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ABSTRACT dinary MIMO systems [6][7]. It is important to notice that

already the inspection of a system with only one cooper-
ating station provides knowledge about system properties
even with more cooperating stations. In a system with more
than one cooperating station, our results about the optimal-
ity range when only one station transmits are adaptable to
the station with the best channel to the receiver. The contin-

pI0|Ited bdymltJIt|pIe>|<|n§: h ol i link - uing characteristic depend on the correlation and need there-
n order to evaluate the multiple antenna link, we intro- ¢ = 4 4o oo, analysis.

duce a system model considering one cooperative station. Since the transmit stations are spatially separated, the

From this, we prgsent the capacity and some praperties ofcooperating station has to be provided with data. Here, we
system, which differ form ordinary MIMO systems. Fur- will not further elaborate this problem and modulate this

thermore we de_nve the optimal amphﬂcgﬂon factors, which process by an additive noise term at the cooperating station.
specify the optimal power allocation. Finally we compare

the ergodic capacity between simple and cooperative trans-
OR
§X2

In our work we study a cooperative system using multiplex-
ing. The key idea of @ooperative systers, that spatially
separated stations assist each other to build diptebuted
smart antennand thereby to improve the efficiency of their
transmissions. Here, the multiple antenna link will be ex-

mission.

1. INTRODUCTION

)éig. 1. System model with one cooperating transmit station

The increasing demand for wireless services makes new and
sophisticated concepts in wireless communication necessar
Recent work showed that the throughput of ad-hoc and mul-
tihop systems decreases with the number of nodes [1][2].

However, improved performance can be expected form co- |5 gyr work, we derive the optimal amplification factors

operative diversity concepts [3][4]. _ in respect to the total transmission power of the
But systems with multiple transmit and receive antennas y Mo link, where optimal refers to the system capacity.

can be also exploited by the multiple input/multiple output Fythermore, we determine the conditions when its optimal,
(MIMO) conceptmultiplexing i.e. the data is splitinto sev-  hat only one station transmits the whole information. Re-
eral data streams and transmitted over distinct channels. Aferring to this, we consider the cases when only the trans-

the latest since Telatar [5] it is known that such systems alsopission willing station is transmitting or the whole infor-

increase the capacity. ~ mation will be forwarded by the cooperating station. The
In this work, we consider the system depicted in fig- first case corresponds to the simple transmit situation with-

ure 1. We show that cooperative systems using multiplex- ot cooperation, the second corresponds to the relay case.
ing behave different than ordinary MIMO systems. It turns

out that under certain conditions, it is optimal to abstain
from the cooperative station which was used at less power.
However, the optimal number of used channels of an in- We consider the system model illustrated in figure 1. One
stantaneous channel realization depend on the total transmistation, depicted by the information sourgevants to trans-
power correspondingly to the water-filling principle in or- mitinformation to an access poidtP. Therefore, the trans-

1.1. System Model
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mission desiring station cooperates with a separated but 2. SYSTEM CAPACITY

reachable statiod’ in its vicinity, both are equipped with ,

one antenna and build up together a distributed smart an\We assume. € C to be zero mean independent identically

tenna. The access point is equipped witkceive antennas, ~ distributed (iid) Gaussian noise with powet, and likewise

so that the resulting communication scenario correspondsn” € C” to be a zero mean iid noise vector with each entry

to the commonmultiple access channelhich exploits the  of power o2, and covariance matri&v" = o2, I,.. For

(2 x 7)-MIMO channel. " "
Using our communication model we examine the simple

cooperative concept a@mplify and forwargd where the co-

operating station just retransmits the amplified received sig-

nal. To fulfill this, the information source divides its infor-

mation into two independent signats andx, of powerP.

Since we want to examine the properties of the MIMO link

between the distributed smart antenna and the receiver, we?

will not further specify the link between information source °

and cooperating station, we only assume that the signal

gets disturbed by an additive white Gaussian naise

the following, we will define a noise vectar = (0,n')”

with covariance matrixV' = £[n'n’#], whereg|.] denotes

the expectation value. Also, | denote the amplification
matrix, which only contains the amplification factors on its
diagonal.

