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Abstract

In this paper, we present a candidate high data rate space time coded OFDM system for short range personal

networking. The system transmits the complex space time coded signals with a hybrid orthogonal frequency division
multiplexing (OFDM) based on ultra wideband (UWB) pulses. The transmitted signals are sparse pulse trains modulated
by a frequency selected from a properly designed set of frequencies. Additionally, a widely linear (WL) receive filter and a
space time frequency transmission are designed by using two simple parallel linear detectors. To overcome the deeply fade

in the propagation system, a beamforming combined with space time block codes also are briefly discussed.

Keywords :

I. Introduction

Recently the UWB communication systems have

been described in the literature for this application,

e g'[l,Z]

as robustness to multipath interference™, high rate

They offer several potential advantages, such

transmission and capacity increasing almost linearly
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It
transmission for personal area networking (PAN) and
a design of high data rate, short range (10m-20m)
high performance

with power. is demonstrated as an efficient

communication network for
clusters. UWB communication systems use signals
with a fractional bandwidth that is larger than 25%
of the center frequency, or more than 15 GHZ®.
Prior research indicates that the wide bandwidth of
such systems makes them more robust to multipath
interference™. As an overlay system, UWB will
necessarily be required to operate in the presence of
potentially strong inter symbol interferences (ISI),
perhaps multiple interferes and multipath fading:
Several works proposed the OFDM and diversity
techniques combined with UWB transmitter to

achieve very good performance”>™®. In [14], the
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authors also show that the UWB-OFDM system has
the potential capacity in the short range networking.
A direct application of the Shannon’s channel
capacity theorem to an additive white Gaussian noise
channel shows that such systems also offer a
potentially high data rate transmission capability with
capacity increasing almost linearly with power. In
the equivalent space time channel, we can write

4 P. " AP
C=W)» log,(1+=2)=W)> 1 1+—
; g, ( 0_2) ; 0g,( nTO'?‘)
z AP
=Wl 1+—
ogzl;l( nTGZ) 1)

where W is the bandwidth of each sub-channel

from r channels, {i is the transmit power from each
T

transmit antenna and P, is the received signal power
AP

i

in the ith sub-channel, it has P2, = — with
T

singular value /%, of channel matrix H, and the
number of transmit antennas n, In (1), it clearly
shows that UWB space time systems has huge
bandwidth Wto increase the capacity, and that the
charmel capacity is also related to the value of

P
ri np

based on transmit diversity. Therefore,

space time codes applied for UWB system were
reported in [15, 16], the authors show that they can
achieve large capacity and better performance than
single antenna UWB system. Different from the
previous work, the UWB space time coded OFDM
system is considered in this paperm]. The space time
coded OFDM systems were reported to obtain much
capacity improvement without additional energy. It is
shown as a simple but efficient algorithm to combat
fading for wireless high data rate communications'”,
In this paper, we describe a high data rate UWB
system based on space time block code (STBC) and
OFDM with proper frequency interval selection. The
transmitted signals are sparse pulse trains modulated
by a frequency selected from a properly designed set

of frequencies. The train itself consists of frequency

Frame
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Pulse
Generator

®——m STBC

x(2k +1)* x(2k) WY
x(20)* x(2k$1Y

Information symbols

UWB AlZZ £33 OFDM £47|
UWB space time coded OFDM transmitter.

modulated ultra wide pulses. Unlike the traditional
orthogonal frequency division multiplexing (OFDM)
systems, a given tone is transmitted only during
parts of the transmission interval It achieves
potential capacity and antennas diversity without
additional power increasing. Moreover, different from
the conventional space time OFDM designs, a space
time frequency scheme is presented to improve the
performance on frequency sensitive channels, and the
scheme simply groupsseveral space time block codes
to different basic frequencies with the widely
frequency diversity. In addition, a widely linear filter
is exploited to optimize the receiver information from
generalized space time symbols in complex domain.
In some special cases, the UWB signals are
propagated by a deeply fade channel where the
orthogonalilty of space time coded OFDM will be
destroyed. Therefore, a beamforming combined with
STBC are also briefly discussed.

