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Abstract degraded. In order to ensure good performance under shad-

owing environment, large-scaled spatial diversity, where the

In this paper, we propose a 2-layer spatial diversity schemedistance between diversity branches is enough large, can be
to guarantee the reliability of indoor wireless communica- again an advantageous solution.

tion/control systems. The performance in uplink is numeri-
cally evaluated with the outage probability of a required bit-
error rate (BER). As a result, the superiority of the proposed
system to conventional ones is clarified.

In the fading and shadowing environment, these two
spatial diversity schemes should be jointly used, which is
called macro / micro diversity, and have been shown to im-
prove system performance[7]. In this paper, we focus on
the bit-error outage performance of indoor wireless com-
1. INTRODUCTION munication systems and introduce a new macro / micro 2-

layer diversity scheme in order to realize the reliable com-

In many conventional wireless communication systems, munication system in indoor fading and shadowing environ-
high data rate is the most important objective. On the con-ment. In the first layer, antennas in each receiver are sepa-
trary, for applications such as wireless control of industrial rated by several wavelengths to provide diversity against the
equipments or home automation, reliability of the systems fading (micro diversity). In the second layer, each receiver

is a prime requisite. For these applications, wireless com-(branch) is separated with large distance for the diversity
munication systems are required anytime to provide a con-against the shadowing (macro diversity).

stant performance, such as constant BER or constant delay,
and thus the reliability of these systems is determined by the
certainty of achieving a required performance.

In indoor wireless communications, multipath fading is
one of the most important factor of the degradation of the 2. SYSTEM MODEL
performance[2]. To combat the fading, diversity techniques,
in space, time, and frequency, are effective countermea-  Figyre 1 depicts the basic concept of the macro / mi-
sures. Among these diversity techniques, spatial diversity ¢y giversity scheme. This paper concentrates on the per-
has advantages in indoor wireless environment, for it canformance in uplink. As shown in the figure, the transmitter
provide diversity gain in slow or static environment without (terminal) has\Z antennas and the receiver side fiasacro

additional bandwidth. diversity branches each withi antennas.
Multiple Input Multiple Output (MIMO) systems,

which employ multiple antennas both at a transmitter and a1 N€ /& antennas in each branch are separated to combat
receiver, are effective spatial diversity systems. Especially, {"€ fading, and maximal-ratio combining is used to combine
MIMO with Space-Time Block Coding (STBC), which uses received signals of alk” antennas. Thg macro dlvelrsr[y
low-complexity linear mapping of information symbols in bran_ches are separated _to each other V\_/lth large distance to
space and time domains, is known as a effective way to pro_prowde the diversity against the shadowing.
vide diversity against the fading[4][5]. The output of each branch is passed to the base sta-
In addition to the fading, if the paths between a trans- tion through a certain channel, wired or wireless, and the
mitter and a receiver are interrupted, transmitted signal maybase station makes the decision based on the branch outputs.
encounter strong attenuation called shadowing[6]. BecauseNote that, if the channel between each branch and the base
of shadowing, at some spots in a room or a factory plant, station is wireless, the proposed system can be regarded as
the performance of wireless communication may be highly a class of cooperative diversity[8].
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2.1. Transmitter The phase shif,,,;x[i] is uniformly distributed in0, 27),
while the attenuation factat,,,;x[:] is independently and
identically distributed (i.i.d.) Rayleigh random variable with
mean square valugla;. ., [i]] = Z;[i]. The PDF ofv,, 1]

is expressed as

Figure 2 illustrates the transmitter with/ anten-
nas. The input sequence of biftgi] € {+1} is
modulated into the sequence of QPSK symhel§ <

{exp(j%),exp(j%”)exp(—j%),exp(—j%”)}, then each

symbol is mapped tal/ antennas using STBC mapping ) 2a a?

scheme[4][5], and transmitted from the antennas simultane- Paeli) (@] Z5i]) = Z:1] exp <Z7[Z]> : ()
ously using the same carrier frequency. The symbol trans- ‘

mitted from them-th transmit antenna in theth symbol The valueZ;[i] fluctuates due to shadowing, and it is

interval is denoted by,,,[i], and all the symbols transmitted assgnjed to have i.i.d. log-normal distributioq with standard
from M antennas in theth symbol interval are denoted by ~ deviations. Thus, Z;[i] can be expressed in terms of a

a vector Gaussian random variablé, with mean zero and variance
sli] = (sali] sa2ld], -+ smli]) 1)

where” denotes the transpose.

