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ABSTRACT

This paper proposes a novel transmit diversity technique, namely symbol split orthogonal transmit diversity
(SS-OTD). In this technique, full path diversity and temporal diversity are achieved by combining the orthogonal

M 1t

transmit diversity technique (OTD) technique with the symbol splitting method proposed by Meyer
performance is simulated for fundamental channels associated with the forward link of the 1S-2000 system, and
then compared with those of OTD and space-time spreading (STS). Our proposed method offers a 0.5-7.7dB
performance improvement over OTD under various simulation environments and its performance is similar to
STS. Moreover, compared with that of STS, the peak-to-average power ratio (PAR) of transmitted signals in
SS-OTD is reduced by a maximal 1.35dB, which decreases the complexity of base station RF devices, such as
power amplifiers. Thus, SS-OTD is comparable to STS in performance and superior to STS in the cost and

efficiency of base station RF devices.

1. Introduction enhanced by various techniques, including multiple

antenna  reception and multi-user  detection.

The fundamental phenomenon that makes However, techniques that increase the forward link

reliable wireless transmission difficult is time- capacity have not been developed in recent years

varying multipath fading. Increasing the capacity with the same intensity. It is understood that the

or reducing the effective error rate in multipath capacity imposed by the projected data services

fading channels is very difficult. In the third places a heavy burden on the forward link

generation code division multiple access (CDMA) channel. Hence, it is important to find techniques
systems, the reverse link capacity can be that improve the capacity of the forward link.
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Typically, receive diversity techniques utilizing
multiple antennas are exploited at the receiver to
alleviate  the effect of multipath  fading
characteristics of the mobile radio channel. In the
forward link, however, receive diversity is not
employed due to the cost and size of the mobile
unit and performance degradation coming from
closely-spaced antennas. In these cases, transmit
diversity (TD) can be used to provide diversity
gain at a receiver by using multiple transmit
antennas.

Many of the transmit diversity schemes that
have been previously proposed can be divided
into two categories: closed loop methods and
open loop methods. The closed loop methods
require a feedback channel from the mobile
station to aid in the multiplexing of the
transmitted signal onto the transmit antennas.
Selection transmit diversity (STD) and transmit
antenna array (TxAA) are two examples of closed
loop methods. In STD'Z', the base station antenna
is dynamically selected, based on a fast transmit
antenna selection control signal transmitted by the
mobile station. In TxAA"!, the mobile station
determines array weights based on measurements
of the forward link and sends this information
back to the base station. For closed loop methods,
the forward link performance is tightly coupled
with  the reverse link feedback  channel
performance. This leads to degraded links,
especially for mobiles near cell boundaries.
However, the open loop methods require no
feedback from the mobile. The multiplexing of
the transmitted signal onto the transmit antennas
is predetermined. The open loop TD s
particularly appealing when the mobile speed is
high enough to make channel estimation and
tracking too difficult. Time switched transmit
diversity (TSTD), OTD, and STS have been
proposed on an open loop transmit diversity
WIBHSIT] - Both OTD and STS have been adopted
by 1S-2000 CDMA systemslsl, because TSTD has
the power-balancing problem that increases system
complexity even though TSTD and OTD have

similar performances. OTD utilizes code division

Copyright (C) 2003 NuriMedia Co., Ltd.

transmission  diversity, i.e. different orthogonal
codes are used for each antenna for spreading. It
splits the information and its power equally
between multiple transmit antennas. Thus, it
provides a natural balancing of the transmission
power between the transmitters. In OTD, however,
the path diversity inherent in the channel is not
fully exploited. On the other hand, full path
diversity can be achieved via STS without extra
resources. As a result, STS outperforms OTD in
various

Therefore, we propose a novel transmit
diversity scheme, namely SS-OTD, which uses the
symbol splitting method proposed by Meyer'"!.
SS-OTD is equal to OTD in PAR distribution,
because its signal generation scheme is the same
as OTDs. SS-OTD is also comparable to STS in
performance, since full path diversity can be
achieved by symbol splitting.

