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Abstract— In this paper, we discuss the use of convolu-

tional codes with a multi-antenna transmission scheme for

DS/CDMA systems. The binary input data to a rate l/A4

encoder produces &l coded bits, which, in turn, are as-

signed to M different antennas and transmitted from each

antenna simultaneously. An intentional delay of several

chips duration is introduced at each antenna before trans-

mission, which enables a receiver to distinguish the signals

from different antennaa. Because the proposed scheme uti-

lizes spatial and time domains for coding, it can achieve not

only implicit time-diversity through the use of coding with

interleaving, but also space-diversity through the transmis-

sion from multiple ant ennas. Multi-antenna schemes with

convolutional codes can perform bet ter than conventional

single antenna schemes with the same codes and transmis-

sion diversity technique with the same number of transmit-

ting antennas, especially when a fading is relatively slow

and interleaving size is limited.

I. INTRODUCTION

Recently, there has been increased interest in the

use of direct-sequence spread spectrum multiple ac-

cess (DS/SSMA), or code division multiple access

(DS/CDMA), systems for indoor wireless local area net-

work (LAN), since it has the potential advantage of inher-

ent diversity against multipath fading. In indoor commu-

nications, however, the delay spread is often very small,

and path diversity is not always available. In [1] a diver-

sity technique which employs multiple transmitting anten-

nas (Tx antennas) to combat frequency nonselective fading

was considered. In this technique, the transmitter sends

a signal bearing the same information from multiple an-

tennas at the same time with intentional differential time

delays, which allows a receiver to distinguish and com-

bine the signals from different transmitting antennas. A

very similar concept of the above multi-antenna scheme,

distributed antenna, was formally proposed in [2]. These

transmission diversity techniques are alternatives to con-

ventional receiving antenna diversity and path diversity.

Besides the above diversity techniques, the use of for-

ward error correcting (FEC) codes is another method to

improve the performance in DS/CDMA systems. In the

case of using FEC codes in fading channels, statistical

behavior of each coded symbol should be independent to

achieve the full potential error correction capability, Most

work dealing with FEC codes in fading channels assumes

sufficiently large interleaving depth to make the fading ex-

perienced by each coded symbol independent of the fading

of other code symbols. In indoor channels, however, a fad-

ing process is often very slowly changing and interleaving

techniques are impractical when there are stringent delay

constraints. Hence, FEC codes will not be as effective for

an indoor communication systems with delay constraints.

Another method to realize statistical independence in

each coded symbol is a multichannel transmission tech-

nique, where each component channel is distinguished by

frequency slot and/or code. In the case of multiple codes,

e.g. multicode CDMA[3], an unique orthogonal code is as-

signed to each channel and every channel shares the same

time and frequent y. Hence, additive background noise in

each channel can be treated as independent, but a fading

process is common for every channel. In the case of mul-

tiple frequencies , e.g. multicarrier CDMA[4], it requires a

separation of more than the coherent bandwidth between

two carriers to realize independent fading channels. In

general, the coherent bandwidth in indoor channels is on

the order of 10 MHz or more[5], which makes it almost

impossible to achieve independent fading under frequency

limited situations.

The basis of the transmission diversity technique is that

the signals sent from different antennas have different fad-

ings. Thus another solution to obtain statistically inde-

pendent fading channels is multi-antenna transmission. In

this new scheme, the coded bits are sent in spatial do-

main rather than time, code or frequent y domain, and it

makes the utilization of FEC codes in indoor fading chan-

nels possible. Note that the standard transmission diver-

sity scheme can be regarded as a system with a trivial

repetition code as the FEC code.

In this paper, we consider the combination of the multi-

antenna transmission scheme and rate l/J!l convolutional

codes in DS/CDMA systems. The introduction of the con-

volutional codes promises additional coding gains in com-

parison with repetition codes. In this system, the M coded

bits are assigned to M different antennaa and transmitted

from each antenna simultaneously. We can expect some

coding gain even if the interleaving is not used because

the signal from the different antenna experiences an in-

dependent fading. In the analysis, we shall consider the

very slow fading channel, meaning the assumption that

the channel state is stationary during the decoding span.

For reference, we shall consider a memoryless fading chan-

nel, which is equivalent to the assumption of infinite (ideal)

interleaving situations.

II. SYSTEM MODEL

We consider an asynchronous DS/CDMA system con-

sisting of K users transmitting asynchronously over a fre-

quency nonselective Rayleigh fading channel. The trans-
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mitter of the kth user in the proposed scheme is illustrated

in Fig. 1. Each transmitter employs ill Tx antennas.

