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Iterative Multiuser Detection Using Antenna
Arrays and FEC on Multipath Channels

Mark C. ReedMember, IEEE and Paul D. Alexandemember, IEEE

Abstract—This paper investigates a multiple-access communi- ponentially complex maximum likelihood sequence estimation
cation receiver system that receives coded data modulated usingsolution is attained by the use of the Viterbi equalizer [14].
either direct-sequence code division multiple access or narrow- Another method of removing the ISI is the use of null
band binary phase shift keying, with an antenna array in a . . . . .
multipath propagation environment. We describe an iterative steermg [1], [9]. This _techn'que IS analogous_to .the linear
receiver that improves the initial estimates from the antenna Operation of decorrelation in DS-CDMA [15], which is known
array, and therefore reduces the multiple access interference. to enhance the noise variance of the detector output and not
Simulation results show that the bit error rate performance reach the optimal Gaussian noise performance. Separation of

approaches that obtained when only one user’s signal is incident users when no spatial separation exists is only possible by
on the array. This occurs even with a large number of users in

comparison to the product of the spreading gain and array size. USINg some other form of diversity such as code separation

Index T A anal ) h | codi d with DS-CDMA [7] or time or frequency separation by using
_index:lerms—Array sighal processing, channeél coding, cote ouqiam management [16] to reallocate time or frequency
division multiple access, iterative methods, multiuser channels,

turbo codes. slots. - _
We utilize a unified system model for two different channels,

one with SDMA, DS-CDMA, and multipath and another with
. INTRODUCTION only SDMA. We show that spatial separation can be modeled
ITH capacity constraints becoming a problem in curas a complex spreading code in a similar manner as a spreading
rent mobile communication systems, researchers arede in DS-CDMA. We incorporate multipath into the model
looking for ways of enhancing system performance. A top&nd show that it yields a channel model with memory. We
of interest is antenna arrays and array signal processiagsume that each user first encodes and then interleaves their
which has been studied extensively by the signal-processinfprmation sequences prior to transmission.
community [1]-[3]. Antenna arrays allow spatial separation of Low-complexity interference cancelation receiver solutions
users even within the same frequency band; this techniqueh@se been discussed in [17]-[20], where the solutions are
also known as space division multiple access (SDMA). SDMApplicable to asynchronous user channels where there is no
has been shown to increase the capacity of systems by reduciegd for a causal channel and the associated whitening filter.
the cochannel interference between users that are spatisllg extend this low-complexity interference canceler design
separated. We define SDMA to be the exploitation of spatialyork [20] to the unified channel model and demonstrate
separated users by an antenna array with the antenna elemieows this iterative structure can be used for DS-CDMA,
close enough together to experience the same multipath 8DIMA, narrow-band binary phase shift keying (BPSK), and
fading effects but with independent thermal noise. multipath to achieve optimal (Gaussian noise channel) perfor-
Spatial diversity results to date have detailed techniques thaénce. The optimal receiver is prohibitively complex [21],
use SDMA for narrow-band [4]-[6] and direct-sequence coder a realistic number of users>(0), and this complex-
division multiple access (DS-CDMA) [7], [8]. A number ofity increases exponentially with the number of users and
papers now have recognized the fact that spatial and temp@tannel code memory. We instead utilize a simpler design
interferencé can be combined and viewed as intersymbohat is linear in complexity, with respect to the number of
interference (ISI). This is discussed in [9]-[13], where the exisers. This technique uses concepts from turbo coding [22]
and a low-complexity receiver also independently discovered
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transposition, and complex-conjugate transposition operatosger time. It has columng
respectively.

0¢-1)L
eI Prk.pu
Il. SYSTEM MODEL : e CTLPK 1
We shall employ a model similar to that described in PRI
[25]-[27], where we assume thdf users each transmil’ Orpi—i)

symbols{dy,, € D: t = 1,...,T}, whereD = {+1,-1} . .

as used for BPSK modulation. The spreading code for lase?NhereJ’ k.t, andp are uniquely related by
at time ¢ is defined as{s,, € {-1/VN, 1/VN}: ¢t = j=((t-1)K+k-1)P+p.
1,...,T}, where the length of the spreading code A&

