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Abstract:  Space-time spreading (STS) and orthogonal transmit diversity (OTD) are two transmit diversity schemes
proposed by ¢dma2000 standard. In this paper, performance comparison analysis of the two transmits diversity schemes in
multipath channel under multiuser situation are carried out. Link level simulation in forward link ¢dma2000 is performed in
IMT-2000 channel. Performance analysis and simulation results show that the performance improvement provided by STS over
OTD decreases as the increase of propagation path number and decrease of the user number.
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Transmit diversity is an effective technique to combat slow fading in mobile communication systems. In current
¢dma2000 standard, space-time spreading (STS) and orthogonal transmit diversity (OTD) are considered as two

" to achieve diversity gain.

transmit diversity schemes

STS is firstly proposed by Papadias?', and then is adopted by ¢dma2000 standard. It can offer substantial
performance gain compared with the transmission by single antenna. OTD proposed by Weerackody'™ is also used by
¢dma2000 standard. In Ref.[4], performance of STS and OTD is evaluated for forward link cdma2000 by simu-
lation. However, the simulation is only carried out for single user under flat fading and two equal power Rayleigh
channels.

In this paper, we carry out the performance comparison analysis of STS and OTD for multiuser under multipath
fading environment. The performance of the two transmit diversity schemes are also evaluated in forward link
¢dma2000 under COSSAP design environment. The channel used in the simulation is standard channel A in Ref.
(5].

Just before the finish of this paper, we notice that the theoretical analysis of STS is presented in detail in Ref.
[6] recently. The difference between our work and Ref. [6] is that multiuser is considered in our paper and
simulation guided by ¢dma2000 standard is performed.

The remainder of paper is organized as follows. The system model is presented in section 1. Section 2 carries
out the performance comparison analysis. The link level simulation is described in section 3. We finalize the paper

with the conclusion in section 4.

1 System Model

In this section, we set up the system model of synchronous forward link ¢dma2000. Two transmitting and one

receiving antennas are considered. The baseband diagram of transmitter structure for the kth traffic channel (& =

1,2,--,K; users are called as traffic channel in

cdma2000) is depicted in Fig.1. The data of the [ Traffic

traffic channel, which has been encoded by a Chaimel

ay, i

Transmit

diversity

convoltional encoder and interleaved, is sent into QPSK | i, g+

symbol mapper to create QPSK symbol. Two QPSK | mapper

symbols d'\", d\"" are sent into transmit diversity

encoder once to achieve STS or OTD. The output is Fig.1 The baseband diagram of transmitter structure for the kth

spread by one Walsh codes and one complex PN  traffic channel
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sequences, followed by baseband filtering, and sent out at two antennas respectively. Two transmit antennas,
which have equal average power, are sufficiently spaced apart in order to ensure that the signals transmitted from
the two antennas are not correlated. The baseband signal of the kth traffic channel transmitted from the jth antenna
(j = 1,2) can be written as

6., (L) = i Akd?;sk(t - nT,) (1)

n=-®

where A, =/ E, /2, E, is the energy of per symbol; di"/) is QPSK symbol after transmit diversity encoder; T is the
M-1

symbol interval; s, (¢) = Z w, ( m)p(m) ¢(t - mT,) is the energy normalized signature waveform (i.e.
m=0

T
J ’ si(t)dt = 1), where w,(m) is a Walsh function and p(m) is the complex PN sequence for the base station
0

used, ¢(t) is a normalized chip waveform of duration 7, = T./M; M is the processing gain. Two pilot channels
are assigned for two transmitting antennas to perform the channel estimation.

The channel is a frequency selective Rayleigh fading model. The impulse response of the jth antenna at /th (1
< | < L) path can be modeled as

hk,j.l(t) = gk,j,z(l>5(l - T) (2)

where the amplitude of complex path gain g, ;,(¢) is Rayleigh distributed; the phase of g ;,(¢) is uniformly
distribution over the interval [ — w,m); &(+) is Kronecker delta function; 7;,.; 1s the propagation time delay. It is
reasonable that 7, ; is the same for the two transmitting antennas.