In this figure, a~ (t) represents a spreading signal for the

kth user. The binary data b: of duration T enters a rate

l/A4 convolutional encoder at the ith data bit interval,

and produces Ll coded bits {Z~,l, . . . . Z~,M } in the trans-

mitter of the kth user. Note that a coded bit duration and

a data bit duration is the same, which differs from con-

ventional convolutionally coded schemes which employs a

single Tx antenna. Each of the M coded bits is assigned to

different antenna respectively, and then transmitted from

mth antenna of kth user’s transmitter with an intentional

delay d: to distinguish the signals form different anten-

nas. We define, without 10SS of generality, df = O and

d; < d~ < .. . < d~ < T as in [1]. Figure 2 shows the

structure of the receiver for the kth user. The receiver de-

modulates a received signal coherently and decodes using

Viterbi-Algorithm with perfect channel state information

(CSI).

Let us consider the situation that the receiver demodu-

lates the signal sent from the nth antenna of the 1st user’s

transmitter. The correlator output corresponding to this

signal at some bit interval i becomes

Yi,n = Jz{i?&?; ,n +5). + L,. } + w,., (1)

where E$ is the energy of a coded bit and then the energy

of a data bit is given by Eb = MES. The first term in

(1) is the desired signal component and the last term is

the zero-mean Gaussian random variable due to additive

white Gaussian noise (AWGN) with two sided power spec-

tral density of iVo/2. The second term in (1) denotes the

M – 1 self-interference terms due to the signals from the

other antennas of the 1st user’s transmitter and given by

The third term in (1) is for the multiuser interference from

the K – 1 other simultaneous users with M antennas and

given by

“[ (kzf–1mR~,I fkn J], (3)) + x:,m&@k

where /3~m and q!& is a path gain and a phase which cor-

responds to the signal from the mth antenna of the Icth

user’s transmitter at ith data bit interval respectively. We

assume that ,@m is a Rayleigh random variable normal-

ized to satisfy E[!/3~m 12] = 1 and ~~ is uniform in [0, 27r).

The R~1,~2 and R~~,~~ are even and odd continuous-time

partial cross(auto)-correlation function defined in [6]. The

term A~,n in (2)-(3) is defined as AL,. = r~ + d~ – d~,

where Tk is the propagation delay of the kth user’s signal

and assumed to be uniformly distributed in [0, T). Note

that the term A~,n for k # 1 is a random variable on the

basis of the fact that i-~ for k # 1 is uniform in [0, T). The

A&,n in the self-interference term, however, is determinis-

tic. The good selection of the delays {d; ,..., d~ } has been

discussed in [1].

III. PERFORMANCE ANALYSIS

A. Pairwise Error Probability

For simplicity, we shall drop off the superscript identify-

ing each user, and we assume that the interference includ-

ing the self-interference and the multiuser interference is

Gaussian random variable with variance o;.

Under this assumption and the conditioning on the CSI,

the pairwise error probability P(x ~ ii) that the Viterbi-

decoder decides in favor of an erroneous sequence ? instead

of the transmitted coded bit sequence x is given by

P(x -+ il{~i,m}) = Q (Fzm “)
( )

–1
where 78 = $Q + 2U; and v is the set of (i, m) such

that Xi,m # ?~,~.

A. 1 Very Slow Fading Channel

The fading process in an indoor environment is often

very slow so that the coherent time may last for a long bit

interval. In practical systems, interleaving size is limited,

and thus the long duration of very low signal-to-noise ra-

tio caused by deep fading can’t be scattered in time. In

the multi-antenna schemes, however, a signal transmitted

from each antenna experiences different fading. For sim-

plicity, we assume that the path gain is constant during

the decoding span of a sequence sequence x, and we shall

drop off the subscript i in the path gain /3~,~.

Define the number of different coded bits which are

assigned to mth antenna between x and % as Hm =

z~ lzi,m – ~i,~ 1/2. This Hm represents the Hamming Dis-
tance in the mth antenna. Consequently, the sum of Hm

becomes the Hamming distance H between x and i. Sub-

stituting lY~ into (4) yields

Averaging (5) over {&} gives [7]

M[ma “)P(x+i)=; ~7rm
m=l

where

*#m
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When y. >>1, (6) can be approximated as follows

P(x-+i,= (’~;:’)(-+y’~,+,(8,

where M’ is the number of non-zero Hm and M’ means

the diversity order. To achieve the Mth order diversity by

M-antenna schemes, every Hm must not be zero in each

error event.

