs for such a sparse chanotll number of virtual users including LR users in the system
case are comparable with those for the dense channel case.Baehes 34, giving rise to higher estimation error or lower SINR
difference between channel MSEs for users with different ddiar the LR user. Regarding to the HR user, the processing gain
rates does not incur significant difference in SINRs, as observeecreases with increased. Therefore, the method takes less
from Fig. 4. The SINR for the LR user is about 0.5 dB highdpenefit from spreading, leading to even higher estimation error.
than that for the HR user. Both are bounded between 8 andTlite SINR degrades more for the HR user than for the LR user.
dB for a large range af. Due to these reasons, we will continudHowever, even in such a virtually overloaded system, perfor-
to use dense channels as in Fig. 1 in our later discussion. mance degradation of the proposed method for modexaite
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Fig. 5. Effect of rate ratio on channel estimation errors. Fig. 7. Effect of number of multiple data rates on channel estimation errors.
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Fig. 6. Effect of rate ratio on output SINR.
Fig. 8. Effect of number of multiple data rates on output SINR.
tolerable and reasonable. It can also be easily observed that all
results atn = 4 show consistency correspondingly with thos@sensitive to a change afsince total number of users including
in the first two simulation figures. virtual users is small. If we regard a user with raté?; asm
The number of data rates existing in a five-user system hasigual users, then asincreases, the virtual number of users in-
very similar effect on the performance. For convenience, denateases significantly, leading to a higher MSE and lower SINR.
the number of data rates laythat can take integers from 1 to 5.However, atz = 5, the MSE is about 5 10~2, and the SINR
Beginning witha = 1 corresponding to a single-rate system, wis above 6 dB. After counting the number of virtual users for a
increasez by 1 each time by moving one of five users to a newifferent number of multirate groups in Fig. 7 and for different
group and setting its data rate twice of the highest in the previawsge ratios in Fig. 5, it is not surprising that the corresponding
rate set. Therefore, except for the first group with basic Fate MSESs for the LR user are in the similar levels. The same con-
each of the other groups only has one user each time. Under ttlission can be made when Figs. 6 and 8 are compared with
rate assignment scheme, the highest data rate bectédgs thezx-axes translated to the number of virtual users in both fig-
whena reaches its maximum 5. One user keeps staying in thees. According to this observation, it is clear that the number
first group with the lowest data rate and can be treated as the devirtual users has a significant impact on the performance of
sired user (LR user). However, there does not exist an HR usiee proposed method in the current simulation environment, re-
for whom the performance is trackableasgaries. As such, the gardless of whether it stems from multiple data rates or different
effect ofa on the channel estimation error and SINR for the LRate ratios.
user can be examined. They are plotted in Fig. 7 and Fig. 8, re-The background noise is another factor that affects the perfor-
spectively. Wher is small, both MSE and SINR are relativelymance of our method. Fig. 9 is a typical MSE plot with respect
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Noise effect on channel estimation error Comparison of MPG and MC multirate access methods
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Fig. 9. Noise effect on channel estimation errors. Fig. 11. Channel estimation comparison of the MPG and MC systems.
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to signal-to-noise ratios (SNRs) for both the LR and HR users

. ) erent access methods are used. For the HR user, however, our
We vary SNR from O to 40 dB by fixing the signal power andestimation produces much smaller channel MSEs by the MC

changing the noise power only. The performance for the LR USET <s method than the MPG method. When the output SINR

is slightly better than that for the HR user, which is similar t9v'th IC is examined in Fig. 12, the MPG access method can

our previous observations. These MSEs change almost lme%gtead offer improved detection performance over the MC ac-

with SNR based on the current scales for both axes, indicating N .
that the MSEs are proportional to the noise power, which is co%—ss method for the HR user, which is similar to an observation
X made in [13], where detailed comparison between MC and MPG

sistent with our analysis. Fig. 10 further shows correspondin . .
. Co ethods can be found. Again, the multirate access method has
SINRs with IC. The SINR for the HR user is slightly bettertharlllt{[Ie effect on the SINR for the LR user.

that for the LR user. However, both are very close to SNR a
different SNR levels.

