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Abstract - Several Interference Cancellation (IC) shemes have
been developed during this last decade for wirelesetworks to

mitigate the effect of intra-network interferences,when each
user is equipped with multiple antennas and employ$Space
Time Block Code (STBC) at transmission. However, #se IC
techniques all require multiple antennas at receptin, which

remains a challenge at the handset level due to tand size
limitations. In this context, the purpose of this @per is to
develop Single Antenna IC (SAIC) techniques, and #ir

Multiple antennas extensions (MAIC), to mitigate tte effect of
both intra-network and external interferences for users using
both real-valued constellations, such as ASK conglations, and

the Alamouti’'s scheme at transmission.

|. INTRODUCTION

Orthogonal
particular, are of particular interest in Multigleput
Multiple-Output (MIMO) systems since they achievdl f
spatial diversity over fading channels and are deddrom
linear processing at the receiver. Nevertheless, tduthe
expensive spectral resource, increasing networlaagp
requires the development of IC techniques allovgageral
users to share the same spectral resources withpatting
the transmission quality. In this context sevelsthemes
have been developed during this last decade, wbach
user is equipped with multiple antennas and emp®KC
at transmission [10], [11], [15], [14], [7], [8]4]. However,
these IC techniques all require multiple antennas
reception, which remains a challenge at the hankdset
due to cost and size limitations. For this reaskmwy
complexity Single Antenna Interference Cancellatio
(SAIC) techniques [16], [3], [9] currently standemeld and

operational in GSM handsets [2], have been devdlop

recently for single antenna and single carrier sis€sing
real-valued modulations or complex filtering of Irgalued
modulations, by using a widely linear (WL) filtegr13] at
reception. Extension to multiple antennas at recepis
called Multiple Antenna Interference CancellatidnAIC)
technique. As SAIC technology remains of greatragefor
4G wireless networks, an extension of this techywlto

STBC, and the Alamouti scheme [1] in

Orthogonal Frequency Division Multiplex transmissio
using one transmit antenna and the real-valued ungl
Shift Keying (ASK) modulation has been presentedy ve
recently in [5]. Despite of the fact that ASK maoaltibn is
less power efficient than a corresponding compleXViQ
modulation, additional degrees of freedom are albgl and
can be exploited for interference suppressionatdieiver.
Besides, it has been reported in [6] for DS-CDMA
transmission and later in [5] for OFDM links, that
transmission using real-valued data symbols wittwh
receiver can lead to a higher spectral efficiet@ntusing a
complex symbol alphabet with linear receivers. hist
context, the purpose of this paper is to extend the
SAIC/MAIC technology to users using both real-vaue
constellations, such as ASK constellations, and the
Alamouti’s scheme at transmission. The ML and ssWai
MMSE receivers are developed, analyzed and compared
the presence of interferences. The best receiveratde to
separate up to N2 Alamouti users fromN antennas at
reception, hence SAIC capability fidr= 1.

Il. H YPOTHESES, MODELS, STATISTICS AND WL FILTERING
A. Hypotheses

We consider a radio communication system that eyspéo
real-valued constellation, the well-known Alamostheme
ith M = 2 transmit antennas [1] amd receive antennas.
We denote by T the symbol period. Under these
assumptions, assuming flat fading propagation oblann
nwhich are invariant over at least two successivebs}
periods, (B — 1)T and 21T respectively, the observation
gvector over these two symbol periods can be writen

X1(N) = Wy agn-1hy + ppagyhy + by(n) 1)
X2(N) =—Hganhy + Hpag-1hy + by(n) (2

wherex(n) andxy(n) are the x1) observation vectors at
symbol periods @ — 1)T and 2T respectively, the
quantities a, are i.i.d real-valued random variables
corresponding to the transmitted symbels(i = 1, 2) is a



real scalar which controls the power of the twamsraitted
signals received by the array of antentmggj = 1, 2), such
that Eh;"h;] = N, is the normalized propagation channel
vector between transmit antenin@ = 1, 2) and the receive
array of antennas; H means transpose and conjuggie;

E[X2(n)xo(n)T], Cy12(N) 4 E[x1(n)xon)T]. In the following,
the expected value operation, E[.], is considenmnea durst
scale for which the channel vectors are constamtleUthis
assumption, and using (3) and (4), these matriessbe
written as

andby(n) are the sampled total noise vector at samplestime R (n) = 1y hyhyH + 15 hohoH + Ry(n) 4 Ry + Ri(n) (6)

(2n — 1)T and 21T respectively, potentially composed of
intra-network interferences, external interferenc@gst
generated by the network itself) and backgroundendilote
that for frequency selective propagation channelsdel
(1), (2) may also describe, after the Discrete Ieour
Transform operation, observation vectors associaftd a
given sub-carrier, over two successive OFDM symhafia
MIMO OFDM transmission using the Alamouti scheme.

