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Multiuser Decoding for Multibeam Systems

Michael L. Moher Member, IEEE

Abstract—An iterative multiuser decoding algorithm for
co-channel BPSK/QPSK users in a multibeam system is pre-
sented. The approach can be applied to the return link of
multibeam satellites and to terrestrial systems with sectored
base-station antennas. It allows the reuse of the same spectrum in
each beam. The algorithm is based on the extension of turbo-de-
coding techniques to the iterative decoding of parallel users.
Simulation results show one can asymptotically achieve single user
performance in a high multiuser interference environment; often
this includes some diversity gain. The complexity of the algorithm

is approximately O(2% + 2*) operations per bit per iteration Beam
where K is the number of co-channel users and is the constraint
length of the forward error correction code. X x | Beam
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. INTRODUCTION

REQUENCY reuse of the radio spectrum is one key coi - Beam 3

straint limiting the spectral efficiency of many Communi'Fig. 1. lllustration of co-channel interference with multi-beam satellites. (The

cations systems. Code division multiple access (CDMA) hass and numbers indicate user positions for different simulation scenarios.)
enjoyed recent success as a strategy for maximizing the spec-
tral efficiency of both terrestrial cellular systems and multibeaguence spread spectrum where the correlation between users is
satellite systems, partly due to its potential to reuse the samgentionally kept low. Consequently, they are not applicable
spectrum in each cell or beam. However, these systems are &l nonspread BPSK or QPSK modulation. In [11], an itera-
far from the theoretical Shannon capacity of multiuser systenige multiuser decoding algorithm is presented addressing this
[1]. To further increase the capacity of CDMA there has begsroblem with highly correlated users sharing the same channel.
much research into multiuser detection and, recently, multiusgtis algorithm has independently been discovered by Reald
decoding [2]-[9]. [10], and related work can be also be found in [20]. However,

In [4], it is demonstrated that the optimum multiuser dethe focus of these latter investigators has remained on CDMA
coder for an asynchronous CDMA system employing forwaeghbplications. In this paper, we describe how the iterative algo-
error correction coding combines the trellises of both théthm of [11] can be applied to co-channel BPSK/QPSK users in
asynchronous detector and the forward error correction (FEfo particular scenarios—the multibeam satellite scenario and
code. This decoder is a variation of the Viterbi detector thgie sectored base-station antenna scenario—and allow complete
has complexity of approximatel@(2=") operations per bit reuse of the spectrum in every beam. This paper also extends the
where x is the code constraint length add is the number work of Miller and Schwartz who considered the spatial-tem-
of users. This exponential complexity makes the systeparal processing required for multiuser detection of uncoded
impractical for most CDMA systems. Consequently, there h@DMA users [12].
been considerable research into simpler, suboptimum decodingn Section Il, the return-link multibeam satellite and sectored
strategies. As described in [8], these range from partitionegtenna scenarios are described with the corresponding mathe-
strategies, e.g., [9], where the detection is separated from thatical model. This is followed in Section 1l by a description
decoding function, to integrated strategies, e.g., [5] and [&])f the algorithm for multiuser decoding. In Section 1V, we pro-
that often include feedback and iteration between the decodivige simulation results showing the system’s performance, and
and detection stages. conclude the paper in Section V. For simplicity of presentation,

As described in [11], a limitation of all these strategies is thge shall assume synchronous BPSK users throughout the devel-
degradation of performance as the correlation between usersgpment. The algorithm can be extended to handle asynchronous
creases. They rely on a spread modulation such as direct gsers [19] and other modulations but these require greater com-

