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Abstract
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Orthogonal ~ Space-Frequency trellis coded ~OFDMONStellation signal represented bysexp(j2ia/M), i =1,2.
(SOSFTC-OFDM) system using the Gauss-Chebyshe® O; 1, ..., M-1; one can pick = 2r&/M, where &= 0,1,
Quadrature technique. SOSFTC-OFDM is a form of the:: M-1

super-orthogonal space-time trellis code that igdusvith
OFDM. SOSFTC-OFDM utilizes the diversities in freqay

Although space-time coding schemes were designeabfo-
frequency selective fading channels, their perforeean

and space domain by assuming that coding is doaegal frequency selective channels have been an ongesearch

adjacent subcarrier in an OFDM environment. Thigpea
evaluates the exact pairwise error probability (BER the

area. Space-time coding schemes in a frequencygtisele
channel results in severe performance degradasi@rasult

SOSFTC-OFDM system based on the Gauss-Chebysi@éintersymbol interference (ISI) [4].
Quadrature formula and used the PEP to calculate thOrthogonal frequency division multiplexing (OFDM)

approximated average bit error probability. Compayithe
calculated average bit error probability to the silated our
results shows 0.2dB SNR deviation for &@erage bit error
probability at error event of length 3..

1. Introduction

technique transforms a frequency selective charnmiel
parallel frequency non-selective subchannels aimireltes

the ISI caused by the multipath. The performanceaobus
space-time coding schemes in OFDM systems have been
investigated in the literatures [5-6].

In [5], space-time trellis coded OFDM systems with
interleavers over quasi-static frequency selectiading
channel was considered. The performance of the waede
analyzed under various channel conditions in teomghe
coding gain. The work points out that the minimum

Space-time coding techniques are bandwidth and powgeterminant of the space-time coded OFDM systems

efficient methods of communication over fading afels. It
combines the design of channel coding, modulati@msmit
diversity and, receive diversity. Some of the basiamples
of space-time codes includes space-time trelli@ &I TC)
[1], space-time block code (STBC) [2] and supehogbnal
space-time trellis code (SOSTTC) [3]. SOSTTC iseavn
class of space-time code that combines the setipairig
and a super set of orthogonal space-time block caue
systematic way to provide full diversity and impeov
coding gain when compared with earlier space-tina#lig
construction [1-2]. The orthogonal transmissionnraised
in the design of SOSTTC is given as:

o
A (s, 52'6’)=[ e SZ] (1)

—S; el? S

For an M-Phase Shift Keying (PSK) modulation with
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increases with the maximum tap delay of the channel
thereby causing an increase in the coding gaimefbded
OFDM.

In [6] a full-rate robust Super-orthogonal spaceetitrellis
coded OFDM system was introduced. The scheme pgevid
multipath diversity in wideband-frequency selectfageling
channels in addition to space and time diversitye paper
assumes that the channel remains constant durieg th
transmission of the orthogonal matrix.

Another possibility of coding as hinted in [7] far block
coding schemes in an OFDM environment is to asstinae
the channel frequency response is identical actiossN;
adjacent subcarrier. We introduce this type otsuh for a
super set of orthogonal block codes, as Super-Gottnal
Space-Frequency Trellis Coded (SOSFTC) OFDM system.
In [8], the closed form expression for the averageerror
rate (BER) of space-frequency block coded OFDMegyst
were derived using the instantaneous BER at eaahnet
subchannel and assuming Gray bit-mapping.

In this paper, the approximated expression of tezaaye bit
error probability is given using the derived closftm
expression for the pairwise error probability (PEH)a
SOSFTC-OFDM system using the Gauss-Chebyshev



Quadrature technique [9]. The calculated averagesrpor L-1 ]

probability shows good correlated with simulategrage bit ~ G;; (n) = Z 9ij (l) exp(- Rrtinin /N)

error probability =0

The paper is organized as follows. In Section &, system =0 W( n) , (4)
model of the SOSFTC-OFDM is discussed. In Sectione3 -y 5. (L-D)7 i

describe the derivation of the PEP using the Gausvsv—here %=1 &), g”.(l)' £(2: £(3). - HLADI s the
Chebyshev Quadrature technique and also give noaterichannel vector with narrowband zero-mean complex
examples. In Section 4, we use the PEP obtain&bation Gayssian processes and the FFT coefficient is
3 to give an approximated expression for the awetaig

error probability for a quasi-static frequency séle fading W(n) = [e‘J'Z”””o/N, gizmu/N_ - gizmng/N ]T _

channel. In Section 5 a brief discussion on thalltes

obtained from the numerical example of both the REBE

the average bit error probability is given whilecen 6

concludes the paper. 3. Pairwise Error probability of SOSFTC-

OFDM Systems
2. System Model

o _ _ 3.1. Mathematical Analysis
An OFDM transmission system witk transmit antennas,

