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A DSP-Based DS—-CDMA Multiuser Receiver
Employing Partial Parallel Interference Cancellation

Neiyer S. Correalstudent Member, IEEER. Michael BuehrerMember, IEEE and Brian D. Woerneiember, IEEE

Abstract—The implementation of advanced DS-CDMA re- for practical implementation in most applications. Alternate
ceivers based on multiuser detection principles is becoming a |ower complexity suboptimal multiuser receiver structures that
reality thanks to the combination of an improved understanding — ,fter significant improvements over the conventional receiver

of the theoretical basis of multiuser detection and advances in
digital, mixed-signal, and RF technologies. Due to their lower have been proposed [2]-[4]. For the most part, the elevated

complexity, subtractive interference cancellation approaches are degree of complexity has restricted these ideas to the realm
attractive for the practical implementation of multiuser detection.  of simulation, with most simulations performed under rather
In a parallel interference cancellation receiver, it is practical jdealized conditions.

to use the soft outputs of a matched filter bank for amplitude Our intent is to develop a practical implementation of an

estimation. A bias arises in the decision statistics, however, due to . . .
imperfect estimation and interference cancellation. In this paper, advanced DS-CDMA receiver based on multiuser detection

the source of the bias is explicitly recognized, and a partial inter- principles. In previous work, we have examined the perfor-
ference cancellation scheme that mitigates the negative effects ofmance of several major receiver structures for a variety of
biased estimation and significantly improves system performance gjiations and channel conditions. Comparative performance

is proposed. A practical real-time algorithm that significantly and computational complexity results based on theoretical
reduces the implementation complexity of this scheme without P p y

sacrificing performance is then derived. To facilitate a software and simulation analyses have been presented in [5]. Fig. 1
radio implementation, the signal processing complexity of the shows the probability of bit error versus the number of users

approach is characterized. The real-time processing algorithm [ for several multiuser detection schemes. For a practical
is tested via implementation in software on a floating-point ;1 mentation, the multistage parallel interference cancella-

general-purpose DSP. The prototype includes a flexible software- . h of . L f f
based architecture which performs IF sampling and uses digital tion approach of [6] is attractive in terms of performance,

downconversion prior to baseband processing. The hardware test COmputational complexity, and robustness to moderate phase
setup is described, and the results are presented and comparedjitter and synchronization errors [7].
with simulation and analytical results. The experimental results In order to minimize the complexity of an interference
confm I Simulaton and snaice resuts AMCh W 19 cancelaion receive, a matched fitr bank i commorly used
at each stage for estimation of the transmitted bits and received
_ Index Terms—CDMA, interference cancellation, joint detec- gjgnal energies. Regeneration and complete subtraction of the
tion, multiuser detection, software radios, spread spectrum. estimated MAI is then performed to reduce the interference
affecting each user. However, straightforward implementation
I. INTRODUCTION of parallel interference cancellation results in biased decision
HE advent of software radio technology makes possib%atistics: In this paper, the source of thg .bias is explained, and
the implementation of highly flexible receiver architec@" €ffective, yet simple technique for mitigating the effects of
tures that employ sophisticated signal processing algorithif§ Pias and increasing performance is introduced. o
such as those required for multiuser detection and interferenc&art of the power behind the concept of software radio is
cancellation in DS—CDMA systems. that it allows mnovguve glgorlthms and their |mple_mentat|on
Multiuser interference cancellation techniques exploit tH@ b€ considered in an integrated manner. In this paper, a
structured nature of the multiple-access interference (MARractical real-time implementation of a coherent and a nonco-
and thus offer significant gains in capacity and near—f@€rent multiuser detector based on the proposed parallel partial
resistance over the conventional DS—-CDMA receiver. TH@ncellation approach is presented, along with experimental

optimal multiuser detector [1], however, is far too complef€sts that confirm significant performance improvements over
the conventional receiver. The austerity of the receiver and its
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Fig. 1. Multiuser receiver probability of bit error versus number of ug€rAWGN, E; /N, = 8 dB, andN = 31).

considers only a single antenna element, the algorithms couldhe kth user’s received signal has the form
be extended to multiple antennas. Li