plexity.
Manuscript received October 14, 1998; revised November 9, 1999. Il. MULTIUSER DETECTION MODEL
M. L. Moher is with the Communications Research Centre, Station “H,” Ot- ' . . . . .
tawa K2H 8S2. ON. Canada. The first scenario that we will consider is the return link of a
Publisher Item Identifier S 0018-9545(00)04846-5. multibeam satellite, as illustrated in Fig. 1. In this scenario, one
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Beam TheseK users simultaneously access the communications
3 Beam channel each using a modulating wavefan¥) with a symbol
period?Z’. Nominally, one can assume each user is using rectan-
gular pulses. In general, there canjbesceivers fork users,
i.e.,p antennas, and each user will suffer a different attenuation
c and phase rotation with respect to each antenna, as indicated in
ochannel . . .
Users Fig. 3. In the simulations, we assume that= K. The case
p = 1is described in [11]. With a minor alteration in the nota-
tion of [12], the noise-free portion of the received signal of the
kth user signal received at a nominal antenna can be represented
as

N
=1

The parameter;, represents the relative transmission delay
of thekth users. For the synchronous case= --- = 7 = 0.
The modulating waveforms,(¢), are assumed to be normal-
ized to unit energy, and the relative received amplitude levels
of the different users are characterized by the positive parame-
Fig. 2. lllustration of multiple co-channel users with base station usir@rs{\/w_k}_ The channel amplitud@’w_kin (1) represents indi-
sectored antenna. (Thes indicate positions of users sharing the same channemdual user gain effects such as propagation losses, power con-

trol, and fading. The vector gf antenna outputs for usércan

usually has access to the received signals of each spotbeam d¢heepresented as
same earth station. This makes joint processing of the different
beams possible. Traditionally, satellites use an FDMA strategy si(br, 1) = asi (b, 1) @)

for multiplexing users and, when this is extended to multiple The vectory, in (2) represents the complex gain of heif-

beam satellites, frequencies are generally not reused in aqaént receivers (sensors) for ugerFor thekth user.a; typi-
cent beams but separated by one or two beamwidths to provb%ﬂy has the form

greater isolation. Here, we consider the case where frequencies

are reused in every beam and each user’s signal will be received 1
in each spotbeam, albeit with varying degrees of attenuation. apae? e
For example, with a multibeam satellite, the spotbeam edges are ak = : ) ®)

often only 3 dB lower than the center of the beam. This amounts
to a multiuser detection problem with diversity.

The second scenario occurs in a terrestrial setting when ond his assumes only amplitude and phase differences between
has a base station using a sectored antenna, as illustrateténdifferent users. In practice, there could be frequency dif-
Fig. 2. This may occur in a mobile telephony service, packigrences as well but if these are relatively small relative to the
radio service, or in proposed Local Multipoint Communicationgymbol rate, they could be modeled as a time-varying).
Systems (LMCS). If an FDMA access strategy is chosen, thenThe noise-free received signal from &l users with spatial
the typical approach is to separate frequency re-uses by at [€H¥grsity can then be expressed as
one beamwidth or more, at the expense of system capacity;
quite analogous to the multibeam satellite example. Thus, this S(b,?) = As(b, ) )
case can be considered inthe same framework as the multibgafare s is the p-dimensional vector representing
satellite scenario. the output of the p different receivers, s(b,t) =

Multiuser detection techniques with spatial diversity Wergs (b, ), ..., sx(bx, )Y, and A = (a;---ag) is the
firstinvestigated in [12] for uncoded CDMA systems. Here, wg x [ directions matrix.
extend this investigation to include forward error correction and \When combined with additive Gaussian noise, jheector

akpe] Orp

nonspread systems. of received signals is
AssumeK BPSK users, each transmitting a block'dbits in
a bit-synchronous fashion using the following notation. For user r(t) = S(b,t) +n(t) ®)

k at bit periodi, the corresponding transmitted bit will be rep- : . . .
; . . Wheren(?) is ap-vector of Gaussian noise processes. For inde-

resented by (i). The complete sequence of theh user's bits endent antennas, we model the noise covariance as

will be represented by the vectbr, = (bi(1),...,b(N)) € P '