Note that our model permits the spreading code to chan gch coI_umn (_)f this matrix is a set of phases that wh_en
from symbol interval to symbol interval. We shall furthe pplied via the inner product operator result in a beamforming

assume that the multipath impulse response of the chann%?grat'qn' There ar@K P SPCh beamformers, one fqr each
h. Given an angle of arriva#, ,, at a\/2 spaced uniform

over which the users transmit to the base station are invari he bh d ined di -
during theZ” symbol intervals. This condition is enforced by'Near array, the phases are determined according, {o, =

low vehicle speeds, high signalling rate, and short pacl(ég — 1)cos(fr ). Here A denotes the carrier frequency

lengths T. The sequences transmitted across the chann‘@f"velength' Note that there is no time reference for the

{dp: € D: t = 1,...,T}, are the result of encoding symbolsa, ¢, 6, 7, as we assume they are stationary for each

and subsequent interleaving of an information sequence. \iame w;E;:;r}/?lb(bl;EIr{es_ﬁI‘ected gacg framlg |gterva(I1). h f
assume that a method is available to decode a noise corrupteéM’ y - Ihe received amp ltude and phase o
version of the channel sequenééy, € D: ¢ = 1 T} each of theT’K P multipath components as they would be

to obtaina posteriorilikelihoods for the channel symbols anj;easured on a single antenna are included in this matrix. It

the information symbols. Typically, an encoder/decoder p ps column;
would consist of a convolutional encoder and a MAP decoder Ou-nyr
[28]. k1
An important assumption we shall make is that the delay : c OTPK1

of the multipath taps is externally supplied. This would be

normally done via a sliding correlator with dither control [29].

Tapp of a total of P paths per user is therefore represented by

a complex amplitudey, ,,. It has a known delayy, ,, € (0, N). Wherej, k, andt are uniquely related by

We model the use of ah element antenna array at the receiver j=(t— 1)K +k.

by defining for each usét, multipathp, and antenna element )

I, a set ofL antenna element phasgs,, ;. Note that we allow Each column of this matrix contains the impulse response of

multipath components to arrive from different directions. the multipath channel. Its application via the inner product
Let us sample the down-converted signal at each of tRgeration results in a RAKE combiner. There &é such

receiver antennas at one sample per chip interval and colleembiners, one for each symbol transmitted by each user.

all of the samples into one streatnWe may now write

Q. p
Orx—5p

lll. THE ITERATIVE RECEIVER
QzéséAA]wd‘i‘ﬂ:M"_ﬂ .
The receiver structure developed here follows the methods

whereA = A A A,,. The constituent matrices are similardescribed in [18], [20], [19] and [23]. The differences are that
to those discussed in [27] and are now described. we implement the interference canceler in the spread domain
As, (T'+ 1)NL by TLPK. This contains information (which substantially reduces complexity), that is, we perform
pertaining to the spreading codes and the multipath delays ¢hk interference cancelation at the chip rate, not at the coded
of which are assumed known at the receiver). It has colygmrbit rate.
0 The receiver, which is iterative, takes the output of the chan-
SN Lt (TH)NLL nel and performs a combination of soft interference cancelation
(5k.0) @[1,00] €1t and matched filtering, as shown in Fig. 1.

0 The interference canceler takagriori probabilities on the
wherej, k,¢,p, andl are uniquely related by channel symbols of every usefP(dy): t = 1,..., T,k =
) 1,..., K}. These are then employed to construct a soft esti-
J={(t-DE+k-1)P+p- 1)L+ mate of the symbol by taking the expectation
Each column of this matrix contains a spreading code, and dpt = Z P(dy, = d) d. (1)
when applied via the inner product operation, a spreading code e

correlation results. For timethere areL PK such correlators,
one for each antenna, multipath, and user.

