330 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 20, NO. 2, FEBRUARY 2002

Symbol Error Probability Analysis of a
Multiuser Detector forM/-PSK Signals
Based on Successive Cancellation
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Detector 1 I

Abstract—A narrow-band multiuser receiver based on succes- =z (t)
sive signal detection and subtraction, is considered in this paper.
The symbol error probability (SEP) for M -PSK modulated signals
is evaluated and analytical approximations for the SEP of the in-
dividual signals are presented and compared with results obtained
from simulations. For geometrically related signal amplitudes, a
constant minimum distance can be guaranteed independent of the
number of signals. The required amplitude ratio is shown to be re-
lated to M and the number of co-channel signals. Optimizing the
transmitted power for the different signals while ensuring the same
SEP is then addressed and closed-form expressions of the signal
amplitude ratios are derived. The effect of inaccurately estimated
signal parameters due to noise is also analyzed. SEP results are pre-
sented for synchronous signals in an additive white Gaussian noise
environment. .

R

Index Terms—Multiuser detection, parameter estimation, signal
cancellation, symbol error rate.
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Detector L

CHIEVING a high spectral efficiency is an importantrig. 1. Principle of the multiuser receiver using successive detection and
issue in future mobile communication systems. Increasebtraction.

of spectral efficiency allows for higher data rates or for morgssignment of an arbitrary number of co-channel signals for
users to communicate simultaneously in the same bandwidigometrically related signal powers. In the successive cancel-
In the third-generation mobile communication systems, cogigion receiver, which is also applied as a multiuser detector for
division multiple access (CDMA) is applied to achieve thigpma signals [5], the major signal is detected and estimated in
goal. In CDMA, the user signal is coded with a user-signatufge first detector; this estimate is subtracted from the total input
which makes it possible to separate and detect users oCCUPYRfhal. From this signal, subsequently the next largest signal is
the same channel simultaneously at the cost of a substan§ig{acted, estimated and subtracted, and so on. This principle is
increase in the bandwidth required. Recently, multiuser receiv8&5 known as “onion peeling” [6]. By narrowband, we refer
techniques have been proposed for two narrow-band co-changelhe fact that no spreading gain or bandwidth expanding

signals based on successive cancellation [2], or maximum-lik§gnature code is applied to separate the users like in CDMA.
lihood detection which has a much higher complexity [3] anglhe structure of the receiver is shown in Fig. 1.

[4]. ) - For a single service system (e.g., speech service in GSM), the
_In this paper, the symbol error probability (SEP) and the segame link quality should be provided for all its connections, i.e.,
sitivity to estimation errors of a narrow-band multiuser receivefe average SEP should be the same for all users. An analytical
for multiple -PSK modulated signals, based on successiygsthod is presented to determine the received symbol energies

signal cancellation by means of subtraction, is investigategly each of theh-PSK modulated co-channel signals which
Also power relations are derived which in principle allowegyt in equal SEP for each of the signals for the multiuser
detector described above. These results will be very useful when
Manuscript received December 15, 2000; revised April 13, 2001 and Juné”é?PW'”Q transmitter power control. ) . o )

2001. This work was published in part in IEE Electronics Letters, vol. 36, no. The signal state structure of multiple signals is investigated
25, pp. 2103-2105, December 2000 [1]. , in Section II. In Section IIl, the SEP of the successive cancel-
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Multiple Signal Clouds

while keeping their average SEP the same. In Section V, th 5
effect of nonperfect parameter estimation due to the presen

of noise is considered and analyzed. Conclusions are drawn
Section VI.

T T

10

Il. SIGNAL STATE STRUCTURE

We consider a symbol-synchronous multiuser system fith st
active users, all using the same carrier frequency anR&SK
modulation. With such a structure, the bandwidth efficiepcy
is given by

Imaginary Part
o
T

p = Llog,(M) bits/s/Hz 1)

which increases linearly with the number of users per channe -5
Denoting bys;(t) (Signal:) the transmitted signal of user
the equivalent lowpass of the received signal sample at a give

symbol intervalnZ;, can be written as follows: -10f -
L L
r, = Z Spi M = Z [Bied(04enisE) L (2)
i=1 i=1 15 . R ; ; ;
whereE; is the symbol energy of uséra,,; = 0,1,...,(M — s -1e P peatlpart 1o 15