In the case of a single antenna scheme, (6) can be re-

placed by
——

[ L::JP(x+i)=; l– (9)

A.2 Memoryless Fading Channel

The assumption of memoryless fading channel is tanta-

mount to assuming that the interleaving size is infinite.

Under this assumption, the @i,m’s are independent ran-

dom variables, and hence, taking the expectation of (4)

with respect to {~i,~ } gives [7]

‘(X+’)=[N-JE)lH

“E(H-:+’)[X+wl’ ‘1’)
B. Bit Error Rate Performance

An approximation of the bit error probability can be

obtained by summing the pairwise error probabilities as

follows

(11)

x+x

where W(X, ii) is the number of bit errors associated with

each error event, and the summation is taken over the set

of dominant (or most probable) error events. If there are

any error events which have zero Hm, ~.e. M’ < M in

(8), the error events having smallest M are most domi-

nant. Hence, the smallest value of ikl’ means the achiev-

able diversity order of the code. It should be noted that

one should avoid the codes which cannot achieve the Mth

order diversity by M-antenna, because repetition codes al-

ways achieve the Mth order diversity. However, it is easy

to show that, almost all so-called good codes satisfies the

condition M = M for every error event.

Under the condition that the diversity order of the code

is M in M-antenna schemes, it is apparent from (8) that

error events having small ~~= ~ Hm are dominant when a

fading process is very slow and no interleaving is used. The

transfer function ‘T(D1, . . . . DM, N) can provide us with

Hamming Distance in each antenna Hm (and product of

them ~~=1 H~) in each error event [4].

In the case of single-antenna schemes, memoryless fad-

ing channels or AWGN channels, it is clear from (9), (10)

that the error events having small Hamming Dist ante are

dominant.

IV. NUMERICAL RESULTS

In this section, the bit error rate(BER) performance

of convolutionally coded DS/CDMA systems with multi-

antenna transmission scheme are presented. The convo-

lutional codes we have examined are maximum free dis-

tance codes, which are presented in [7]. For the purpose

of a comparison> the BER performance of uncoded(or rep-

etition coded) systems with multi-antenna transmission,

which means transmission diversity technique, and conven-

tional convolutionally coded systems with single-antenna

transmission are also presented.

The analytical results of 4-state convolutional codes ob-

tained from (11) with (8) or (9) are shown in Fig. 3. In

the analysis, we assumed the self-interference to be zero

because it can be negligible small by proper selection of

the delays at the transmitter[l]. Figure 3 shows two ex-

treme cases: one is the very slow fading where the ran-

domization by the interleave cannot be expected and the

other is the memoryless channel which models the ideal

infinite interleaving size. Comparing the results of these

two cases, we can confirm that the performance under the

very slow fading is worse than that of memoryless chan-

nel. As the number of Tx antennas increases, however, the

performance improves by the space-diversity effect through

the multi-antenna transmission even if the fading is very

slow. When M = 1 or 2, the employment of convolutional

codes provides us with energy loss in comparison with the

uncoded cases. This is because convolutional codes re-

quire statistically independent fading for each coded bit

to achieve full potential error correction capability. When

M = 4, however, we can expect the performance improve-

ment with the use of convolutional codes.

To examine the required number of Tx antennas for con-

volutionally codes to outperform repetition codes when a

fading process is very slow and no interleaving is used,

the simulation results for various number of Tx anten-

nas with convolutional or repetition codes are shown in

Fig.4, 5. For reference, the simulation result of rate 1/2

code with a single-antenna is also presented. The spread-

ing sequences are Gold sequences of length 63 for multi-

antenna transmission scheme throughout the simulations.

In this case, the length of Gold sequences for rate 1/2 cod-

ing with single-antenna scheme must be half of that for

multi-antenna scheme to maintain the same data rate and

bandwidth. However, there is no Gold sequence of length

63/2 = 31.5, and thus we use Gold sequences of length 31

instead.

In the simulations, we have assumed that a fading is

relatively slow and normalized Doppler frequency fdT is

0.0005, which corresponds a movement at a velocity of

3.6km/h if the data rate is 16kbps and the carrier fre-

quency is 2.4GHz, where ~d is Doppler frequency.

Figure 4 compares the performance of 4-state codes and

repetition codes. From this figure, we can confirm that

the multi-antenna scheme outperforms conventional single-

antenna scheme. As in Fig. 3, the employment of convo-

lutional codes with small number of Tx antennas degrades
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the performance more than repetition codes. When the

number of Tx antennas M is 3 or 4, convolutional code

and repetition code shows almost the same performance.

