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Abstract—This paper presents a multirate space-time- the STFBC. These STFBCs/SFBCs with the assumption of
frequency linear block coding scheme (STFBC) with full transmit  non-static symbol intervals require OFDM symbols with large
diversity for a variety of transmission rates. The proposed mul- -, mper of subcarriers. This is a major characteristics of such

tirate STFBC can achieve relatively smooth balance between the .
performance and the transmission rate for a given constellation STFBCs/SFBCs. The number of subcarriers has to be greater

size. Design of a space-time linear block coding (STBC) schemethan N:(L + 1) to achieve full transmit diversity, wherg
is presented as a special case of the proposed multirate STFBC,is the fixed channel order. The channel order gives a upper-
Whti_Ch_ De(;fOYm Ilt?etter 2?2 BsgmehOf the (Txistigg STBCs. MOFdEOVQtfr-I bound for the rank of the frequency correlation matrix. Hence
optumize multirate S have alsO been compared wi H “ ” : :
sgm_e of the existing STFBCs. Simulations results shrt))yv that the zy emfloylng rr?oredth:ill_nh neﬁessarly Sdubcarrler;, full splatlal
design parameter has sufficient flexibility to achieve improved Iversity 1S achieved. .e channel oraer can be very arge
performance with reduced computational complexity. (L +1 = 22 for scenarios such as NLOS B3 channel in
[10]). The order can also be time varying in real propagation
. INTRODUCTION scenarios. A code designed for fixed channel order would not

The multiple input multiple output (MIMO) systems withhaye stable performance in such channels.
multiple transmitters{;) and multiple receivers) increase  On the other hand, some STFBCs have been proposed in
the spectral efficiency of wireless communications systens$1}-[13] with the assumption of static symbol intervals, or
On the other hand, Orthogonal frequency division multiplexingie use of adjacent subcarriers to replace adjacent symbol
(OFDM) combat the frequency selective fading of the channgkervals. The major characteristics of these STFBCs and tradi-
effectively by dividing it into multiple flat fading subchannelstjonal STBCs is the requirement of static channel coefficients
Both MIMO and OFDM techniques have been proposeg@ achieve full spatial diversity. Non-static adjacent symbol
for next generation wireless networks and has inspired thtervals or subcarriers will degrade system performance at
development of space-time-frequency block coding (STFBg|atively low SNR range [14]. Use of more highly correlated
schemes to exploit the spatial, time and frequency diversitiggjacent symbol intervals or subcarriers would move this
to improve the system performance. degradation into higher SNR region.

There are plenty of publications on space-time block coding |n this paper, a multirate STFBC with full transmit diversity
(STBC) in the open literature. The first ever STBC proposgél proposed. It provides a relatively smooth tradeoff between
in [1] can achieve full transmit and receive diversity for ghe performance and the transmission rate. It can also be used
MIMO system with two transmitter antennad/y( = 2) and g design multirate STBCs. The rest of paper is organized
multiple receivers. The quasi-orthogonal coding for MIMQys follows. An overview of the MIMO-OFDM channel is
system with more than two transmitters is proposed in [2]. fresented in Section II. Section Ill describes the proposed
rate one STBC for arbitrary number of transmitters is derivgditirate STEBC coding scheme. The unified decoding pro-
in [3]. High rate (up tolVy) full diversity STBC can improve cess is presented in Section IV. Simulations results and the
the spectral efficiency further [4], [5]. performance with existing codes are presented in Section V.

Traditionally, a static channel for several adjacent time inte&action VI concludes that the proposed STFBC perform better
vals is assumed in designing a STBC. However considering #&n some of the existing STBCs and adaptively change the

relatively long OFDM symbol symbol duration, the STFBCsate depending on the quality of service (QoS) requirements.
in [6]-[9] are designed assuming non-static channel between

OFDM symbols. Under this assumption, the temporal and 1. MIMO-OFDM CHANNEL
frequency domains demonstrate a similarity so that the spaceconsider a MIMO-OFDM system withV, transmitters N,
frequency block coding (SFBC) can be easily extended {gceivers,F subcarriers and< symbol intervals i > N,).