1) with equal probability of occurrence is related to thth _ ' '
transmitted symbol of userandn,, is the sampled additive Fig: 2. Signal clouds around the dominant signal states with, =

. ; ) . ) 251k = 1,...,4, andf; = =/6 with rand h for th |
white Gaussian noise (AWGN). The carrier phageare inde- = ', 4, andfs = /6 with random phases for the signals
pendent and uniformly distributed ovfg, 27). We further as-

sume that the signals have different energies With< E> < that, after phase compensation the received sample during the

e < Ep. symbol intervah T, at the input of this detector (see Fig. 1) can
Ignoring noise, the interference term in (2) will cause cloudse written as

around the major signal points due to the random phases and k=1
symbols. This is shown in Fig. 2 for four independent 4-PSK Yn,k = \/E_kej“’lvk%\—/? + Z \/Eej%f + 1y 3)
modulated signals where the receiver is locked to the major one. i=1

The task of the first receiver is to detect the cloud belongingheree,, ; = 0; +a,, (27 /M) — 6, is the total phase of Signal
to the correct symbol value of the major signal. After corregtduring the symbol intervat’,, which can be considered uni-
cancellation of the major signal, the remaining signals will forrformly distributed ovef0, 2=r). The conditional SEP (no symbol
clouds around the next major signal states, and so on A errors in the stronger signals detected in the & stages) for
nals present, the signal state regions are annular-shaped cleud$) can be written as shown in (4), at the bottom of the page,

which are limited by an inner and outer circle with radii foranyk > 2 and
— = B sin(5)
Rk,min = max Ek—l - Z Eia 0 and Pf ~ %erfc M (5)
i=1 2 N
k—1 . .
for k = 1. The parameted, is related to the modulation level

R max = Z VEi and is given by [7]

=1

1, for BPSK
2, for higher modulation leve(g/ > 2).
Using (4), the value foF’; can be solved numerically, however,

Ill. SEP ANALYSIS the computational complexity increases with the number of sig-
. nals. From the observation of Fig. 2, three approximations to the
A. Conditional SEP above conditional SEP can be obtained which will largely sim-

Let us first consider the detection of SigrialAssuming cor- plify its computation.
rect decisions for the first — &k (strongest) signals, the coherent Approximation 1: Considering a worst case situation for the
detector ofs;(¢) should be able to lock on its proper signal. Irdetection ofs; (¢) where all smaller signals are in-phase and ori-

respectively. Fok = 2, the signal states are on a circle with g = {
radiusRy; = v/ F; centered around the state of Signal 2.

P} =Pr(€]|no errorin thel — k stage$

- P k—1 /4=
~ / ” . / - erfc £ sin (ﬁ) * Ej:l Ejcos ¢ d (4)
220 Jo o VA ot
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ented such that the minimum distance to the decision threshold TABLE |
is achieved, the resulting conditional SEP results in an upper ~ THE SET OFVALUES (a. k., M) FORWHICH g(a, k, M) = 0
bound given by Number of Signals M=2 M=4
s _ Gg Eysin(r /M) — Ry max k a | aldB] a | al|dB]
Py = Eerfc< /No : (6) 2 1 0 1.42 | 3.02
L . . 3 1.62 | 4.19 |[2.09] 6.40
Approximation 2: A much tighter upper bound is found by 1 T8i | 530 1330 733
considering that the in-phase smaller signals can be located any- 5 103 571 1337 749
where on the outer circle of the annular region 6 197 580 1240 1 7359

P < Z—d /277 erfe ( VEj:sin (§7) + Ry max cos 9) "
0

~ 4r VNo 3) Fora > 14 1/sin(w /M), the functiong(«, M, k) is an
@) increasing function o with minimum valuesin(w /M)

obtained at: = 1. The number of signals, that can be

This upper bound becomes the exact conditional SEP fer2. simultaneously received in this case, is in principle not
Approximation 3:For & > 2 all signal states can be as- limited. However, the minimum required value efin-

sumed to be uniformly distributed over the annular region be-  creases with the modulation lev&i.
tweenky, max andFy min. This results in an approximated con-

ditional SEP having the form of

ag B. Average SEP

(RQ _p2 ) A symbol error at a given stage of the successive cancellation
kymax k,min receiver will result in a partial suppression or even enhancement
/Qw /Rk ;max ] < Eysin({7) +r C089> dr db of the signal after subtraction which is translated into interfer-
€ric T ar .