When ill ~ 6, convolutional codes outperform repetition

codes in the range of the BER of interest. This fact in-

dicates that one should not use convolutional codes with

small number of Tx antennas when a fading process is very

slow and little randomization by the interleaver can be ex-

pected.

Figure 5 compares the performance of 4-state and 16-

state codes in the same conditions in Fig.4. From this fig-

ure, we can find that complex 16-state codes shows worse

performance than simple 4-state codes when M is 1 or 2,

where 4-state code was worse than repetition code. When

ill ~ 3, the 16-state codes shows much better performance

than the 4-state codes. From these facts, we can conclude

that the system with a convolutional code and at least 3 Tx

antennas outperforms the uncoded system even if a fading

process is very slow and no interleaving is used. How-

ever, the convolutional codes we have examined are not

optimized for the fading channel under our consideration.

It may be possible to achieve more coding gains with the

same complexity than the above convolutional codes even

if the number of Tx antennas is smaller than 3.

Figure 6 compares 2-antenna and single-antenna

schemes with 4state ratel/2 code when block interleav-

ing is used and the multiuser interference exists. In this

figure, the BER performance is plotted as a function of

the interleaving depth. The interleaving span in each Tx

antenna is fixed to 16 and 32 coded bits for 2-antenna and

single-antenna schemes respectively to maintain the same

interleaving size and delay. For reference, the performance

of repetition codes are also presented. As the interleaving

depth increases, the BER performance of convolutionally

coded systems improves, while the BER performance of un-

coded (repetition coded) systems is invariant regardless of

the interleaving depth. Although the convolutional codes

show worse performance than the repetition codes when

the interleaving depth is small, the convolutional codes

with a moderate size of interleaving can outperform the

repetition codes. It is obvious that the BER performances

of the convolutionally coded systems with single- and 2-

antenna schemes become closer as the interleaving size be-

comes large. However, the multi-antenna schemes require

less interleaving depth than the single-antenna schemes to

achieve the same BER performance. Note that the BER

performance of the coded systems is strongly dependent

on a normalized Doppler frequency fdT when interleaving

is used. If fdT is smaller, larger interleaving size is needed

to achieve the same BER performance.

The interference in the multi-antenna schemes is differ-

ent from that in the conventional single-antenna scheme.

Although the self-interference exists in the multi-antenna

scheme, it can be suppressed to be negligible small by

proper selection of the delays at the transmitter[l]. Hence,

the main factor needing consideration is the multiuser

interference. One may ask which multiuser interference

in the two schemes is crueler to the BER performance

? We can know the answer intuitively without complex

calculation. It should be noted that the total average

power of multiuser interference is constant regardless of the

number of Tx antennaa. The factors inducing the differ-

ences in the multiuser interference are as follows. Firstly,

the period of the spreading sequences in the Al-antenna

schemes is longer by a factor of M, resulting in better

cross-correlation properties than single antenna schemes.

Secondly, the M(K – 1) signals compose the multiuser in-

terference term in the M-antenna schemes, while the K – 1

signals do in the single antenna schemes, meaning that

the probability density function of the interference in the

multi-antenna scheme is nearer to Gaussian from the cen-

tral limit theorem. It is well known that the Gaussian

approximation, which uses only average power of the mul-

tiuser interference to calculate the BER, becomes very op-

timistic when the number of simultaneous users is small

and bit error rate is 10W[8]. These facts suggests that

the nearer the distribution of the multiuser interference

becomes Gaussian, the lower the BER becomes. Hence,

we can conclude that the multi-antenna schemes are less

sensitive to the multiuser interference than conventional

single-antenna schemes.

V. CONCLUSION

In this paper, we have discussed the combination of the

multi-antenna transmission scheme and convolutional cod-

ing for DS/CDMA systems. In this scheme, the M coded

bits for a data bit interval are assigned to M different

antennas, and transmitted from each antenna with an in-

tentional delay in parallel. The results of this study have

shown that the multi-antenna schemes perform better than

conventional single antenna schemes with the same convo-

lutional codes, and that the convolutional codes with at

least 3 Tx antennas can outperform the transmission di-

versit y technique with the same number of Tx antennas,

even if a fading is very slow and little randomization by the

interleaver is expected. We have pointed out that multi-

antenna transmission has another advantage of decreasing

the effective multiuser interference.
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