This hardware prototype has been developed as part of _ Y _
the Defense Advanced Research Projects Agency (DARPA)’s ; ALY Z 2B abi (8 = 7it)
qube_ll Mobile Imform_atlon Systems (GloMo) |n|.t|at|ve [8_]. . k(t—Tk,z)cos(wctJr(/)k,z) 1)
This implementation is, to our knowledge, the first working
prototype of this technique. An FPGA-based parallel intewhere P ; is the received signal power of theth user’s
ference cancellation receiver has also been developed fd). multipath componenti,(t) and by (t) are the spread-
An implementation of the successive interference cancellatitly and data waveforms, respectively (assume rectangular
approach is underway at Rutgers’ WINLAB [10]. A two-pulses for both, a spreading gain &f chips per bit, and
user DS—-CDMA parallel interference cancellation hardwagempletely random spreading waveforms); is the number
demonstrator is currently under development at the Swigh resolvable paths for usek; 7;; is a time delay that
Federal Institute of Technology’s Communication Technologgccounts for the asynchronous nature of the system uplink
Laboratory [11]. An ASIC-based approach to interferenc@nd the arrival times of the different multipath components;
cancellation is being pursued at CEA-LETI [12]. Developmer@nd ¢y ; is the received phase of thgh user’sith multipath
activities are also underway at a number of research instituteglative to some arbitrary reference phase. Note that, while

Section Il introduces the DS—CDMA model used in th&pical developments of multiuser algorithms assume code-on-
analysis. The source of the bias is presented in Section PlIse spreading (the code period equals the symbol period),
along with a description and analysis of the multistage paraligterference cancellation does not require it since, for each
partial interference cancellation technique. Section IV intréymbol, interference cancellation can be directly implemented
duces a technique for significantly reducing the complexity @t the chip level. Commercial DS-CDMA systems such as IS-
the multistage approach, and describes a noncoherent varia@éntypically use long PN spreading codes, thus making the
of the approach. Section V presents the real-time basebatgorithm particularly practical. The received signdt) is
processing algorithms, along with the hardware test setgiven by
Section VI contains experimental results obtained with the K L.
real-time system. Conclusions are presented in Section VII. r(t) = Z Z (t =) +n(t) 2)

Il. SYSTEM MODEL

This section describes the DS—CDMA multiple- alccesshereK is the number of users, and there is a single noise
sourcen(t) from a common front end. The decision metrics

model used in this paper. It is similar to the model descnbe 9+1)
in [13]. for the ith bit of the kth user in theith path after
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s stages of cancellation for afi-stage parallel cancellationlead to enhanced performance. In [15], adaptive channel esti-

scheme can be expressed as mation filters significantly improve the quality of the channel
G+ T 7 coefficient estimates with moderate additional complexity.
Z}S;;l) = / f;(fl) (B)aw(t — 7o) cos(wet + dpr) dt As is shown below, straightforward implementation of par-
iTH7e allel interference cancellation based on complete subtraction

(3)  results in biased decision statistics. The bias has its strongest
where the received S|gnﬁ£ °) ) for the ith path of useit at effect on the decision statistics in the first stage of interference

stages is estimated accordlng to cancellation. In subsequent stages of cancellation, the influence
K Ly of the bias diminishes. However, if this bias leads to incorrect
f’gf;(t) =7r(t) — Z Z %(',Si(t) (4) cancellation at the first stage, the residual effects of these errors
=1 A=t may be observed at subsequent stages.
A£lf=k

_ ) _ _ For clarity, first consider a two-uséfX = 2) system with
and the signals;’{(t) corresponds to the estimated signato multipath. The path subscripis then omitted to simplify
for path A of user;j at stages. This signal is reconstructed notation. Since only relative delays and phases are important,
according to setpy = 0, 1 = 0,0 = ¢, and o = 7. Following the
s 2 notation of [16] and [17], the decision statistic at st 1
508 = man(t — i) cos(wat + din) [16] and [17] age

T (i.e., before any interference cancellation) bé]r), the ith bit
i ) 11.05) of user 1, is
2L 1B (=T =) (8)
i=—00 = P, P.
780 = 250 4 22 cos(¢) |68, Ry 1 (7
where b’} is the ith bit estimate for uset at stages, and b 2" y o )[ =1 R2a(7)
pr(t) is a unit pulse function of duratioff’ equal to the bit +b§2)f2271(7)} + 7)

period. The bit estlmatelﬁiz are computed via maximal ratio
combining of the decision metrics from thk; resolvable where
multipath components:

bgzzsgnlz Qg 1 i * ZM)Z

wheredy, ;; is an estimate of the multipath attenuation coefNdRa,1(7) and Ry, (1) are the continuous-time partial cross-
ficient v, ; ; correlation functions of the first and second signature se-

quences defined by ;(t) = [§ ax(t — 7)a;(t) dt and
Rii(7) = [T ap(t — m)a;(t) dt for 0 < 7 < T.
Ill. ANALYSIS OF BIAS IN THE DECISION STATISTICS Similarly, for user 2 at stage = 1, the decision statistic
In this section, the decision statistic for the direct parallé$ given by
interference cancellation structure is derived. From the deriva-

tion, the existence of a bias in the decision statistics that arises Z(S n_ /P2 b(2) / COS b( )R2 2(7)
(2)

*) (4+1)T+7
= / n(t)ax(t — 1) cos(wet + ¢r) dt (8)
tT+7

(6)

due to MAI and imperfect cancellation becomes apparent.