This work is supported by Australia Research Council Discovery Gral-']—the freql_‘ency selective Chanr_]el is assumed to be S.tatic for
DP0558865 consecutiveK' OFDM symbol intervals. Each transmit and



receive pair had. + 1 resolvable delay paths with the same j
power dglay profile. A block of data sympbols transmitted over Con:ate_ 1
each transmitter passes througli @oint inverse fast Fourier - S > naton
transform (IFFT). And a cyclic prefix (CP) is appended. The c, M;';'éac‘e ° ‘I
length of CP is chosen to be long enough to remove the inter Interval 1
symbol interference (ISI). At each receiver, the CP is removeg,, subsystem 1 ¥ &
and then a fast fourier transform (FFT) is applied. Hence, :
the frequency selective MIMO channel is decoupled iAto : s
parallel flat fading channels. The channel frequency response ¢ [ wutirae |8 j
over the fth subcarrier is given by *| strec coneate. [ LEFT*CR

L subsysteniNs S nation j

H(f) =3 e x em /278 (1) o

/=0 Interval K

where f € [1,---,F]. And 7, and h, are the delay and Fig. 1. Multirate STFBC processing scheme for a MIMO-OFDM system

complex amplitude matrix of thé&h path between transmitters

and receivers respectivelA ; is the subcarrier separation in

the frequency domain. In this paper we assume that taps

are independent of each other. Moreover, the elements, of Where the codewor@ = [c1, - -+, cq] is al x Q vector where
are assumed to be uncorrelated circularly symmetric complex - - - ,cq are complex scalars chosen from a particularly r-
Gaussian random variables with zero mean and variatice PSK or -QAM constellationd, Q@ = RPK and(-)" is com-

given by the power delay profile of the channel. plex conjugate. Every pair @ 4, r and® gy g areQ x Ny P

Because of the relatively long OFDM symbol interval, théomplex coding matrices specified lat@®%, , and ©F%, p,
wireless propagation channel might not remain static durignereg € [1,---, N;P], are thegth column vectors 08 45, r
whole K consecutive symbol intervals. However the similaritpnd © g, r respectively.©®4 r = [@a1,r, - ,©axk,r] and
between frequency and time domains reveals that consecuf¥e,.r = [@51,r, - ,Opk r| are Q@ x N,PK matrices.
subcarriers can be used to replace part of (or all) consecutfds0 S = [S1,--+, Sk, -+ ,Sk] is al x N, PK matrix with
symbol intervals if the OFDM system has large number df € [1,- -, K].

subcarriers, eg., 1024 in [15]. Such domain switching also Equation (2) shows that the codewda@ds precoded by both
gives rise to high robustness to user mobility. Moreover, no® 4 z and ® 3 z matrices and dispersed fro@ dimensional
static channels degrade system performance at relatively highn, PKX dimensional transmission data. Ea8h is trans-
SNR range [14]. mitted by P subcarriers andv, transmitters at théth symbol
. M ULTIRATE STEBCCODING SCHEME interval. _Moreover_, the same codewofl is codedK times

. . ) by K pairs of coding matrice® 45 r and © g r. Therefore

A MIMO-OFDM system is partitioned intd?’/ P MIMO- 4 yangmission block coding scheme is specifically determined

OFDM subsystems at first in order to reduce the system CORY; a set of pairs of coding matrice® 4, r and© ;. z, OF a
plexity where P is the number of subcarriers in the MIMO'pair of © 4 z andO 5 z. Symbol transmission rate is denoted
OFDM subsystem. The number of subsystems,= F'/P, asp — (/(PK). The value of intege€) can be chosen from
is assumed to be an mteger here. Each subsystem contging N,PK so that the symbol transmission rak can be
P well-separated subcarriers wheié < L + 1 so that yarieq from1/(PK) up to N,. Proposed multirate STFBC

frequency diversity and frequency correlation structure can B?ocessing scheme for a MIMO-OFDM system is shown in
exploited efficiently. Therefore, full transmit diversity for 3Fig. 1.