{—1,+1}" and the vector of thé(-user bits at time is rep- En(t)n(s)H] = 0?18(¢ — 5) (6)

resented by(i) = (b1 (i), ..., bk (4))T. The matrix of all user

bits is represented by € {—1, +1}%*¥, This same notation wherel is thep x p identity matrix and the superscrit repre-

is extended to other quantities. sents conjugate transpose. If the different beams are formed by
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Fig. 3. lllustration of multiuser communication system model.
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Fig. 4. lllustration of multi-user array processing algorithm.

a phased array, then one would expect correlation between thiVith this approach thé& x K spatial-temporal cross-corre-
different elements afi(¢). The effect of such correlation will be lation matrix for the different users in the synchronous case is
discussed later. given by
It is assumed that the modulating waveform of each user is
known at the receiver, and that tlé-user coherent receiver H e "
locks to the signaling interval and phase of each active user. This R =Re [ai A /_Oo si(t—m)sj(t—my)dt) . (8)
is a nontrivial problem but we do not consider the design of such
a multiuser synchronization circuit in this paper. Since the modulating waveform is normalized, the integral
Maximume-likelihood detection requires maximizing the cortermin (8) has a maximum magnitude of one. However, the con-
responding likelihood function. In [12], it is shown that a suftribution of the antenna network may often exceed one, and con-
ficient statistic for evaluating the log-likelihood function in thesequently, the system has effectively some diversity gain. Anal-
multibeam scenario is ogous to [12], the corresponding equivalent discrete time model
oo for generating the matched filter outpwt&) in the synchronous
(i) = Re [akH / r(t)sp(t —iT — 1) dt| . (7) caseis given by

This implies that the sufficient statistic is obtained by passing y(i) = RWY?b(4) + z(3),
the received noisy signal vector throughkaoutput optimal

weighting network represented by matti¥! followed by a where z(i) is the sampled complex nois&-vector. The
bank of K matched filters. The weighting matriA’’ realizes matched filter outputs represent sufficient statistics for ob-
beams directed at each of the users maximizing the signaltaining the optimum solution an& is the diagonal matrix
noise ratio for usek at the output of the weighting (beam-with nonzero elementguw;, }. The receiver of Fig. 4 maximizes

forming) network. This is illustrated in Fig. 4. the signal to noise ratio on the sample§&). Although the

i=1,....,N (9
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Transmitted This states that for randomly chosen interleavers, the proba-

User Info . Sy“l‘)b"ls bility of a multiuser system achieving single user performance
u, ——»| Convolutional > Random L > 3
k Encoding Interleaver 1, approaches one as the block lengthincreases. While the
above result relies on the use of an optimum decoder, the
Fig. 5. lllustration of encoding algorithm. importance of the result is that it does not require the user

cross-correlations to be small. In fact, even the requirement of
A epositive—definiteR does not seem necessary in practice. This

implies that it can be applied to modulation techniques such as
BPSK and QPSK.

input noise is assumed white, after the weighting network t
sampled output noise process is nonwhite. In particular,

Elz(i)2(5)"] = 0* R6(i — j) (10) B. Decoding Algorithm

which is analogous to the nondiversity case [11]. If the input The following iterative decoding structure can be derived ei-
noise of (6) is not white then the noise correlation matrix in (1@her intuitively or theoretically from a minimum cross-entropy

is modified accordingly. framework [14]. In either case, it is best understood by using
some of the concepts developed to explain Turbo decoding [15],
. THE MULTIUSER DECODING ALGORITHM [16]. The important concepts are those of intrinsic and extrinsic

