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Abstract

This paper considers a general paralel interference cancellation
scheme that significantly reduces the degradation effect of user
interference but with alesser implementation complexity than the
maximumn-likelihood technique. The scheme operates on the fact that
parallel processing simultaneously removes from each user the tota
interference produced by the remaining most reliably received users
accessing the channel. The parallel processing can be done in multiple
stages. The proposed scheme uses tentative decision devices with
different optimum thresholds at the multiple stages to produce the
most reliably received data for generation and cancellation of user
interference. The I-stage interference cancellation was analyzed for
three types of tentative decision devices, namely hard, null zone, and
soft decision. Simulation results are given for 1- and 2-stage interfer-
ence cancellation for equal as well as unequal power users.

Introduction

Multiuser communications systems that employ code division
multiple access (CDMA) exhibit auser capacity limit in the sense that
there exists a maximum number of users that can simultaneously
communicate over the channel for a specified level of performance
per user. This limitation is brought about by the ultimate domination
of the otheruser interference over the additive thermal noise. Overthe
years researchers have sought ways to extend the user capacity of
CDMA systems either by employing optimum (maximum-likeli-
hood) detection [1] or interference cancellation methods [2-7]. In this
paper, wc discuss a general parallel interference cancellation scheme
that significantly reduces the degradation effect of user interference
but with a lesser implementation complexity than the maximum-
likelihood technique. The proposed scheme operates on the fact that
paralel processing simultaneously removes from cach user the total
interference produced by the remaining reliable received users ac-
cessing the channel. In this way, each user in the system receives
equal treatment in so far as the attempt is made to completely cancel
his or her multiple user interference.

When compared with classical CDMA having no interference
cancellation and also with the successive (serid) interference cancel-
lation technique previously proposed by Viterbi [3] in which user
interference is sequentially removed onc user at atime (the first user
sces ail of the interference and last user sces none) , the parallel
cancellation scheme discussed here achieves a significant improve-
ment in performance. Asidc from increasing the user capacity, the
parallel cancellation scheme has a further advantage over the serial
cancellation scheme with regard to the required delay necessary to
fully accomplish the interference cancellation for al users in the
system. Since in the latter, the interference cancellation proceeds
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serially, adelay on the order of M bit times(M denotes the number of
simultaneous users in the CDMA system) is required whereas in the
former, since the interference cancellation is performed in parallel for
all users, the delay required is only one bit time for single stage
cancellation.

1.0 Single Stage Interference Cancellation

1.1 Tentative Hard Decisions- IEqual Power, Synchronous Users

We consider first the performance of the single stage parallel
interference cancellation scheme illustrated in Fig. 1 where the
tentative decision devices associated with each user are onc bit
quantizers (hard decisions). This particular case corresponds to the
scheme proposed in [2] and [4]. Wc assume that all users have the
same power; thus, it is sufficient to characterize only the performance
of any one user, say thefirst, he or she being typical of all the others.
Furthermore, wc assume that all users have synchronous data streams
and purely random PN codes’. While the assumption of synchronous
users is perhaps unrealistic from a practical standpoint, it can be
shown [ 11] that the synchronous user case results in worst case
performance and thus serves as alower bound on the user capacity
achievable with this scheme. Alternately stated, any degree of data
asynchronism among the users will yield a better performance, e.g.,
more users capable of being supported for a given amount of SNR
degradation, than that arrived at in this section.

In general, the received signal in Fig. 1isthe sum of M direct
sequence BPSK signals each with power S, bit time 7,, and PN chip
time7, and additive white Gaussian noise with single-sided power
spectral density (PS1D) Now/Hz which at baseband can be written in
the complex form?

M
r(1) = YIS mi(DPN; (D 4 n(r) M
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where for the th user PN,(r) isthe PN COAC, (1) = 3 axip(1~KT, )
i the modul ation with kth bit a,; taking on equiprobablc Values +1 and
unit power rectangular pulse shape p(1) of duration 7}, and 9 isthe
carrier phase. For our case of interest here, S=5;i=1,2,...M. After
despreading and demodulating® (1) with user 1's PN code and carrier
reference signal (both of these operations arc assumed to be idedl), the
normalized output of the 1&D circuit is given by

' Forvery long lincar fecdback shift registers, PN codes can be assumed tabe purely
random.

For convenience, we shall use complex notation to represent the various signals
in the receiver.