A,, TLPK by TPK. This matrix describes the phase
of each user's multipath component at each antenna element T = AHQk + 2z, = AH(Q - A_J) +Wd 2

The interference cancelation operation is then performed in
éhe spread domain as follows:
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Afl(e — Ad) TABLE |

_% z COMPLEXITY OF ITERATIVE RECEIVER'DECODER
@ MF Bank }—»@— _
" Procedure Complexity
- MAP Decoder (MAP) I(M,P,(10+ 1/(2R))
—2M, +1/R)
De Int
c Interference Canc.(IC) I(LN +P)/R
Channel Cale. (ACHAN) | IPNL/R
MF Bank Rx.(MF BANK) | IPNL/R
— Spread — {Int. | Decoders ( ) /
Ad d 1_
b

user. The channel symbol probabilities are then interleaved
Fig. 1. Spread domain IC/decoder structure. according to (6) and converted to a soft estimate using (1)
before being passed to the interference canceler for the next
whereW = diag(A" A) andg, is the signak with contribu- iteration.
tions from other users removed. Here a particular element ofAfter a sufficient number of iterations have been executed,
x corresponding to a particular symbdj , is hard decisions on the information bits can be performed by the
= . . single-user decoders to determine the receiver’s estimate of the
wpp = ATk, t)(e — Ad) 4w vdi (3) ' data sent for the entire block for every user, wherepresents

where Ak, #] is columnj = (t — 1)K + k of A and is the this output over all users and for the entire block size.
channel response of uskrin symbol intervalt.
The method used to produce the interference canceler out-
puts can vary. In [20], the channel output was matched V. COMPLEXITY ANALYSIS
filtered then used by the interference canceler to produceI

the MAP decoder metrics. The problem with this method n this section, we study the complexity of the iterative

is that the channel needs to be generated by computing g%iv?;ﬁjgggdeé} \'/x?olrjr‘?;t'tgﬁ g].f?ju(;if%feﬂga:gg'?:”;tt. cl)per—
cross-correlation matrixd? A = H, which is a dominating : per : : : ultiply,

complexity term. We instead employ the spread interferenggd’ multiply-accumulate, or subtract function. We use the

: : A . spread interference canceler receiver design as discussed in
canceler solution. This approach is similar to a techniq . ) . .
. o . Fctlon Ill; however, we alter the size of the system to discuss
used in successive interference cancelation [30], where d gcom lexity of a more realistic receiver

estimates are constructed and then respread. plexity )

As suggested by (2), the vectercan be treated as a noise- We determine the number of floating-point operations re-
perturbed version of i,e ey — d 42, wherez . is quired per information bit transmitted for the interference
e, L.C, Lt — Wkt <k,ty <kt

Gaussian with variance [20] enabling the generation of thecanceler (1C), MAP_decoders_(MAP), MF bank receiver (MF
I - . 2 BANK), and spreading operation (ACHAN). Here we assume
posteriori probabmtlesP(dk,t) SINCeLk ¢ ~ N(d’ U’?‘)' at the interleaver/deinterleaver complexity is just a lookup
The variancer; of the zero mean Gaussian noise sequengéb . N
{71 o) is able process, and its complexity is insignificant.
ST We assign the variabléd/, = 2" to be the number of
03 = E{(wps — dis)*} (4) states in the channel decoder, wherés the memory of the
. . . . . convolutional code. We also set the number of users to equal
but sinced; . is not available at the receiver, we instead forr?( the number of paths out of each state in the channel code
0}~ E{(ws: — Czk,t)2}- (5) to gquaIPS, and the rate of the FEC code f[o equ%_.l The
_ o _ . variable P equals the total number of multipathg, is the
We expect this to be a good approximation since wign number of antenna elements, ahdepresents the number of
is an inaccurate estimate, it is likely that the noise will be donterations of the receiver/decoder.
inated by signals from other users. The likelihoods generatedraple | shows the complexity per user in terms of these
from ;. are then reordered, for each user, according to thg#riables. Fig. 2 shows the complexity of the six components
respective interleavers and passed to a decoder for each usethe system with respect to the code memoéry, as the
for the constraints employed in their respective channel cogémplexity of each component is independent of the number
encoders. We choose to use a different random interleaver afrusers_ We set the processing gajfn: 25, the number of

each user; however, tests have shown little difference in resyltydecoder iterations td = 4, the paths out of each decoder
with the same interleaver for each user. The interleaver is usielte to P, = 2, the code rateR = 0.5, the number of
to break up correlations between decoding and interferenggers = 45, and the number of multipath components to
cancelation, for similar reasons to turbo decoding [22]. The = 5. The total complexity forL. = 2 antennas is the sum

interleaving function(f;) allows us to write of all these components and is shown as “TOTAL= 2.”
pldys = d) = fi(pldy. = d)z)) (6) This system is similar in configuration (but with five times
) more spreading and five times more users) to that tested in
which output is used to generadk ;. Section VI-B. For comparison, we include the complexity of

As shown in (6) the output of the decoders is a sequenaeconventional receiver (CONV), which we assume consists
of a posteriori probabilities of the channel symbols for eaclof a RAKE receiver and a Viterbi decoder.
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Fig. 2. Complexity in FLOP per information bit versus channel code menfrig. 3. Performance degradation of iterative receiver with complex ampli-
ory. tude error.