information [17]. Intrinsic information refers to that information
inherent in a bit as received over the channel, i.e., the soft deci-
For the transmission/detection strategy described in the pséen. Extrinsic information is that information provided about a
vious section, we include the following FEC encoding strategyit from the other received bits due to the constraints imposed
We assume each user uses the same convolutional code for AisGhe FEC code. For a single user, the optimum soft-output de-
This is not a requirement but it simplifies the presentation amdder produces the sum of the intrinsic and extrinsic informa-
system design. In addition, we assume each user shuffles tibbe, often expressed as a log-likelihood ratio.
encoded bits with a different pseudorandom interleaver, as il-The two major components to the multiuser decoding algo-
lustrated in Fig. 5. The interleaving effectively gives each usdthm shown in Fig. 6 are a combining block and a parallel de-
a different code and this has some important consequences tmating block. The input to each decoder is the combination of
are described in the following. the intrinsic information obtained from the channel with the ex-
In the multiuser detection literature, efficiency is a measutensic information for each user provided by the previous de-
used to compare the performance of detectors. The efficiermding. It is an iterative scheme where the extrinsic output of
of a multiuser detector, is a function of the usek. It rep- the soft-output decoders are fed back for combining with the
resents the power efficiency of ti¢h user with multiple users original intrinsic input.
present, relative to the power efficiency of thth user by it-  The parallel decoding block consistsifparallel single-user
self, in an additive white Gaussian channel at high signal-tdecoders each matched to the interleaver and FEC code of a
noise ratio (SNR) [13]. In a diversity situation such as beingpecific user and only considers the bits of that user. These are
considered here, however, we shall use as the reference paoft-output decoders that produce a probability estimate (soft-
the performance in an additive white Gaussian noise chanoekput) for each symbol. The soft decoding algorithm used in
with equivalent diversity. For all uncoded systems and maiyr simulations can be found in [18]. Following [17], this prob-
coded systems, the detector efficiency decreases as the calslity estimate (soft-output) for a symbal,.;, can be separated
lation between user waveforms increases. This is true even wiito two parts, the input (intrinsic) probability estimagg,; , and
the optimum detector for these systems. This is why many pithee additional (extrinsic) information added via the decoding,
posed multiuser detectors are limited to CDMA-like applicas... In particular
tions where the waveform correlations are low.
When FEC encoding is employed with the random inter- Dout =
leaving strategy described above, the efficiency is a random
variable that depends upon the choice of the random intend the extrinsic information can be extracted from the output
leavers for theK different users. We lety, n denote this via the expression
random variable wheré/ is the interleaver length. From [11]
we have the following result that applies directly to the model Pext, = Pout /Pint . (13)
given in (9). Pout/Pint + (1 = Pout)/(1 — Pint)
Theorem 1. (Optimal asymptotic efficiency with coding |n the following description of the algorithm, lgt,, [b()]
and random interleaving [11]):For a synchronous Gaussiarnrepresent the soft-output of the decoder for tthesymbol of
channel withK™ equal power users anil randomly selected the ith user after thenth iteration. The corresponding extrinsic

A. Encoding Algorithm

DintPext
(12)
PintPext + (1 - pint) (1 - pext)

interleavers of lengtv information, g, [bx(¢)], is defined, from (13), as
Jim Prm., n = 1] = 1, k=1,....K (11) P [0x(1)]
J —00 ‘ o b (i
gonltn ()] = I [P0 (14)

with an optimum decoder when the cross-correlation matrix P[0 (4)] n L — pn[ba:(2)]
is positive definite. m Gm—1[0k(D] 1 = gm—1[br ()]
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Fig. 6. lllustration of iterative multiuser detection algorithm.

where ¢, [bx(?)] is defined in the following. It is the set of interest. At any time, one can use the output of the
{gm[br())]: & = 1,...,K, ¢ = 1,...,N}, of all extrinsic soft-decoder to make a hard decision on the bit, as in [18].
information that is fed back to the combining algorithm. For 3) Combine the extrinsic information with the original in-
this algorithm, we do not assume the FEC code is systematic trinsic information, and compute the marginal distribu-
as is the case with Turbo codes. tions for each of thé decoders in the next iteration

The intrinsic distribution of the input corresponds to the
distribution of the matched filter outputs. For a memory-
less Gaussian channel with matched filter outp{ig(¢):  gm[bx(?)] = Z
k=1,...,K,¢:=1,...,N}, theintrinsic distribution for the byyeb— 1,0kt 1ebK
ith symbol period is given by [from (9)] o I [be— 1 (D] gm [br1 (D] - - - g [bxc (0)]-

Zo[P(0)] g [b1(2)]
17)

4) Repeat steps 2 and 3 a fixed number of times or until

convergence.