B. Models

Defining the (N x 1) vectorsx(n), b(n), f1 andf2 by x(n)
2 Dxa()T, (T, b(n) £ [oy(m)T, ba(m)IT, 1 [y hyT,
to hoT]T andfs = [po hoT, — pg h1T]T, and defining the (2 x
1) vectora(rR and the (Rl x 2) matrixF by a(n) 4 [a2n—1,
aon]T andF £ [f4, f5] respectively, equations (3) and (4) can
be written in a more compact form given by

X(n) = agn-1 f1 +aan f2 + b(n) & F a(n) + b(n) 3
Most of Alamouti receivers currently available fi£ of
intra-network interferences [10], [11], [14], [7km@oit the
informat'Aon contained in the KBx 1) vectorx(n), defined
by X(n) = [x1(n)T, xo(n)H]T. Defining the (A x 1) vectors
b(n), g, andgp by b(n) 8 oy ()T, b1, 01 & [y T,
to hoMT andg, = [ hol, = g h4H]T, defining the (Rl x
2) matrix G by G = [g1, g2] and using (1) and (2),
observation vectox(n) can be written as

X(N) =agn-101 + an G + B2 Ga(n) +b(n) (4)

To introduce WL filtering ofx(n) in t%? f@llo ing, we
define the extended observation vectis o, pb(n) and
%) by the (4 x 1) vectors@l 8 1f,T, HH]T, 1o 2 [T,
f24]7,  b(n) [b(mT, bMH]Tand x(n) = [x(n)}
x(nb"'kT r@sp ctively. Then, defining theN4x 2) matrixE]
by F = [f1, f»] and using (3), observation vectofn) can
be written as

Xm) =apn-1 1 +apn P2+ bn) & Fa(n) +b(n)  (5)
Models (3), (4) and (5) describe the equivaleneption at
time nTp, whereTp = 2T is the duration of a block of two
symbols, and by a virtual array Nf antennasNe = 2N for
(3), (4) andNe = 4N for (5)) of two NB uncorrelated sources
(agn—1 and app) associated with the linearlindependent
virtual channel vectorf, andf; ((3)), 91 andgy ((4)) andf,
andfs ((5)) respectively and corrupted by a total noise.

C. Second Order Statistics

The SO statistics of the data correspond to thensittices

Ra(n) & Epamxa(mH], Refn) 2 ExamxamH), Raan)

Examxa(n™], Ca(n) = Exy(mxi(n)T], Ce(n) =

Re(n) =T hyhaH + 16 hohoH + Ro(n) & R + Ro(n) - (7)

Rxa2(n) = vyvmplhihot = hohyH] + Ryo(n) 4 Rs12 + Rlz((ﬂ))
8

Cua(n) =1 hihyT + 16 hohyT + Cy(n) @ Cq +Cy(n)  (9)

Cxa(n) = T hihyT + 16 hohy + Ca(n) & Co + Co(n) (10)

Cua2(n) = Vr/mlhghyT - hohy ] + C1(n) & Cep + Cudr)
wherery 8 1121 andT, 8 22T are the mean power of the
transmitteAd signals 1 and 2 %er receive antenmeectsely,
with Ta = Eflanll; Ru(n) = E[by(n)by(m)M], Ro(n) h
E[ba(mba(m],  Ria(n) = Ebi(mb(n)f], Cy(n) 2
Efby(nby(MT],  Cy(n) Elba(n)ba(n)T],  Ci2(n)
E[bl(n)bz(n)T] and Wherd?sl, Re, Rs12, Cs1, Co andcslz
are the six matrices of SO statistics of the remiuseful
signal. Expression (6) to (11) show that the Alathou
scheme generates non zero matrRgs Re, Rs12, Cs1, Co
andCg o, exceptCgio Which becomes zero foi = 1. Thus,
whatever the value dfl is, the observation vecto(n) is
SO noncircular.

D. Linear and Widely Linear Filtering
Time invariant (TI) and linear filtering ak(n), x(n) and

n) are respectively defined by the input-output tiefes
y(n) =wHx(n), y(n) =wH X(n) andy(n) = WH X(n), wherew,
wandw are (N x 1), (N x 1) and (N x 1) complex
vectors respectivelyThese input-output relations describe
what we call in the following a linear, a partiallyL and a
fully WL filtering of x(n) respectively.

