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ABSTRACT

Cooperative transmission follows the idea to achieve better

reception quality for wireless communication systems by ex-

ploiting spatial diversity. We discuss the case where a group s
of sensor nodes transmit cooperatively and simultaneously

identical symbols to a far destination. Doing so, they achieve

. . .. . tive t issi
a higher total transmit power. This is useful to reach destina- DoperaTYe Tonemssien

tions when no intermediate relays are able to act as repeater. / / /
We discuss this situation under the constraints of low power e
and low cost hardware and derive an optimal symbol constel- low power no relays high power

sensor network base station

lation for a M-ary modulation scheme to minimize the symbol

error. For this, we assume neither phase nor carrier synchroni- .

zation between cooperatively transmitting nodes or the re- Fig. 1. Sensor Reach Back Problem
ceiver yielding an easy to implement system with very low re-

quirements for the participating wireless sensor nodes. Trans-

mitted signals superimpose non-coherently in the receiver which

uses only the amplitude information to decode symbols ac
ing as an energy detector. We therefore name this modulati
Energy Shift KeyingESK).

;t_he sensor nodes is not expedient. We assume that time syn-
crhronization and random data exchange is possible between
all pairs of nodes in the sensor network.

In this paper, we want to discuss cooperative transmis-
sion under the constraint of very cheap sensor network nodes
3} achieve a multistageM-ary) modulation. Sensor nodes

1. INTRODUCTION

l[n l\(/wrgless sensor.networks,fthe quaht)(; of the Ch*’?‘””e's aNftansmit data or symbols simultaneously over the radio chan-
Inks between stations are often poor due to environmentaly) 1 jncrease the total transmit power. Here, we find two

factors such as o.cclusiqn, reflective objects, ".‘Ob”“y apd l.ov\‘najor differences in the literature: Firstigpherent coopera-
fpower transtr_nlsstlon. F_|gu_re 1thSkt10WS the Kp'?;.‘l EJ‘pp“%‘t'm?ive transmissionwhere stations superimpose their signals to
or cooperative fransmission that we want to dISCUSS as OWqpieye coherent phase in the destination receiver ([2], [3])
reference scenario. Multi-hop connected sensor nodes dlahd secondlynon-coherent cooperative transmissiatiere
tributed in the wilderness want to transmit collected data to e station superimpose their signals without aligning their

destination like a stationary antenna tower, plane or sattelitc?jhases according to the receiver. The most related work can
The distance to the destination is too far, that a single nOdSe found in [4] and [5]. In thosé publications, the authors
cannot communicate its data with sufficient SNR to the basEnderstand cooperative transmission in the sense that several

rs]taugn and thgre lare no |gtem‘;$late relazsb Tkh's St;enar%nsor nodes transmit symbols simultaneously to achieve a
as been previously namea as SOrreach back problem ., qr gain. The authors propose a system using wide-band

[1]. There are several arguments (e.g. the problem of a S”Eignals and derive an optimal receiver. We instead look at the

gle point of failure) why a powerful up-link station among transmitter and derive an optimal M-ary signal constellation
Thanks to Dr. Karl Fabian (University Bremen, Germany) and Thomasf‘:Jr _lOW-COSt _Sensor nodes Only using Only time- synchr_om-
Mautsch (ETH Zirich, Switzerland) for their helpful contribution in the Z2ation, ASKiin the sensor nodes and an energy-detector in the

analysis part of proof A receiver.




2. NON-COHERENT COOPERATIVE 6. all M possible complex symbols; have equal a-priori
TRANSMISSION probability P(5;) = 17

For the system of cooperative transmission that we discuss in For the derivation of the statistics of a single received sig-
this paper, we assume that each of Mdransmitting nodes nal/symbol we can apply tteentral limit theorem For a high
(denoted with index; 1 < I < N) all have slightly different number of nodes simultaneously transmitting the same sym-
carrier frequencies; = w. + Aw; with Aw; of unknown dis-  bol received by a non-coherent receiver, we get multiple ro-
tribution due to production variation of the quartz oscillators.tating signal points with nearly equal power (see assumptions
If the I- th sensor node transmits a single complex symbo#bove). The statistics of their sum will converge to a complex
S; = a — jb (with j as the imaginary unif) < i < M — 1), circular Gaussian distribution; the distribution of the ampli-
we get as transmitted signal in the time domain for the I- tHude will then be a rayleigh. It can be shown, that this ap-
node: proximation is already sufficient valid for a small number of