In a direct implementation of multistage parallel interference bz+lR2 G )} (9)
cancellation, estimates of each user's received signal are
computed at each stage in parallel by attemptingaimpletely At stage 2, the estimated signal for user 2 obtained via
subtract out from the received signal the estimated MAI frof®) is subtracted from the received sigmét) to form a new
all other users. Improved estimates can then be obtained freglimated received signal for user 1 at stage 2. Using (3) to

each of the updated user signals with reduced MAI. Thigmpute the decision statistic for user 1 at stage 2 leads to
process can be repeated iteratively in multiple stages. the expression

One of the major concerns in practical implementations of (2) W cos(d) 4 (1)
multiuser receivers is computational complexity. In our imple-Z,; = Z; ; — T[ 5i 11 (T) + 25 Roa (7 )] (10)
mentation, a bank of matched filters is used, at each stage,
soft joint estimation of the transmitted bits and the receiv
signal amplitudes in order to lessen the overall complexq)é
of the multistage parallel cancellation receiver. Complete )
subtraction of the estimated MAI reduces the multiple- acces§£2) \/E bgl) _ cos’ ()

é‘?fbstltuting into (10) the expression for the decision statistics
users 1 and 2 from (7) and (9), and canceling common
rms, one obtains

interference affecting each user. A side benefit of this approach™ r
is its analytical tractability. ) (1) p2
The performance of the soft-decision approach can be Vo [b LB 1 (M) B (7) + 07 RS, (7)
further improved by using a moving average estimator for pD fp2 D R I
the received amplitudes, where the length of the window is 0TI 1 (1) F B R () R )}

determined by the coherence time of the channel [14]. The Jr77(1) B cos(¢)

(2) (2)
use of separate adaptive channel estimation algorithms can i T [7771_132, () +m, RQ’I(T)}' (11)
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Conditioning onbgl) and taking the expected value of thelecision metric of (5) becomes

decision statistic yields () -
+() 20y () ,
57 = T (t) cos(wet + ¢;) Z Z;{pr(t —iD).

215 (1 P P a cos?(¢) ’ oo
B2, )}:T\/ ?bg)_\/?bg )E{ T F (16)

2 2
' { (RQJ(T) + RQ:l(T)) } (12) This can also be interpreted as modifying the complete cancel-
lation scheme of (4) and (5) to include the partial-cancellation

For random sequenceE{(nga(r)ngl(r)} = (; therefore, factor Cf) as follows:
the expectationE{(R3 () + R3 (7))} in (12) can be ex-
pressed asE{(Ry1(7) + Ra1(7))?}. Equation (12) can be w0t = r(t) - O S ). (17)

formulated as ek

_— P P cos2($) Multiplicative factors less than 1 for interference cancellation
E{nyi)lbg )} =T\/;b§ ) \/;bg )E{T}E have also been used in the derivation of an iterative approach
. based on maximum likelihood considerations [20], [22], men-
. {(R2,1(T) + 32,1(7))2}- (13) tioned in [2], and attributed to the general unreliability of the
estimates at early stages.
To evaluate this expression, note tmg{t(3271(7)+}}271(7))2} An analysis similar to the one used earlier in this section
corresponds to the varianceféf as(t—T)ay (t) dt for a pair shows that the expected value of the decision statistics of the
of randomly selected sequences si¢e(7) + }?,271(7) = partial interference cancellation approach is given by
JE ag(t —)ar(t) dt, and E{(Ry1(7) + Ry 1 (7))} = 0. The
variance of this random variable (normalized for rectangular E{Zf2?|b(1)} - N ib(l) 1 ] (18)
chips of periodZ, = 1) has been shown to equaN/3 using e 2 3N
the underlying discrete cross-correlation functions [17], [18

and modeling interference as a white noise process pass effect of the partial-cancellation factor on the mean and

through a tandem combination of two filters matched to eagﬂrlance.of the (.jECISI(E)n (SQt)a.tIStICS for a two-stage parallel-
other [19]. cancellation receiver witl;7’ = 0.5 can be seen in Figs. 2

Using this result and normalizing f&, = 1, (13) becomes and 3, respectively. The beneficial effects of partial can-
cellation become apparent from a comparison with the the

@MW) _ Py, 1 full-cancellation approach.
E{Zlﬂ‘ b }_ N 2 bi {1 3N} (14) When z,gi? is an unbiased estimate, it has been shown in

_ ) ) ) ) [21], empIoS/ing the standard Gaussian approximation, that in
Since the estimates of the interfering signals are correlatgd AnGN channel, the analytical bit-error performance of the

with the desired user’s power and bit value, a bias is prOducﬁﬂjltistage parallel-cancellation approach for uset stages
when they are used to reconstruct and remove the interfere £ BPSK is