1. Description of UWB Space Time Coded
OFDM Transmitter

The UWB OFDM signal is a modulated sparse
train p(¢) of modulated short pulse s(¢) uniformly
spaced in time. In particular, we exploit a hybrid
ultra wideband (UWB) orthogonal frequency division
multiplexing scheme for this application. Assuming
the UWB signal is a modulated train p(t) of
modulated short rectangular or Gaussian pulses s(t)
spaced in time, we have

Np—1 _2mC(n)t
p() = is(f ~nT)e * 2)
n=0

where T is the repetition period of the pulse train
p(t), c(n) is a permutation of integers {0,1,-+, Nz —1}
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. . T .
for time hopping, and Tc=7. In this paper, the
T

Gaussian pulse s(t) is defined by
s(t)=exp(—1*/T*)/{7T? 3)

where 7, denotes the pulse period. Next, the UWB
BPSK modulated signals are denoted as

x(k)=b,p(t) (4)

where b, is k-th transmitted BPSK symbol chosen
from {%1). Now the space time coded signals B

can be written by

. [ x(2k)

x(2k +1) -
—xQk+1D)*

x(2k)*

We design the UWB space time coded OFDM
system as shown in Fig. 1, and present the

orthogonal frequency signals as
S = b, p(t)e”*™ ©6)

where /o is a fundamental frequency that is
determined by UWB pulse train p(¢t). Further, we
write the space time coded OFDM signals for two
transmit antennas as

Antenna 1:

X ()= ﬁx(zk)eﬂ"kfo’

k=0

X +T,)=D —x(2k+1)* />

N
k=1

t=01,2.N-1 = (7)

Antenna 2:

N-—-1
X,(@®) =D x(2k + e’ 2"

k=0

b

N—-1
X,@+T,) =D x(2k)*e’>™
k=0

t=0,,2..N-1 | - ®

ol ¢

where the N-point IFFT (Inverse Fast Fourier
Transform) is exploited and T, is the transmission
period of OFDM signals. However, the orthogonality
of transmission carriers should be considered. It
means that we have to select a suitable carrier to
substitute the FFT (Fast Fourier Transform) units.
Specifically, for the UWB OFDM system, the inner
between f,(t—7) and f,(t—7)is
approximately equal to the ambiguity function of

product

P®) from decorrelator of the UWB  system®.
Assuming that the time hopping ¢(n) is properly
selected, we can simplify the receive function X, as

X, [(k2~ kD) f,],
= [ pt-v)p*(t-)e* 0 gy

_sin(Nz(k1-k2) £,T)
" sin(z(k1-k2) £,T)

XX, (0,(k2-k)fy)  (9)

where X, (7, /) =s®)s* (1 —7)”> 7 F i the
ambiguity function of s(¢) which presents the
of the (Gaussian pulses.

decorrelation  results

Therefore, if then f,,(t—7) and

1
fo= NT
fro(t—7)will be approximately orthogonal provided

that k1 — k2 is an integer not equal to a multiple of

N, or if k1—k2 is multiple of N, that either

X, O0.(k1-k2)£5) =0 To select the modulating
frequencies kf, simply, let f, =p/NT, for some
integers p, we can achieve the orthogonality for all
k1# k2 in the synchronous UWB space time coded
OFDM transmitter.

Space Time
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Fig. 2. UWB space time coded OFDM Detector.
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III. Detector Structure and Performance

In this section we introduce the detector structure
and the performance evaluation. First, the structure of
UWB space time coded OFDM detector is described
as Fig. 2 and the received signals of two transmit
antennas are given by

r(6)=H ()X, () + H,(N X, () +n(2),
rt+T)=H (t+ T)X\(t+T,)
+H2(t+TP)X2(t+Tp)+n(t+Tp) (10)

where H,(t) and n(t) are from nth antenna and

AWGN respectively. Next, after FFT operation, we
have

P(k) =y x(2k) + by, x(2k + 1) + n(k)
Fr, (k) = hy (—x * (2k + 1))
+ Ay (X *(2K)) + nr, (k) (11

where r(k) and r;p(k) denote the received values

corresponding to time t and t+ 7, after FFT
calculation; n(k), and "Tp(k) are independent zero
mean complex Gaussian noise corresponding to n(t)
and n(t+ Tp) respectively, and h is the channei gain
from H,(¢) based on nth transmit antenna.