MIMO-OFDM system or subsystem i®N;. In this paper ) ) )
subcarriers in the MIMO-OFDM subsystem are assumed tg”*SSUMING that both the real parts and the imaginary parts
be independent of each other [16]. The effect of subcarri@t 1+ " ¢ ?ave a variance ot/2 and are uncorrelated,
grouping described in [11], [17] is highly related to thdV® haveEleici] = 1 andE[c]] = 0 wherei € [1,---, Q]
channel frequency correlation. Hence frequency correlati@d EL] is the mathematical expectaTtlon. The transmitted
matrix R, transmitter spatial correlation matriRzs and symbol S is normalized such thak[SS'] = N, PK where

receiver spatial correlation matrR ;s for the MIMO-OFDM ¢ r)] |n|1pllgs the nr:atr]!x”adjpmt of comlplex_ conjugate tra?spor?e.
subsystem are assumed to identity matrices. This leads to the following normalization equation for the

proposed multirate STFBC:

A. Coding Process
trace (G)A:R@;,R + @B,RGTRR)

A multirate STFBC with transmission rat® is given by:

q _ q *@)4 . K
Sp = C@Ak,R +C eBk,RV = Ztrace <®Ak,R®TAk,R + @Bk7R®1-Bk7R> = N.PK.
Sk = CO i + C*Opy ; ) k=1

S=CO4r+C"'Opp; 3)



Agl (RF ® RBS) AS{ Agl (RF X RBS) ASJ;(

A=Rys® : : : ®)
B. Coding Gain designed as following
Suppose that the transmitted codew@ds decoded a€ Oa N, = VoxD 8)

at the receiver with the codeword err&'C = C — C, then where V- is 20 x Q Vandermonde matrix given b
the errors in the transmitted symbols invoked by the codewold! QxQ g y

error AC is given by: Voxo = [Véx@... 7VZ?><Q’ e 7V8><Q]
Asf = ACOY,; , + AC*'OF, p; 1 1 1
ASy = ACO ak,r + AC*Opy, k; (4) _ 6 o O o g 9)
AS = ACO, r + AC*Op r; Va | : : : :
' PRl ... Q-1 ... Q-1
where AS = [ASy, -+, ASk]. 1 i Q

The averaged pairwise error probability (PEP) betw€en whereV},, , is theith column vector of square mat ¢« ¢
andC over all channel realization can be upper bounded [18hdi € [1,--- ,Q]. The matrixD is a@ x @ diagonal matrix
and determined by the eigenvalues of the covariance matrixgiven by
given by (5) whereAS;, = (Ip ® 11xn,) © (1px1 ® ASy).
The operatorsx and o are defined as Kronecker product
and Hadamard product respectively. Aldg, and1,,«, are
deflined asn xm andm X aII_one matrices respegtlvely, anthereq €[,--- NPl k€[l, -, K] andmod(a,b) gives
1, is defined as an x m identity matrix. The covariance ma- . I

! : ; the remainder on division aof by b.
trix A for the MIMO-OFDM subsystem with arbitrary space-
time-frequency correlation structure refers to [14]. Hence with The coding matrix® 4 , constitutes of the product of
assumptions of the MIMO-OFDM subsystem, the covariane&o complex matrices, Vandermonde mati&gxo which

D — D|ag<17 €j¢, - 7ej¢lnod((I+k'_27Nt) -

) . ’ ' (10)
e]¢mod(NtP+k—2,Nt)7 o ’ej¢mod(NtP+K—2,Nt))

matrix A in (5) is simplified as guarantees to achieve full frequency diversity and diagonal
AS AST ... AS AST matrix D which guarantees to achieve full spatial diversity.
1_ b 1_ K The design of matrixV o« has been discussed in [3], [17]
A=1Iy ® : : : (6)  for oFDM system or MIMO system. The Vandermonde matrix
ASKAST1 ASKAS}{ specifications in [3] are used in this paper. Moreover, the
) . i coding gain( is optimized by the parameterof the diagonal
The coding gain( is further defined as matrix D. For a QAM constellation and) ;4_{\;tPK =
¢ =arg min det(A)NerW, (7) 2°(s > 1), the parameters; are given byy; = ¢/ 22 ™ where
ACH#01xq i€ l,---,Q] [8] If Q = N;PK = 2° x 3(s > 1,t > 1),

s

If P =1, AS), = AS;. Then the MIMO-OFDM subsystem the parameters); are given by#; = e’sa™.
is converted into a MIMO system with a single subcarrieRrCVaoxq =0 only if AC = 01xq.
Thus the coding gain of the MIMO-OFDM subsystem IS Sim- o0 4 1.4t ¢ is an algebraic number of degree greater

plified and determined by the specific STBC coding Strateg%an(Nt—l)Nt over K which is the extension field containing

all the entries of Vg« and the ring of complex integers
C. Coding Design 7Z(3), then full transmit diversity is guaranteed over all QAM
constellations [14]. Hence it provides the freedom to design a
IMO-OFDM system with full transmit diversity.