For an example, i/ = 2, the STBC mapped symbols  where we assume that mean path 18$%/;[:]] is 1.
transmitted in the-th symbol interval are

Zili] = 1076 E[Z;]i] (6)

<51[i]> B \/EZ ( 2[2j] —2*[2j + 1}) 2.3. Receiver
s2li 2 < z[2j + 1] z* (2] Figure 3 illustrates the receiver for macro / micro di-
5i — 2] vers_ity. There are/ macro diversity branches and a base
: (§[i (2 j_ 1)]> 2 station.
J The received symbol at thieth receive antenna of the

where symbol energy of[i] is E,, andd[i] denotes a unit  j-th macro diversity branch in theth symbol interval is

impulse defined by denoted byr;[:]. A set of all the received symbols at the
) j-th macro diversity branch in theth symbol interval is
sli] = { (1)’ ’,7&8 ) A3) denoted by a vector
9 1=
rilil = (rplilrpeld, - rr[)T ()
2.2. Channel hijili]  hejili] -+ harj[d]
Transmitted signals fluctuate due to the fading and log- hijoli]  hojolil - harjeli] .
normal shadowing. The path loss of the path fromihe = ' . sli]
th transmit antenna to thieth receive antenna of thgth C o ' o
macro diversity branch in theth symbol interval is given hijrli] hojrli] -+ hasjxcli]
by +njlilngalil, - oy li)" (8)
hmgk[t] = cmgk[t] exp(jdm[i])- (4)  where noise samples;,[i] are zero-mean complex Gaus-
sian random variables with variané&,/2 per dimension
T and independent for differets process.

J Macro Diversity Branches

“~——<_ K antennas % sq[il
fC
b[i] X[i]
—— Modulator STBC sz [i]
II7 antennas Mapper :

— e
@ Base Station '
swmli]
Terminal fc
Figure 1: System model. Figure 2: Transmitter.
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In each macro diversity branch, the received signals arewhere

de-mapped with the STBC scheme[4][5]. For example, if
M = 2, the de-mapped symbols at tji¢h branch are
) ©

() - )

At each branch, symbol-by-symbol maximum likeli-
hood decision is made based gfi]. The resulting se-
quence of bits;[i] € {£1}, which is the estimate df[i]
at thej-th macro diversity branch, is obtained.

The bit-error probability of the decision on symbgl:]
at thej-th micro branch receiver is

hajii]
—hai]

Tik [22]
riel2i +1]

y;[2i]

Bl
h;jk[l]

pilil = Q(vV2y) (10)
whereQ(-) is Q-function and
E
o= el (12)
M K
pilll = D0 D [hmglil? (12)
m=1k=1

where E, = E;/2. Thus, the micro branch receiver can
obtain the estimate of the BER [¢] at thej-th macro diver-
sity branch based on a observation of received signal energ
Eyp;[i] and the noise density.

In order to decrease the amount of data transmitted from
J branches to the base station and to improve the perfor-
mance, each branch passes the estir&ﬁi}aonly if the es-
timated BER is lower than a certain threshéld For this,
let us define the variablg [:] as follows.

- bilil, i pilil <O
) — ) 1
b;li] { 0, otherwise (13)
Then the decision rule at the base station can be denoted a
foa 1 if C[]>0
ol = { “1if Cl]<o (14)
|§|7 macro branch #J
macro branch #1
* ¢ |sTBC Demodulator|Pi[i
¢ |Demapper| |Detector o e o
:%?‘ | Detector
fe %[i]l

Figure 3: Receiver.
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(15)

Cli] = Zéj[i].

Jj=1

Equations (13)-(15) imply that the base station makes the
decision with majority rule on the outputs of the branches
whose expected BER are lower than

3. OUTAGE PROBABILITY OF BIT-ERROR RATE

Let us define the number of branches witfi] < © as
Y. Then the bit-error probability?[i] at the base station is
upper-bounded as

Y

Z (k) eF(1-0e)Y-* forodd Y
k:Y;—l

Pli] ~ (Y (16)
i < R
> (k)e) (1-0)
k=% +1
Jr% (};> 6%(1 - @)% for even Y’
2

In the above equation, ® << 1 and1 < Y, then

yP[i] < ©. Conversely, iftY’ = 0 thenP[i] < © cannot be

ensured. Thus the probability of the event tiét] exceeds
a given valuel’, which we call the outage probability, can
be approximated by the probability f = 0 (or b;[i] = 0
for all j) when® =T.