Furthermore, we estimate the UWB transmit signals
using space time maximum ratio combing decoding
scheme as shown in [4] and [10]

22k) = ([ + [P )Y+ N,

xR2k+1)= (|h2k

!2

[ )XQE+D+ N (12)

where N and N’ are independent zero mean complex
Gaussian noise. The UWB signals are obtained by

l;(zk) =xXQ2k)p*().

= (oe]| + || Voo PO P * (1) + Np *(2)

A

b(2k+1) =X(2k+1)p*(¢)

= (s + o[ orerip () * (1) + N' p* (1) (13)

Widely Linear Filter for
Space Time Codes

OF DM Detection | &

? Inform ation bit
? 7
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UWB signals detection
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Fig. 3. The widely linear filter for UWB space time coded
OFDM system.

The decision of the UWB BPSK decorrelator in the

receiver is

[bep(t—&)p* (D)dt > 0,if b, = +1
[bep@t = &)p* ()dr < 0,if b, = -1

(14)

However, as mentioned in [7], the traditional linear
filter does not remain linear for generalized complex
data such as space time UWB symbols. Therefore,
the widely linear filter is designed by using two
estimate
simultaneously. The general scalar detection function

parallel linear filter to X and x*

can be written as
x=h"y+gly* (15)

where h” and g7 are the proposed parallel linear
filters with matrix hermitian H and matrix transpose
T , v and y* are the received data and its conjugate.
In the proposed space time coded OFDM using two
transmit antennas, we can write (11) as two parts
after FFT operation

y=HX+H,X*+N

_ [[h h}[ x(2k) }{ 0o 0 ][ x*(2k) D+ e
0 0 || xQk+D]| Ay, —hy |x*Qk+1)
(16)

where H, and H, denote the rewritten channel
matrices with elements h,, and h,,,,. Clearly, the

received data is divided into two parts, one only
includes the original symbols, the other has their
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conjugates. As shown in Fig. 3 the widely linear
filter with full diversity is given by

h, b,T" To o7
=th+gTy*=[ 2k 2k+l:| y+{ j| y*
0 0 h2k+l “th

[ ol At [ x(2K) }
e ¥l | [x2E+D)
+ lh2k+1l —h2k+1]:2k * { x(2k) :|+Nl
|~ Pl * Ithl x(2k+1).
il +H 0 [ x(2k) } ,
{ 0 i+ (L X2 +1) VD

To generalize the performance of UWB space time
coded system which uses the full diversity and
widely linear filter, we sample the received signals
, if the multipath is

known and the receiver are synchronized, we have

wt) at t=iT,/N for i=0,.,L~1

=y(T./N)
E (L-1)/2 K
=2 \/; Z Z(|h21| +1h21+x’)
b0, (¢ ’)T (m—K) )+, (18)

conditioned on the diversity gain |hg® + |hoy 1|,
the bit error rate (BER) of the optimal BPSK UWB
space time coded OFDM receiver corresponding to
(18} is equal to:

J (19)

Pe= Q(\/_}‘,ﬁ“”(lhﬂ +lh

since the received SNR is given by

Z (o lhmll x|

received
“ + No )

T
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2
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Fig. 4. Performances of UWB BPSK space time coded

OFDM (N; =4 4—point IFFT).

T T T T
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gmf
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10—5 L L L 1 L
0 1 2 3 4 5 6
SNR(dB)
a3 5 A2 chE Gaussian B2 $=2] UWB E& 2l
Fig. 5. The UWB trains with different number of
Gaussian pulses (BPSK modulation, 4-point

IFFT). -

where N is the number of the pulses in one UWB

train, X;,1c,ference are interference symbols and their

2

interference| E interference

X,

energy is defined by By,
7 denotes the gain from correlations of s(¢) in
UWB space time coded OFDM system, E, and /N,
present the bit energy and noise power density

respectively.