5
P~

VN, ence to the next stages. As the stronger signals are detected first,
®) any error propagation will jam all remaining signals and will al-
most certainly result in symbol errors to these remaining signals.

For large values o, this approximation is more accurate than Theorem 1: The average SEP of Signiabf the narrow-band

Approximation 2 as discussed in Section IlI-C. multiuser receiver which is based on successive signal detection
Example: As an illustrative example, let us assume that th@nd subtraction fof/-PSK signals is given by

amplitudes of the different signals are geometrically related L

(e.g., obtained by transmitter power control) with P, M-1 ll _ H (1-P)

Ry min

M ‘
VEr=o""'WE, a>1 and 1<k<L. (9) h i=k+1
The worst case conditional SEP of (6) becomes + P H 1-FP), 1<k<L
i=k+1
E _ ps
Pi a0 et [ glo, M, k) | =2 (10) Pp=rjp (12)
2 No

_ o where) is the modulation level ang?; is the conditional SEP
where the functiowy(a, M, k) is given by of Signalk as defined in (4) and (5).

ko1 Proof: Let us define the following two events:

A p_1 .. T o -1
gla, M k)=a" " sin — — ———. (11)
M a—1 A = {error occurred in th& — k stage$ (13)
aq is as earlier defined an#él; is the average symbol energy B = {no error occurred in thé — & stage$.  (14)

of Signal 1. It is obvious from the above expression that the
conditional SEP is dependent on the parameigr®/, and the  The average SEP of Signalis obtained as follows:
number of signalg:.

To be able to detegy, (¢) without inherent errors, the function Dy = Pr(€ ] A) Pr(A) + Pr(€ | B) Pr(B). (15)
g(a, M, k) has to be strictly positive. The functigric, M, k)
has the following interesting properties.

1) Forl < o < 1+ 1/sin(w /M), the functiong(cv, M, k)
is a decreasing function of with maximum value
sin(r/M) obtained att = 1. This puts a limit on the ~ Ynk = Snk T Z Sui = i) £ D Sni+a (16)
maximum number of signals that can be simultaneously =kt =t
received. Table | gives the value of for which the wheres,, ; is the estimate of,, ;.
functiong(a, M, k) = 0 for differentks and modulation ~ The conditional SEP can then be rewritten as follows:
levels M.

2) Fora = 1+ 1/sin(x/M), the functiong(c, M, k) = Pr(&|B) = Pr(€ | $npk+1 = Snkt1s---> 80,0 = Sn,1)
sin(wr/M),Vk > 1. =PF. a7)

During the symbol intervab T, the input sample of detector
L — k + 1 can be written as

k—1
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Approximation 1

T T T T T
-| =&~ Simutation, Signal 1
—&— Simulation, Signal 2
—9— Simulation, Signal 3
—=— Simulation, Signal 4

The probability of no error in thé — & stages is obtained as 10° —

PI‘(B) = Pr(gn,k+l = Snk+ly-- -, §n,L = Sn,L) 107!

L 1| -9 Approx., Signal 1
| I & Approx., Signal 2
= (1 - ‘F)zs) (18) % Approx., Signal 3 |
- Approx., Signal 4
i=k+41 s

which is only related to the conditional SEP since the inpu
sample of any of those stages is free of interference from pr
vious stages, i.e.,
-1
Und = Sni+ Y Snit+nn, 1>k (19)
=1
When a symbol error occurs at any of the- k£ stages, the
remaining signals are jammed after signal subtraction. Thus, tl

Average Symbol Error Probability

107

detection of Signak will simply be based on a guess froid - ‘ J ; ; L
possible symbols. That is et e Agw_o. w e
M—1 0 e
Pr((‘: | .A) = M (20) - ‘ L : Heid = gim\i:ation, gigbn;:1
- ***{ —== Simulation, Signal 2
Replacing (17), (18), and (20) in (15), (12) is obtained anc " & Gl i;::x::::sg;i:;:;:i i
the proof is complete. O o ’ | = oSz | ]
We notice from Theorem 1 that only the strongest signals L approx. sig