The bias in the mean of the decision statistics is evident in (14). .
Extension of this result to d{-user system is straight- 1_ <K— 1)

OR(K - 1)

forward. For K independent users with random signature P(S)(E) —0 1 3N n 1
sequences, following a similar approach, one obtains k o 2E, /N, 1 K-1 (3N)s
3N
E{Zﬁ?wg”} = vy DL {1 - H} (15)
| 2 3N (K = 1) - (1"
From this equation, the bias in the mean increases linearly with
system loading, and is inversely proportional to the processing 1y
gain N. Similar behavior is also seen in the synchronous Z P
case [20]. However, most analyses, including our previous gk + (=1 (19)
work [7], [21], assume independence between stages. Since P

the estimates of the interfering signals are correlated with the
desired user’'s power and bit value, a bias is produced when
they are used to remove the interference. whereK is the number of users amdl is the processing gain.

A simple yet effective way to mitigate the effect of the Fig. 4 shows the probability of bit error versus the number
bias and improve the performance of a parallel multistagé usersk (with random spreading codes) for the complete-
interference cancellation receiver is based on multiplyingancellation approach, the partial-cancellation approach, and
the channel gain estimates before signal reconstruction byha analytical results for the case of unbiased estimation.
partial-cancellation facto® < Cﬁﬁ) < 1 that varies with the For these simulations, a suboptimal implementation of
stage of cancellation and system loading. In this case, the the partial-cancellation approach was employed. In it, the
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partial-cancellation receiver uses a single constant partiabmplete cancellation. The justification for this approach is
cancellation factor for the first stage of cancellation (in thithat the bias varies from stage to stage(ag{/3/V)°. Thus,
case,Cﬁ?) = 0.5), and in the following stages performsin stagess > 2, bias mitigation is practically unnecessary.
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Comparison of the capacity curves shows that use of tkeheme shows near—far robustness. It is also interesting to
proposed receiver structure results in significant performanoete that, even though the near—far resistance of the second
improvements over the full parallel cancellation approach. btage of the proposed receiver is inferior to that of direct
fact, the results for the third stage of the proposed receivaterference cancellation, in stage 3, the proposed scheme
are very close to those that would be obtained with unbiaseghps the benefits of bias mitigation and outperforms the direct
estimation. The significant improvements in capacity offereapproach.
by the partial-cancellation approach are evident. Until now, we have assumed that the receiver structure un-

Another example of enhancement in performance offereér study achieves and maintains perfect symbol synchroniza-
by the partial-cancellation techniqgue over the completéion during operation. In a more realistic scenario, however,
cancellation implementation is observed in Fig. 5. Botthis assumption does not hold, and the decision statistics are
receivers make use of Rake receivers and maximal ratio coaglversely affected by clock instabilities, propagation channel
bining. The channel is a two-ray frequency-selective Rayleigimcertainties, and movement of the radios. Fig. 7 shows the
fading channel with parameters taken from measurement deftect of delay estimation errors on the performance of the
presented in [23], and that correspond to one strong main patleposed receiver. The estimation error is assumed to be a
and a weak second patle; = 0.93 and oo = 0.28). The Gaussian random variable of zero mean and a given standard
partial-cancellation factor for the second stage is 0.5, and tleviation measured in fractions of a chip. The simulation
third stage performs complete cancellation. Fig. 5 shows thegsults indicate that the proposed receiver structure displays
for these conditions, two stages of the partial-cancellatiéabustness to moderate synchronization and timing errors. A
technique provide better performance than three stagesnuire detailed analysis of the effects of timing and phase
the direct approach. Also, after three stages of interferenggnchronization errors for the multistage parallel cancellation
cancellation, the simplified partial-cancellation techniquapproach is given in [7].
achieves about one order-of-magnitude improvement in BER
compared to the direct implementation.

In many situations, the near—far effect can be a limiting
factor of a DS—-CDMA receiver’s performance. In order to
analyze the near—far resistance of the proposed technique, peGomputational complexity is one of the main issues that
formance is examined for three desired users in the preseaffect the selection of a multiuser detection algorithm for
of a fourth user whose power varies from 20 dB below theal-time implementation. Although subtractive interference
power of the desired users to 30 dB above. Fig. 6 showancellation multiuser receivers are computationally efficient
that, over a wide range of power disparities, the proposeelative to other approaches, the parallel-cancellation approach

IV. A REDUCED-COMPLEXITY STRATEGY FOR
MULTISTAGE PARALLEL INTERFERENCECANCELLATION
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can be simplified even further. This section presents a sigiven by
ple technique for dramatically reducing the complexity of
the decision statistics in the multistage parallel interference
cancellation scheme.