Moreover

Previous discussion shows the primary mission of multira
STFBC design is to find the pair of coding matri®®@s_  and
©3 R in (2) for a given constellation and transmission r&e  When the bit error rate (BER) of the MIMO-OFDM subsys-
Full transmit diversityN; P is guaranteed always. Moreovertem is lower than the expected performance, the transmission
the coding gain} in (7) should be maximized by the codingrate R can be reduced to achieve better BER performance
matrices for every transmission rate. without decreasing in constellation size or significantly chang-

When the MIMO-OFDM subsystem achieves the highestg the coding structure. Thu§ = RPK and ©4 p is
transmission rateV;, Q = N, PK. In this paper®g y, is RPK x N.PK matrix whereR < N;. The coding matrix
assumed to be zero for simplicit¢d 4 n, is a unitary square © 4 r for specific rateR can be obtained by simply truncating
matrix satisfying the power constraint condition of (3) anéirst RPK row vectors from the coding matri® 4 n, and



normalization using (3). Hence the matf&4 r is given by for k € [1,2] are given by

®A$R =V Nt/RVQthPKD (11) ®A1,1 = \/ﬁ[V}lxg,qﬁVng,qSVixs,Vixg} (13)

where ®A271 = \/é[vix&qsvgx&(bVZxSaVsz}
i . whereV’_ . is theith column vector of matrixv which is

Voxn,PK = [VbetPK’ VN pEe 7Vg><lj\/lfPK] 4x8 v 4x8

constituted by truncating first four row vectors from the matrix
The vector Vi, v pi is the ith column vector { € Vsxs. And V2 is the normalization factor after truncation.
[1,---, N, PK]) of matrix Vo n, px Which is truncated ma-
trix from Vg in (9). And /N, /R is the power normaliza-
tion factor. The structure of matri® is unchanged. However ~Because of the linearity of coding in (2), channel matrices
the optimal scalap,,; for the MIMO-OFDM subsystem can can be decomposed into their real and imaginary pits.

be designed for a specific rafe and symbol constellationt. IS constructed by stacking up channel matrice$i(f) in the
Furthermore, if® 4 y, can guarantee the full transmit diversityMIMO-OFDM subsystem diagonally after subcarrier grouping
at rate N;, full transmit diversity is still guaranteed at eactfnd defined as

IV. DECODING

_transmi_s_sion rate? yvithout the chgnge 0. Hence if® 4y, H) = DiagH(1),--- , H(P)] (14)

is specified, a series of transmission rates for the MIMO-

OFDM system and corresponding coding matri@s  can where H(1),--- ,H(P) are P channel matrices in a given
be obtained by a direct truncation process. MIMO-OFDM subsystem. Hence the decoding process is

Remark 2:1f the coding matrix ©, v, is capable of performed one by one subsystgm. The channel equation for
achieving full transmit diversity in the MIMO-OFDM system®&2ach symbol interval is reorganized as
with the rateV;, truncated coding matri® 4 r from © 4 n, D .
can guarantee full transmit diversity for the system with a rate Yy = \/;t(CG)Ak,R +C*O®pr.r)Hp + Zy, (15)
R. The codeword erroAC for the transmission rat& can be
obtained by assigning zeros to the 168% — R) PK symbols
of AC for the transmission rat&/;. Thus the set ofAC for
the rate R actually becomes a subset of the set/o€ for
the rateN,. Therefore, for the lower transmission rdte the
subset ofAC is smaller resulting in a larger coding gain.

wherek € [1,---,K]. Y, and Z; are the received signal
vector and noise vector & subcarriers during théth sym-

bol interval respectively. The vect®; denotes the additive
white complex Gaussian (AWGN) noise with zero mean and
unit variance. After some manipulations and combination, we
rewrite and mergd< channel complex equations into one real
equation as following