Since wc are working with a basecband model, the term “‘remodulation” nr
“demodulation” refers to complex multiplication by the particular user’s carrier
phase or its complex conjugate, respectively.
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where £, = ST, denotes the bit energy, “0, isthe polarity of user i's bit
in the interval O <1<7,, =—rj a(NPNy(NA! is a zero mean
complex Gaussian random variaee with varlanccﬁ{,nll } =N
representing the thermal noise, and n); = -—j BN {(PN; (11

—«ffh Yiiri = 2,3,...,M are the interference noises contrl buted by the
other M-1 users which arc modeled as independent zero mean
Gaussian random variables each with variance 5’1‘0.4 Also, the first
subscript on x denotes the stage at which we arc observing the 1& >
output while the second subscript denotes the particular user. This
notation will be useful later on in our discussion of multiple stage
cancellation schemes. The foregoing modeling of user interference as
additive Gaussian noise follows from the assumptions made in similar
analyses of CDMA systems [8,9], namely, a large spreading ratio h =
1T, and purely random PN codes.

Tentative hard decisions are made on the signals x; i =1,2,...,M
and are used in an attempt to cancel the other user interference. If a
correct tentative decision is made on a particular other user’s bit, then
the interference from that user can be completely cancelled. On the
other hand, if an incorrect tentative decision is made, then the
interference from that user will be enhanced rather than cancelled. A
quantitative description of this will be given when wec model the
signal upon which final decisions arc made. As wc shall see, the
performance analysis associated with this model is complicated by the,
fact the rentative decisions arc not independent of one another. More
about this shortly.

After respreading/remodulation, interference cancellation, and
desprcading/demodulation, the normalized output of [he 1&DD corre-
sponding to the final decisions is given by

x11 = agi[Ep +nje™ +\[1b ZB:Y) eIl ¢') (3)
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is athree-valued (O, #2) indicator random variable whose magnitude
represents whether or not a correct tentative decision is made on the
ith user's bit. It is tempting to model the ;s as independent random
variables.  Unfortunately, this leads to optimistic results (when
compared with the true performance results obtained from simula-
tion). In addition to the fact that the B,’s arc not themselves indepen-

4 The normallzed interference noises ¥, i ;' 2,3,...M have variance equalto the
reciprocal of the spreading ration, i.c., 171 = T,/7),.

To simplifv the notation here and in what follows, it is understood that the
statisticalmean f§.y,. cos(¢; -$1 ) is computed under the hypothesis ay = -1.

dent, they are. also dependent on the PN crosscorrelations, i.e., the
¥,;’s. Fortunately, however, the ;s are not strongly dependent, i. e
the only terms that preclude Conlplere independence of say B, and
arc apyin B; and agy,= oY in B, Hence, for sufficiently large A/
itis reesonableto assume aGaussan model for the total residual (after
cancellation) interference term / in (3). The accuracy of this model
will improve as M increases (actuany as the number of nonzero terms
in7,increases which implies a high tentative decision error rate). We
shall be more detailed about this issue later on when comparing the
performance results derived from this analytical model with those
obtained from a true computer simulation of the receiver.
Assuming then a Gaussian model for /7, (note that/1 is not zero
mean), then the average probability of error associated with the final

decisionsis given by
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isthe effective noise seen by user 1 after cancellation which in view
of the above is modeled as a rea zero mean Gaussian noise random
variable whose thermal noise component N, has variance
0%, =No /2. Itis straightforward to compute the variance of N, as
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wherei can take on any value from the set 2, 3,..., M. Hence, from (5),
the average probability can be obtained as

Py(E) = %J%%Aj (6)
where
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isan SNR degradation factor (relative to the performance of a single
BPSK user transmitting alone) and Q(x) is the Gaussian probability

integral defined by
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Thus, the evaluation of P,(£) reduces to the evaluation of the
various statistical averages (moments) of &, ; required in (9). These
stat istical averages, which must be pm-formed over the Gaussian noise
and interference random variables as well as the uniformly distributed
carrier phases, are not trivial to compute. Nevertheless, they can be
obtained in the form of definite integrals of tabulated functions with
the following results (ag, = -1):

= 1 202c0s2¢( 202 cos? ¢ a?
Gi = 210 b {1+ a202cos? ¢ €xp _5(1+(x202cos?T) e
(11a)
- 372
gr_ lgm (8 4 4 f o e
& 2n 0 \/;o cos ¢[l+u202cosz¢] exp{ 2(14 a2~gzcosz-¢-)-}d¢
_.LJ FIETTT ), P— —— (11b)
2n \ﬂ+ a202 cos? ¢
= _ 2n2n2  0%cos? ¢, cos? ¢2JE B,
oy N A
n\ﬁo cos2(; — 0, )(By + B, )
(11¢)
1 B+ B> 1
XexXpy ——| ——————— 7l
xp{ ZL 02 C052(¢1~-¢2)(8HB )11¢1d¢2
a'? ,
B=ooo— =12
1T a202cosdi
with
o2 2(E, /NO)
14 (Mﬁz)(kb / No)
(12)
o d 2(Ey/ No)g 2ot Te
3 T] T

M-3
1 4’(_7;&](1:[’ / N() )R

where (£, / Ng),denotes the required bit energy-to-noise spectral
density ratio for M users communicating simultaneously, each of
which operates at an average bit error rate Py (£).