The received signal of the mobile station is

H) = SIS e (51— AT, = 1) + 1(0) (3)

W= kol o1 1=
where n(t) is complex AWGN. The baseband diagram of receiver is shown in Fig.2. If we consider the beginning

gg:?l),l
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Fig.2 The baseband diagram of receiver
time of sampling is at the beginning of nth symbol at /th path, the discrete output of the chip match filter and

sampler for nth symbol is modeled as

2
ri” = 8>,GAd"” + I" + N (4)
j=1

Jj=

where r<,”) = [r(T.(aM + A,)) 7 (T.(nM + A, + M)]1" e CM,AM = [z,,/T.] ([x] is the smallest
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integer, which is greater than or equal to x, assuming that A, | < " < 4,, < ** < 4,.,); the superscript T

denotes transpose; S, = [ 1,8, ., Sx.1» ", 8¢, ] € R is the sample spreading sequence matrix, where
[sk(Tc<Ak,l = Ay + 1)) - Sk(T(:M)7O?Ak‘l—ﬂk'[,)xl]T ifl" <1

spr =[5, (T) = s, (T.M)]" il =1 (5)
[0, o, s st (T e s (TU(M = Ay + &))" i1 > 1

G = diaglg,;,""".8c,;,"""» 8] € C"* is the channel response matrix with g = [gi"j | gi"; et A=

diag[ A, A ] € RYY, d("> = [diy d(,("z] ZX is the data vector of nth symbol with modulation symbol alphabet

Z after transmit diversity encoding; N € C" is the channel noise vector with variance N,/2. The intersymbol

interference I 5”) can be written as

2 2
IV = 8,>,GAd"" + S, > GAd" (6)
j=1 j=1
where
Sy = st s St a0 teian s s Skt s s Skt 2O tnun ] € RMHE
S;l r o= [O(TM_AM_AH)M 7sk(Tc)’“.7sk(Tn(Ak,l - Ak,l’)):lT
Sﬁl = [OTxMas”l.Ma"'asﬁl,L a0<TL><M>as/1,<,1+1a"'as}<,LJ € R

Sie = [, (T.(M - Apr + A4 + 1)), ,8,(T.M) ’Ov(lvs’bl—A/r,HAk,l’)xl J'
The receiving signals are processed by a Rake receiver with transmit diversity decoder. The soft outputs are

de-interleaved and Viterbi decoded.

2 Performance Comparison Analysis

In this section, we carry out the performance comparison analysis of OTD and STS. In this paper, the scheme

of OTD and STS is the same as the scheme in Ref.[1].

2.1 Performance analysis of OTD

The block diagram of OTD is shown in Fig.3. The (g i i o
. d$m | gén+
transmitted symbols of the nth and (n + 1)th symbol can be }—'—’-} eﬁa _dmD | gl o
shown in the matrix form as follows: 2T T 0 -
dgrn) d(kn+l) 2T T 0
' 7
[ d 2") —d ;H D ] ) Fig.3 The block diagram of orthogonal transmit diversity

The first and second rows denote the signal transmitted for two consecutive QPSK symbols; different columns
denote signals transmitting from different antennas.

Based on (4) and (7), we can write signal during two consecutive symbols as follows:

[ ] [ S,G,Ad" + S,G,Ad"™" + I + N,
(u+1) SlGlAd(u) _ SZGzAd(nJrl) + I(n+l) + N2 (8)
where d'" d(") (K") 1". If we consider double length Walsh code as one Walsh code (M = 128), the two
consecutive symbols can be modeled as

ri" = 8,,G,Ad" + 8,,G,Ad"" + IV + N (9)

Where S],l = [SZ SZ]T,SZ,I = [Sl _S[]T’i;’” = [I(In) I§n+l):|T7N: [Nl NZJT‘
After de-spreading and coherent detecting in Rake receiver, the combining output of L paths for the £th traffic

channel is shown as
L
(n) 2 (n)
22 ‘ 8k, | Ady

;i(k") L (Sk 1, ZgA -
(n) l=1
[amn] Z[ ] = L +
i —1

(Skzlgmz) (n) n
22 ‘ g |2Akd§f v
=1
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2

Lo (s )" (spags )
Z[ All:."l)l ]2 zGAd(nHl)"'Z[ kllkll ]I(n)
=1

(81281000 (sk2lgk21

(n) n ~

Lo ( . 22 | gi [P A = (n) i N

s!.llgkll ~ =1 U, 1
Z < ) N = L + f](n) + T (n) + = (10)

-1 L (80, lgk 2 1 22 ‘ g<k’,lz),z ‘zAde"”) 12 I, N,

=1

where * denotes conjugate; s,,, = [s,, s.,1 .8.., =1[s,., =81, s, is defined in (5) when I’ = [.

