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ABSTRACT decision feedback detection. Note that for the D-BLAST lattice

o . odes, error propagation can also be reduced by increasitige
We focus on the space-time block codes proposed in [1] fo\(r/:vidth of the diagonal with a corresponding increase in the dimen-

the quasi-static multi-input multi-output (MIMO) Rayleigh fad- ". : )
ing channel, referred to as the D-BLAST lattice codes. We pro_smn of the lattice codes. The drawbacks of this strategy are that

pose a soft decision feedback decoder based on the list impléhe decoding complexity scales @$ and the rate loss due to the

mentation of the sphere decoder to mitigate error propogation an itial set up and termination for each frame also increases. Soft

demonstrate the performance improvements accrued by this d ecision feedback detection was also advocated in [5] but no ex-

coder through simulation results. A power optimization result ispIICIt code design alang with the decoding sirategy to ohtain the

established which can be employed on any full modulation diver? posteriori probabilities, was ;uggetgd. In Section V using the
tructure of our codes, we consider a simple, low complexity tech-

sity lattice to obtain further performance gains. We examine th& . o L .
y P g ique to obtain the soft decisions based on the list implementation

coding gain achieved by the lattice codes and show that in getp— .
eral, constructing a full modulation diversity lattice which also of the sphere _decoder [6]. Sect_|on | presents the (_:h:?mnel model
optimizes the coding gain is a challenging problem. whereas Sections Ill and IV review the code description and the

decoding respectively.
I. INTRODUCTION

Itwas shown in [2] that the D-BLAST architecture could re-  1q giscrete-time block fading model of a wireless commu-
alize a significant portion of the MIMO outage capacity by em-pjcasion system in a flat fading environment with receive, K

ploying single input single output (SISO) component codes. Codgansmit antennas and a coherence intervl efmbol periods is
ing for the D-BLAST architecture has been considered in [3,4],ien by

and more recently in [1]. In [1] we proposed the D-BLAST Y - HA'/?2X 4+ V. 1)
lattice codes which employ SISO component codes based on & js the N' x T received matrix an& is the K’ x T space-time
gebraic number theory on this architecture. The decoding strategyock code (STBC). The fading is described by ffie K matrix
involved zero forcing (ZF) or MMSE filtering to obtain the soft | having independent, identically distributed (i.i.d.), zero-mean,
statistics followed by SISO decod|_ng using the sphere dec_odeJnit variance complex norma{\'(0, 1)) elements. The random
and had a roughlg (k) per symbol interval average complexity matrix H stays constant faf symbol periods after which it jumps
at moderate to high SNR for a system withcomponent codes. to an independent value. THé x T matrix V represents the
For a system withV receive andx’ transmit antennas, employing aqditive noise at the receiver and has i.i@\ (0, 0?) elements.

K SISO constituent full modulation diversity lattice codes, it wasthe diagonal matrix is such that the average power transmitted
shown through an error probability analysisK( ;:(onlducted forthe ZRprough transmittek: is proportional toa;, the k" diagonal ele-
filtering case) that a diversity order 6f/k — X5~1 is achieved ment ofA. Then, the code matriX satisfies the power constraint
for the frame error probabilty (FEP). The analysis also yielded theg[tr(A1/2X Xt A1/2 1)] = T. Thus, with our normalizations, the

coding gain (obtained earlier as the design criteria in [4]) wherayerage received SNR (per receive antenna per symbol interval) is
all component codes employed the same full modulation divergiven by = 2

02"
sity lattice. However, the problem of obtaining full modulation

Il. Channel Model

diversity lattice optimizing the coding gain was not addressed. In l1l. Code Description
Section VI we examine this problem and show that a large fam- The gpace time block codX is generated by, component
ily of full modulation diversity lattices is not suitable with respect gncodersy,, - - -, 47, operating independently. Specifically, the

to the coding gain criteria. Nevertheless also in Section VI, we. i length information symbol vector (with either QAM or PAM

conduct a power optimization which can be used to increase th@ymbols as its componenta) € Y*5 | with Y C Z[i], where

coding gain achieved by any full modulation diversity lattice. Z[i] represents the ring of complex integers, is partitioned as
A major hinderance in achieving performance improvements, _ [u?, -, u?]? whereu,, € YK so thatk = ZL o,