The capacity of the system can be achieved by transmitting
circularly symmetric complex Gaussian distributed vec-
rx € €2 with zero mean and covariance matx =
Elxzx']. Accordingly, the system capacity depending on
the amplification factors arises as follows:

The information source and cooperative station amplify |HB(N +Q)B"H" + N
their signalsz; andzs + n' by the factors,/3; and/Ba C(Br, B2) = log, \HBN BPH" { N =
and transmit the amplified signals and s, respectively to
the access point. Further we assume a flat-fading MIMO |(N/ +Q %BHHHHB(N' 4 Q)% + 02, I|
channelH = (h,, hy) between transmitters and receiver,  10g; 1 = )

'L pHprH 'L 2
whereh; and hy, denote the channel between information IN*B"H"HBN = + iz I|

source and cooperative station to the access point respec- (4)

tively. At each receive antenna element, the receive signalsyhere we used the determinant propeity- AB| = |I +

yi i = 1,..,r getdisturbed by additive white Gaussian noise B A|. The determinants in last term of eq.(4) can be easily

n; , both stacked in vectorg andn  respectively. So we  calculated, so that some interesting properties of the capac-

can post the system equation in vector notation as follows: jty can be derived. In particular, the limit analysis shows
that for an arbitrary, but fixed,, the capacity converges to

) a constant depending gh with (35 increasing. Further, the

, y discussion of the derivative reveals more important proper-

= VBierhy+v/Ba(w2 + 0 ) ha +n”. ties, which are listed in the following table:

In eq.(1) and the following, we use boldface capitals and

small letters to signify matrices and vectors respectively.
T indi ; 2 P

|A\ andA” indicate the _d_etermlnant and transpose of a ma- C increases withl (P° < Pio?, )V

trix A anda® the Hermitian of a vectost. I,, denotes the

y:Hs—&—n”:hlsl—i—hgsz—i—nN

C increases logarithmically with increasing

identity matrix of sizen x n. increasing’; ((o* > P+1jri, ) A (Br <))
We define the total transmission pow@r used for the C decreases with /.2 P 5
MIMO link: increasingd, (P* > pgm,) A (B> 1)
2
Be= b Pt baP ¥ o). @ Table 1. Properties of system capacity
Note that we do not take into account the necessary power
for distributing the signat, form the information source to In table 1V and A denote the logicallyr andand re-
the cooperating station. This may be object to realization spectively and
considerations, but we are intended to investigate the prop- X l|hs||2 o2,
erties of the MIMO link established by the distributed smart 3, = 7 n 7 . (5)
antenna. o2, |hy" by [> =P([[ha]? || o] > — [hy" h2|?)
For the following consideration, we also define the in- |t js interesting to observe that in a certain case the ca-
stantaneous correlatignbetween channdi, andh: pacity decreases with increasifig. This is caused by the
|hfh2| noisenf and high correlat_ion betwegn the channels.
p= W, 3) In _flgure 2 the capacf[y dependmg oh andp’g for a
11172 Rayleigh channel realization wheféincreases withs; and
where|| - || denotes the Euclidean norm. B2 is plotted.
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where4, 8, andc are defined as follows:
A=02 (P +0)? [kl *(|h1|* |h2||* - [h{" By |?)
B =202 (P + 020 )? (|| 2| |* = [hy b [?)
C=00n Pl (P +02) |hi b [ =P ||| [|Ro[?)
+ o (P(lha|* = [[Ral?) + o2 [ ),

otherwise the maximum has to be a boundary maximum.
Using t"™“* we can post the optimal amplification factors
bmaw — (ﬁlmax,BQme)T c Jgg

B, B c
24 24 A4
/8 s _ Ptmam _ ﬂ max (P + i )

! P

In the next, we will specify the boundary maximums

preT _ (PZ;“" ’ O)T andb™** = (0, %)T, which cor-

respond to the cases when its optimal to transmit the whole
The system capacity and total transmission power dependnformation over channeh; or h, respectively. In order

on the amplification factor§, and.. Therefore there ex-  to derive conditions to identify the boundary maximum we
ist amplification factors which maximize the capacity with ¢qyed the problem | < 0and dC > 0. The

respect to a maximum total transmission pow#g*”. Ac- results of the calculation are presented in table 2.
cording to this we can state the optimization problem as fol-

/8277710/"13 —
Fig. 2. Capacity depending ofi;, 3, for P = o2, = ©)

‘772/’ = 1 and a Rayleigh channel realization wjth < 0.5

2.1. Optimal Amplification

. hy|?
lows: (Hh2Hz > P—:Z?’) (p > P+o )
lelw Pmaw — max C , . ) f"
(P") b=(01,82)T€R?, (51, B2) ©) (illustrated in fig. 3 upper nght)

It is optimal to (r* < P+U )
transmit  only

over channeh;.