D. Example of the multrate STFBC [Re(Y1),Im(Y1), -, Re(Yk), Im(Yk)]
_ /L
Here we show an example of multirate STFBC for the ~ \/ N, [Re(C), Im(C)l[Hr1, By, Hipre, Hir]

MIMO-OFDM subsystem with two trgnsmitters, two receivers, + [Re(Z), Im(Z)]

two subcarriers and two symbol intervals. For QPSK, the (16)
coding gain ¢ is maximized by computer search over ) )

varying from 0 tor/2. The step size is chosen to bg256 where Re and.Im are real and imaginary component of a
so that the algebraic degree meets the conditiomRefnark VECIOT respectively,

1. The optimal ¢,,, are shown in Table | for a variety of Hy;, =

transmission rate®. The scalarg,,; iS not unique in some ‘[ Re(@arr) Re(Oprr) —Im(Oanzr) —Im(Oppr)

cases. Moreover, the scalar= 1197/256 gives the largest _Im(O v Im(© _Re(® Re(© n
coding gain for the given MIMO-OFDM system at the highes m(@acr) m(Opkr) e(©ax.r) )

transmission rateR = N; = 2. The coding matrix® 4 g Re(Hp)

obtained by direct truncation @ 4y, also gives full transmit  x Re(fID)

diversity in Remark 2 Hence the coding gains corresponding Im(HD)

to ¢ = 1197/256 for different ratesR are also included in m(Hp)

Table | for the comparison. and

When R = 2, Q = N,KP = 8. Then coding matrices H;;, =

© 4k for k € [1,2] are given by Im(@arr) Im(Oprr) Re(Oarr) Re(Opkr)
®A1,2 = [Véx8a¢V62§x87¢Vg><87V‘81><8] (12) Re(eAk’R _Re(eBk’R) _Im(gAk’R) Im(gBk’R)
G20 = [Vgx& ¢Vg><8’ ¢Vg><8v Vgxs] Re(HD

. H
whereVy, ¢ is theith column vector of matriXVsgys. X ImEH
WhenR =1, Q = RK P = 4. Then coding matrice® 4 1 Im(H



R Popt C(¢ = dopt) | C(¢ = 1197/256) in [4] (about 0.8dB difference). Simulations confirm that the
1/4 /2 3.1623 3.1623 coding matrix (8) can achieve relatively large coding gain and
2/4 /2 2 1.9878 good performance compared with some existing STBCs.
The multirate STFBC following the coding matrix (11)
3/4 | 87rm/256 1.1648 0.8868 is investigated in Fig. 3 for the MIMO-OFDM system with
1 /2 0.6436 0.5760 N, = N, = P = K = 2 and QPSK constellation. The scalar
5/4 | 1217 /256 0.2757 0.2103 ¢ = dopt IS specified in Table | for a variety of transmission
6/4 | 1277 /256 0.2211 0.1752 rate R. It is shown that with the decrease of transmission
714 | 1267/256 0.1290 0.1024 rate, the codl_ng gain is mcreased_ar?d consequently the BER
performance is better. The SNR gain is roughly 1.5dB for each
2 | 1197/256 0.0896 0.0896 decrease of transmission rate. Hence the coding matrix (11)
TABLE | shows a flexible structure so that targeted BER performance
TRANSMISSION RATE R VS CODING GAIN G FOR¢ = gopt, AND can be achieved by smoothly reducing the transmission rate.
¢ = 1197/256 IN THE MIMO-OFDM SYSTEM WITH . . . .
Ni=N, =P =K —2AND QPSK. Moreover, in Fig. 3 the multirate STFBC is also compared