N; receive antennas aiisubcarriers is considered. For the PEP analysis we consider a SOSFTC-OFDMsyst
Each transmitted frame consists MfN; M-PSK SOSFTC ith two transmit antennal( = 2), using the orthogonal

block of codes with each block consisting Mfencoded transmission matrix given in (1). The received aigat the
symbols. Lets(n) represent the symbol transmitted from
subcarriem (n 0{1,2,...,N}) at thei" transmit antenna. J
After matched filtering, sampling and fast Fouriemsform

" receiver antenna is given by:

(FFT), the received signal at tﬁ%received antenna is given R=GyS +G3S +N 5, )
by:
Ny . where the super-orthogonal block codes for thettansmit
R;= Z GiS +N;, (@) antenna is written in equation (6) below as:

: Si=[si(1), s1(2), si(3),..., su(N) I
where G; =[ G;(1), G;(2), G;(3)...., Gj(N)] T consist of the set I5(1)e’, -S(2)e’, S(3)e”, -S (4)” ..., S(N-1)&’ -s (N)&’ |
of channel frequency respon§g(n) from thei™ transmit S:=15:(1), $(2), (3),-.., (N) 17
antenna to thi” receive antenna for thgh subcarrierR; =[ 45(2) é*(l) 5(4) 35(3)’ o s(N) L S(N-LYT ©6)
r(), 1i(2), ri(3)..... ()" consist of the received vectors at ' B o ’
different subcarriers andly =[ 7;(1), 7,(2), 7(3),- HNI"  To evaluate the PEP of a SOSFTC-OFDM scheme iee. th
consist of th_e noise componey) at the receive antenfa probability of choosing the codewof&i= [5(1), 5(2), §(3),
and subcarrien. The noise components are |ndependently(4)’§(5), ...,§(N)], wheres(n) = [,(n), s,()], when in fact
identical complex Gaussian random variables withoze 1o codewordS = [S(1), s(2), s(3), 4), 5), ..., S(N)]
mean and variandd,/2 per dimension. _ wheres(n) = [s,(n), s(n)] was transmitted, the maximum
The time domain channel impulse representation &@W |y elihood metric corresponding to the correct atiu
the i transmit antenna and t_h@ receive antenna can beincorrect path will be used. The metric correspogdb the
modeled as & tapped-delay line. The channel response Qi ract path and the incorrect path is given inatiqa (7)

time t with delayrs can be expressed as: and (8) respectively.

L n m(r, S) = |R; - Gy S+ Gy SHIP- 7
9; (Ts,t):z gij(|,t)a(rs_N—AlfJ, 3 . J lJA ZJA

=0 m(r, S) = |R; — Gy S1+ G4SH)IF. (®)

The realization of the PEP over the entire franmgtle and
where O(D) is the Kronecker delta functiorh, denotes the for a given channel frequency response is giveeqimation

number of non-zero tapg;(l, t) is the complex amplitude of (9).
thel™ non-zero tap with delay @f/NAf, n is an integer and
Af is the tone spacing of the OFDM system. In §3)|, t)

is modeled by the wide-sense stationary (WSS) nédnaad
complex Gaussian processes with po&fg;(l, t)f] = o/,

P S—S|G)=Pr{m(r, S)>m(, S)}
= Pfm(r, S) - m(r, 8)) > 0} 9)

Simplifying (7) and (8) and substituting it in (Yives

which is normalized a3 o7 =1. equation (10)
For an OFDM system with proper cyclic prefix, prefe A A A
sampling, the channel response is expressed as: PS—8|G)=Pr{IGy(s-S) IF+Il G (S-S IF}
= Pr{liG; Alf > 0}, (10)

whereG; = [Gy Gy], A is the block codeword matrix that



characterize the SOSFTC-OFDM system afidstands for
the norm of the matrix element.. The expressiomof
given in equation (11).