Z,(fz) = YI(kS) cos(fr) + Yq(i) sin(6y) (22)

where the decision metricK}fZ and Yé?i correspond to the

I & Q outputs of a bank of matched filters for thih bit of

A. Coherent Implementation the kth user afters stages of cancellation. The in-phase and
Coherent detection can be used when phase estimatisfadrature correlation metrics can be expressed as

and tracking can be performed accurately. This is may be s41) 1 AT+ ()

accomplished through the use of an unmodulated auxilliary Vi =7 /( P (Hag(t — ) dt  (23)

pilot signal for channel estimation. In a DSP implementation ii_TlJZfJ’T’“

employing harmonic sampling, the input RF signal is filtered y s+l _ 1 i f(s)(t)a (t—m)dt  (24)
. . . Qui ] i k Tk

and mixed down to an intermediate frequency (IF) by an T Ji—1)yrsn

analog front end. After IF sampling, a digital downconverter, . it
such as the Analog Devices AD6620, Harris HSP50214, Where the received complex-baseband sigifd(#) at stages

GrayChip GC1012, is then used to translate the desired sigffd|USer’ is generated by subtracting from the received signal
to its baseband in-phase and quadraturé Q) components. € estimated MAI from the remaining users:

For analysis and implementation of the baseband processing () K ()
strategy, it is advantageous to resort to a complex-envelope ) =rt)y— Y 8t —1) (25)
representation. The baseband signal from the digital down- J=1,j#k
converters corresponds to () K ()
i o) (1) =rq(t) — | Z S (t—75). (26)
r(t) =3 sult =) +n(t) (20) =Lk
k=1 Signal §§S) corresponds to the complex-valued signal for user

j at stages, reconstructed using the decision statisﬂé?
which provides a combined estimate of the data bit and the
signal amplitude:

where the received baseband signal from useorresponds
to a binary phase-modulated waveform:

Sk(t) = Pkak(t)bk(t)cjak (21) (#) oo () le) .
| _ | 57 =ai(t) D OV Z . (¢ —iT)cos(¢y)  (27)
andéy, is the received phase of thigh user relative to some i=—o0
reference phase. o

In terms of the complex envelope representation, the de- §Sj(t) =a;(t) > 2 )p, (t — iT)sin(¢;)  (28)

cision statistics of (3) (now scaled by a factor bf7") are i=—o00
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Substituting these expressions into (23) and (24) gives

1 T+,
o Stagel Stage 2 = / Bt — ) + 77 () an(t — )dt
Z"J (i—1)T+7
Matched ) Regenerate Milched () I .
B Filter r —»  Filter (33)
Ssl:l .b Userl \ User | 6? b (s41) iT+7 ) ( )
o W ” VST = [ R 4 (e =i
hed Al = ™| Matched i—1)T+7y
o M:‘}]iere 2 _p‘_ Regenerate Ly Filler —>IE-> b (34)
User2 User2 + User2 !

Substituting the definitions of (27) and (28) for the recon-
structed signal§(,i) (t) and s(QSZ (t) of userk into the previous

Macked | 20, Malhed I, . equations, the decision statistics aftestages of cancellation
N e e o b, in (33) and (34) reduce to
e’]ﬂl i e’jek Y}(S—l—l) _ C’ES)Z’ESZ) COS(ek)
', Conventional Receiver,” ™., ko .
i - 1 T 47y ()
Fig. 8. Block diagram of the coherent parallel partial interference cancella- + T / Tr (t)ak (t - Tk) dt (35)
tion receiver. (i—1)T+7
and
where C](S) is the partial-cancellation multiplicative factor Y+ _ o) 5()
used for bias mitigation. This notation allows the use of a i Tk Tk ‘Sm( k)
different cancellation factor for every user to optimize system 1T (s)
H ' + = T (t)ak(t - Tk) dt. (36)
performance for different channel conditions and for unequal T Q

: o : . . (i=DT+7x
received powers. Derivation of the optimal partial-cancellation

factor has been studied in [24]. The improved decision statistics are computed according to
For parallel interference cancellation, the approach d@?) using the decision statistic”) obtained in the previous

scribed by (25) and (26) is conceptually attractive sinagtage and a correction factor that is computed using the
it makes the underlying idea of interference cancellaticfbmplex-valued residual signalt )(s)

simple to understand. However, this approach also entails a
computational complexity ofD(K?) since, for each of the (S+1)
K users, reconstruction of the MAI affecting each signal is i
accomplished by adding the estimated signals of the remaining

K —1 users. As the number of users increases, the complexity

of this approach grows rapidly.

In our implementation, a theoretically equivalent approach The dramatic reduction in computational complexity over
reduces the complexity of the reestimation schemé¢&) the straightforward full-cancellation approach of (25) and (26)
[14]. A block diagram of this approach is shown in Fig. 8. Thetems from the fact that the residual signal is identical for all
reduced-complexity approach used in the DSP implementatiggers, and thus needs to be generated only once per stage.
is summarized as follows.