I1l. M AXIMUM LIKELIHOOD RECEIVER

A. Presentation

We deduce from (9), (10) and (11) that in the preseof at
least one synchronous intra-network interference tthal
noise vectotb(n) is SO noncircular. Assuming a Gaussian
and noncircular vectob(n), despite of the fact that intra-
network interferences are not Gaussian, the préhabi
density of the latter, i.e. the joint probabilitgrtsity of the
real and imaginary part &{n) becomes [17], [12]

pIbin)] & 12N detRe(n)]1 /2 expE-(1/2) B()Rp(n) b))

(12)
where Ri(n) = E[g(n)g(n)H]. Under this assumption, we
deduce from (5) that the ML receiver for the demation
of vectora(n) in SO noncircular total noise is such thét)
maximizes the ML criterion defined by

Cromiam] & plbin) = Xtn) - Fagy an)]  (13)



Using (12) into (13), we easily deduce that the imé&ation
of (13) is equivalent to the minimization d&@hda(n)]
defined by

Cnda()] 2 lazn-1? FIPRE ™ 11 + Banl? P RGN
+ 239n- @n F1HRH”)_1?2 (14)

- 2[agn— leREtn)_lQ(n) +apn szREtn)_lQ(n)]
where PlHREtn)_l?z, ?f"REtn)_lQ(n) and ?ZHREtn)_ly(n)
are real-valued quantities. The receiver which gmee
a(n) minimizing (14) is called the NC-ML receiver (ML
receiver in potentially SO noncircular total noisdds
implementation requires the knowledgeRp{p), i.e. a Total
Noise Alone Reference (TNAR), and vectdisandfo, i.e.
M1 hy and gy hy. The NC-ML receiver exploits, in a SO
optimal manner, all the information containedRg(n), i.e.
in Ry(n), Rx(n), Rya(n), Cq(n), Co(n) and Cyx(n). It is a
coupled receiver in the general case of arbitraagrim R}
(n) and vectorspyy; hy and gy hy, which means that it
requires the joint estimation oé,n,—4 and apn. This
generateWI2 possibilities for vectoma(n), whereM is the
number of states of the constellation.

B. Decoupling condition

We deduce from (14) that whe%HRgtn)_l > = 0, the
minimization of Cpda(n)] reduces to the independent
minimization of Cnc 1[agn-1] and Cpeolagn], with respect
to apn—1 andayp, respectively, defined by

Cnc,a[azn —J]é|32n —1|ZplH RBtn)_lp —2apn —1le RBtn)_lQ(n)
Cne2lazn] & el 2H Rgtn)—le — 280 ?ZHRgtn)—l% ?

In this case, the NC-ML receiver becomes decoupled:c'yrnbols a2n

which means that the estimationsagf,_1 andayp, are done
separately. This reduces the complexity of the ctear
procedure to the test ofRpossibilities fora(n) instead of

M2. Note that the conventional Alamouti receiver [1]

corresponds to (15) witRi(n) = I, wheren; is the mean
power of the background noise per receive antenna.

IV. M MSE RECEIVERS

An alternative to the ML receiver corresponds te@ th

MMSE-based receivers, which are decoupled receiver

whose implementation does not require any TNARchen
their great interest in practice. For this reases present in
this section several MMSE-based receivers and \wepeace
them to the ML receiver.

A. Presentation

MMSE (P-WL-MMSE) and Fuly WL MMSE (F-WL-
MMSE) receivers respectively. A MMSE filter for shl
aon—1 Minimizes the Mean Square Error (MSE)|agf— —
y1(n)|4], between its outpuyi(n) and symbolagn—. It is
then easy to show that the partially WL and théyfuVL
MMSE filters for symbolyon— are respectively defined by

W1, mmsé) = Ry(n) rgagn,(0) (16)

WL mmsd) = R iy, 4 () a7

gneTe tsean ) e ER(r) 2anal = T G a0

= E[X(n) agn—] = Ty f1. It is then easy to verify from (4)
and (5) that the outpyt(n) of each of these filters takes the
form yy(n) = ay(n) agn— + by(n), where apn— is the
symbol to demodulateyq(n) is a real quantity anby(n) is
the global noise for the symbaj, 1. Assuming a Gaussian
global noiseby(n), a conventional ML receiver fromy(n)
generates the symbapy—4 which minimizego1(n) agn— —
y1(N)[2, i.e. ai(n) [agn—f? - 2an—4Refy1(n)], which shows
that Ref4(n)] is a sufficient statistic for the conventional
ML estimation ofagn— from y1(n). We deduce from these
results that the P-WL-MMSE receiver generates the
symbols asnq and apny, minimizing respectively the
criterions