Simulations

In this paper the simulations are in 4-IFFT
(N-IFFT) OFDM system; the Gaussian pulse has
T, =2ns the time hopping period 7, = 4ns time

(848)
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hopping parameter N, = 4, the period of UWB train

T'=N;I, f,=V/NI'=1/4T BPSK modulation;

Rayleigh fading channel; Alamouti space time block
codes; and coherent decoding. As shown in Fig. 4,
the numerical results demonstrate that the UWB
space time coded OFDM system improve about 6dB
in the simulation environment, and almost maximum
be
synchronization. Otherwise, as shown in Fig. 4, the
UWB has better performance than space time OFDM
on fading channel, and the space time processing

diversity may achieved under perfect

may help it to get the potential capacity and diversity
without additional power increasing. Moreover, as
shown in Fig. 5, following the increase of the number
of the pulses in one UWB ftrain, the performances
also can be enhanced. In the Fig. 5, T=24ns, T=32ns,
and T=16ns are corresponding to the number of
Gaussian pulses N,=6, Ny=8 and N,=4,
respectively.

In addition, the space time coded OFDM (ST-
OFDM) has robustness in the case of large time

=

]
o] ]

x(4k)
Timet Tmet+Tp

b °

0 x(2)
Space Time Codes Timet Time +Tp SpaceTime
(ST Coding) #
;

Freguency Codes A
Tmet Time t+Tp

{STF Codng)

0| x(dk+1)
Timat Time# Tp
38 6. ST & STE 7Ae 255t 7|W
Fig. 6. Coding schemes of ST and STF constructions.
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Fig. 7. UWB STF OFDM coding structure.
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delay with the constant path gains, however, it is
difficult to improve the performance in the case of
frequency offset and Doppler attenuation®. Therefore,
we describe a simple space time frequency coded
OFDM (STF-OFDM) to combat the frequency
sensitivity. As shown in Fig. 6, the STF-OFDM is a
class of three dimension scheme which may assign
the different two dimension orthogonal blocks to
different frequencies. It exploits the frequency sources
to transmit the space time orthogonal block codes,
and each two orthogonal blocks can use two different
frequencies. Therefore, the orthogonality from the
space time codes is remained and the interference of
adjacent blocks is reduced by the frequency diversity.
In thispaper, we propose a space time frequency
coding scheme with two different frequencies for
UWB-OFDM transmission, as shown in Fig. 7.
Instead of the traditional UWB space time coded
OFDM system (7)-(8), the mapping rule of the
proposed scheme is denoted by

Antenna 1:
No-1
X, (D)= D [x(4k)]e’>" 0%
k=0
Ng-1
+ [x(4k + 2)ej27.zflt ]ej27r(2k+1)fot
k=0
Ns-1
= > [x(4k)Je >R
k=0
Ng-1
+ ej279(11‘ej279(o’ Z[x(4k + 2)]ej27r(2k)f0t
k=0
= > [x(4k)]e’ ™,
k=0
Nio-1

. . 2 .
+ e/ /2 N [ x(4k + 2)]e’
k=0

Ng-1
X, (t+T,)= D [—x(4k +1)*]e’/> 707!

k=0

(849)
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N . Transform. However, it can not have the frequency
+ Z[.—x(4k + 3) * g/ 21t |/ 2R DS diversity in the proposed STF-OFDM. Normally we
k=0 set f, is not 0, and f, = f,. After the FFT
_ 1%—:1[—x(4k N 1)*]ej4m%t operation,the deco@ 01.° the UW-B—STF. QFDM
s - o system should be divided into two groups. One is the
N/ first orthogonal space time block, the other is next
+ @27 g2t Z[_x( 4k +3)*]e Jamfot block. To design an efficient architecture, we now
k=0 present a parallel decoding structure by using these
t=012.N-1 (20) two groupé which is shown in Fig. 7. In this paper,
: the STE OFDM scheme uses two frequencies to
Antenna 2: transmit two groups of space time block codes. After
N the FFT operations, the output results will be two