For code memory greater than five, the complexity is, K = 9 users,L = 2 antenna elements, and rate 1/2 code
dominated by the MAP decoders, and this complexity irwith generator polynomialé?[5s, 7s]. The coded frame size
creases exponentially with the memory of these decoders. Tisis” = 200 and I = 4 iterations of the receiver. We show
complexity result shows that for realistic code memories difie results by determining th&, /N, loss compared the case
eight as used in I1S-95 [31], the complexity of the receiver ighen there are no parameter errors. The receiver estimated

dominated by the MAP decoder. amplitude and phase are computed using
We also selected the case where the number of antenna ele-
ments equalé = 5, which is shown as “TOTALL = 5.” With o =a+n,

five antenna elements, the complexity is still dominated by the
MAP decoder. Efficient methods of implementing the MARmvhere the true amplitude and phasenisThe amplitude and
decoders, not the interference cancelation process, are théftase errof(n,) is complex and distributed-A (0, 07) for
fore necessary to make this receiver/decoder more realizaite real and imaginary axis, wheeg is a percentage of the
For K = 45 users, the complexity of the MF bank receiveramplitude. In Fig. 3, we can see that for a standard deviation of
and one iteration of the MAP decoding operation (appro)zo%, we achieve a loss of about 3 dB. These results therefore
imately equivalent to the conventional design approach) sow that the receiver is very insensitive to parameter errors.
shown in Fig. 2 as “CONV.” The total complexity of our
proposed system compared to CONV is approximately B Direction of Arrival
times (per i.nfor.mation-bit).This-increase in complexity_ is very Another important parameter is the direction of arrival
sma!l considering the increase in performance that this systﬂgbA)_ Here we have chosen to show results for no spreading
provides over the conventional system. _ _ N =1, L =5 antenna elementd, = 4 iterations, andk = 4
Last, we note that the estimation and tracking of importafikers We show the performance degradation with respect to

channel parameters is not included in this complexity analySifie standard deviation of the DOA error in Fig. 4. Here the
The complexity analysis also assumes real value operatiQRseaiver estimate of the DOA is computed using
throughout.

/
V. SENSITIVITY ANALYSIS 6 =0+n ()
In this section, we study the sensitivity of the iterativgyhere ¢ is the true DOA and the error in the DOfus) is
receiver/decoder to various parameter estimation errors. THistributed ~ N(0,02).
work enables us to determine under what conditions theThe lobe width forL = 5 at the 3-dB point is approximately
receiver operates well and under what conditions it does not2l> at boresight. For a receiver that can tolerate parameter
also shows whether the receiver will be robust enough for “regrors, we would expect degradation to begin when the 3-dB
world” conditions. We model the additive parameter errofsoint is reached, as this is when the MF signal energy begins to
as Gaussian distributed and show performance results asuBstantially decrease. For this example, the 3-dB point occurs
function of the standard deviation of this error distribution. at 3.3. This is approximately where we begin to see large
performance degradation in Fig. 4. The receiver performance
therefore only degrades when the MF output signal energy
The first parameters we will test are phase and amplitudegrades, not when the receiver’s estimate of the DOA is in
errors. The system we test has a processing gaivof error. This is therefore a good result for this receiver.

A. Phase and Amplitude
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Fig. 6. Performance of iterative receiver with antennas only (mirafig ).

and the adaptability of the SDMA technique to situations with
and without spreading and with and without multipath effects.
We assume perfect power control, that is, constant and equal
power at the receiver for all users at all times.

In Section VI-A, we show results for a narrow-band BPSK
system with, = 5 antenna elementdl’ = 4 users,I =
4 iterations, and no multipath. In Section VI-B, we show
performance results for ah = 2 antenna system/ = 4
iterations, a spreading length @&f = 5, P = 2 multipath
channel taps, an& = 9 users.