U,1 , UE"; is the residual interference term including (L — 1) self-interference term due to multiple propagation

path and the suppressed multiple access interference. The definitions of S]-,, ,G, are similar to (9), where the

J

components of kth traffic channel at [th path are discarded. A common assumption used to simplify the analysis is

3 . . . . . oD _OI _0ID
to assume that U<1"1 , Ul 5 s I(,"l) , IE"; is Gaussian random variable with variance o{y, a5 s 00" . The first term

in (10) is the desired signal and the last term is the zero mean Guassian random variable due to the AWGN.
Based on the mean and variance of the decision of d\",d\"*", the overall SINR of the combined outputs of all

the paths is
L

2> [gilu]?

01D =1

Y i = (1])
i Ny + oI L GO
E, Ul I
o 22 raen
Y e = N (12)
k Yo 0TD 01D
+om +0p
E,

Assuming that path gain is constant during 2P(P = 1) symbols. (Because of the convolutional encoder and

interleaver, the system performance becomes better as the fading becomes faster). For the time n,n + 2,*+, the

symbol sequences d, = [ d? - d? " are sent out and deciding out symbol sequences is d, = [a'

d{"? - 42 7" under maximum-likelihood decoding. The processing is the same for the time n + 1, n + 3. The

upper bound on the pairwise error probability (PEP) is approximated by'”
OTD

_sz\Z] (13)

Under the Rayleigh fading channel, g(k"l)l can be modeled as independent samples of a complex Gaussian

P, > d, | &) < exp| -

random variable 0.5 per dimension for different &k, j and [, the probability density function of ‘ g(,l"]), ‘ is
pCleit D) =2l it lexp(= [ g0 [ (14)
By averaging (14) over (15), we can give

-L

o d, —d,|*
P(d,—~d) <|1+ LA
4 & 01D 01D
(E + oy + 0o )
k

At high signal to noise rate, the frame error rate (FER) is decided by the PEP achieving d;. (the free

(15)

Euclidean distance of transmitting symbols and decision output symbols) . Then the upper bound on FER is
-L

2
P(,.)TD < 1 + free (16)

NO OTD OTD
4| — + oy + 0o
E,

2.2 Performance analysis of STS

The block diagram of STS is shown in Fig.4. The transmitted symbols of the nth and (n + 1)th symbol can be

described by the matrix form as follows:
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ﬁ[din) _ di.n-H) d;’”‘l) _ d;n) ]

d(]rn) + din+l) d;{n+l) + din)

(17)

& g0 [df-di V" 142 | [diP+d§ 1/02
STS encoder [d}c"”)*—diw]/ﬁ [dgnml)*_'_dgtn)]/ﬁ
27 T 0 2T I 6“

Fig.4 The block diagram of space-time spreading

If we consider double length Walsh code as one Walsh code (M = 128), the signal received during two
consecutive symbols can be modeled as

= (S,,G,Ad" + 8,,G,AdS"" ) + (S, ,G,Ad"" — S, ,G,Ad" ) + I\" + N (18)

g[s, S 11 =Y 1"P1" N =[N, N,]". The coefficient%E
is to ensure that the total transmitting energy per symbol is the same as that of OTD. The combining output of Rake

receiver 1s

where S, :g[sz S/]T,Sz,z =

7(n) (n) % (n) (n)X n
[dk ]_i[(sklzgmﬂ r, - (skzlgAzl ]_
1

S(n+1) (n) r) n)
d;' <skllgk21> r" o+r) (skzlgk1
L

Z ( ‘ g(knfz ‘2 inz)l )A dw 17(")
=1 ]

L ( 5 . U“)
2 ( ‘ gk’,ll,l ‘ + 1{”2[ | )A d {nt)

=1

1 [N
“om] +'[ A ] (19)
I, N,

]3]

where §,,, = Ez[sk,l Si0) 800 = =08, =s,.,1", s, is defined in (5) when I = [. The overall SINR of

the combined outputs of all the paths is
L
E ( ‘ gicyfl,l ‘2 + | gflrl,lz,z ‘2)
STS =1
}/di,n = N, (20)

+ US + G
E Ul I]
k

L
- Z(‘g%,t‘zﬁL |g5¢’,'2,1|2)
Vi = (21)

Ny + o + 0y
EA U2 12

The upper bound on FER of STS is obtained by the same the processing of OTD.

-2L
2

S free
P <| 1+ N
0 STS

S(E + oy + 011 )

It can be seen from Eqs. (11), (12),(21) and (22) that two path gains are used by STS, while OTD just uses
one path gain. So, higher diversity gain can be obtained in STS.