This algorithm relies on the independence of the intrinsic and
extrinsic information for the bit sequence of each user. This is
provided in large part by the use of random interleavers. Note
éhat we also exclude the extrinsic information for the bit of in-
terest in (17). This was found to improve performance and is
A’gstified in [11] and [14]. The majority of the performance im-
provement is obtained with eight or fewer iterations. One can
iterate for a fixed number of iterations or other stopping criteria
can be used [17].

This provides a manageable algorithm that is suitable for mul-
tiuser decoding. From a complexity viewpoint there Afrele-
coders (or a single decoder reud€dimes) that is matched to
the code of a single user. This results in a complexity of ap-
proximatelyO(2%) per bit wherer is the constraint length of
the binary code being used. With the combining algorithm, one
2) Decode each user’s bits separately baseflgrib,.(i)]:  must compute the probabilities of & K-user bit patterns in

¢t =1,...,N} and compute the corresponding extrinsiany symbol interval, and then the corresponding marginals. This

information {g,,[bx(i)]: i = 1,..., N} at the output of has a complexity proportional ©0(2% ). Combining these two

the decoder. Note that this decoding includes the randaesults, the overall complexity is approximatél2X +2%) op-
interleaving and de-interleaving corresponding to the userations per bit per iteration.

-1/2
go[P(D)] = % exp {—% f(i)TR—lf(i)}

=qolb1, ..., bK] (15)

wheref (i) = y(i) — RW'/?b(4) and the noise has covarianc
7*R.
With these definitions, the multiuser decoding algorithm h
the following steps.
1) Compute the marginal distributions,[b;(:)] corre-
sponding to (15)

do [bk (L)] = Z

bbbk —1:beg1,--0b K

q[b(?)]- (16)
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IV. SIMULATION RESULTS T
Iterations

—
In this section, we present the simulation results for the pro- 107 b 1~
posed iterative decoding algorithm. All simulations use a block E 2

size of 500 information bits for each user. Each user uses the
same rate 1/2 constraint length 5 convolutional code with gen-

erators [10011] and [11 101]. Each user uses a different pseudo- 102 -

random interleaver and the same set of interleavers is used for 2 i \

all simulation runs. The interleavers were chosen at random and @ AN

no attempt was made to optimize them. Each simulation point g 4 A Ideal

is tested for the minimum of 1600 errors or four million bits. w 10°E AN \ < Single User—|
5 N \\ (no diversity)

3 \\ 8 \
A. Multibeam Satellite Examples I / .
10*E < -

In this first example, we consider a satellite with seven spot- ; Ideal R i
beams arranged with user terminals located in the center of each L Single User N\
beam, as indicated bys in Fig. 1. To characterize the spotbeam i (diverslity) B
gain pattern, we assume that the antenna gain is 0 dB at beam 10‘50 : ] - " : s : . : s

center,—6 dB at a distance of one beamwidth, and negligible
at a distance of two beamwidths or more. These are nominal
values chosen to illustrate the approach; in practice, the antenna
gain patterns will be somewhat less uniform. For this nominaly 7. comparison of BER performance of six outer users) in Fig. 1

example the antenna gain matrix A is given by with the iterative decoder (one, two, four, and eight iterations) to ideal single
user performance.