First, a residual signat(t) is created by subtracting fromB, Noncoherent Implementation
the received signal the sum of the estimated received signal

)

+ Re . @37)

1T +71 )
/ FO () an(t — 1 )e I de
(Z l)T—l—‘I‘)\

from all users

~
-~

An implementation of the proposed receiver that does not
require a coherent phase reference and employs differentially
encoded BPSK has also been developed. The notion of non-

F ) =rp(t) — 30t — 1)) (29) coherent multiuser demodulation of differentially phase-shift
= keyed DS-CDMA signals has been addressed in [25], [26],

K and [3]. An alternate approach based #ftary orthogonal
f(QS)(t) =rolt) — A(S)(t —7) (30) modulation and OQPSK has been explored in [27]. The use

s,
Il
=

where A(S)( t) and A(S)( t) are defined in (27) and (28). With

these deflmtlonsA( )( t) ands Pl )( t) correspond to

of differential detection and multistage parallel interference
cancellation has also been addressed in [5], where a BER per-
formance comparison is also presented for various noncoherent
multiuser receivers. Here, we focus on a reduced-complexity
approach for practical implementation. In this receiver, the in-
phase and quadrature decision statistics of (23) and (24) are

ple )(t) _gg )t — 1)+ 77 (2) (31) used directly for estimation of the amplitudes, symbols, and
(5) A(;') (5) relative phases of the received signals. The approach of the
o, (8) =30, (t =) + 75 (1) (32)  honcoherent implementation is similar to that of the coherent
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1(t) about the user’s phases is embedded in the correlation metrics
v and Y
I;: Qj.i”
Stage 1 Stage 2 Using the residual signal, the signaﬁ)(t) and 782 (t) of
- ‘ ¥ (38) and (39) can be expressed as
R Matched Filter | Y*') >"c ] Matcﬁedﬂher 1 0 B
l il 1 FO) =80 =)+ 77 () (44)
ZV‘ (). ~(8 ~(8 ~( 5
PO (8) =85 (t — ) + 75 (8). (45)

y ()
5] Matched Filter o O |Regenerae " | Matched Filter i (¥ % T . . .
User2 Ul | Y4 User? H »  Substituting these expressions into (40) and (41), and using
the definitions of (42) and (43), the decision statistics after
stages of cancellation are reduced to

e Vted i e, (+D) _ gy . L [T )
H Matched Filter | = &N |, || Matched Filter ° G YI;H- = Ok YI;H- + T 7y (t)ak(t _ Tk) dt
UserK etk UserK H K ’ ’ =T+
|

(46)
. Conventiona! Receiverl_:“-,,'_ i
and
Fig. 9. Block diagram of the differentially coherent parallel partial interfer- 1 1 T4k .
ence cancellation receiver. Yg(;,:t = C;ES)YQ()S;C{Z‘ + 5 7’8)@)% (t — ) dt.
‘ T Ji—1)rsm

(47)
approach. A block diagram of the receiver is presented in
Fig. 9. Decisions are made on the estimates produced by projecting

The received baseband signféf)(t) at stages for user the current complex-valued decision statistic onto the previous

k is generated by subtracting from the received signal tQg€- The phase of the resulting complex number is then used
reconstructed MAI caused by other users as an estimate of the phase difference between consecutive

symbols
K
GUOEINOEIS DI (TS (38) Z4) = Re[ Y0, )'] (48)
J=1jk
% In terms of the complex envelope representation, the decision
7&) (t) =ro(t) — Z 3(5]) (t — ;). (39) statistics for differential decoding are thus given by
i=1,57k (5) _ y(s)y-(s) (s) ()
Y Zk,i - Y’k,iY’k,i—l + YQk,iYQk,i—l' (49)

Equ_atmns (38) and (.39) are mtr_oduced for the purpose ‘?Fws, while the phase is implicitly estimated for cancellation,
clarity. In the actual implementation of the noncoherent r& is not used for detection. Fig. 10 presents BER curves as

ceiver, the prev_iously discussed residual signal approach WASunction of the number of users in AWGN, obtained via
also employed in order to reduce computational complexny imulation for a multistage noncoherent implementation and
The in-phase and quadrature outputs of the matched fil el deal coherent implementation

bank at stages are It is interesting to note that, as the number of users increases,

o1y 1 /iT-l-‘rk the relative performance of the noncoherent receiver with
(

T T f’fri)(t)ak(t—m) dt  (40) respect to the coherent scheme deteriorates. This can be

attributed to the degradation of the inherent phase information

y s+l _ 1 o f(s)(t)a (t—m)dt. (41) in the decision statistics caused by increasing levels of MAI.
Qi T ( : k k :