It is common in analyses of CDMA systems [8] to define a
degradation factor (10ss), D astheratio (in dB) of the (Eb/ No)
required to achicve agiven bit error rate in the presence of M users,
namely, (Eb/ No) to that which would be required to achieve the
same level of performance if only a single user was communicating,
namely, (%, /No ),. By the definition of (£, /No ),, we have

(13)

substitute D(E, /No —'D2—[+[Q I ( Pb(F)) for (I, /No)

To obtain the dcgradatIn factor for a gnvcf value of P, (F), wc
(12) which in turnissubstituedm(11). Theanwring the given value

w

of P,(F:) onc can solve for . Unfortunatcly, a closed form expression
for D cannot be obtained so the results will be obtained numerically.
Before presenting the.se numerical results, however, we briefly review
the analogous results for conventional CDMA and the successive
(serial) interference cancellation scheme proposed by Viterbi (3]
(later patented by Dent [ 10]) since wc shall usc these as a basis of
comparison to demonstrate the increased effectiveness of parallel
cancellation.

1.1.1 Comparison with Conventional CDMA and Successive
Interference Cancellation
In a conventional CDMA system, there is no attempt made to
cancel the other User interference. I~Icncc,(1«:b/ No), is given by

£y E, B N
No |, No+(M—=1)ST. It (M- hn'E, / Ny
(14)
(E./ No ),
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Thus, the degradation factor, D, is [8]
E, /N
_ ( b O)R _ 1 (]5)
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For the successive cancellation scheme [3), Viterbi showed that
to guarantee that each user in the system sees the sarae amount of
interference from the other users, the user powers should be assigned
as

] 6 )
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No
where S, is the power of the user to processed last (the weakest one)
and S),isthe power of theuserto be processed first (the strongest one).
Distributing the powers asin ( 16) ideally guarantees that all users sec
the same ratio of signal power to effective noise spectral density and
thus the user to be processed first (the one that sees all the user
interference) is not any SNR disadvantage relative to the user to be
processed last (the one for which al interference has been removed).
In view of the above, the degradation factor for the Ath user is given

by

- _ Sk _ - k-1
where (I:‘b/ No) glenotes the required bit energy-to-noise spectral
density ratio for 1 kth user. The average degradation factor, ) for
the M user system is obtained by averaging (17) over k which yields

R ng (Hn“(Eb/No)] )M~1
Dy = M0 (E, I Ny ),

It should be cmphasimd that the result in (1 8) ignores the effect
of decision errors made at the various successive interference cancel-
lation stages, that k, the interference cancellation is assumed to take
perfectly. As aresult, numerical results derived from (18) will be
optimistic when compared to the actual performance of the scheme.

am

(18)

1.1.2 Numerical Rc.wits




10 illustrate the significant performance advantage of the
parallel interference cancellation scheme in Fig. 1, we considera pl ot
of D (Iossg versus M for an average bit error probabil it y®
P (F)=107 and a spreading ratio vy = 100. Figure 2 shows the
anal ytical performance of the three schemes (conventional, succes-
sive interference cancellation, parallel interference cancellation) as
well as computer sSimulation results for the latter. We see that for the
conventional and parallel interference cancellation schemes there
exists a user capacity limit in that regardless of how much onc is
willing to increase (E,, /No ), (for a given (Ey/ Ny ), Or equiva-
lently, agiven Py(k)), the required bit error rate cannot be achieved if
more than M, . wsers simultaneously access the system. For conven-
tional CDMA

Moy = 14— =1+

[Ebﬁ\)
Ny \

whereas for the parallel interference cancellation scheme the solution
isdetermined from
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together with the momentsin (11) where now
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It is emphasized that the user capacity limit for the parallel
interference cancellat ion scheme comes about entirely because of the
finite probability of error associated with the tentative decisions.
From Fig. 2 it appears that the successive interference cancellation
does not have a user capacity limit. Thisis because in [3], it was
assumed for this scheme that the interference cancellation is perfect,
i.e., the effects of decision errors at the various interference cancella-
tion stages were not accounted for.