X, () = Z[x(4k 4+ 1)]ej2;z'(2k)fot groups which are written by

k=0

Ng-1

+ 22: [x(4k + 3)6127yit ]ej2ﬂ'(2k+1)f0t
k=0 .

a7 _
= > [x(4k +1D]e’ ™

k=0

L e .
+ e/ eI N [ x(4k + 3)je’
k=0
Ng -1
X, +T,) = D [x(4k)*]e/>707

k=0

Ni-1
+ Z [x(4k + 2) * o727t |/ 27 2R+D) for
=0
= S ecaryror s
k=0

IV—l

. ) 2 .
+ e’ /27 N [ x(4k + 2)* e’ !
=0

k

t=0,12..N-1 (21)

The (20) and (21) can be seen as two N/2 FFT to
construct N FFT, and each part supports one kind of
orthogonal space time block. Therefore, the
complexity of the computations FFT in
STF-OFDM will be reduced from the conventional

ST-OFDM. If the ™% =1, the above equations
are the Decimation-in-Time (DIF)

for

Fast Fourier

Y(2k) = hy x(4k) + hyp, x(4k +1) + n(k)
Y'(2k) = hy (=x * (4k + 1)) + By, (x * (4K)) + 1’ (k)
YRk +1)=[h,, ,x(4k + 2)

+ Ay, 3x(4k +3) + n(k)le’>?"
Y'Qk+1) =[hy,,(—x*(4k +3))
+ Py o5 (X * (4K +2)) + ' (k + D]e”> 7

N

k=012..,—~
917 > 2 1 (22)

By computing the inverse of the frequency, we can
easily use two parallel decoders as introduced above

—©~ UWB ST-OFDM(2Tx 1Rx)
& UWB STF-OFDM(2Tx 1Rx)

F
0%
10-50 1 2 :]s 4 5 6
SNR(dB)
a2l 8 UWB BPSK STF OFDM AlAdEle| M5
Fig. 8. Performance of UWB BPSK STF OFDM system

(Nr=4  4IFFT OFDM f,=1/4T
f1=3/47).

and
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UWB decorrelator
o :

a8 g A3t EF £ ZEgE UWB BAdE =
Ex
Fig. 9. Block diagram of UWB beamforming combined

with space time block codes.

to estimate the UWB signals. Generally, the n
groups can be assigned for STF-OFDM system,
which is conditioned on n<(N-1)/2. In this paper, two
groups are considered, and for each group the
frequency f, = fi.
fo=p/NT for proper UWB signals, the f; should

Since the basic frequency

have f,=p /NT, with p#p'22p. As shown in
Fig. 8 the numerical result demonstrates that UWB
STF OFDM has robust performance to combat the
frequency attenuation in UWB system. We obtain
about 0.7dB improvement from UWB ST OFDM
when the delay sample is smaller.

IV. Combined Beamforming with Space Time
Coding for UWB System

In UWB system, the fading environment sometimes
will be into deeply fade, and the orthogonallity of the
space time codes will be destroyedm].
this  situation, this  section, combine
beamforming with space time coding for UWB
system. Beamforming technology
beamforming gain to increase SNR of the downlink
channel. The beamforming antenna needs to achieve
spatial directivity and the signals transmitted from all

antennas must be correlated or coherent. Therefore,

To combat
in we

can provide

the antenna spacing should be very small, e.g. half
wavelength for uniform linear array (ULA). Because
of this contradictive requirement for antenna spacing
of diversity systems and beamforming systems, there
is a prejudice that diversity gain and beamforming
gain can not be achieved simultaneously. In order

(81)
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2

toimprove the performance of the system over deeply
fade channel, we propose a combined ‘beamforming
with STBC"™. Assuming the above space time coded
UWB signals z(2k) , and x(2k+1) 'ar,e passed into
two transmit beamformers wl and w2 respectively,
followed by a signal combiner which performs a
simple summing function of two inputs to produce a

vector signal V(n) for transmission, as shown in

Fig. 9. ie

Vin)= lew(Zk)+w2Hx(2k+ 1),
Vin+1) = w1 (- z(2k+1)*) + w2 z(2k)*

(23)
. The received signals can be denoted by
r(n) = by (W1" x(2k) + w2 (2k + 1))
+ by, (W17 x(2k) + w27 x(2k +1)) + n(k)
F(n+1) = hy, (W1 (=x(2k +1)*) + w2/ x(2k)*))
+ g (W1 (=x (A +1)*)+ w27 x(2k)%)) + nk +1)