Finally, performance of our method in two multirate access
systems is compared. The MSEs for both the LR user and HRIn this paper, a multirate CDMA system with either multicode
user are plotted in Fig. 11 with respect to the number of dadamultiple processing gain access is studied. Due to high-speed
vectors. For the LR user, the performance under different acc&assismissions, the communication channel may have a large
methods is comparable, as seen from the solid and dashed lidelsly spread. Therefore, the received data is significantly cor-
in the figure, since the same spreading sequence is used forrtiged by ISI besides multiuser interference. We generalize the
LR user in both multirate systems. The slight difference migltubspace method to estimate the multipath parameters by con-
be due to the variation of interference from HR users when d#idering projections of signature waveforms of all symbols from

VI. CONCLUSIONS
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the desired user onto the noise subspace, leading to performarzevaluate the second term to the last, we perform “vec” and
improvement over the method that employs only partial signtiien the reverse “unvec” operations
ture waveforms. Based on perturbation analysis, the asymptoti
imati is derived i ilt on tHa 1 bx0% H DHb,,b
channel estimation error is derived in a closed form. Builton t 7o 7O
estimated channel parameters, direct MMSE detectionis alsoin-_

T T T
vestigated. The detection performance can be further improved unvec[E {(b" @ bn) (b" © b") } vec(H DH)} (35)

by interference mitigation. where properties of “vec”and the Kronecker produet ‘have
been applied [10]. After some straightforward algebra, it can be
APPENDIX verified that [25]
DERIVATION OF MATRIX B = E{6RD6R} E{b, ®b,) (bril“ @ bz;)}

We will proceed differently from [26]. We will also derive _ 4 4 4 4
closed-form expressions fd@ with typical distributions of the (mas = 30,)X1 + 03 X + oyvedD)vec'(D) + oyl (36)
inputs and noise. Instead of performing a “vec” operation [10fhereX is a block diagonal matrix
on B first, as in [26], we perform it later as necessary. Subst
tuting§R by R— R, we obtainB = E{RDR}— RDR. Assume
that NV data vectors used in obtainitfg are mutually indepen-

in :diag{alaf, cees aLaf}

dent. ThenE{RDR} = (1/N)G1+(1—(1/N))RDR,where of = |0,...,0, 1 ,0,...,0 . Xy =[a;a|xL
G, £ E{y,y Dy, y!}. Theref o
1= {ynyn Dynyn } Therefore ith 1xL
1 and X has been partitioned inth x L sub-blocks with the
B = N (G1 — RDR). (32) (i, 5)th sub-blocka;a?". Substituting (36) in (35), we obtain
T 7T 7| 4 T 4 77T

After substitutingy,, by (19) and imposing independenceE {bnan Danbn}—G2+"btr(H DH)I + o,H” DH
among all inputs irb,, and noisev,,, it can be found that only (37)
the following terms survive iz : where

G, = (m4b — 30’;}) unvec[leedHTDH)]

_ T T T * H
G =HE {b"b" } H'D'E (v, +o,unvec[Xved H' DH)] .

+ E{v,vl} D"H'E {b:bff} HY It is observed tha€¥, has two typical terms unvek ; veq W )]
and unvefX,vedW)|. Express matrix W explicitly by
+020?HHY" D + 00 DHH" columns asw, ..., wr], whosejth diagonal element ig; ;.

n afoitr(HHDH)I n afa,ftr(D)HHH Then, according to the definition &, we have

UnVEC[X1VGqW)] = [alle, - ,O,LUJL’L]

L HE {bnbff HY DHb, b } HY
Idiag{le, .. ,wL7L} =IcoW (38)