. 2 = (Hh‘lH2 > P )

subjectto; P+ Bo(P +o07) < P” TRa[[* = P07,
.. L. i i i i . A (Pmaac < pmax)

This is an optimization problem with affine inequality con- St =t

straints and a feasible séf = {b € R? : Gb < r} with (|Ilust2ated in fig. 3 upper left)

G = (~I2,(P,P+0%)")" andr = (0,0, "*)". No- (it < w57 A (7 > 557)

tice that even though eq.(4) can be written as a difference n

of two convex functions, it needs not to be convex itself,
just consider the properties of the capacity listed in table

A (Ptmax > Ptmaac)
(illustrated in fig. 3 lower left)

1. Therefore we have to spend some thoughts to derive the
optimum.

It is always optimal to transmit with maximum power,
e.g. P, = P/™**. This is easily seen considering the fol-
lowing contradiction: Assuming € .Z is optimal with
P, < P/™®, than using the rest power to increasewill
increase the capacity, théids not optimal.

Since we know, that in the optimum the system trans-
mits maximum powe;”**, we can restate the optimiza-

It is optimal to
transmit  only
over channeh,.

(Hte < wlom) A (B < 02

(—@+ (55)° +"'))

(illust. in fig. 3 lower left and right)

Table 2. Conditions for boundary maximums

In table 2 we used following variables:

1Pa|*(P +02)) — ||heo|[* P

tion problem in a much easier fashion: prmat — 52,
P’HLaJ:‘ Pmaa
C’Hlafl‘ Pmaw — C 1 t t 7
(P = ey, <( )P P+a)()

Solving eq.(7) shows, that there exists only ofié” ¢

R |2 [[Ra] |2 P —
D = o2, ||ha|2(|[Ra]|? |2 —
£ = [|hy||? [[ho| (P + 202)) —

|hi’ ho 2(P+a2))
|hi" ha |?)
|hi" ha (P +02))

_ 2p_ 2 2
[0, 1] which solves?{) = 0, if and only if F = [[ha|[" P = [[Pa[[*(P + 07,
) In lower left of figure 3, it is interesting to observe that
pree prer with increasing the total transmission power from a certain
P+o? P+oa? point, the amplification factgf, decreases unless it is zero.
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fits can be expected when the cooperative station has a better
channel.

On the right of figure 4, the probability that only chan-
nel one or channel two is used is depicted. It follows that
in the low P;*** range either channel one or channel two is
used. Further, that with increasing power it is more probable

— B — B
4l - By ar| - By

IIh,IP@P+0%) > [In PP 3t [Ih,IPTP+a?) > [In,|P

w

~

I, PP+02) < In, I, IPP 21 I, 2@P+a?) > [In, I, | PP

SR . " 50 s s -0 meldm S that both cha_n_nels are _allocated, this behavior corresponds
' ‘ to the water-filling principle. In the case of the better chan-

s ® nel hy, it also shows that in the low?** range almost

i / ] always channel two is used. Then the cooperative station

31 lIn,IPTP+a?) < [In I’ 3 lIn,IPwP+a?) < |In,|I*P works as a relay.

21 Infh,PaP+a?) > IIn, PTIh,I°E 2t I, PP+a?) < lin, 1P, I’ - ’

1 > 1 - . 3. CONCLUSION

B wos oo s oo s o s oo We showed that the MIMO link in cooperative systems us-

P [dB] P [dB]

ing multiplenxing differ from ordinary an MIMO link. When

the cooperative station has a better, but highly correlated
channel, from a certain power it optimal to abstain from the
channel, which was optimal to use at less power.

) ) Nevertheless, the ergodic capacity results showed that
2.2. Ergodic capacity benefits can be expected when the coopertive station has a

The maximum ergodic capacity is defined as the expectationP€tter channel in principle.
value of the maximum capacity™** over channel realiza-
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