with the D-BLAST architecture is error propagation. [3] ad-, ~ _ [W” - u” , J71<m < Lis then fed to thent”

dresses this problem by employing a single trellis code which is m onenr?t encod ot yka? N gka 0 obtainy,, (11,,) =

decoded using ZF or MMSE decision feedback detection couple P &l - Tm Um

T .. T T
with Viterbi decoding through the use of per-survivor processing. Mt 1)7, - (Mt g, ) ] - S represents the output
) . ) ymbol constellation ani,, is the K x K generator matrix ob-
In order to keep the decoding complexity low, we consider so

ained through the canonical embeddings of an algebraic number

This work was supported in part by NSF grant CCR-0112977 and ARO granfiel_d [7._9] such thatMl,,, Oﬁe.rs full modulation diversity Qver
DADD 19-99-1-0291. Z[i)¥ i.e. for anyv,w € Z[i]¥ such thatv # w and letting



z = M,,v andy = M,,w we havel'[f(:1 |z — ;| > 0. Further
with some abuse of notation, we let, (u,, ;) = My,u,,,; for
1< j<ky,andl <m < L. Inthis work no outer code is used
over the entire layer so thdty,, (u,, ;)} 1 < j < ky, are essen-
tially independent. Then the output of thé” encodery,, (u,,) is
then fed to then'” spatial formatteff,, : S¥=% — SK*T where
S = {S,0}. f.. places the elements of, (u,,) in a K x T matrix
according ta’,,, the index set of then!” layer (i.e. the index set

for them'” component code) and sets the the off-layer elements

to zero. Finally definingX,, = fm(ym(up)) the STBCX is
obtained as

vector of soft statistics for decoding = v;(uy,1) is then given
byl 2 [Zii, ) Zk—kso1n > Z1.x]7. Then definingQ =

diag{Qr .k, - Qk 1.k -1,---,Q1.1}, and
A = diag{ak, - ,ax—,- -, a1}
W= Wk, s Wk kg Wik]b

we can expand! as

ii = QA1/2M1U171 + w! é GIZFllLl + w! (6)
Note that the noise vecter! hasi.i.dCA(0,0?) elements. The
sphere decoder [12] is used on the soft statistics (6) @ifh. as

X=X, 4+ --+X; ) the equivalent generator matrix, to obtain, the decision for

The main space-time formatting (layering) considered in this patti,1- AS noted in [9], the expected cgmplexity of the sphere de-
per corresponds to the D-BLAST architecture of [2] with the €oder (at moderate to high SNR)(¥ K). Further as in the case
width of the diagonal set to one. In particular we choose the nurf [9], due to the form of (6), using the sphere decoder with a real
ber of layers ad. = min(V, K) and we assume thaf = rL for ~ generator matriM, is about times less complex than that with

some positive integer. Then for the D-BLAST layering defining & complex matriXxM; but the resulting performance is generally
g = r — 1, we have that poorer. Witha; ;, we obtainM; &, ; which is fed back. The de-

b {T —(m—1)(q+ 1)J coding ofy (uz1), -+ -, 7k (1K), 71 (11,2), - - - is done assuming

K l<m<L (3) perfect feedback, in a similar manner and the process continuesttill

where|.| is the standard floor operator. The index setigf: the entire frame is decodedl.It can be verified that the expected
layer,£,, ! is given by implementation complexity (per symbol interval) at moderate to

L ={(K—g((t—(m-1)(g+ 1)) mod K)+1,t): high SNR is of the orde®(K?3) which compares favourably to
the O(K®) complexity for the codes of [10, 11].

1<t—(m—-1)(¢g+1)<k.K} (4
whereg(.) is defined as e if n=0 V. Soft Decision Feedback decoding
9(n) = n else (5) In order to mitigate error propagation effects, in this section we

It can be noted that the rate of the code in bits per channel use t®nsider a soft decision feedback decoder. Again for notational
given byR = Mj‘{(lﬂ)_ For typical values of the frame length convenience, we assume thét> K and that, = K. Consider

in a quasi static channel (a few hundred symbol intervals) the ratéie decoding ok’, = v,,.(u,,;). We letC 2 HA'/2 and let
loss due to the initial set up and termination can be ignored anX, denote the‘" column of X with X}, denoting the(k, )"

we have thatX ~ L. Thus forL = K the code entails almostno element ofX. Further, we assume thaf, occurs in the block
loss in spectral efficiency and transm#s symbols per channel codeX inthe intervalttot + K — 1 i.e. we have that
use i.e. at nearly 'full rate’ in the terminology of [10]. Further XK ht1 tik—1 = ;,;fn r 1<E<K.
note that even the codes of [10, 11] transmit at most(V, K) ’
symbols per channel use in order to avoid exponential complexi
in the decoding.