E,/N, (dB)

(18) T T

o lterations \

P
Il
QL LR L -

S ool —D2
COoOOoOQ =R R
COoOL ~,D OR
L RHQ OOR
DR, 0o OR
D o0 oD D

wherea = 0.5 corresponding to a 6-dB attenuation, and the - ~
crosscorrelation matrix i® = A A. This assumes that all 102k N
users are synchronous and use the same modulating waveforr F
e.g., BPSK with rectangular signaling. Since all entries in A are
real, it implicitly implies worst case phasing of the users, i.e.,
all users have identical phase and maximize the mutual inter-
ference. In Fig. 7, the performance of the iterative detector for i Single User [\ = *\_
the six outer users (the outer circle »6 in Fig. 1) is shown ! (diversity) /
for one, two, four, and eight iterations. Also shown for compar- .
ison is ideal single user performance. As the number of itera-  10”E e \a )
tions increases, performance exceeds single user performanc F N \ \
The reason for this is the diversity gain present in this channel. [ . 16\ AN
The diagonal elements &f corresponding to the six outer users N \
arel + 3a? corresponding to a diversity gain of 2.4 dB with L e—
«a = 0.5. Infact, as Fig. 7 indicates asymptotic performance ap- E,/N, (dB)
proaches that of a single user with the same level of diversity, as
the number of iterations increases.

The performance of the user in the center beam is shownfg. 8. Comparison of BER performance of the center beam usgn(Fig. 1
Fig. 8. Th(? performance of the center user is initia}ly Worsxﬁtrtgg#g::qtgfc?coder(one,two,four, eight, and 16 iterations) to ideal single
than the six outer user because of the greater multiple access
interference but becomes better as the number of iterations in-
creases due of increased diversity gain. The diversity factor forAs a second satellite example, we use what might be con-
this beam isl + 6a2 (3.9 dB). The simulation results indicateSidered a worst case arrangement of users with the seven spot-

that this will be achieved asymptotically but requires more iteReams. Inthis case, there is again one user per beam but all users
ations of the decoder. are located at the beam edge touching the center beam—the

Ideal
Single User
no diversity)—}

Bit Error Rate

10° {deal <
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Fig. 9. Comparison of BER performance of users 4 and 5 in Fig. 1 withig. 10. Comparison of BER performance with seven users in the sectored
the iterative decoder (one, two, four, and eight iterations) to ideal single useitenna scenario with the iterative decoder (one, two, four, and eight iterations)
performance. to ideal single user performance.

small numbers in Fig. 1. The user in the center beam is alBo Sectored Antenna Example
at the beam edge. In this case the antenna gain matrix is give

'i]n this case, we consider a base station with a sectored beam,
by (k = 1 corresponds to the center beam user)

asillustrated in Fig. 2. We assume frequency reuse in each beam
and that the users, as indicated, have a gain matrix of

rl B B B B B B
1 o« a« 0 0 j rl a o2 0 0 o af
a o 1 g 0 0 « a 1 a o> 0 0 o2
A=1]0 0 B8 1 a a 0 (19) 2 a 1 a o 0 0
0 0 o x 1 B 0 A=10 & a 1 a a2 0 (20)
a a 0 0 g 1 « 0 0 &> a 1 o o
LB 0 0 o o 1] > 0 0 & a 1 «
La &2 0 0 o o 1.

We assume all users are transmitting unity power. In this
case3 represents the isolation with respect to a user that is jugherea = 0.80 corresponding to approximately 2 dB isolation
outside the beam service area. In the simulation model of thetween adjacent beam users. In this case, the performance of
channel we lef3 = 1, implying no isolation. However, in the all users is equivalent and the average performance is shown in
receiver we assumg = 0.99 to permit the calculation aR~!  Fig. 10. In this case, the diversity gainiis, = 1 + 2a2 + 2a*,
in (15). The parametet represents the isolation of a user sepwhich corresponds to 4.9 dB. This corresponds exactly to the
arated by one beamwidth. As before, wedet= 0.50. Not all gain observed relative to single user performance at a BER of
users are equivalent in this scenario but there are a numbef6f?>.
symmetries. In particular, users 4 and 5 should have identical
performance. In Fig. 9 we show the average bit error rate (BER) other Issues
performance of users 4 and 5. The diversity factor for these two
users (the diagonal element & = A7 A) is 1 + 32 + 242 1) Interleaver DependenceThe interleavers used in these
which corresponds to 3.9 dB. This gain is achieved after eigdinulations were chosen at random. The same interleavers were
iterations as shown in Fig. 9. Note that for the two users, 4 andused for all simulations having the same block size. No attempt
in this example, the signal to multiple access interference rat@s made to optimize these interleavers. The tests were repeated
is —5.8 dB. (From a system viewpoint, the results of Fig. 9 amith a number of differentinterleavers, all of which were chosen
optimistic if compared directly to those of Figs. 7 and 8. Ther@t random. The simulated performance results with the different
is a 3 dB loss in antenna gain in the Fig. 9 scenario that does imerleavers were virtually identical. There are, however, bad
appear in the BER versus, /N, plots.) interleavers. For example, no interleaving results in degraded
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performance and the amount of degradation can be predictedhe described approach can be applied to other scenarios,