nodes (typically 8). As the single contributions received by

t(t) = R{S; - w(t—mn)- edtte} (1)  the receiver are i.i.d and thev(r;,r,) = 0; VI, k € [1; N],

we can simply add the variances and means of\ttreceived
With 7, being the time delay or offset in symbol synchroni- signals components on the R {r,(¢)}) or the Q- G{r,(¢)})
zation,w; the local carrier frequencyy; the phase between axis together. As the phase of the received signal points are
receiver and thé—th transmitter andu(t) the pulse shape yniformly distributed, the I,Q components oft) each carry
window function. Looking at the single contribution term of haf of the received power. Assuming equal receive power
one transmitter; after non-coherent (non-synchronized) dowftom all nodes (rayleigh approximation) and channel flat fad-

mix and low passing, the received signal of the I-th transmittefng with scaling, the parameters for the received signia)
without noise and channel influence is (in the baseband arege:

of the receiver): N
) . By,
r(t) = w(t—m)VaZ + 02 e iButte=L5) (2) HR{r(®)}

Equation (2) shows a typical behavior of a non-coherent re-
ceiver. The received signa}(t) carries an oscillation with
the frequencyAw;. In contrast to [5], we do not consider this \yhere we denote Wlth2 the transmit power on one compo-
oscillation to be negligible. Taking e.g. a transceiver systenyqnt:
on 2.4 GHz with a quartz of 50ppm and symbol rates of some
kbit/s, the Aw; is maximum 50kHz which is in the range of

the symbol rate. In the receiver, we get a sum of multiple ro-
tating signal points originated by many transmitters. We aSThethe marginal distribution over the amplitude (rayleigh) is:

o3y = ORieyy = N - U%{mw} = Na’o}, 3

1
03, = *|Si|2 (4)

sume that a non-coherent reception can onlythseeceived B .2
amplitudeu and/orthe received differential phass the re- fo,(r®) =u) = % e NP5 RE)
ceived signal of which we pick only themplitude This has (Na?og, +0%)

the interesting side effect that it is especially suitable and eas_?[
to realize in low cost hardware avoiding a complex modula- he transmitted symbols are only simple M-ASK symhbgjjs

tion in the sensor nodes: they transmit using ASK. with powers20 . The receiver is an energy detector and we
therefore call the modulation scherBSK (energy shift key-

ing). Hence forth, we base our discussion on (5) and summa-
3. SYSTEM ASSUMPTIONS AND STATISTICS rize the term

2 2 2 _. 2
We summarize the assumption we will use for the next steps: Nalos, +oy = 0i )
reflecting the fact that the statistics of the signals and the noise

1. time delaysr; are negligible £, = 0) as time- syn- are both complex circular Gaussian.

chronization among the nodes is possible

2. phase shiftsy; are uniformly distributed oveD; 2|
3. frequency carrier offsetAw; are unknown distributed 4. OPTIMAL SIGNAL CONSTELLATION FOR
4. the channel is flat fading; = ae’?? with0 < a < 1 M-ARY ENERGY SHIFT KEYING (ESK) TO

and#, being uniformly distributed of); 2. For sim- ACHIEVE MINIMUM TOTAL ERROR

plicity we assume the fading to be equal for all trans-

mitters as the distances to the receiver are all nearlyVe are now interested in how the symbéls(or more pre-

equal. cisely: the power Ievelss ) should be chosen to arrive at an
5. the noise is complex circular Gaussia\V (0, o3,12) optimal constellation for the energy-detection. We éalithe



decision of the receiver for signé}. We consider as optimal- ando?, ; as parameters:
ity criterion that the symbol§; are chosen in a way that the

detection rate for all symbols are maximal: 1n<;§%>-o$ m(;;%»al 1
M—1 Pd,af 1 J1+1 (012) = —e oF 103 +e o2 | —o2
P= Z P(S;)P(H;|S;) — max (7 n( z+1) o2,y ln(%),o?
- T pe T (12)