Approx., Signal 4
sp(t), does not experience error propagation. AfirPSK S
symbol representy = log, (M) bits. An error caused by error
propagation results in an error of the corresponding bits wit 1+
probability 0.5. If all larger signals were correctly detected, EE :
symbol error results with high probability in one of the adjacen %+
symbols and with an appropriate mapping scheme causes o€

a single bit error. Under these assumptions the bit error ra 07
(BER) Py, x for s5(t) can be approximated by

ror Probabili
5

L
1 M-1 :

Py~ — 1-— | I 1-P? ; .
eb,k ag M ( %) 0 2 4 6 [ 10 12 14 16 18
imhtl E1/NO, [dB]

+ : -
o Approximation 3
ps L ) S R

k S
+NH(1_H)’ 1<k<L (21) |2 i
1 —+— Simulation, Signai 4

i=k+1
[ : : SIITEN T 1o Approx., Signal 1
Pz 22 L L S LU e Approx., Signal 2
~ -2 | % Approx., Signal 3 .
Peb,L ~ N : ( ) 10 | = Approx., Signal 4

g T | R

—o— Simulation, Signal 1
-] =& Simulation, Signal 2
—— Simulation, Signal 3

C. Simulation Results

Error Probability
3

We compared average SEP results based on the three apprg *
imations, as derived in this section against SEP results obtaing |
from simulations for 4-PSK modulated signals. The results arg"”
generated under the assumption that amplitude and phase
accurately known at the receiver for all signals, i.e., in case of
correct decision the signal is completely removed. o :

In Fig. 3, the SEP results from simulations and approxima
tions are given as a function &% /N, for the case of four 4-PSK
signals witha = 1 4 1/sin(x/4) ~ 2.41. It is observed that ENNo, 48]
Approx_imation 1_ is good for Signal 1 but is_ rather loose for thgig. 3. Average SEP for 4-PSK modulation with = 4 anda = 2.41.
other signals. It is also observed that all signals perform bett&jiformance comparison between the different approximations and simulation
than the minor signal. Approximation 2 is a much better uppésults.
bound for the SEP, yet still a little loose for the larger signals
because all signal states are takelat,ax- pared with that of Signal 4 which is slightly too large. This error

The results from Approximation 3 are very close to the sinbccurs because we assume uniformly distributed signal states
ulation results. Note that Approximation 3 is not a bound. Fawver the annular region, whereas in reality the density of the
Signal 1 and Signal 2, the approximation is nearly exact. Fsignal states is larger at the outside of the annular region than at
Signal 3, the calculated SEP becomes slightly optimistic corte inside for Signal 3, the opposite occurs for Signal 4.

Avel

107k

1
0 2 4 6
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IV. OPTIMIZATION OF SIGNAL POWERS 107"

We have seen in the previous sections that it is possible 1
transmit multiple narrow-band signals over the same bandwidl 107¢
and be able to detect them reliably. It has been shown that ti
performance is dependent on the relation between the receiv”w*‘m,z‘
powers of the different signals. Itis, therefore, important to con &
trol the transmitted power for every signal to ensure the require ”

quality of service, which requires a feedback channel from th £ 07 7
receiver to the transmitter. A good system should provide th 3 T
same link quality for all its connections of the same service type & 107} : g g T
Thus, for a multiuser system with single service the best choic ~ . Slgnal s)
of the parameter#; s is such that the average SEP is the sam | | L - gigzz zs ]
for all the different users. That is A ¢
Pl = P2 == PL = Psep- (23) 10170’5/ 1c;" = 10°

10
Preset SEP, P
sep

The above condition ensures the same SEP and minimum re-
ceived power for thd. different links. Fig. 4. Conditional SEP as a function of the preset error probability for the

" case of four 4-PSK signals in AWGN channels.
Theorem 2: The conditional SEP that ensures the same av- g

erage SEP for all the differedif -PSK modulated signals of the
multiuser receiver with successive signal detection and signalCombining (5) and (24) witk = 1, the preset SEP can be

subtraction is given by written as a function of the signal-to-noise ratio (SNR) of Signal
1las
P =Pr(&|B)
(1 L) st Py Serte [/ £ sin ()]
MAM 1<k<L (24 P~ i . (28)