The paper is organized as follows. In Section
I, a brief description of the symbol splitting
scheme are shown. Section III describes the three
open loop transmit diversity techniques, i.e. OTD,
STS, and SS-OTD. Major simulation parameters
and simulation results are presented in Section IV.

Finally, conclusions are drawn in Section V.

Symbol 1 Symbol 2

WL -1

Fig. 1 Principle of symbol splitting (r=8)"

I . Symbol Splitting Scheme

In the direct sequence CDMA (DS-CDMA)
system, an information symbol consists of G
chips, where G denotes processing gain. These G
chips are transmitted consecutively, which results
in approximately the same fading influence for
the chips belonging to one symbol in the slow
fading channel. This channel may significantly

57

www.dbpia.co.kr



ghatEA18}3]=4] "02-1 Vol.27 No.1B

disturb a complete symbol. However, if a symbol
is split into r sub-symbols and transmitted by
multiple  transmit  antennas  with  randomly
distributed time intervals, then it is less probable
that a complete symbol is disturbed. The principle
of the symbol splitting scheme is specifically
depicted in Fig.l'”, where the splitting rate is
r=4 and T, denotes the time interval between
the sub-symbols. The first sub-symbol of symbol
1 is transmitted, and then the second sub-symbol
of symbol 1 is transmitted after 7. If the value
T,V is chosen to be greater than channel
coherence time ¢, =1/(2 7 m), then the channel

states for the different sub-symbols are statistically
independent, where  f, .. is the maximum
Doppler frequency.

Symbol splitting is realized as follows. A
symbol is divided into r sub-symbols with time
duration 7,= Tg/», where T is the symbol
time duration. These sub-symbols are interleaved
in order to randomize burst error. The even
interleaved  sub-symbol  stream  is  spread,
QPSK-modulated, and transmitted on antenna 1.
The same procedure is applied to the odd
sub-symbol stream but being transmitted on
antenna 2. Half of the sub-symbols of a symbol
are in the even sub-symbol stream, and the other
half are in the odd sub-symbol stream. As a
result, the interleaved sub-symbols belonging to
one symbol are transmitted on both antennas with
the time interval denoted by 7. Therefore, full
path diversity and temporal diversity can be

obtained by symbol splitting.

. Transmit Diversity Techniques

We consider TD systems using two transmit
antennas at the base station and one antenna at
the mobile. It is assumed that the multipath
fading channel can be adequately modeled as a

1) The time interval between sub-symbols belonging to
one symbol is randomly distributed, because the
sub-symbols are interleaved. So its average value has
been used in this paper for mathematical simplification.

CopYyright (C) 2003 NuriMedia Co., Ltd.

tapped delay line with L time-varying, complex-
valued Gaussian distributed tap coefficients.
Furthermore, we assume that the channels between
each transmit and receive antenna are independent
with identical power-delay profiles, and that the
fading is constant over at least two consecutive
symbol intervals. The receiver uses a RAKE
detector with L fingers to capture as much of the
energy of the multipath signal as possible, and
perfect despreading is assumed.

1. Orthogonal transmit diversity
OTD has been already adopted by the IS-2000

standard®. It utilizes code division transmission
diversity. Let the four consecutive data bits of the
kth user be Y ,(k), Yp.(k), VYg(k), and
Y ¢:(k). In OTD, odd order bits are transmitted
on antenna 1 and even order bits are transmitted
on antenna 2. If QPSK-modulation is used, the

two QPSK symbols can be expressed as
si= Y (k)+iYq (k) (la)
s5= Yp(k)+jY (k) (1b)

where s, and s, each consist of 2M chips after
spreading. Both symbols are spread with the two
orthogonal ~ spreading codes Wi = [ W W]
and Wi = [ W — W], respectively, where ;"
presents the Walsh function of length M that is
serially constructed from the kth row of a MxM
Hadamard matrix2). For notational convenience,
we will drop the length of the Walsh function
and the user index k. The resulting complex
envelope of the transmitted signal on the mth
antenna for two consecutive symbols can be
expressed as