()

We defines,; 2 E[X},] and By 2 E[| X1 — pral?] to be

he mean and variance df;; respectively. The a-priori mean
values are equal to zero and the a-priori value of the varigpge
is denoted byy; ;. The K soft statistics for decoding/, are then
obtained as

IV. Decoding

The decoding of the D-BLAST lattice codes by using the ZF K—k
as We!l as the MMSE filter has be_en dlgcussed in [1]. Slnce'the 2 = FI Yiiho1 — Z Cirgsn1 | 1<k<K (8)
diversity order result and the coding gain expression are derived =1
for the ZF filter case, we briefly describe the decoding for thisvhereY; andC; denotes thé&” column of Y andC respectively
case. For notational convenience, we focus on the scedao . The filterF, is given by

)

K andL = K. We first obtain the QR decomposition of the F, = (021 + CB1, CT)_l Ck k41 9)

fading matrixdH asH = UQ whereQ is aK x K lower triangular | i the matrixB being e

matrix and theV x K matrix U satisfiesUTU = I. Without loss By )(k_’t)diag{ﬂyl bkl Br t+k—1} (10)
ot = b1y Bk

of generality, we assume that the mai@xhas positive diagonal
elements. The received vector at tiheY; (the t** column of
the received matri®Y in (1)) is pre-multiplied byU't, to obtain
Z; = U'Y,. Then we letx), = y,,(u;n;) 1 <m < K,1 <
j < kn, with min, 1 < I < K denoting thel** component of

xi, and defineW 2 U'V. Further we letZy,, Q. and Wy
denote the(k, 1)t elements ofZ, Q and W respectively. The

Note that in the matriB;, ;) the varianceg; ¢y -1, K—k+1 <
Jj < K are set to their a-priori values; ;1. The soft statistics
are then modified to obtain,

2, exp(—idy)

\/ﬁp{rw > FLCPBuk

(11)

5J
Zm,k
1#£K —k+1

2Decoding the diagonal sections corresponding to the frame termination require
some straightforward modifications

Y(a,t) € L, means that the symbol transmitted at t interval through
transmittera belongs to layern



where, FLCkaH = |FLCK,,€+1| exp(igr). Then, letting Note that using a full modulation diversity lattice for layer
5 A |F}Crc—npa _1<k<K, we Quarantees that for every pdit,,sn), i el = s P>
™ VOFLFA S ke i [FLC126104n 1 -~ 0 1 <1 < K, hence the diversity order achieved #r(£%,)
can simplify (11) as S . doted byD,, is given by KK — 1
Zk = O ko T - 1) p o NIN_ 1t AN-Kt1=nNk-EETD g
Further, we le&), = [z}, 1.+, 20, g|" it = [l T i]”  Thusif each layer uses a full modulation dil\éersity fattice, we have
and G/, = diag{0? ,,---, & ,}M,, to obtain the vector rom (17) thatsince’r(£5,) < Pr(€) < 3, Pr(£}), the di-
model, ’ ’ versity order achieved for the FEP denotedIbys also given by
. = Gl w + 7, (13) (18). Further from [1], we define the coding gain for la s,

) ; N N-K+1
We assume the vectay/, to have i.i.dCA(0,1) elements. The ym=Mmt§1,lznm=MmKrm (1 +axby) (1 +a10k)

vectorz?, is fed to the sphere decoder which use5 as the ef- b A b Em €Y (19)
fective generator matrix to obtain a list &f. closest points to wheref,, 1 <1< K is givefn as

the vectorz/,. We letv,, 1 < s < N, denote the information [Ymi = zmal® (20)

. RN 1
symbol vectors obtained so thph;, v}, 1 < s < N. arethe  nte that due to the symmetry f&Eulting from the D-BLAST layer-
NC. cIosesF points obFa'\me.d. Note that this I|§t |mp|ementat|on r_emg considered here, the pairwise error analysis conducted above
quires a simple modification [6] and as claimed in [6] results injg 'y 5jig for all layers and hence the design criteria for choosing
only a smallincrease in complexity. Further, the squared distancgfie ontimum generator matrix according to (19) remains the same
||z}, — G, V|| are obtained as a by product of the algorithm. The,.oss all layers and we thus assiMe= M,,, 1 < m < K.