1——1
1 ML—1 Qg By g O
it T -L 2 erfe [ N, S (]\l):|

:1_%_(1_ﬁ)Psep7

wherePF.,, is the preset average SEP required for the different
links, B is the error event defined in (14), aidd is the modu-  This error probability is illustrated in Fig. 5 as a function of

lation level. E, /Ny and for different number of users, We notice that for
Proof: From (12) and the condition of (23), the condia given preset SEP, the required SNR for the weakest signal
tional SEP is obtained as increases with_. This is natural because when increasing the

L number of users, the propagation error toward the weakest signal
Py = Peep =14 57 41— i7 1<k<L. (25) increases and a higher SNR is then needed to compensate for
Hf=k+1 (1-P7) M - that. Surprisingly, this increase in SNR is quite small. For in-
stance, at a preset error probabilityl®f—* only 1-dB increase
Using the above expression, we can form the following ratio:in £, /N, to go from a single user per channelte= 4 users per
channel and a 2-dB increase to support eight users per channel.
P -1+ % —1_p° Given the required SEP of the system (usually determined by
P -1+ % » the type of service offered), Fig. 5 can be used to get the SNR
needed for Signal 1. The next step is to determine the required
which can be further simplified giving a simple recursive relgyowers for the remaining — 1 signals. The objective is to find
tion the minimum power needed for every signal such that their av-
1 P erage SEPs are the same. This will not only reduce the trans-
2 (26) mitted power of the different users but also simplify the perfor-
mance evaluation of the system since the same SEP curve can
Using the above recursion the expression of the conditional SEpused for the. different users. .
can be proven by induction. The required powers of the_ different signals can _be de-
The conditional SEP is illustrated in Fig. 4 as a function dgrmined from (24) together with one of the expressions of
the preset SEP wheh = 4 signals. We notice that this error% derived in Septlon . Two _apprOX|mat|ons that r_esult in
probability is a linear function oF’.,, over the error probability closed-form solutions for the signal powers are considered in

5

P =— :
LT M1-P;

range of interestP.ep, < 1071) and (24) can be approximategSections IV-A-C. -
by
A. The Gaussian Approximation
1
Py~ W-Psep (27) In the first approximation, we assume that when detecting

si(t), the linear combination of the smaller—not yet de-
which becomes exact whén= L. tected—signals s;_1(¢),...,s1(t) can be modeled as a
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M = 2 and for different number of users

whereT’; is the symbol duration anbow,, is the power of user

I et I —rI: k. Thus, the coefficiemyQap,k can be seen as the required power
il T B margin between;(¢) ands; (¢) that ensures the same average
' JREICHEE R S SEP for the different signals.
ROk \ Gy B. Minimum Distance Approximation (MDA)
Z_ o N i In the second case we approximate the conditional BEP
B107 s N \ s by Approximation 1 given in (6) and introduced in Section Ill.
o , S NG '\\ RREE This approximation assumes that the resulting signal state is at
Bl - o B N ] the minimum distance to the decision threshold and occurs when
i RS ’ ’ o all smaller signals are in-phase and oriented toward one of the
Vo neighboring signal states. Combining (6) with (24) and solving
107 : SEHREHE s I B \\X 1 for the average symbol enerds, we get
10_5 ‘ . I . . ”‘ R I . ‘ .\\\ \.\ \/FOF(I?SQPiW’l)7 k _ 1
e 2 l%equired E6 /N, (dES) 10 12 \/E = Sm( M\)/]\TF P M1
v yWE LG, 2 < k<L
Fig. 5. The required SNR for BPSK modulation of the weakest signdbr Y (34)
a given preset SEP and for different number of users. where
Gaussian distributed zero-mean random variable with a vari- y=1+ ; (35)
ance equal to the sum of their energies. The conditional SEP sin (§7)
from (4) then becomes B = [F'(Poeps M, k) — F(Psep, M,k — 1)] (36)

F(Peep, M, 1)
s Qg Ejsin®( %)
by = Eerfc < SELE 4N ) v 1sk<L. (29) andF(P..,, M, k) is as earlier defined in (30).
=1 0 Combining the two expressions of (34), the average symbol
Combining (29) with (24) and solving for the average symba&nergyZ; becomes

energyL), we get
VEL=vVExk-1+8VEL, k=2,...,L (37)