Comparing the analytical and simulation results for the parallel
interference cancellation scheme, we observe that the analytical
results arc somewhat optimistic. The discrepancy between the two
stems from the assumption of an analytical Gaussian model for the
total residual user interference in(3) whereas the computer simulation
makes no such assumption and thus predicts the exact performance.

"o
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1.2 Tentative Hard Decisions - Unegual Power, Synchronous
Users
The results of the previous section can be generalized to the
case where the users have unequa powers, i.e., S=1,2,...,.M. Lct

a;; = s/'sdenote the ratio of the power of the ith user to that of the jth
user who is arbitrarily considered to be the desired user, After
interference cancellation, the normalizég output of the 1&D corre-

sponding to the final decisiofify O USTrj 18 By( with (3)
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where n; n(t) PN;(dt, j=1,2,..., M is a zero mean

complex Gaui/smn}andom variable wnYh vanancc No representing the

thermal noise of the jth user, y ;£ (g PN, (1)PN; (1)dr:i #] arc the
h,

normalized interference noises of the ther - 1 users as seen by user

J (¥ has variance n~'—scc footnote!) and L,,,és Ty isthe bit

energy of the ith user. Also, analogous to (4), f; is now defined by
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Following steps analogous to (5) - (7) we arrive at the desired result
for the bit error probability of the desired (the Jth) user. namely,
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As an example, consider a group of M users with powers
exponentially distributed (lincarly distributed on adB scal€) over a
range of 10 dB between the minimum and the maximum. This model
might correspond to a distribution of users that are exponentially
distant from the base station within a cell. Assume that wc fix the error
probability y of the lowest power user (assumed to be user 1 for
convenience of notation) equal to 1 02 (all others would then obvi-
ously have a lower error probability). Then, Fig.3 illustrates the
degradation factor, D,, of user 1 versus M. For comparison, the results
corresponding to conventional CDMA with the same user power
distribution arc also shown in this figure. By comparison with Fig. 2,
wc observe that in the uncqual power case, parald interference
cancellation offers more of an advantage over conventional CDMA.
The reason behind this observation is that thelarger power of the other
users (which arc producing the user interfercnce to user 1) produces
tentative decisions with a smaller error probability which in turn
results in a better degree of cancellation with regard to the final
decisions.

2.0 Parallel Interference Cancellation Using Null Zone
Tentative Decisions

Much like the idea of including erasures in conventional data
detection to climinate the need for making decisions when the SNR

6 The value of Py(E) - 10-2ischosento allow for obtaining computer simulation
resultsin a reasonable amount of time.

4



islow, orrc can employ anull zone hard decision device (see eg, 27)
for the tentative decisions to further improve the fidelity of the
interference cancellation process. The idea here is that when a given
user’ssignal to interference ratio islow, it is better not to attempt to
cancel the interference from that user than to erroneously detect his
data bit and thus enhance his interference. Following the development
in Section 1,1 for a single stagescheme with equal power synchronous
users, then the normalized output of the 1&D corresponding to the
final decisiononuser 1’s bitay, isstill givenby (3) with ;now defined

by
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where“nsgn” denotes the null zone signum function defined by
1, x>
nsgn x =<0, ~€<£x<L (27)
-1, x<=

HereB; takes on possible values (O, *1, +2) and its magnitude is an
indicator of whether a correct decision is made (ith user’ s interference
is perfectly cancelled), no decision is made (ith user’s interference is
unaltered), or an incorrect decision is made (ith user’s interference is
enhanced). Once again making a Gaussian assumption on the total
residual inteference, then since the final decisions are till made as
hard decisions, the average bit error probability is still given by (8)
together with (9) with the statistical moments of €, ; now given by

where{'=C/ \[ Eb" is the normalized decision threshold which
should be chosen to minimize 1> for agiven P, (F) and(Eb /No )]
determined from (13). Superimposed on the performance results for
the hard limiter previously given in Fig. 2 arc the resuits for the null
zone limiter. For the specified processing gain and average bit error
probability, wc see that using a null zone limiter allows the maximum
number of users that can be supported to be increased by about 1070.
For convenience, the normalized threshold has been fixed at {'= 0.2,
Here again, wc scc a modest improvement in performance. For an
unequal (exponentially distributed) power distribution among the
users, the corresponding results using null zone tentative decisions arc
superimposed on those previously discussed in Fig. 3. For conve-
nience, the normalized threshold has been fixed at £'=0.4. Here again
we scc a modest improvement in performance.