with the rate one STFBC in [11] with QPSK and 16QAM
constellation. The STFBC in [11] with 16QAM is compared
with the multirate STFBC withR = 2 since both STFBCs
The equation (16) gives a unified decoding equation wittave same spectral efficiency of 4 bit/s/Hz. It is shown that
2Q) dimensions and real parameters for a variety of trantie multirate STFBC with? = 2 has abou®.5dB gain. On
mission ratesk. Moreover, to achieve the full transmit andthe other hand, the STFBC in [11] with QPSK is compared
receive diversity performance, the maximum-likelihood dewith the multirate STFBC with? = 1 since both STFBCs
tection (MLD) should be used for the multirate STFBChave same spectral efficency of 2 bit/s/Hz. It is shown that
Considering high transmission rat8 and large value of the multirate STFBC withz = 1 has about).3dB loss of
Q = RPK, sphere decoding [19] is adopted in this papdBER performance because the efficient rate one Alamouti
to achieve near MLD performance. code is embedded in the STFBC [11]. However, the change
of constellation size from QPSK to 16QAM for the STFBC
V. SIMULATIONS AND COMPARISONS [11] leads to a significant degradation of system performance.
In this section, BER performance of a MIMO-OFDM sysHence, the multirate STFBC can achieve a smoother balance
tem with two transmitters, two receivers and 512 subcarriersgetween the transmission rate and BER performance.
investigated through computer simulations. The random chan-The effect of the scalap on the coding gair¢ is shown
nel is assumed to be a multipath channel with a uniform delay Fig. 4. The coding gain in (7) for the MIMO-OFDM
profile composed of +1 independently identically distributed subsystem is calculated for QPSK constellation. The multirate
complex Gaussian paths with zero mean and equal varia®EFBC with R = 1 gives larger and smoother coding gain
of 1/(L + 1). We chooseL = 3 and P = 2. Subcarriers than the multirate STFBC withR = 2 because of lower
for each MIMO-OFDM subsystem are well-separated. Theansmission rate. Moreover, simulations show that the full
second order characteristics of such MIMO-OFDM subsystefiansmit diversity of the MIMO-OFDM system is achieved for
is presented in [16]. All STFBCs/STBCs are reformatted t@very scalar. Hence with the increase of algebraic degree of
a real equation with (16) during decoding and the sphege the full diversity is easily achieved in the MIMO-OFDM
decoding is used at the receiver [19]. system. Both lines in Fig. 4 show repeated deep troughs in
If P = 1, the MIMO-OFDM subsystem is actually athe coding gain. The oscillations between deep troughs are
narrowband MIMO system. Hence a STBC is a special casergfatively small. Hence in general the BER performance is
STFBC. The coding matrix (8) for the STFBC can be used ot significantly sensitive to the scalarfor a ranges of values
design a STBC and then compared with other STBCs in [4etween these troughs. Therefore some particular and easily
[5], which also can be unified into the same structure of (Zalculated values, egh = 7/2 andei® = j, can be chosen
These STBCs have same transmission rate of two. The sgalaithout seriously sacrificing the system performance.
in the coding matrix (8) for the STBC is optimized for the 2
MIMO system. It givesp,,, = 737 /256 if QPSK constellation VI. CONCLUSION
is employed and correspondingly coding g&is- 0.8203. For
comparison, the golden code in [5] and high rate STBC in [4] The design of a multirate STFBC scheme with full transmit
give the coding gaif = 0.9457 and{ = 0.6883 respectively. diversity is presented in this paper. A variety of rate adaptive
The coding gain defined in this paper is slightly different to [4;oding matrices are obtained by a simple truncation of the
[5]. Simulations for these STBCs in the MIMO-OFDM systentoding matrix,® 4 n,, or by parameter optimization for coding
are shown in Fig. 2 where frequency diversity is not achievedatrices for a given transmission rate and constellation. The
sinceP = 1. It is shown that the STBC with the coding matrixstructure of the STFBC is also used to design STBCs, which
(8) has performance very close to the golden code in [5] (abaltow a close or better performance than some of the existing
0.1dB difference), but better performance than high rate STESTBCs. The proposed multirate STFBC can achieve relatively
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Fig. 2. Comparisons of BER performance of the coding matrix (8), thé4]
golden code [5] and high rate STBC [4] for a MIMO-OFDM system where
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Fig. 3. Multirate STFBC simulations withh = ¢, for the MIMO-OFDM
system whereV; = N, = K =P =2
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Fig. 4. Coding gain{ vs the scalarw with QPSK for the MIMO-OFDM

system whereVy = N, = K = P =2

smooth balance between the transmission rate and the perfor-
mance without the need to change constellation size. It has a
relatively smooth coding gain for small variations in the design
parameter giving us the flexibility to select certain special
values close to the optimum design parameter to reduce the
computation complexity without sacrificing the performance
significantly.
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