F?(DPaop,M,1) k=1
sin?{ & ? - . .
E, = EM) ) After some manipulations, the average symbol energy of
Epq | £ (,PS;P;M”“) + Ff ,(,P“"A’%jk)l , 2<k <L Signalk can be expressed as a function of the symbol energy
() (Frop MLEZD of Signal 1 as
where

_ 2
Ek - amdap,kEl

2 1— ) A= Peen
F(Pp, M, E)=exf™' [1 - = (1 i) 77 !
adl_ﬁ_(l_W)Psep

(30)

Given the average symbol energy of the smaller signal, the reAll signal energies of the stronger signals are now obtained
quired average energy of the next stronger signal can thenftn that of Signal 1. The coefficient relating these signal ener-
obtained. The signal energies of the stronger signals can als@if$ is dependent on the SEE.,, and the modulation level/.

written as a function of the symbol ener@) as follows:

2

k—1 3,
= 2(=1) <1 +> —jy+i1> Ei. (38)

i=1

C. Results
Ek = 042

gap, k1 (31) The required power margins between the different
narrow-band signals for equal SEP performance are com-
puted and plotted as a function of the preset SEP based on

F2(Paep, M, 4) ] both the Gaussian approximation and the MDA. These power

with
k .
F?(Pyep, M, 4)
2 H sep ?

gap,k - sin2 (%) FQ(Psepv MvL - 1)

«

margins are then used to compute the actual achieved average

SEP and compared with the preset SEP. The objective is of
(32) course to have the average SEP of all the signals equal to the
L . . preset SEP.
which is a function of the preset SER,,, and the modulation Fig. 6 illustrates the required power margins of the different
IeveIM. he relation b h bol signals with respect to that of Signal 1 to achieve the same SEP
th::ll/negr;gzrseigrtllglnpo?/vtvevf\?vr;tc:na\\//frir{aege energy persymoolaiid, an AWGI\! channel_ for the case bf=_4 signals and _the _

BPSK modulation technique. Both approximations as defined in

FEy, 9 (31) and (38) are given in this figure. It is observed that, for the
T, = Qgap 1 0W1 (33) case of the Gaussian approximation, the required power margin

=

POWk =
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Power margin of Signal k with respect to Signal 1 10° T ; T T T
% & — =
T T T T T S : — Preset SEP
. B : : : - S_g 1 —&— Signal 1
~-. _Gaussian Approx; : : ignal 3 —&— Signal 2

— Signal2

—— Signal 3
—&— Signal 4

25

n
S

oy
=
'
&
T

Coefficient, o, dB

«
IS

fan
o
T

I
Average Bit Error Probability

o
=3
|
)
T

107
1 2 3 4 5 6 7 8 9 10

Preset SEP, Psep . . . .
Fig. 7. Average BEPs of the narrow-band different signals as a function of

Fig. 6. Power margins of the stronger narrow-band signals with respect to the/ N, in AWGN channels when the Gaussian approximation is used.
weakest signal as a function of the preset SEP.

10 T - T ] T T T T T
; S i A : i Preset SEP

between the different signals increases when the preset SEP « o signal 1
creases. To better understand this behavior and its relationtot, ... il
—— gignal 4

system parameters, we can take a closer look to the expressi-‘g
of the power margimgapyk given in (31). At low preset SEP 3
(high SNR) the conditional SEP takes the form of (27) and theg 107
power margin for the Gaussian approximation can be be simpl®

fied tot

a.

2

A

N
(=)

i
o

In(Pep) %7
ANV [y [ —" L L2 P, < 1 39
agap,k |: Sin2 (W/M):| ’ T < ( )

Average Bit Erro

-
o
&

which is independent of the number of usérbut depends on P

the preset SEP, the modulation lewd], and the signal ordek. : IO . S O
For the case of the MDA, this power margin is almost constan 0™} 2 3 2 T ¢ = s s 10

and hardly changes with the preset SEP. Infact, at low pres.. 1/ 7o

SEP the coefficient; of (36) converges to zero and the powerig. 8. Average BEPs of the different narrow-band signals as a function of

margin for the MDA, given in (38), becomes E; /Ny in AWGN channels when the MDA is used.