by theory in some cases [11]. However, as Theorem 1 indicatgh as interference between satellites and adjacent cells in a

these bad interleavers should be rare as the block size increaselfular environment. However, in these extensions, the problem
The interleaver size does not affect the asymptotic results lmitgetting the information to one central point for joint pro-

it does play a role at low SNR [11]. As seen in Fig. 10, mangessing may limit the practicality of the technique.

of the BER results indicate a threshold below which the systemWhile the multiuser decoding algorithm is not trivial, it is

is not usable. Increasing the interleaver size increases the steepnageable. It has a complexity of approximate(” + 2~)

ness of the approach to the single user performance above tiisrations per bit per iteration whekfeis the number of users

threshold; it does not, however, affect the threshold. being detected andis the constraint length of the code. What is
Results in [11] indicate that the thresholds are related tmportant in the consideration of complexity, is that large gains

Shannon capacity constraints rather than the FEC code. Thepectral efficiency can be made for small valuegohndx,

Shannon capacity indicated in Fig. 10 is the theoretibalV,
required to transmit 1/2 bit per user per channel use error free,
for the channel described by (20). It assumes binary signaling
for the individual users. Once again, this demonstrates that the
threshold phenomenom is due to theoretical limits. "

2) Code DependenceThe dependence of performance on
the forward correction code is also of interest. For comparison[2]
with the constraint length 5 rate 1/2 convolutional code used to
this point, rate 1/2 convolutional codes with constraint lengths 3;
of 4 and 7 were also tested. The results are qualitatively similar
to the constraint length 5 code in all cases.

3) Practical Considerations:In a multiple access environ-
ment, synchronizing all users is an added overhead. However
successful field trials of pseudo-synchronous CDMA satellite (5
return links certainly suggests that it should be feasible for
low-rate non-CDMA systems. The multiuser decoding tech- (6]
niques described here can also be extended to asynchronous
users [19]. With asynchronous users, there is an increase iff]
the computational requirements of the combining means used
in the algorithm, and the synchronization recovery for the [g]
different users is challenging as well.

There is a question of the sensitivity of performance to errors 9]
in determining the cross-correlation matridéand the channel
gainsW. Our limited investigation has indicated no strong sen-
sitivity to small perturbations of?2 andW relative to their true
values. In fact, whem is singular, we intentionally perturb the
R used in the receiver, in order to produce an invertible matrix[11]
This does not have any significant effect on performance. Thg
approach also works for unequal power users.

(4]

10]

(13]

(14]

In this paper, we have shown that multiuser detection oSl
BPSK users in multibeam systems can result in improved
single user performance and greatly improved system capaciti-5]
In fact, the approach allows reuse of the same spectrum in
each beam. To achieve these gains, users must be forward erfot]
correction coded but a simple convolutional code with a distinct
random interleaver for each user is sufficient. In fact, usergg;
in these systems not only asymptotically achieve single user
performance but usually exceed it due to the diversity gainﬁg]
inherent in a multibeam system. The existence of diversity
gains depends upon the antenna implementation. With a phased
array implementation that introduces noise correlation betweeld”!
the beams, the diversity gains may be smaller or nonexistent.

V. CONCLUSION

and with relatively short block lengths.
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