E {v,v) Dv, v} , N
+ B vy, Dunvy, } (33) where ‘®" represents element-wise multiplication. Thém;W

where “tr” denotes the trace of a matrix, superscrigtdenotes keeps only the diagonal elements#t According to the defini-
»Sup tion of X », theith block row of vectoX ;veq W) is a;al w, +

complex conjugate, the first two terms result from transposir]gJr T which can be written Tatr ot T
some scalarsif = ) in order to reorder corresponding quan... | L% Wi . afw &; ALy G-
. . inceay ar] = I, it becomeV* a,. Therefore

tities, andE{v, v} = %I has been applied. Assume tha? B ' v

the length ofb,, is L. The last two terms in (33) depend on  unvedX,vedW)] = [W'ay,...,Wrar] =W7T. (39)
the fourth-order moments of the source and the noise, respec-h 38) and (39) (37) b

tively. All other terms are either already in evaluative forms oW't (38) and (39), (37) becomes

are dependent on the second-order moments. In order to obtain g {banHTDanbZ}

a closed-form expression f@#, we differentiate two scenarios:

The communication system is either real or complex. = (ma — 30)I ® (H"DH) + otr((H* DHNI
Case 1—Real Systenin this case, all quantities are real 4T -
valued. Under our assumptions on the statistics of the inputs and +o,H (D+D")H. (40)

noise, (33) becomes Similar to (40), the last term in (34) is simplified to

G, =0o?HHY (D + D7) + 620%(D + DY)HH” E {vnv;, Du,vy }

_ o4 4 4 T
+ afoftl’(HTDH)I + afoftl’(D)HHT == (m4'1; 30—1;)1 ® D + O',Utr(D)I =+ (o (D + D ) (41)

wheremy, is the fourth-order absolute moment of the AWGN

T T T T
+HE {bnan DHb,b, } H and is equal t@o*. Equation (41) becomes

+ E {v, vl Dv, vl } . (34) E{v,vIDvwl} = opti(D) +oy(D+D").  (42)
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Observe thal? = oZHH' + 521. Substituting (40) and (42) Observe thaR = oZHH" 4 o2I. Substituting (47) and (49)

in (34) first and then (34) in (32), we obtain

in (44) first and then (44) in (32), we obtain

B= 0‘?5 . [HH"D" + D"HH" B = 2% [tr(H" DH)I +tr(D)HH"]
+ tr(H*DH)I + tr(D)HH") N %4 (DI + JNZ* r(H" DH)HH"
+ UN’% [D¥ +tr(D)I] + (may — 20%) %H[I@ (H'DH)|H"  (50)
+ %ZL tr(H" DH)HH" + HH' D"HH"| which concludes our derivation. O

+ (may — 303)% H[I & (H"DH)H". (43)

ACKNOWLEDGMENT

The author would like to thank the anonymous reviewers for
Case 2—Complex Systeri this case, the real and imagi-valuable comments.

nary parts of inputs are assumed to be independent and have the
same distributions. Similar assumptions are made on the noise.

Then, B{b,b.} = 0 and E{w,v1} = 0. Equation (33) be- 1]
comes
[2
G, =0lc’HH" D + o}0c>DHH"
+ ofo2tr(H? DH)I + o}o*tr(D)HH" (3l
H gy H H H
+ HE {b,b H" DHb,b] | H )
+ E {vnvi[ Dvnvf } . (44) -
As in Case 1 we can obtain (6]
E {0 H" DH, b} 7
- unvec[E {(b; ®by,) (bf ® bl ) } veo(HHDH)} 45) ®©
B{®, @b, (b @bll)} [
10
= (map — 203) X1 + oyvedI)vec (I) + o, 1. (46) 1ol
[11]
Notice that (46) is different from (40) because of complex in-
puts. Substituting (46) in (45), and noticing (38), we obtain  [12]
E {bnbf H" DHb, b } = (may — 20}) T® (H" DH) [13]
+oyt(H"DH)I + oy H"DH. (47) 14
Similarly, we obtain [15]
[16]
E {vnvavnvf} =(may, — 20ﬁ)I oD+ aﬁtr(D)I—i—a,ffD.
(48) [17]

For a complex symmetric Gaussian random varialig,,
equals2s instead of3s2 in the real case (for example, see
explanations between [25, eq. (104) and eq. (105)]). Then, (488
becomes

[19]

E {v,v) Dv,w) } = ottt(D)I + o D. (49)
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