decisionu,,; is gixen as g P e Further, in this paper we focus on the high SNR regime and obtain

Up,j =arg  min o ||z, — G V]| (14) " the coding gain for the sysiemcas, , 01
Then, definingw, = M,,v,, 1 < s < N. we obtain the a- o (agc T a ) (21)

.. s t#r;t,rey K
posteriori probabilities as, , ,
PR exp(—||z}, — GJ,vs[*) lyr = 22 PN/P -y — 2PN EAD/D
Pr(xm = WS|Zm) = N. = 7 o2 x 402
=1 exp(—||zZm — Gmvi|[?)

1<s<N, (15) A. Power Optimization

Further, lettingi, s deonte thek’" 1 < k < K component of We now consider the problem of maximizing the coding gain
w; we note that since full modulation diversity lattices are used21) by optimally selecting the coefficients, 1 < k < K. Since
for each layer we have that the everif , = iy s is identical to  the power constraint consideredf$tr(A/2XXtA/2 1) =T,

the eventc/, = w, and hencer(z?, , = ty+|Z],) for1 < s <  we assume thaf along with the valuess, £ E[X*X* 1], 1 <

N, are also given by (15). Based on the a-posteriori probabilitieg < K, whereX* is thekt" row of X, have been provided. Then,

Pr(xin,k = 1y, |z7,) wherel < k < K andl < s < N.we  we consider the maximization pj(robll(er{] /D
obtain the new vales of the means and variances+1 t+x—1 max (a1 - "'a%) (22)

ay,hagiap>0 1<k<K;

K wr ap = . B . .
We first transfotr tfie* problem in (22) to a convex optimization
problem. Note that sinceé < ¥~ <1, 1 < k < K,

N—k+1

VI. Error Probability Analysis am P is a concave funtion aof,, for a,, > 0. Further the geo-
An error probability analysis was conducted for the D-BLAST metric mear(z; - - - zx )'/¥ is a concave function of;, - - -, 2
lattice codes decoded using the ZF filter, in [1]. We briefly presentor = > 0, 1 < k < K. Then using the results on concav-
the main results which will then be used in sub-sections VI-A andty of composite functions [13], it can be verified that the func-

andBk —g+1.¢+x—1 forl <k < K, which are then used to decode
the subsequent diagonals.

VI-B. For convenience, we consided@transmit antenna system tion (af’ - - ~a{V’K“)ﬁ is a concave function of its arguments
with K layers andV > K. We expand the average FEP obtainedwhen eachs; > 0. Hence we consider the equivalent concave
using the ZF filter and denoted B¢(£) as maximization problem NoKi1 N\
Pr(&) =Pr(& UE ---UEk) , (16) . SO (a) ceap) <P (23)
with Pr(&,,) being the average error probabolity of layer Fur- , DK aioT .
HEm) g 9 P y ye Now since anyzéél‘utfoﬁ to the Kuhn-Tucker (KT) conditions [13]

h ing th developedin [1], we h . ) X ; L
ther using the a;?é?i‘ié?ﬁ%é ) |.nU [g;}()mje ave (17) for (23) is also an optimum solution, employing the KT conditions

wherePr(£2) denotes the average error probability of layer W€ obtain the optimum values af. wherel < k < K denoted

(component coden) under perfect feedback. Then the pair wisePY a; as
error probability (PWEP) betweer,, = 7,,(u,,) ands,, = al = WN-K+kT 1<k<K (24)
Ym (V) corresponding to thea'®, 1 < m < K layer in a genie
aided system can be upper bounded as

Pr(xm;m — sm) <

X ka
Further letting|m||? denote the squared norm of th& row of
M, sincewy, = c||mg_x+1||*> wherec is a constant, using (24) in
(21) we obtair|1 the new gg,%pg gaiT expresi?nﬁ\%_Kﬂ)/D
. YK — 2K