The j-th branch outputh;[i] becomes to be zero if
© < p;[i]. This condition can be rewritten as[i] < p(©),
wherep(®) is the value ofp;[:] which achieveg;[i] = ®
and denoted from Egs. (10)-(12) as

MN,
2E,

2

(@' (®)".

p(®) 17

S
The valuep;[i] in Eq. (12) is an chi-square distributed

random variable with meah/ K Z; ;] and2M K degrees of

freedom with the cumulative distribution function

8 A () o

_ From this equation, we can denote the probability that
b;li] = 0with © = I"asF, ;(p(I')). And sincep(I") /Z;]i]

is a finite value, this probability can be expressed by using
Taylor's Formula as

MK-1

D

p=0

1
p!

p
Z;i]

p
Z;]1]

ij[i] (/)) =1-—exp (—

£t =1 e (~53) {o (57
e (050) (57) ) 09



Table 1: Parameters for simulations.

Standard deviation =

of log-normal shadowing o 0 andS [dB] o

Number of transmit antennas M 2 E‘

Total number of receive antennas/ K 12 %

BER threshold at branches © | 1/2and10~° <

o

()

where0 < 6 < 1. Since0 < p(I')/Z;[i] and thus o

exp(0p(L)/Z;i]) < exp(p(I')/Z;li]), Eq. (19) is upper- 3
bounded by

L (pm\™"
e < .

As Eqg. (20) gives the upperbound of the probability that the Figure 4: Outage probability at the base station correspond-
J-th branch does not give the output to the base station, theing to Pli] <1075 (© = 1079).

probability ofY” = 0, which is the approximation of the out-

age probabilityPy (") for ® << 1, can be upper-bounded

as

J E:.

Ry ~ J]Fp @) (21) -
= 5 J=12, K=1
L1 pm)\ME e, k=2
= E(MK)! (ij) - (@) 54, K=3

K=4
K=6

4. NUMERICAL EXAMPLES K=12

Outage Probability Po(I)

In this section, we evaluate the performance of the pro-
posed macro / micro diversity based on Monte-Carlo sim-
ulations. The parameters for simulations are shown in Ta-
ble 1. The valuesr = 0 [dB] represents the environment
without shadowing whiler = 8 [dB].

Figures 4 and 5 show the outage probabilityTof=
10~°, i.e. the probability thatP[i] exceedsl0—°, given
by Eq. (21). The horizontal axe$ of the figures are
mean value of the ratio of single-sided noise power spec-
tral density to the average bit energy per receive antenna,

ie. JLK Z;-]:ﬂj- For these figures, the threshd@dat each J (and K): large J has better performance for shadowing
branch is set to b® — 10-5. (o = 8 dB) environment while smallef is suitable for non-

In Fig. 4, we can confirm the diversity gain for shadow- Shadowing caser(= 0 dB).
ing: J is larger, the outage probability becomes smaller. On For the purpose of comparison with the proposed macro
the contrary, if the average SNRs at all the macro diversity / micro diversity scheme, the outage probability of BER and
branches are the same, the diversity gain against the shadhe averaged BER witlh = 1/2 are shown in Figs. 8 and
owing cannot be obtained. Furthermore, since the base sta9. In comparison with the results with = 10~°, shown
tion makes the decision based on the binary data sent fromin Figs. 4 and 6, it is note worthy that macro diversity with
the branches, while each branch makes decision by combin© = 1/2 outperforms that wit®® = 10~ in the sence of
ing the soft values of th& antennas’ outputs, as shown in the averaged BER, while the sence of the outage probability
Fig. 5, largerJ (smallerK) gives worse outage probability. of BER,© = 10~° outperforms® = 1/2. This fact signi-
Figures 6 and 7 show the averaged BERs under the samdes that better performance in the sence of the average BER
condition as in Figs. 4 and 5. From Figs. 4-7, it can be cannot always ensure the better performance in the sence of
shown that the averaged BER has the same tendency oithe outage probability of BER. Also this shows that the in-

15 20

Figure 5: Outage probability at the base station correspond-
ingto P[i] <1075 (© = 1075).
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Outage Probability Po(I)
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Figure 6: Average BER. Figure 8: Outage probability at the base station correspond-
ingto P[i] <107° (© = 1/2).
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Figure 7: Average BER.
Figure 9: Average BER.

troduction of the threshol® is not only effective to reduce
the amount of data sent from a branch to the base station,
but also is important to guarantee the reliability of commu-
nication.
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