) 1 2(k—1) The average BEPs of the different signals, when the MDA is
Umdap,k ~ [1 + W} » Daep <1 (40)  yged, areiillustrated in Fig. 8 as a functionf&f/No. We notice
here that this approximation overestimates the required power
which is also independent of the total number of usedsut Margins of the stronger signals making their average BERs
depends only on the modulation levid and the signal order Iov_ver than the preset error probability over all the SNR_range.
k. Note that, for high SNR, the power margin for the MDA idt is opserved from this figure that these power margins are
independent of the preset SEP while that for the Gaussian gyité high for low SNRs and get smaller as the SNR increases.
proximation increases when decreasing the preset SEP. hus, the MDA is better than the Gaussian approximation for

In Fig. 7, the average bit-error probabilities (BEPs) of the dif2igh SNRs while the Gaussian approximation is preferred at

ferent signals are given as a function of the SMR/N,, when 10w SNRs.
the Gaussian approximation for the power margins is used. It is
observed that the BEP of the different signals are similar and V. EFFECT OFINACCURATE PARAMETER ESTIMATION

quite close to the preset SEP for low SNR (Vo < 6 dB).  Accurate parameter estimation is crucial for the operation of
However, at high SNRs, the power levels are overestimated i narrow-band multiuser detector based on successive signal
this method making the BERs deviate from the preset SEP cQ@mcellation. In practice, parameter estimation is not perfect due
siderably. to the presence of noise and other co-channel signals.
We assume that the user signal is transmitted in short bursts
IThis simplification is obtained by using the approximatiefi(x) ~ 1 — With NV, symbols per burst, part of which is a training sequence
¢==" in (30) and then combining the result with (32). of K (K < N,) consecutive symbols. We further assume that
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.. . Sequence length K = 16
the training sequences, denotgd,(¢)}, of the different users 1 — R e
. " - N ! : : N R i —&— Signal 1, no error

are orthogonal with - s CNIEI e Signal 2, no error
—o— Signal 3, no error

::| —=— Signal 4, no error q
: Signal 1, est. error |-
Signal 2, est. error

Signal 3, est. error
Signal 4, est. error |

KT, i =
/0 wi(t)wk(t)dt:{éf’ L#’Z @1) .

+dhd

ity

Thus, for synchronous multiuser systems, the inaccuracy in pg 10°
rameter estimations will be caused only by additive noise. Nots
that nonorthogonal training sequences and/or nonperfect sya
chronization between user signals will introduce extra errors i% JF
the signal parameter estimations. However, as shown in [8], wit$ *
proper signal processing these extra errors can be reduced ¢ | .
siderably. The results there showed that by using training s
quences with low correlation, signals can be separated almc 4~
completely by applying the bootstrapping technique. ‘
The equivalent lowpass of the received signal, containing th 10~ L .
training sequences of the different signals, during a particulé E1NO, [dB]

Sequence length K = 32

burst can be written as follows: 107 ey T R R o

T =
—&— Signal t,noerror |
~&— Signal 2, no error
—o— Signal 3, no error |
—=— Signal 4, no error 3
©- Signal 1, est. error
| Signal 2, est. error
9 Signal 3, est. error
: # - Signal 4, est. error

r(t) = 3wV ERe® +n1(t) +ing(t),

0<t< KT, (42)

wherewy,(t) is the transmitted training sequence of Sighat’.

is the symbol energy, anf, is a random phase assumed con-

stant during the burst duration; (¢) andng(t) are independent -

zero-mean Gaussian noise processes with equal spectral den§ 10t

Ny, respectively. s
The signal parameters;, and#y,, are estimated using tHé Rl et

symbols of the training sequence as follows: o

o,

ge Bit Error Probability

1075 .