1 _
(1 — 21 K
_ : : ‘ - . R LSS 25
(1+ ax Z;:l |:L‘in,1_sin,l‘2)N.‘.(1+ a1 Z?;ﬂl ‘IL,K*SL,KP)N,KJA y=M¢,z=Mr ||1’I11|| > < ||mK|| ( )
402 402 tgrit, rey K . . . 9
WHEree is a constant involving the given paramet&isk, T', o

3Note that the following simple rule is used due the absence of any outer codeand the average energy of constellatjon




B. Optimum Lattice 1 < m < s. ° Then letting{e} denote the group of units ¢?x

We now consider the problem of determining the optimum fullve have 2/
modulation diversity lattice, which maximizes the coding gain 5 s+t
(25). We seek to construct a full modulation diversity lattice thattyy < inf H |oj (a)] %P H |0 ()| P20 (29)
is good ( i.e. yields a large coding gain) for a range of input con- ac{c} izl k=s+1
stellation sizeg)| where) C Z[i]. Note that such an approach Nowletl/(«) = [In |0y ()], - -, In|os(a)|, - -, In |oee (a)?] de-

may not yield a lattice optimum with respect to a particular in-note the logarithimic representation @f€ {¢}. Then using the

formation constellatiog/, but an exhaustive search for generatorproperty that the groufi(a) : o € {e}} forms afull lattice in the
matrices maximizing (25) rapidly gets intractable for even moder-

A
. ; subspac& = {[\i, -+, Ase] € R¥FE: S0 A = 0} [16], we
ate values ofy| andf, Hen(/:eDwe |f1|)§t|2c(9vn_sl|(d+elr)}ge term (26) can readily show that the right hand side of (29) and hetjgeis

B 2N

= gfﬁ . equal to0. m
whereA is the lattice generated ad Z[i]%X. We seek to obtain Note that as an immediate consequence of the theorem we have
a family of matrices{M} with Xy > 0. Note thatAyr may Am = Ay = 0 whenevers > 1, since then the condition
be thought of as the unnormalized coding gain obtained Mth required in the theorem is always violated. In general even if
A similar approach for finding good lattices for the perfectly in- A3 > 0, ensuring that the lattices also yields > 0 is still
terleaved Rayleigh fading, single transmit antenna channel waan open problem. Further for the simple case witk= 1 and
adopted in [7,14] and more recently in [15]. The unnormal-A = MZX we can readily find a permutation to satisy the condi-
ized coding gain expression for that channel involves the minition of the theorem and since hekgs = A}, we havety = 1.

mum product distance defined as In this paper we restrict our attention to the full modulation di-
min [vy > ok ]? (27)  versity lattices provided in [7,15]. Through simulation examples

v oK we show the performance improvements obtained through power
For both the cases = MZ™ andA = MZ[i]™ [7,14,15]pro-  gpiimization done on those lattices. Hence the error probabilities

vide full modulation diversity lattices obtained through canonicalprovided here serve as an upper bound to the best attainable error
embeddings of algebraic number fields, which ensure (27) has @tes.

value equal td. After ensuring a non-zero value of (27), [14,15]
maximize the coding gain by minimizing the average energy. Un- VII. Simulation Results

fortunately for our channel for geperal and K, as .prov.ed n FEP comparisons between the D-BLAST lattice codes and the
the_ theorem t?e'o‘"" for a large farmly of full modulguon.dwersny codes of [10,11] have been carried out in [1] for various values
Iatt!ces, (2.6) is equal 10 and finding full modula_1t|on d|ver?(|ty of N andK at different spectral efficiencies. It was shown that the
!attlces which ensure a non-zero value of _(26) Wtk MZ[Z] . performance achieved by the D-BLAST lattice codes was gener-
'S a h_ard problem. We lef’ be an a_Igebra|c T‘“mber field of di- ally close to that achieved by the codes of [10,11] but at a lower
men§|onK over@ (Q denotgithe field of rational ”“'.“befs) and decoding complexity. Here we demonstrate the further improve-
consider the casé = MZ[i]". Let O denote the ring of al- o that can achieved with the D-BLAST lattice codes through
gebraic integers of” andw, - -+, wx be an integral basis so that g, yecision feedback and power optimization. In Fig. 1 we plot
O = Zw + - + Zwg andoy (), -+, 0 () be theK canon- o average symbol error probability (SEP) of a D-BLAST lat-
ical embeddings of” to C'. We assume that the signatureof .. e for a three transmit and receive anteiVia( K = 3)