n

Fn (D) =VE, 3510, (n)p(t=nT)m=12) ()

where E, is the chip energy, w, (n) is the nth

2) Since each symbol is repeated twice, the Walsh code
length used on each antenna is 2M. Thus, the available
number of Walsh codes is the same that in a non-TD
system

www.dbpia.co.kr
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chip of W, T, is the chip duration, and p(t)
is the transmission pulse shape. In a channel with
L vpaths, the received signal in two consecutive
symbol intervals can be expressed as

r(t) = \/f( :ﬁl g[sl wi(n)h,

+s-_xw3(n)hg',]p(f—n7‘, —T/) +Z([)

3

where %, ,=ea, exp(jd, ) are the complex-
valued channel coefficients on the mth transmit
antenna, «,,, is its envelope, 4, ; is its random
phase, 7, is the /th path delay, and =z(¢) is an
additive white Gaussian nose (AWGN) process
with variance of ¢°. The outputs of the /th

RAKE finger are given by

T
rn) = [ HOp (t=nT—1)at
=VEsihy w0 (n) + sphy 0y (m)] (@)
+ z2(n)

where (-)" denotes the complex conjugate
operation and z(») is a sample of AWGN
process. With perfect knowledge of the channel
coefficients, this output can be combined to form

the following maximum likelihood estimates of
the transmitted symbol

Sm = g;ﬁlr,(n)wm(n)h'm‘/
- 2M\/—E_L [ Zaz,,,.,]s,,, + [ ;am./] z

where ¢ = 2Mo>. The instantaneous SNR for s,

(5

is then

Yoro(sm) = M (6)
[ Z{ﬂ m.l] 07:

From (6), it can be seen that OTD has an
effective path diversity of order L.

2. Space-time spreading
In [6], the complex envelopes of the
transmitted signals for the first M chips are

Copyright (C) 2003 NuriMedia Co., Ltd.

EZ‘ ﬁ:}[s, —syJw () p(t—nT,) (Ta)

x (t) =

% () = EZ:‘ "gl[sf+sz]wg(n)p(t*nT,) (7b)

and for the second M chips are

J\Cl(t)=\/ g'v ":$+l[sl+s§]u!l(n)/)(t— nT.) (8a)

% (t) =\ £2‘- . $+1[53 — 51wy (n)p(t—nT.) (8b)

where the factor 1/V2 normalizes the total

transmitted power equal that of one transmit
antenna. The received signal in the first M chips

is
— il E (s; — sy)w(n)h
(t) — —£ 1 2 1 L.
7 2 rﬁ ;[ +(SI + sz)w._,( n)h 21 ] (9)
Xplt=nT. — 1)+ 2z(2)
and for the second M chips is
_ | E (s; + s5)w(mh
= f) — —t 1 p) 1 Lok
" 2 ’ﬁ;g“ + (53 — sDwymh ] (10)

Xp(t—nT. —1;)+ 25(¢)

The outputs of the /th RAKE finger are given by
T,
rin) = L r ()" (t—nT, —r,)dt

:,}& (s _S'E)wl(n)hl.l +2z,(n)
2 +(s1 + sp)wymhy

(11a)

T,
vy (n) =‘|ﬁ ro()p* (t—nT, —,)dt

(E e 1y, o
2 +(s; —s) )wlw)hy )
(11b)

Then the estimated symbols are given by
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= 22

21 {79 dmw, (m)h rg.,(n)w-,_,(n)hg,,}]

_ZMrz(al 1 +a% )8
o (Zal.[)21+(202_1)22
(12a)

5-_’ . g‘([ ,ﬁ:‘{’l.l(n)wz(")hz.z‘7‘1./(")101(")}"1.1}
7$+ (7o dmw, (Wb 1+ 7,y A w, (n)h ,}]

—ZMF:(QI  +adb DSy
+(201.1)21+(g!12./)22 (12b)

where o°. = 2Mc>. The instantaneous SNR for s,

7 Aww, (k' + 7 (w, (n)h oy, )

is then

2
[ S+ b | ME.
7srs(8m) = - P) 2 (13)

(e +(Zee) ]

As shown in the above equation, STS has an

effective path diversity of order 2L.