For the derivation of the optimal symbol constellation under

condition (7), the optimal decision thresholds for an opt|malone can see that this expression only depends’op) o7 and
detector (Maximum Likelinood) lies at the intersection of theo;, . We can therefore take the local maximum solutions and
neighbouring rayleigh distributions. Using (6) in (5), this in- combine them in a vector maximizing (11). We prove in Ap-

tersection of two distributions with? andg§+1 is: pendix A thatthe optimal signal constellation (with respect
to minimum total error) is achieved, when the powers of the
u -2 PP received symbols fulfill the iterative condition:
—e 202 = —e¢ 2"%4—1
27 - 2
i Tit1 ol=k-o?, withl<i<M; k>1 keR (13)
2 20%0;
2 0; 77141 2 . . . .
Su = In| 5 ) 5 = Yiei+1 8)  Forthe optimal signal constellation, we apply (6) in (13) and
Oit1 0, — 041 . ;
’ ¢ ‘ resolve for a rule how the transmitters should chose their sym-
The detection probability (7) then is: bols:

2 2 2 2
'Yq_u+1 2 k(gN + Na O-Sz‘fl) B UN

g =
Poo= MZ/ du (9 > No?
Tt ) For this solution it is required that the transmitters know the
th U o number of node®vV and the noise level in the receiver, which
with  fy2(u) = e *7i . . L .
: o; is not automatically the case. But we can simplify (14) if we
assumery, > og > o3 (and do not choosej = 0!):

(14)

Applying (8) leads to

i, o (M—1) Ug'M—l
() as ~k-og , and k=~ — (15)
i o
M-P=P; = 1-—¢ g-ef 4 So

2 i)

n L+1 o In
M-z | Mz & i 5. CONCLUSION
-+ E e "2_”2+1 —e ”12+1_”12+2 +
i=0
In (T’Z :) oR_n
+ e X2 1 (10)

og ando?, , are not subject to optimization as they are set to
the minimum and maximum powers derived from the system
energy constraints withZ = 0 ando?,_, = the maximum
transmit power. With the help of the? = 0 and thevirtual 4- ASK 4- ESK
signal poweir3, = oo, the expression (10) can be written in

an more compact form:

Fig. 2. Example signal constellation in the I-, Q-plane for

Ao | mCED 2 In( °+2>a$+2 traditional (left) and cooperative (right) transmission
— 73 itl
Pd — Z e ‘772,*"?4-1 —e 7,+1 "2,)+z

1=0

With (14), we derived the optimal signal constellation for

(11) an M-ary signal constellation using non-coherent cooperative
transmission. Our optimality criterion (7) for minimal symbol

The expression (11) must be maximized by choosing the operror was accompanied with the contraint of a given maximal
timal 0?;1 < i < M — 2. Therefore, We take out all contri- power foro3, ;, shown as the dotted line in figure 2. Fur-
bution of (10) with terms containing? and understand? , ther, with (15), we give a practical approximation. In figure



2, we illustrate an example result of a 4-ESK compared t general condition is that? | < o? < a§+1 and with (16)
a traditional 4-ASK. Using these ESK- symbols and a nonand (17) we see thaﬁt < & < a. Further, witho?, , > o7
coherent cooperative transmission, the far receiver has an ofpllows: a > 1. With (16), (17) in (12) we define:

timal symbol constellation when using an ML- energy detec-

In(ax) In(2) In(

8o

In(ax)

tor. Itis also important to remember, that we don't assume g (z) = —e¢ar ' +et-ar —ei ! +el 7 (18)
the oscillations to be negligible during the duration of one 1
symbol. These oscillations cause the rayleigh-distribution of fly) = yov - v A
the received amplitude (5) ahe symboés a result of many a
superimposed statistics. = a(2) = flaz) + f(2) (19)
_ O0fy) =1 Iny
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A. APPENDIX z  dz
meaning that: = 1 is theglobal maximum ofg, (). Reap-
To find the global maximum of (11), we substitute: plyingz = 1in (17) results in :
o? or a;
i+1 H _— = d
a = 5 the arbitrary parameter  (16) 2 o2,
Oi_1 v v
oy | (24)
@ = /55— thenewvariable  (17) ¢onsidering thas? > o2 ,, we find (13) to fulfil (24).0