(22)

The performance bound is shown in Fig.5. The condition is: one path or two equal power fading paths for each
Qe p— [8] 1y e
antenna; the time delay of the second path is one chip; M = 64; o9\ = o) = % , o0’ = o) =
I-1

(22 A /(ML) The rate of the convolutional code is 1/4. The constraint length is 9. The generator in octal

=

is (765,671,513,473)""". From the bound in Fig.5, we can see that STS outperform OTD under the same
transmitting power. Furthermore, it can be seen from Fig.5(a) that at 107> FER, STS offers 5 dB over OTD under
L = 1and 3 dB under L = 2. It also can be seen from Fig.5(b) that at 1072 FER, STS offers 4 dB over OTD under
K = 10 and 7 dB under K = 30. Therefore, compared with OTD, the performance improvement of STS is reduced

as the number of propagation path increases and the number of traffic channel decreases.
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Fig.5 Performance comparison of frame error rate.(a) K = 1;L = 1,2; (b) L = 2; K = 10,30

3 Simulation

In this section, we test the performance of STS and OTD in forward link ¢dma2000 under indoor and vehicle
environments. The link level simulation is carried out under COSSAP. The main simulation parameter is: two
transmitting antennas and one receiving antenna; carrier frequency 1.9 GHz; symbol rate 9.6 kbit/s; PN chip rate
1.228 8 MHz; Walsh length 64; QPSK modulation; frame size 20 ms; code symbol repetition 1; traffic channel is

forward fundamental channel; channel code is RC3 (1/4 rate Tab.1 Fading channel model for channel A™

convolutional code with additional puncturing for overlay of Pedestrian Vehicular
reverse-link power control information at a rate of 4/48). We Relative Average Relative Average
. .. . . . delay/ns power/dB delay/ns power /dB
consider power control is ideal in the simulation. The power of o o 5 5
pilot channel is the same as that of one traffic channel. All traffic 1o o7 310 1o
channels have equal power and transmission is synchronous. (In 190 192 710 ~9.0
this case, multiple access interference is caused by the traffic 410 2.8 1090 ~10.0
channels on different propagation paths). The number of Rake 1730 - 15.5
2510 -20.0

finger is 3. Fading channel model used in the simulation is shown
in Tab. 1.

The simulation results for 5 traffic channels at 3 km/h are shown in Fig.6(a). In the case of pedestrian speed,

the length of channel estimation window is 1 024 chips.

The simulation results for 5 traffic channels at 120 km/h are shown in Fig.6(b). The length of channel
estimation window is 512 chips at vehicular speed. Higher speed needs shorter length of channel estimation window
because the path gain is assumed to be constant during one channel estimation window.

The simulation results for 20 traffic channels at 120 km/h are shown in Fig.6(c) .

10° 10° 10°
[
. 1‘\\\\ 10—1 10—1 -
1o-
o
E ﬁ 10_2 E 10—2 -
=} m
1072 + NID + NID
~ OTD 10-3 1073 = OID {
- SIS - SIS !
-3 1 1 1 | | 1 1 -4 -4 1 1 1 1 1 l l
0512 3 4 5 6 7 8 0277 0 1 2 3 4 07772 3 4 5 6 7 8
Ey*Ng'/dB E,* Ng'/dB E,* Ng'/dB

(b) (c)

Fig.6  Performance comparison of transmit diversity schemes in cdma2000. (a) 3 km/h, 5 traffic channels; (b) 120 km/h, 5
traffic channels; (¢) 120 km/h, 20 traffic channels
From the results, we can see that STS outperform OTD and OTD outperform NTD (no transmit diversity) under

the same transmitting power at different conditions.
We also can see from Fig.6(a) and Fig.6(b) that at 10 BER, STS outperform OTD 2.4 dB at pedestrian
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speed and down to 0.3 dB at vehicular speed when the number of traffic channels is same. Under the same fading
environment, it can be seen from Fig.6(b) and Fig.6(c) that at 102 BER, STS outperform OTD 0.3 dB when the
number of traffic channel is 5 and up to 0.8 dB when the number of traffic channel is 20. It can be seen that the

analysis results accord with the simulation results.
4 Conclusion

Performance analysis and simulation results show that STS outperforms OTD under the same transmitting
power. The value of the performance improvement is reduced with the increase of propagation path and decrease of

the number of traffic channels.
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