3.0 Multiple Stage Interference Cancellation

The single stage scheme of Fig. 1 can be improved upon by
cascading multipie stages of parallclinterference cancellation.” The
idea here is to repeatedly improve the fidelity of the M tentative
decisions since each successive stage sccs less and less interference.
Note that in principle thisideais similar to what Viterbi accomplishes
in the serial interference cancellation scheme except that here at each
stage wc simultaneously act on the interference from the most reliable
users rather than onc user at a time. An analysis of the performance
of such amultistage scheme is difficult if not impossible to obtain duc
to the fact that the tentative decisions at the ith interference cancella-
tion stage depend on the tentative decisions at the (i—-1 )st stage.

"For the case where the tentative decisions associated with each user are nnc bit
quantizets (hard decisions) the scheme again reduces to that proposed in [4-6].
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Because of this difficultly, numerical results for the performance of the
multi-stage parallel interference scheme will be obtained from com-
puter simulation. Illustrated in Fig. 2 are perfonnance results for a 2
stage parallel interference canceller with hard and null zone® tentative
decisions, respectively. Wc observe that there is significant gain to be
achieved by going to more than onc stage. Numerical results for atwo
stage parallel cancellation scheme with an unequal power distribution
arc superimposed on those previously discussed in Fig. 3. Here the
normalized threshold for the first stage is fixed at {' = 0.4 and for the
second stageit isfixed at zero.

4.0 Parallel Interference Cancellation Using Infinitely Soft
Quantized Tentative Decisions

Onc disadvantage of the parallel cancellation scheme with hard
or null zone limiter tentative decisions is that, in order to perform the
respreading and remodulating operations, the receiver must ideally
have complete knowledge of each user’s power, carrier phase and
frequency, and PN code chip timing epoch. Since in practice the
receiver does not have knowledge of these parameters, it must
estimate them. Onc simple way of circumventing some of these
problems is to usc linear (infinitely soft quantization) tentative
decisions. Since the signal component of the output of the tentative
decision devices is now linearly proportional to the user powers, it is
no longer necessary for the receiver to estimate these powers prior to
the cancellation operation and thus the ,S'l gains following these
devices in Fig.1 may be eliminated. Another simplification-that is
now possible is that the final decisions can be performed with a
differential (rather than coherent) detector thus eliminating the need
for carrier synchronization at all stages.

The primary disadvantage to using linear tentative decisions is
that additive thermal noise from each user is now introduced into the
interference cancellation process. This will result in a performance
that isinferior to the hard and null zone tentative decision schemes but
still better than conventional CDMA which employs no interference
cancellation at all. Furthermore, in principle, onc can now analyti-
cally compute the pcrforrnance of a multiple stage parallel interfer-
ence scheme (using linear tentative decisions) although the analysis
becomes quickly complex as the number of stages increases beyond
two or three [11].

It is shown in [11] that for a single stage parallel cancellation
scheme using linear tentat ive decision devices (soft decision) and with
equa power, synchronous users the degradation factor is given by

M-1

- (El)' ”05;( - N-) erﬁﬁ - 9)

(£ ! No), [ _.M-J,jz (] (e
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resulting in amaximum number of uscrs given by . _
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8 Ink null zone results of Fig. 2, the normalized thershold in the first stage has been
fixedat <’ -0.3 and in the second stage it has been scr equal to zero, i.e., hard-
limited tentative decisions,

Table 1 tabulates the values of M., as given by (30) and for
comparison the values of M .. for conventional CDMA as given by
(19) for several values of ;. Wc observe that while an improvement
relative to conventional CDMA exists, the infinitely soft tentative
decision cancellation method is still quite inferior to the hard tentative
decision case. Also the amount of improvement relative to CDMA
increases as P, decreases.

Conclusion

In this paper a paralldl inter-fc.rence cancellation scheme was
proposed that uscs tentative decision devices with different optimum
thresholds at the mutt iple stages to produce the most reliably received
data for generation and cancellation of user interference. The 1 -stage
interference cancellation was analyzed for three types of tentative
decision devices, namely hard, null zone, anti soft decision. Simula-
tion results arc given for 1- and 2-stage interference cancellation for
equal as well as unequal power users. The performance results
indicate that by using maltiple stages with optimum thresholds at each
stage performance can significantly improve relative to the conven-
tional CDMA.

TABLE 1.

Bit Error My, Conventional M., I|-stage SoftDecision
Rate CDMA Interference Cancellation
10°? 37 38
103 21 32
1075 11 25
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Figure 1. A single stage interference cancellation scheme with parallel processing for CDMA (complex baseband model)
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