3. Symbol split orthogonal transmit
diversity

In SS-OTD with the symbol splitting rate r,
each of the two consecutive symbols s, and s,
is split into r sub-symbols, where r is assumed to
be the power of 2 for mathematical convenience.
The relationship between an original symbol and
its sub-symbols can be expressed as follows

sw= yauli) (14)

where s,,(7) denotes the ith split sub-symbol of

the mth symbol, which consists of M, =2M/r

chips after spreading. The resulting complex
envelopes of the transmitted signals for the odd
order sub-symbols are

% (1) =VE, “‘%, ,,;(,iw,ﬂ

sl(i)wl(n)
(15a)
X p(t—nT,)

Copyrght (C) 2003 NuriMedia Co., Ltd.

N M,
Xg(t) - \/—E—:: El n=(zg)M,+l sl(l)wl(n)

(15b)
xp(t—nT,.)
and those for the even sub-symbols are
N M
HW=VE. 2. 3 sDwn)
eveni n=(i—DM,+1 (168)
xp(t—nT,.)
M )
x')(t)V >Uvenln (i=DM,+1 sl(l)ng(n) (16b)

xp(t—nT,)

It is important to note that the following two
Walsh codes should be used

WM =[w" w"] and WH=[w" —w"]:

instead of

WM = [ WM WMl .. M M (17a)

I’VZZM: [WM/V . WM/’ WM/' — WM/Y] (17b)

The received signal for the odd order sub-symbol
is given by

i
r,(t) = VE, Zl E, ,,:(fgw,ﬂ

[si (Dwy (m)hy  + sy (Dwy(n)hy, ] (18)

xp(t—nT.— 1)+ 2(¢)

and for the even order sub-symbols by

r(t)= VE, ﬁl & e r:z;‘)M,H

[so (D) wi(n)hy+ s (Dwy(n)hsy, ]l (19)
xp(t—nT,.—1;)+ 2(¢t)

The output of the /th RAKE finger for the odd
order sub-symbols is given by

,
7o1(n) =L ro(t)p'(t—nT,. —1,)dt
=V E.[s;({)w (n)h,

+ 55 (Dwy (g 14+ 2(n)

(20)

(=DM, <n<iM,)

and for the even order sub-symbols by

www.dbpia.co.kr
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Tre
ren) = L r.()p'(t—nT,. —1;)dt
=VE [s:()w (n)h,,

+5, (Dwy(i)hy 1+ 2(n)

21

(=DM, <n<iM,)

With  perfect knowledge of the channel
coefficients, these outputs can be combined to
form the following maximum likelihood estimates
of the transmitted symbols

M,
5‘.1 — Z" E:‘ ";(I,Z;M'an,/(n)wl(")hl./
N iM
+

.;:u n:(iZ;M,Hr”"(n)wE(n)hz"
= My E(g(a:l./ +022,l)81

+ (,Zdu)zl +<Zaz',)zg

(22a)

)

M
.
83 &= Z ;1 n:(igM,‘FlrU'I(n)wE(n)hLI

M

+ 2 Z;Mﬂrg_l(n)wl(ﬂ)h.z/

eveni n=(i

= M\/E g(ﬂ’;’l.l s ll;"_’,l)sz

+(Zal")zl+(;ﬂg_[)zz

(22b)

2

where ¢, = Mo-. The instantaneous SNR for s,

is then

[Z‘l(aﬂ', + ”22,/)]2ME‘

(ool (BT

Hence, OTD has an effective path diversity of
order 2L. Compared with (13) for STS, the SNR
of SS-OTD is identical to that of STS.