For both Sections VI-A and VI-B, each user is encoded
with a nonrecursive, nonsystematic, rate 1/2, four-state convo-
lutional code with generator polynomiald5s]. The decoders
assume that the initial state and final state of the code is
known; therefore the codes are perfectly terminated. Both
systems also utilize random interleaving, which is independent
for each user following the encoder functions. As the results

Fig. 5. Performance of iterative receiver with true noise variance calculatioghow. the performance of these highly spectrally efficient

C. Noise Variance

All the results in this paper assume that we can computetgl
noise variance output from the interference canceler by usi
the actual data seniy ;. In a real system, however, we wiII1
not have access to the true data value, and in this case
will have to compute the noise variance using estimates of t

data, namelydy. ;.

The results forK = 9 users, a processing gain &f =
5,7 = 200 coded frame size, and = 2 antenna element

systems, approaches that obtained for channels with no ISI,
or only a single user. Note that the antenna gain and multipath
ain is normalized so that the system performances between
8nfigurations can be compared. This gain provides a 10
Po%lOL improvement due to the antennas and up to a 10
@%IOP improvement due to the multipath diversity gain

Ee pending on the received amplitudes of the different paths).

A. Narrow-Band BPSK with Antennas

system using (5) to compute the noise variance are shown i,{_n the foI_Iowing s_imulation result, we show the pe_rformance
Fig. 5 (estimated variance). It can be seen that the recei§nd a universal linear antenna (ULA) as the receive antenna
performance on nearly every iteration is very close to the ca4éh L = 5 elements and( = 4 users. The antenna configu-
when the data sent is known using (4) (true variance). TH@tON is as described in Section I, with a coded bit frame size
may, however, not be the case for all system configuration8f 7" = 200. We set the minimum angle of separation between

VI. NUMERICAL RESULTS

users to O initially, and we set the sector size tar 23. The
users DOA are selected from a uniform distribution over the
sector ((7w/6) < 8 < (57/6)) radians every fram& and are

In this section, we show performance of our system undassumed to be known exactly. In this result, we assume a
two scenarios. This is to highlight the power of the techniguelly interleaved, flat Rayleigh fading channel.
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Fig. 7. Performance of iterative receiver with antennas only (minang Fig. 8. Multipath combining receiver performance with multipath,
10°). DS/CDMA, and antennas.

The results in Fig. 6 show the performance over fo%e model as ISl in a similar way to the DS/CDMA channel.

iterations with the “single user” performance representing trAe ) L
. . . nother important point is that a small number of antenna ele-
case when there is only one user, i.e., the no interference

case. This poor performance is due to two reasons. Firn},ents are used yielding a beam width at the 3-dB point (from

two users DOA's can be the same for the whole fram dresight) of 20. Although this may be thought as a disadvan-

interval, therefore providing no spatial separation. Second, tﬁ‘(ge due to collection of energy from other users that have up

DOA for each user is fixed for the entire frame size, and tﬁg 10° spatial separation, it can also be an advantage. Channel

interference is stationary and therefore highly correlated. T}j%easurement results show angle spreads of Wi = 30

is unlike DS/CDMA with random spreading codes where t 6] f?r hilly lrlnacro cell ?n;]/lronmentsf. Our Tlmr?” ULA \:V_OUIdh
interference power is time variant, bit to bit. therefore collect most of the energy from all these multipaths,

The reason for the poor performance is due to the lack \lele ULABS with a Igrlge numbher 0‘; _elerrr:ents would need
separation that occurs in some frame intervals. To achiev@Parate beams to pick up each multipath component.
better separation, we include a constraint that the DOA's!N the configuration tested, we make no attempt to deter-
of each user must be greater tharf Hpart (half the 3-dB mine the channel parameters, which include DOA, delay, and

beamwidth). This could be easily achieved by simple systégPPPIer spreads. It has been suggested [26] that it may be

management software in the base station where an interfermg'cu“ to estimate these parameters for narrow-band systems.

user is handed off to another time or frequency slot [26T.he reasons given are lack of tight power control, the amount