Based on the decoding of the space time codes,
easily we can write the estimated signals as

WIX Ay *r(n)+ (W2) *Xhy, r(n+1)*,
= wi(wl” |y, | x(2k) + w2" b, | x(2k +1)))
+ Iy, * By, (W1 w17 X(2K) + wl - w27 x(2k +1))
+wl- by, *n(k) = hyy by, * (W2 w1 ) * x(2Kk +1)
+ Iy ik, * (W2 w2 * x(2k)
] (W2 - W17 ) * X2k +1)
] W2 w27y x(2K) + (n(k +1)- w2)* By,
= (W e[+ w2 | )2(2K)
+wl- by, *n(k)+(n(k+1)-w2)*h,, |
+ (w1 + w2 )2k, * Py

4wl w2 oy x(2 + 1)+ w1 w2 X2k + Dy * By,
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~ o] W2 - W1 ) ¥ 22k + 1)
— byl * (W2 W1 ) * (2K +1) (24)
and

w2X hy, ¥ r(n)—(wl) *xh,  r(n+1)*
= w2(wl? |y, | x(2k) + w27 |, | x(2k + 1)
+hy, *hy,, (W2l x(2k) + w2 - w2 x(2k +1))
+w2- by, *n(k)+hy,, By, * (WL wl™ ) * x(2k +1)
— o by, * (W w2 ) * X(2K)
| (Wl Wl ) * x(2k +1)
P (w1 w25 ) * x(2K) + (n(k +1) - W) * by,
= (w2 i | + W[ e[ )2 (2K +1)
+w2-hy, *n(k)+(n(k+1)-wl)*h,,
+ (Wil + w2 )x(2k + Dy, * by,
+ w2 wl |y, [ 2(2k) + w2 - wl x(2k)hy, * by,
~ P (w1 - w2y * x(2K)
= iy, * (Wl w2 ) * x(2k) (25)

where the beamforming gain combined with transmit
diversity are denoted as (|WI|2|h2k|2+IW2|2|h2k+1|2)x(2k)

and (w2l ] Wl )2 @R +D | 1 (24)
(25),
complex. To optimize the beamforming factors, the
interference parts should be a Gaussian like. That is
to say the expectation function

and

obviously the interference parts are very

Ewl-w2?) = E(wl-w2?) =0
specially,
lw1l? + w2l = (wl-w1®) + (w2-w2¥) =1

In this paper we set wl-wl? = w2 -w2¥=1/2,
and the angular spread is 10°. As shown in Fig. 10,

& UWB N3

\J

(852)

3

r

} OFDM ol <

I
o
fol

-9~ UWB ST-OFDM
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Fig. 10. UWB BPSK beamforming combined with space
time system (N, = 4; 4-IFFT OFDM;

Jo= 1/4T, angular spread is 10°),

the proposed scheme is 4 to 5 dB better than space
time coded OFDM system in small angular spread.

V. Conclusions

Generally, by exploiting the UWB space time coded
OFDM  system, the maximum diversity gain and
much performance enhancement are achieved, when
the synchronization is perfectly in the recetver. In
this paper, we investigate the OFDM and space time
coding designs for proper UWB signals, and detailed
present two systems for UWB transmission, one is
UWB ST OFDM, and the other is UWB STF OFDM.
Particularly, the UWB STF OFDM system has 0.7
dB over UWB ST OFDM system when the sample
delay is small. Additionally, to properly detect the
complex data from linear filter for space time
decoder, a simple widely linear filter is studied. It has
been applied for all simulation programs and shows a
good result with full transmit diversity. Otherwise,
for deeply fade chamnel, a combined beamforming
with space time coding scheme are investigated. The
superiority of the proposed scheme is confirmed by

numerical simulation results.
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