A{

The conditional PEP given in (10) can be expregse¢drm
of the complementary error function [9] as:
j (12)

P(s- 3 =% c[\/

The functionAA" is a diagonal matrix of the form shown in

Sl_’s
Sz_ASZ

(11)

ZGAA G

011

t%])ENZrG_AAHGH
L5 j j

t2+1

:717 E j:ex{_(

(- @n

Ps-9§

The above expression (17) can be simplified furth&ng
the results in [11].

For a complex circularly distributed Gaussian rand@mw
vector z with meanp and covariance matris,> = E[zZ']-
pW, and a Hermitian matridl, we have:

exp[—,ul\/l (+oM) ) J )
det(1+0,M )

Ig[exp(—zl\/l(z*)T J

(13) below and J" represents the conjugate transpose of thghere| is an identity matrix. Applying (18) and also ugin

matrix element and £N, stands for the symbol signal-to-
noise ratio,

Ad(ad) o o |
w0 A(Z)wa) 0 |
0 0 A(N)(Aw)

The diagonal element of (13) and further expansib|63j
is given below.

A(n)z{q(n)—?(r)} (14)
S,(N-5s(n
G, :[Glj GZJ’]

:[glj (O) glj (L_l) gZi (0) @Z ( L= ]):LXLNI

wn O 0
L 0 w(n 0
6 O W.(n) LN, xN,
:[glj 92j ]W(I’]) (a5)

A complementary error function, as defined intelgri [10,
7.4.11]is given by,

—bz(t2+l)

erfc(b):%j: ¢ dt (16)

t2+1

Expanding (12) using (16), the conditional PEP dan
expressed as an integral. Thus, wHx) denoting the
average ok, one gets:

(15) in solving (17), (19) is obtained.

Knowing that z = §; Oy], M = -(t*+1)E / 4N,W(n)A(n)(
AW ()™ (it should be noted that sindd/(n)A(n)(
AM)FW(n)" is a diagonal matrixM is an Hermitian
matrix i.e. M MT), u=0 ([95 O] has Rayleigh
distribution) andg ? = =

2
O 10y 0,1~ ' 1N

P(s- 9= dt

1
s A(tzﬂ)}_ (19)

0

1p» 1
77.[0 12 +1D de\[l R
N

A= W (ma(m)(a(n)" (w ()’

n=1

To solve (19), an integral equation is given by )(20
considered.

_1 1 2
=], = ' (t* +2)dt (20)
where,
- 1 (21)

E
det| | + S
{ Ne 4N

f(t?+1) = ﬂ A(t2+1)}

Substituting Y = Zl/t2 +1 into (20), (20) becomes (22).

0 j

(22)

1t 1
—Zﬂi Tl_y)f(l/y)dy

The above equation (22) is in the orthogonal patyiad
form as given in (23) [10, 25.4.38] and Gauss-Ckhby
Quadrature technique of first kind can be useadteesit.

1

[ 75or

f u

—du 231‘( )+V, (23)



where

1 0
U.=COM, wl) o0 |[2 1wy o o
2m A: [2 2] (28)
g 0 12 0 0 1w
' m’ 0 w()
Vin < —T&)fl(Zm) !22m—1‘ 8 (u)‘ : For error event of 2Ain (25) is given ag,.
The expression in (22) can take the form of (23) if,=K +K,+K+K, (29)
2y—1=u, then
(2i - 1)77 where:
2y-1=cos—————,
2m 1 0
_(2i-1)m
2y =cos— =+ 1, ‘- w(l) o0 o[0 ] 1wl 0 0] (3
(2i-1) 7 1o 12 0 0 1 w(j
Yy=sed —2— | (24)
4m 0 w())
Therefore 1 0
=X wf(u)+v, K, = w2) o -2 [-2 ql w2) 0 0 (31)
= 1o 1o 0 0 1w?2
:iZf (Seéwj+ i (25) 0 w(2)
mi 4m
he closed-f f th f ! 0
The closed-form expression of the PEP for SOSFTOI@F
system using the Gauss-Chebyshev Quadrature forasmula K,= W(B) 0 [0}[0 0] . W(g) 0 0 (32)
enumerated above is now given by (26). 0 1 |0 0 0 1 w3
0 w(3
S AL 1
S-§=— : +V, (26)
P( S) zmg“'Eide{l +E5Ase&(2_])ﬂ} 1 0
T an | < w4 o2 = w4 0 0] g
N 0 12 0 0 1 W(AD
As m (which is the order of the polynomial i.e.uf)(and also 0 W(4)
function of degree of precisiorE 2m-1l) increases the
remainder term \{becomes negligible.
3.2 Numerical Example 4. Average bit error probability of the

SOSFTC-OFDM system
A 2-state BPSK trellis given in [12] is used aseaample.