i—1)T47,

i—1)T 47

. . . C. Computational Complexity Calculations
In the noncoherent implementation, the in-phase and quadra- P piexity

ture components of the complex-valued Sigﬁ%? for user;j In order to quantify the computational complexity of the

at stages are reconstructed from the decision statisﬁ@@f) glgorithms for DSP implement.ation., WE assime a process-
7+ ing engine capable of performing single-cycle multifunction

and Yg(;?i obtained in the previous stage as follows: operations and zero-overhead looping. In this processing archi-
- tecture, multiply and add instructions as well as compute/move
A(s)(t) —a,(t) Z C](S)Y,(ijpr(t _iT) (42) operations are performed in parallel in one processor cycle.

°1; N = We also assume that the processor is capable of performing
0o multiple memory accesses per instruction cycle.
§8)_(t) =a,(t) Z C§S)Yés_)_pT (t —iT) (43)  The computational complexity per bit period of the reduced-
’ oo > complexity algorithm can be computed in terms of the number

of usersK, the spreading factaW, the number of samples per
whereC](S) is the partial-cancellation multiplicative factor useathip N,, the number of fingers in the Rake receiver and
for bias mitigation for usey. Note that intrinsic information the number of stageS as follows.
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Fig. 10. Probability of bit error versus number of users for the noncoherent multiuser receiver, and for an ideal coherent impleménmljbrﬁlgl) =1.0,
cg?) = 0.75 for loads < 6 users andC’},?) = 0.5 for larger loads).

Complex baseband data acquisition, floating-point conver- TABLE |
sion, and storage require on the order6@fN IV, operations. ESTIMATED AND MEASURED NUMBER OF PROCESSING
h . | burd f this task the CPU CYCLES REQUIRED FOR IMPLEMENTATION OF THE MAIN
The CompUtat|9n5_‘_ urden o IS 1as _On € can, FUNCTIONAL TASKS FOR INTERFERENCE CANCELLATION
however, be significantly reduced by using a separate I/O

processing unit. Implementation of the correlation demodulator Task Esth ;[ias EStNS K/Iias
stage involves correlation in the& Q arms, multiplication Correlntion =02 510 T 360 374

of the_def:ision statistics by the conjugate of the phase, MAT Cancellation | 1088 103 1 612 622
normalization byl/(NN,), and storage of the soft decision Re-Estimation 502 624 | 360 389
statistics. Execution of these tasks requR2&SLN N, +28K L Total 2972 | 2305 | 1332 1378
operations.

Interference cancellation involves fetching the soft decisiahe soft outputs of the combiner to hard bit decisions is
statistics, respreading the estimated user signals, and subtsgggomplished inK” operations.
tion of the respread signals from the original received signal. The conventional receiver, which corresponds to a cor-
This requires4d K LN N, + 32K L operations in the case ofrelation demodulator, has a computational complexity of
the reduced-complexity approach, awdk? — K)LNN; + G6LNN, + 2KLNN, + 33KL + K. For multistage parallel
32(K? — K)L operations for the direct approach. interference cancellation, the number of operations required

Computation of the improved decision statistics requiragith the reduced complexity implementation is approximately
correlation of the residual signal with the signature sequencé$, NN, + 2K LNN,(3S — 2) + 60KLS — 27TKL + K.
normalization of the correction factors, multiplication by th&he overall computational complexity of this approach is
conjugate of the user’s phase, and addition of the correctitimear in the number of users. The computational complexity
factors to the initial decision statistics. This stage can lof the direct approach, on the other hand, corresponds
thought of as another correlation demodulator with compts 6LNN, + 2KLNN,S(2K — 1) + KLS(32K — 4) —
tational complexity2K LN N, + 28K L. 4KLNN,(K — 1) — KL(32K — 37) + K, a computational

In a multistage approach, implementation of multiple stagesmplexity that is quadratic in the number of uséfs
of interference cancellation and reestimation is achieved byThe preceding expressions account for the major functional
cascading functional blocks that perform interference cancéksks of the algorithm itself, and do not account for phase
lation followed by reestimation. After the desired numbegstimation (required for coherent detection, unnecessary with
of cancellation stages, the final decision statistics for thlee noncoherent receiver) or synchronization and tracking.
L branches are computed via maximal ratio combining, amable | compares the estimated computational complexity for
operation which require5K L operations. Transformation ofthe major functional blocks of the reduced-complexity algo-
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Fig. 11. Number of operations per user bit versus processing gain for system idbads0.75N and X' = N, for a receiver with anL = 4 Rake
receiver, N = 4 samples per chip, and = 3 stages of cancellation.