Gwi(agn-1) = (V_Vl,mmsén)HrjaZn_l(n)/TLa) lagn-1/?
— 2 agn—1 Refw mmsén)™ X(n)]  (18)

Cowl,2(@2n) = (W2,mmsén) rgag,(N) / Te) [aanl?
~ 2 apn Re[wa mmsén) ™ X(N)]  (19)
where V_V2,mmse: R;(n)_lryaZn(n) and its implementation
requires the knowledge @&3(n), rgas,.1(N), rxay,(n) and
T. In a same way, the F-WL-MMSE receiver generdtes t
4 and apn, minimizing respectively the
criterions
G 1(@2n1) = (V1 mmsdn) i 1 () /T8 lan-af?
-2 apn—1 Re] 1,mmsén)H m] (20)

G, 2(82n) = (Wa,mmsdn) rigayn(n) / TR Janl?
— 2 agn Re[W mmsén)"' ()] (21)
Where\pzymmsén) = R;(n)_lrQaZn(n) and its implementation
requires the knowledge &(n), rih, ;(n), rkh,,(n) and
Tp. Moreover, it is straightforward to show that

gﬁ,mmsén)*'ryam(n) ITa=1ifT gl'a?g(n)‘lgl @> 1 and
1 mmsé) ribon (1) / T = 1 if T F17REM)71F) >> 1,
whereR5(n) = R5(n) + Ty %2 %H, Rg(n) = E[b(n) b(n)"]
and RE(n) = RE(n) + my f» fM. The first and second
conditions are verified when the symtm},_; is received
with a good Signal to Interference plus Noise Ratighe
output of the filters (16) and (17) respectively.sinilar
analysis can be done for the symbgj. For these reasons,

A MMSE-based receiver for .the demodulat.ion of symbo ;e “gefine the Approximated P-WL-MMSE (AP-WL-
axn—1 implements a conventional ML receiver from the MMSE) receiver by equations (18) and (19) in whibk

output of a MMSE filter for symbobyoy—4. Two MMSE
filters corresponding to the partially WL and thelyf WL
MMSE filters, are considered in the following. Thgive
rise to two MMSE-based receivers called Partially. W

termswl,mms&“)HriaZn_l(n) I Ty andV_VZ,mmsén)HriaZn(n) /
Ty have been replaced by 1. Similarly, we define the
Approximated F-WL-MMSE (AF-WL-MMSE) receiver by



equations (20) an

apn1(M / Ty and
replaced by 1.

#21) in WhICh the ten%mmsén) rid
2mmsén) rkasn(n) / Ty have been

B. Properties

B1. F-WL-MMSE receiver

It is ea to show that hquHREtn) p =0 (C1), vectors
RI(n)~1f; and Ri(n)~1f; are colligear, which means that
Re HR;(n) )] and ReEHRg(n)‘lp(n)] are
proportional to_each other. A similar result woulbd
obtained for Ref"Ri(n)"2k(n)] and Reﬁ[lﬁzHRE(n)‘lg(n)].
We then deduce from (15), (20) and (21) that thé/L~-

MMSE receiver corresponds in this case to the NC-ML

receiver and becomes optimal. For a given totadengéector

b(n), the condition C1 may be verified only for some .

particular channel vectogs; hy and o hy. Nevertheless, it

is possible to show, after some elementary algebrai

manipulations, that condition C1 is verified fot ehannel
vectors 41 hy1 and o hy, if and only if b(n) verifies
condition C1’ defined by
crt Ry(n) =Ry(n); ca(n) = Cy(n);

Ria(MH = = Ryo(n); Ca(n)T = - Cyo(n)
Condition C1’ is verified in the absence of inteefiece for a
circular, temporally and spatially white noise wedi(n). It

0 is verified for all channel vectoggh; and pho, if and
only if b(n) is such thatRy(n) = Ry(n) and Clz(n)T = -
C12(n). Consequently, the P-WL-MMSE receiver is optimal
for all channel vectorgiih1 and pohy if and only if b(n)
verifies condition C2’ defined by

Ru(n) = R(n); C1(n) = Cx(n) =Ryz(n) =0

C12(n)' == Cyo(n)

In this case, the F-WL-MMSE reduces to a P-WL-MMSE.
Condition C2’ is verified in the absence of inteeiece for a
circular, temporally and spatially white noise wedi(n). It

is also verified in the presence of SO circulareexl
interferences as long &g(n) andby(n) remain uncorrelated
with the same SO statistics. However, the P-WL-MMSE
receiver, used in [10], [11], [14], [7], becomedsaptimal

in the presence of one or several intra-networrfatences
for which C1(n) = Cy(n) # 0 andRyx(n) # 0. It remains sub-
optimal in the presence of external interferenchglvare
either SO noncircular or such thh§(n) and by(n) are
correlated, which is in particular the case foryvéNB
external interferences.

cz.