1 R . B . v
I7d / wi(r(t) dt = VEre?® 4 4 jigr.  (43) 077 P .
0

6 8
E1/NO, [dB]

By averaging over thé symbols of the training sequence, the:ig. 9. Average BER foi. = 4 users with BPSK modulation and training
effect of noise is reduced by a factor &f. In that, the noise sequences of length 16 and 32, respectively.
componentsiir ; andsig x, are independent Gaussian random

variables with zero-mean and varian¥g/(2K). _ [91, [10]. The sample,, ;. is then a white Gaussian random vari-
Due to this imperfect parameter estimations, a residual i9p|e with zero-mean and variandet (L — k)/K|No/2. Thus,

terference will remain after signal subtraction even when g, imperfect parameter estimation, the conditional SEP takes

subtracted signals were correctly detected. For instance, Wit form of (4) with N, replaced byl + (L — k)/K]No. The

correct detection of thé — k stronger signals, the input signalyegradation increases for each successive signal to be detected
to detector(Z — k + 1) during the symbol intervat T, can be 4nd is largest for the minor signal (Signal 1). If the bandwidth

written as of the estimation circuit is much smaller than the matched-filter
k—1 L bandwidth of the detectdés > 1) then this degradation can be
Ynk = Snk + Z Sni+ Z (Sni — 8ni) + 71 neglected. Fig. 9 shows the effect of estimation errors on the av-
i=1 ikl erage BEP for training sequences of lenjth= 16 andK = 32
k—1 and L = 4 signals with BPSK modulation. It is observed that
= sp i+ Z Sni T+ Znk (44) the degradation for the minor signal (worst case) is relatively
i=1 small. This degradation, due to estimation errors, can be com-
pensated for by a small increase in SNR.
where
L P VI. CONCLUSION
_ e i 25 .
Pk = i_zk;l ¢ (R4 F30Quk) + 7 (45) In this paper, we analyzed the SEP performance of a multiuser

receiver for narrow-band/-PSK modulated signals, based on
with a,, ; as defined in (2). successive signal cancellation by means of subtraction. For a
Since the training sequences are orthogonal, the terms in theltisignal environment, three approximations for the condi-
above summation are independent Gaussian random variakiesal SEP were derived and compared with simulation results.
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It has been shown that for signals with geometrically related[5] J. M. Holtzman, “DS/ICDMA successive interference cancellation,” in
amplitudes, two important cases occur. If the amplitude rela- ~ Proc. IEEE Int. Symp. Spread Spectrum Techniques and Applications,
. . . . . IEEE ISSSTA'94Finland, 1994, pp. 69-78.

tion petween successive &gnals_(ordered In a_-mpl'tUde) at th%] T. M. Cover and J. A. Thomag&lements of Information Theary New
receivere > 1+1/sin(w /M), in principle an arbitrary number York: Wiley, 1991.

of signals can be stacked. In practice, however, where signal pal/l J- . Proakis,Digital Communications New  York: McGraw-Hil,

LT A ; 1995.
rameter estimation is inaccurate, this will not be feasible. For[8] M. Moretti, E. Nostrato, S. Piagneri, and G. J. M. Janssen, “A frequency
a < 1+1/sin(x /M), inherent errors occur if too many signals estimation scheme for a two-signal environment,” Rmoc. IEEE
are stacked; the maximum number of signaldecreases with VTC'99 Amsterdam, The Netherlands, Sept. 1999, pp. 1800-1804.

. L . [9] H. L. van TreesDetection Estimation and Modulation TheoryNew
decreasingr and with increasing\/. York: Wiley, 1968, pt. .

An analytical method is presented to determine the poweno] S.M. Kay,Fundamentals of Statistical Signal Processingnglewood
margins at the receiver input for multiple co-channel signals  Cliffs, NJ: Prentice-Hall, 1993.
in order to obtain equal SEP for each of the signals. The
required power margins between the different signals for an
AWGN channel are evaluated based on two approximations:
the Gaussian approximation of the undetected signals and
MDA. It was found that the power margins derived with thg
Gaussian approximation are quite accurate for low SNRs |
are much larger (several decibels) than required for high SNF
The power margins derived with the MDA method are large
than needed at small SNR values but give better results at la
SNR values. ference cancellation and wideband propagation mea-

Accurate parameter estimation is very important for the pro- surements. He is currently an Associate Professor in
posed multuser detector It has been shtown tht parameter e eeions 4 T Conte ST T et ey
mation errors due to noise can be modeled as a small decr W—bang}r/ﬁultiuserdetection, modulation techniques, indoor radib pr%pagag
in the SNR after each cancellation. This degradation can be tien, and diversity techniques.
duced by increasing the length of the training sequence, or com-
pensated for by adding an extra SNR margin.
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