is (j’r’? Le. a1(.),-- 'I’Us(') c.:orresp%?d E)Itr;i/realdembeddk:ngs example with three layers. THex 3 complex cyclotomic rota-
andt efrest;o T:Omﬁ exlconjggate paas fe” (a)d Ienlote(;. € tion [7] is chosen as the full modulation diversity generator ma-
norm ofa € 7. Further, in order to ensure full modulation diVer- ., o, 5|l the layers and we set = ¢I wherec is the normal-

sity we assume > 1 so thatQ(i) is not a sub-field of” [15]. izing constant. The information symbol constellatpnc Z[j]
We letw(.) be a permutation operator di, - - -, K'} so that the A _ .
wherej = exp(i2n/3), has sizet and the frame length consid-

generator matriM is constructed as/;, = o.(;) (wr). Then we ) ' '
have, ered isT" = 102 symbol intervals so that the total rate is (almost)
Xv < Xy= inf |Uﬂ(1)(a)|2N/D o) (a)|2(NfK+1)/D 6 bits per channel use (PC8) The SEPs achieved on using the
7Y ZF as well as the MMSE filter are plotted. Also plotted is the
. B B,4:0\2/D SEP achieved by the soft decision feedback decoder of Section
= nf (I (@7 -+ lospa (@) +) (28) \/ with N, = 16. Note that at the SEP afo—3 the soft deci-
where sinceV. > K we havef, > 1, 1 < k < sandB, >  Sion feedback decoder gains abauind3 dB compared to its
2, s+1<k<s+t B - ~ MMSE and ZF couterpart respectively. To demonstrate the ben-
Theorem 1:X%, = 1ifand only if 3, = Bforall1 < k < s efits of power optimiztion presented in Section VI, we consider
andg;, = 28 forall s + 1 < k < s + t, whereg is some positive @ System withV' = K = 2 and two layers in Fig 2. The gen-
integer. For all other case¥; = 0. erator matrix used is th2 x 2 complex cyclotomic rotation [7].
Proof: Note that if the condition is satisfied thetfj, =  The symbol constellatioy’ C Z[i] is taken to be the rectangu-
infacop [N (a)|?*/P = 1. Now suppose the condition is vio- lar 4 QAM constellation withT" = 200 symbol intervals so that
a#O

lated. Let28,, = min{281, -, 285, Bst1, ", Bstt} fOr some 5The case8,, = min{2B1,---,28s,Bs+1,*,Bs+th s +1 <m < s+t
can be handled similarly
4Note thatK = s + 2t 6The actual rate is abot88 bits PCU due to the set up and termination loss.



the total rate is (almost} bits PCU. We plot the FEP achieved [2]
by using the ZF filter, for three choices of the matAx given

by, A; = ¢ x diag{4/5,1/5},A1 = ¢ x diag{3/4,1/4} and

A* = ¢ x diag{1/3,2/3} wherec is the normalizing constant
and A* denotes the optimal choice. Note that the diversity ordef3]
of all the FEPs i3 and at the FEP of0~? the optimized design
gains about.3 and2 dB compared to the design with, andA ;
respectively.

(4]

VIIl. CONCLUSION

We considered the D-BLAST lattice codes and proposed a sim-
Ple low complexity soft decision feedback decoder based on thg]
ist implementation of the sphere decoder, to mitigate error pro=
Bogatlon. We established a power optimization result which can

e employed on any full modulation diversity lattice to obtain
performance gains and examined the problem of obtaining opti-
mum full modulation diversity lattices for the D-BLAST lattice
codes. Performance gains measured in terms of SEP and FeEfl

were demonstrated through simulation results.

Rate 6, 3 transmit, 3 receive antennas

(7]

(8]

] (9]

+—+—+ D-BLAST ZF S
Vv—¥—v D-BLAST MMSE

_|[¢ ~¢ -0 D-BLAST soft def. : ‘ ‘ ‘ [10]
10 2 4 6 8 10 12 14 16 18 20
SNR (dB)
Fig. 1. [ll]
Rate 4, 2 transmit, 2 receive antennas
10° : [12]
[13]
o [14]
[T
[15]
+——+ D-BLAST-ZF-1 °®
vV—v—v D-BLAST-ZF-2
s ¢ -¢ -0 D-BLAST-ZF-opt
10 14 16 8 20 22 24
SNR (dB)
Fig. 2. [16]
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