C. Adaptive Implementation

In practice, Rg(n), RUN), rgas,1(N): Izagn(N), r&agn1(N)
andrih,,(n) are not known and have to be estimated from

is also verified in the presence of one or Severa]K training blocks OstymbOIS introduced in the Alamouti

synchronous intra-network interferences as it can
deduced from (6) to (11). It is still verified ihg presence
of external interferences as longtagn) andby(n) remain

b scheme. Assuming the constant value of the previous

statistics over a burst containing both useful kéoandK
tramlng blocks R(N) andrih,, ,(n) may be estimated by

uncorrelated with the same SO statistics. Hence th&(n) andt by, 1(“) defined by

optimality of the F-WL-MMSE receiver in numerous
situations of practical interest.

B2. P-WL-MMSE receiver

It is easy to show that Wh&jj}l Rp(n)~ 1g, = 0, vectors
X(n)‘ g1 and R5(n)‘ g1 are collinear. AsRy(n)~ 1o
only exploits the information contained in matridegn),
Ry(n) and Cjipn), a necessary condition for
Refgi"Re(n)71x(n)] and Ref;"R5(n)~1x(n)] to be
proportional to each other is th@g(n) = Cy(n) = Ryx(n) =
0. Conversely, assuming th@g(n) = Cy(n) = Ryo(n) = 0, it
is stralghtforward to show that I@I'R;(n) 1%(n)] and
5e[g1 Rﬁ(lrﬁ IX(n)] are proportional and that
1R "o = 2Regl HRp(n)~1g,]. A similar result would
be obtained for Reb"Rg(n)1x(n)] and Refy 'Ry(n)~1x
(n)]. We then deduce from these results and from, ((I5)
and (19), that when C2 is verified, where C2 isra=f by

91"R(n)~1g2 = 0 andCy(n) = Cy(n) = Ryzn) = 0

the P-WL-MMSE receiver corresponds to NC-ML receive
and becomes optimal. For a given total noise velofoy,
the conditionngRﬁ(n)‘lgz = 0 may be verified only for
some particular channel vectorgiyh; and  poho.
Nevertheless, it is possible to show, after soreenehtary
algebraic manipulations, that the conditg)lﬁ'Rﬁ(n)‘lgz =

Cc2:

A 1 OO 0 H
Rn) & = ) x(k+k) x(k+ (22)
o & kZO ) X(k +k)
1 K-1
Maona & = > et aogeigr (29
k=0

wherek; is the posmon of the first training block in the
burst. Estimation ona () is given by (23) witheyk+k)
instead ofay(+kp)-1- Estlmatlon ofRz(n), rzag,.1(nN) andrg
aon(N) are similar to that oR{(n), rih,, 1(N) andriy, ()
with X(n) instead o@(n).

V. PERFORMANCE IN PRESENCE OF INTERFERENCES

A. Hypotheses and processing capacity

We assume in this section that the total ndige) is
composed ofPj,; synchronous intra-network (or internal)
interferences, corresponding to other Alamouti sisdrthe
network with the same rectilinear modulation as ukeful
signal, Pgy: external interferences, coming from other
networks or jamming, and a background noise. Wetden
by mj(t) the complex envelope of the external interferénce
An external interferenckis said to be rectilinear ify(t)" =
m(t) d® and nonrectilinear otherwise, where * means



complex conjugate . It is said to be coherentjf(2n — is denoted by E-receiver(K). Note the poor perfarogaof
1)T) = m(2nT) d¥ and noncoherent otherwise. A coherent P-WL-MMSE and AP-WL-MMSE receivers and the
interference corresponds to a very NB signal coegbao  optimal performance of the F-WL-MMSE and the quasi-
the useful signal. Under these assumptions, warassat  optimal performance of the AF-WL-MMSE whose
the Pgy external interferences are composed RfE convergence is very quick.

rectilinear and coherent interferenc®s,c rectilinear and
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