rithm with measures obtained from profiling sessions of the When compared to the classical approach for demodulating
code running on our DSP platform withh = 15, K = 4, multiple users, the proposed reduced-complexity implemen-
L =1,5 = 2, setting the number of samples per chip first ttation does not bring about a significant increase in memory
N, = 4, and then toN, = 2. requirements. This is accomplished by using a direct bit-by-bit
An advantage of the multistage parallel interference caprocessing scheme as opposed to a memory-intensive block-
cellation approach is that it can be efficiently implementegorocessing approach. Due to the asynchronous nature of the
with multiple processors working concurrently. A data flownultiple-access channel, buffering of contiguous bits is neces-
multiprocessing approach where data pass linearly from o$@y to avoid overwriting useful data. The proposed algorithm
processor to another, and each processor performs a diffefaag been successfully implemented using a processing strategy
functional task, can be used to efficiently achieve the requiréitat requires a transitional processing buffer that only encom-
high computational bandwidth. Another advantage of the daasses five bit epochs per interference cancellation stage, as
flow multiprocessing approach is that it results in a homog@pposed to two for the conventional receiver. Other intermedi-
neous scalable system, where the main processing structurdtgsresults such as the correction factors and the intermediate
replicated multiple times according to the number of stages @gcision statistics require very little additional memory, and

interference cancellation desired. can be basically ignored, to a first-order approximation.
Although the overall number of required processor cy-
cles remains unchanged, the number of cycles required per V. HARDWARE |IMPLEMENTATION

processor Is significanfcly reduged. In_this case,.th.e. MOStryis section describes the multisensor RF and baseband
computa_monz_illy Expensive funct_|0nal task sets the I_|m|t in tIPtﬁgemodulation segments of the hardware prototype. First, the
processing pipeline. For comparison, assume that signal reCopz 4 section of the multisensor testbed is described. Then, a
struction and interference cancellation tasks are performed 'Br%cticall/Q implementation with carefully timed data streams

single processor, thus dictating the computational requiremepy 5o cancellation of asynchronous multiple access signals)
of the reduced-complexity multiprocessor implementation. ;s gescribed. Experimental results follow.

Fig. 11 shows the number of processing operations per bit
for implementation of the different algorithms as a funcUoE&_ RF Front End

of processing gainV for system loads ok’ = 0.75N and ) ) ) )

four samples/chif{ N, = 4), and three stages of processinéorming and multi.user det.ectic'm has been implemented [28].
(S = 3). In this graph, the advantage of using a parallé} block diagram is seen in Fig. 12.

processmg technique is ev@ent, gspemally for highly Ioadec‘1The development system contains multiple sensors for beamforming
systems with large processing gains. applications, but the algorithms described here are for a single antenna.
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applications are presented in [29]. Once the IF signal has been

digitized, digital downconverters further filter and translate

the band of interest to the complex baseband. By relieving

the DSP from the processing burden of downconversion,
more computational power becomes available for the tasks

v of estimation, interference cancellation, and detection. Digital

| ! downconversion not only eliminates the need for another IF

" Digtal
FBIE I Anp annconverteH

8 e
p I A _J . 000

4“4
=

L0 Distibuton . make | DSP stage, but it also overcomes many of the problems related
Loce 1Sl §Sampzmg‘ MTJ to analog downconversion and low-pass digitization. Discus-
‘wator ; Ok m ‘— sion of sampling, IF processing, and digital downconversion
@»% 3 @—Distribuﬁon: _PCJ techniques are presented in [30] and [31].

B. Baseband Multiuser Demodulation Segment

In this section, the real-time asynchronous baseband mul-
tiuser demodulation segment is presented. The multiuser de-
modulation scheme has one stage of interference cancellation.
In this system, baseband processing functions are implemented
on modular Analog Devices ADSP21020 EZLAB boards. The
direct-sequence BPSK system has a processinggain15,
and supports an aggregate rate of 20 kbits/s. As discussed in
the previous section, after proper signal conditioning, the IF
signal is downconverted, decimated, and filtered for baseband
processing. The input to the signal processing segment is the
complex-baseband multiple access data stream of (20). Data
acquisition is interrupt driven.

Since arithmetic operations such as addition and multiplica-
tion are at the core of the algorithms used in this receiver, the
performance of the algorithms is influenced by the wordlength
and type of arithmetic used by the system. Fixed-point hard-
ware is currently significantly cheaper, faster, and more power

) ) ) ) efficient than floating-point hardware. Nonetheless, following
Egy 103; Dcl)?nF g:\edSI?n(f;/T/nconverswn section of the multisensor testbed. (Cofﬁ_e t-rend in rapi_d prototyping, .thiS impl-ement.ation. uses.a
32-bit floating-point processor since floating-point arithmetic
simplifies algorithm development. Optimization for fixed point

can be performed from this working foundation. The per-

The analog tuner downconverts sig_nals_from an RF of 2080 nance of a fixed-point impl