(23)

7 ss—or(sm) =

IV. Simulation parameters and
results

According to the IS-2000 standard, a set of
forward traffic channel and reverse traffic channel
transmission formats is characterized by physical

layer parameters, such as data rates, modulation

Copyright (C) 2003 NuriMedia Co., Ltd.

Table |. Simulation parameters
BS antennas 2
Bit rate 9.6kbps
Chip rate 1.2288Mcps
Frame duration 20ms
Mobile geometry 0 or 6dB
Min/Max power -40dB/-3dB
Inner-loop PC rate 800Hz
Inner-loop PC step +0.5dB
Outer-loop PC 1% FER target
PC error rate 4%
Channel Flat fading(l and 2 path)
]Channel estimation perfect

characteristics, and spreading rates. This is called
a radio configuration (RC)”. RC3 and RC4 are
considered in this paper. The difference between
RC3 and RC4 is that RC3 wuses 1/4 rate
convolutional code and 64 Walsh codes, while
RC4 uses 1/2 convolutional code and 128 Walsh
codes.

A block diagram of a base station transmitter
with TD is depicted in Fig.2, and the
corresponding block diagram of a mobile station
receiver is shown in Fig.3. The splitting and
combining blocks with dotted lines are necessary
only in SS-OTD. Note that the size of the
interleaver in SS-OTD should be r-times larger
than those in OTD and STS in order to maintain
the same total interleaving delays. The
demultiplexer function distributes input symbols
sequentially from the top to the bottom output
paths. These symbols are grouped in the even
data stream or the odd data stream, and each
stream is associated with one of the two extended
Walsh codes.

The performance of SS-OTD was simulated for
the fundamental channel associated with the
forward link of IS-2000 systems, and those
simulation parameters are summarized in Table I
The transmit power fractions, FE./I, , required to
achieve 1% FER were simulated, where E,

represents the energy per chip, and 7/, denotes

or

the total transmit power spectral density. The
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C unyolutmnal Symboi 2 4 QPS!( and —D Antl
—» Encoder silit —» Interleaver —» Demux |Y, D
K=9, R=1/4 P Y. transform ——) Ant2
Q2
(a) Entire block diagram of base station transmittter
RSymng RSyml}gl
Y” — fpftl-n;:m ﬁ X, Ant | Y“ — ?pfll“;’n +
v RSym!_x)I RS_vm!ng ~
—» epetition Y. = epetition
o (p++) 12 o) X, Ant 1
Symbol
Symbol Yo Repsition +
Y, Repetition W,
5] (+-) Symbol "
Repetit:
Symbol Yor—®| Repgtition
Yo, Repetition
=) Symbol
Y,, —» Repetition
i +-)
Symbol
Y, —»{ Repetition
(++)
Symbol
Y, — Repetition
dr <)
Symbol
YU, —»  Repetition
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(b) QPSK and TD transform (OTD and SS-OTD)

Fig. 2 Block diagram of base station transmitter

Symbol
combine
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5 QPSKand | Y
KE De-
RS TD inverse | Y MUX e
Receiver interleaver
transform Y 1
(a) Entire block diagram of mobile station receiver
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y
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W

(c) TD Inverse transform (STS)

Fig. 3 Block diagram of mobile station receiver
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quantity, /,,/1,, is commonly referred to as
mobile geometry; for low values mobiles are
located close to the edge of the cell and for high
values mobiles close to the base station, where
I,. denotes other cell interference power spectral
density which is modeled as AWGN.

First, we investigate the effect of the symbol
splitting rate on system performance. If the value
T, is chosen to be larger than the channel
coherence time, channel states for the different
sub-symbols are statistically independent. However,
as the splitting rate is increased, 7, may be
decreased, which may result in performance
degradation. In order to show this quantitatively,
we shall define the transmit power enhancement
factor of SS-OTD over OTD as 7.

E./1,(SS— OTD)

7= " E./1,(0TD) (23)

The calculation of 7 according to the splitting
rate under various simulation environment is
shown in Fig.4, where R is denoted by the code
rate. In all cases, 7 does not increase by more
than »>2. while the size of the interleaver
increases linearly. Thus, »=2 is used in all of
the following simulations.