Ig our examplehwe azsuge.éhr?tzf, N, =1 andd z'thgtcghe The average bit error probability is of greateeiest than
FDM system has a bandwidth of 1MHz and 256 OFDM, o pEp i analyzing the performance of a commtinita

;ubcarrier K=256). The _tone spacing Of th(_e OF.DM SySterT%ystem. The average bit error probability of theSEDC-
is 3.9 KHz. Based on this assumptdn) is given in (27).  5rpp systems can be obtained by accounting forrerro
event path up to a pre-determined specific valumgus

1 0 equation (34).
_{w(n) o0
W= 5" 4 27) Pb(E)=%z als = 8)p(s= 9 (34)
S#S
0 W( n) whereh is the number of input bits per trellis trangitiand

q(S — $) is the number of bit errors associated with each

The different values of\ for the PEP expression of therror event. If the maximum length of error eveaten into

SOFTC-OFDM system is given below for error eventlof @ccount is chosen as, it is sufficient to consider the error
and 2 . event up toH; this represents a truncation of the infinite

For Error event of 1Ain (26) is given agy. series used in calculating the union bound on therpor
probability for high SNR values. The choicetéfis critical



in the sense that most of the dominant error eviemtshe used for other form of space-frequency block co@&®M
range of SNR of interest should be taken into aetby a schemes.

proper choice while preventing excessive computatio
complexity (the computational complexity grows
exponentially withH). £= | --B-- Error Lenght = 2
The PEP previously derived will be used to evaluate @~ — ~~~~ —~—=2-~~~ 17 @ Eror Lenght = 3
closed form an approximation to the average bibrerr
probability by accounting for error event equaBtdf the all
zero sequence was transmitted i.e. {(0,0)} , ushg2-state
code in [12], there is a single error event patlenfth 1 i.e.
{(0,2)} which has a PEP of type PERNd contribute only
one bit in error. When accounting for error evesftéength

2 i.e. H = 2 and assuming that the all zero sequence was 1"
transmitted i.e. {(0,0)} and {(0,0)}, there are 4r@ event

paths i.e. {(1,0)(1,0), (1,0)(1,1), (1,1)(1,0) afti1)(1,1)}

which have PEP of type PERNd they all contribute a total 10° L L
of 12 bits in error. EsiNo

Also when accounting for error event of length68 H = 3
and the all zero sequence was transmitted i.e0)}(@0,0),
(0,0)}, there are 8 error event paths i.e.{(1,0§,0),
(1,0)(0,0)(1,1), (1,0)(0,1)(1,0), (1,0)(0.1)(1,1),
(1,1)(0,1)(1,0), (1,.1)(0.1)1.1), (1,1)(0,0)(1,0),
(1,2)(0,0)(1,2)}. All these error event paths havEP of
type PER, and they contribute in total 28 bits in error

-1
100 p==r=—==== e T == == o= === ———— =

10°

—

Pairwise Error Probability
=
O‘
3

Figure 1. PEP performance of a 2-State BPSK SOSFTC-
OFDM system.

(N

10"

To approximate the average bit error probability by B T ErtorLenght = 1.
considering only the error event path of 1, 2 anae3use SN, il
Po1, Ps2 andPy; respectively. > N G s Ertor Lenght = 3 }--
Pu= %2 (PER) O N

g 10° -~ — ) \ s
Py, = ¥ (PER+ 12*PER) @6) 3 SIS
Py~ % (PER. 12*PER, +28*PER,) @7)  § [ R

~.

10

5. Performance results
Figure 2: Average Bit error Probability 2-State BPX

The performance of the SOSFTC-OFDM system in aiguas SOSFTC-OFDM system.

static frequency selective channel is evaluateditoylation
and analysis using the same parameters statedtiors8.2. 7. References
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