This constraint ensures that the users maintain partial spaflPoPPIer, and multipath effects.
separation. .
\r/)Vith this DOA constraint, our new result is shown in Fig. ? Multipath, DS/CDMA and Antennas
with performance very close to single user (no interference!n this section, we show the performance of the receiver
case) after three iterations. We make no attempt to determiéh @ combination of multipath, DS/CDMA, and SDMA. We
the optimum minimum angle of separation that still yielddllow two multipath tapg = 2) uniformly distributed over
“good performance.” We instead highlight the fact that d§ree DS/CDMA chip intervals, we utilize an antenna array
the minimum angle of separation increases the interfereritfih L = 2 elements, and we use a processing gaitvot 5
decreases. As the minimum angle increases, so too dé®¥sa K = 9 user system and a frame size Bf= 200. We
the amount of system management required to hand 6#intain sectorization to a sector size of/3 radians and
interfering users to new time or frequency slots. A tradeofemove the minimum angle between users restriction. Due to
therefore exists between system management complexity &hel spreading code separation, it is now possible to reduce
receiver performance. This result in Fig. 7 shows that withterference between users with similar DOA's.
some realistic constraints on the antenna beamwidth and thdhe result we show is using the receiver as discussed in
separation of each user we can achieve a reuse within d&iction Ill. The performance of the system is illustrated in
[26] of four with L = 5 antenna elements. Note that the firsFig. 8 and shows excellent results very close to the single
iteration is equivalent to a space-time MF with a soft inputser (no ISI) performance case. This shows that we have
Viterbi decoder. successfully mitigated the multiple access interference and ISI
Although for this system configuration we assume no mutlue to the multipath channel.
tipath, in systems such as GSM there can be delay spreads dh Fig. 8, there is a slight amount of flooring that occurs at
up to five channel bits [32]. These could be easily included ifi, /Ny = 6 dB. We believe this is because of the additional
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correlations due to the chip synchronous system we have
modeled. The interference power reduces by one-third (for
square pulses) if asynchronous chips are used [33]. Also, oth[e%il
results [20] indicate that with asynchronous chips, no flooringe]
is evident at a probability of information bit error of 10.

For both results, we make no attempt to estimate channg,
parameters. Due to power control and the processing gain
of the DS/CDMA channel estimation, parameter estimatio !
errors may be less critical to this system configuration [26?
and potentially make this a much more realizable design than
the narrow-band solution previously discussed.

VIl. SUMMARY (6]

In this paper, we have incorporated the modeling of a
receive antenna array and multipath into our asynchronous bit
DS/CDMA channel model. This allows us to test our receivei7]
on a channel that is similar to that proposed for IMT-2000
[34]. This design also discusses reuse within cell (SDMA)
improvements that could be applied to GSM [35]. We describés]
the iterative receiver and show how we perform space- and
time-matched filtering. We discuss spread domain interferengg,
cancellation and show how this can be used to minimize
receiver complexity.

The computational load of our new receiver is importanj; o
and we show that the complexity per user is independent
of the number of users. For realistic systems the domina[tﬂ]
complexity component is the MAP channel decoders. This
is the desired result, as we have moved the dominating
complexity component from the interference mitigation tashZ]
to the decoding task.

The receiver we have described relies on channel parameter
information. We studied the sensitivity of the receiver to phasg,
amplitude, and DOA errors and found that it is very tolerant of
such errors. We performed these tests by providing the receiver
with a perturbed value, which was Gaussian distributed.
found that for a spatially separated BPSK system, DOA errors
up to the standard deviation of the beamwidth could Héd]
tolerated with less than 3-dB loss. We also found for a DS-
CDMA system that standard deviations in the amplitude ants]
phase of the receiver could be as high as 20% of the amplitude
before a 3-dB loss in performance was encountered. [17]

In this paper, we have illustrated the performance, com-
plexity, and sensitivity of our receiver design. The appli-ls]
cations of this technique to GSM [35] to increase capaci
is demonstrated in Section VI-A. The potential for capacity
improvements in IS-95A or third-generation systems is demo 9
strated in Section VI-B. An important point to note is that th
overall gain shown is achieved by the mitigation of the ISI.
The additional antenna diversity gain of 16g,, L plus a [2]
gain of up to 10log,, P is also achieved, wheré is the
number of antenna elements aRds the number of multipath [21]
components.
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