Fig.5 shows the average FE. /I, required to

achieve 1% FER as a function of mobile velocity

® Jor/loc=0dB

= Jor/loc=6dB

= R=1/2
R=1/4

v = 3km/h

Transmit power enhancement factorn

v =100km/h
/
Vi
4 /
‘// . ’
//
]
2 L T ————
= —3
/ : L d
0 1 -
1 10 20 30

Symbol splitting rate, »

Fig. 4 Transmit power enhancement factor

Copyright (C) 2003 NuriMedia Co., Ltd.

in RC3. For the one-path case, SS-OTD shows
performance improvement over OTD 3.8dB at low
speeds, and 0.5dB at high speeds. In Fig.5(b),
SS-OTD outperform OTD by about 1dB at all
mobile speeds. Simulation results for RC4 are
depicted in Fig.6. In Fig.6(a), SS-OTD offers up
to 7.7dB performance improvement over OTD at
low speeds, and a minimum of 0.8dB at high
speeds. From both Fig.5 and Fig.6, the perfor-
mance improvement of SS-OTD and STS over
OTD is reduced at high mobile speed, because
the spatial diversity not fully exploited in OTD is
compensated through temporal fluctuations in the

¢ | - OTD |
= SS-OTD
s - STS

Average Traffic Ec/lor for 1% FER [dB]

10" 10"
v [km/h]
(a) One path Rayleigh

o] ‘ ‘07 oTD
= & SS-OTD
=, = STS
-4 T |
m
" |
% ~ - lor/loc=0dB |
= Sl
8 g
- D
o Tor/loc=6dB AN T
o e
'ié 9
- -20! 1
v
)

o
>
< -25 J
10" 10 102
v [km/h]

(b) Two path Rayleigh

Fig. 5 Average traffic £ /17, for 1% FER(RC3)
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channel.

As shown in (7) and (8), the two QPSK
symbols are added or subtracted, which may
result in increasing the peak value of the
transmitted signals. However, since SS-OTD and
OTD have an identical TD transformation, the
PAR values of them are same. The -calculated
99% PAR values for OTD, SS-OTD, and STS
are shown in Fig.7. The PAR increases quickly as
the number of users increases to 10 for all
transmit diversity schemes. STS requires at least a
1.35dB higher power handling capacity than OTD
and SS-OTD for 4 users. It is well known that
PAR is a significant factor in the linearity of RF

(=4

R P — ) )
e OTD ‘

% SS-OTD |

4 + STS |

'
W

Average Traffic Ec/lor for 1% FER [dB]

10° 10 10°
v [km/h]
(a) One path Rayleigh
i <+  OTD
& SS-OTD
+ STS |

S Jor/loc=0dB ‘
' ,

-15

-20

Average Traffic Ec/lor for 1% FER [dB]

-25

10° 10' 10°

v [km/h]
(b) Two path Rayleigh

Fig. 6 Average traffic £ /7, for 1% FER(RC4)
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* OTD & SS-OTD
9 - STS I

w
—a
L

99 Percentile peak-to-average power ratio [dB]
v

0 L i n g L " L
5 10 15 20 25 30 35 40 45 50

Number of users

Fig. 7 Simulated PAR

devices. Thus, SS-OTD is comparable to STS in
performance and superior to STS in the cost and
efficiency of base station RF devices.

V. Conclusion

In this paper, we proposed a modified OTD
technique, namely SS-OTD. The average transmit
power fractions, E_/I, , required to achieve 1%
FER were simulated for the fundamental channel
associated with the forward link of IS-2000
system. SS-OTD offers significant improvement of
up to 7.7dB over OTD for RC4, and 3.8dB for
RC3, and a minimum of 0.5-0.8dB improvement
in the worst case. From PAR simulation results,
approximately 1.35dB of the PA design overhead
will be required for STS. Thus, we can conclude
that SS-OTD is comparable to STS in
performance and superior to STS in the cost and
efficiency of base station RF devices.
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