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Abstract— Sensor networks are comprised of nodes with min- layer, where a certain data rate is accomplished with as little
imal baseband and RF functionalities. In such networks, it is power consumption as possible.
assumed that a source sensor communicates with a target Sensor - gackground. Sensor networks are significantly different
over a number of relaying sensors by utilising distributed low- " .
complexity space-time encoding techniques, hence the resultingfrom tradltlonall ad-hoc networks. Firstly, the number of
communication scenario is a generalised form of orthogonalised SENSOr nodes in a sensor network can be several orders
multiple-input-multiple-output (MIMO) channels. The contribu-  of magnitude higher than the number of nodes in an ad-
tions of this paper are the derivation of the Shannon capacity hoc network. Moreover, sensor nodes are usually densely
in terms of nats/s/Hz for such space-time encoded distributed yapi6yed, prone to failures and limited in power provision,
communication scenarios. Closed form capacity expressions are . : :
derived for ergodic flat-fading Rayleigh and Nakagami channels, computational complexny and _memory. Wh|lg most ad-hoc
as well as the communication rate outage probabilities for afore- Networks communicate on a point-to-point basis, sensor nodes
mentioned channels. It is shown that the distributed Alamouti mainly use a broadcast communication paradigm, and they
scheme yields the best performance over ergodic channels. Inmay not have a global identification [1]. There is a wide range
the case of non-ergodic channels, the 3/4-rate sporadic space-y applications in which such networks might be used, such

time block code is shown to give optimum performance. Finally, . tal itori d trol. roboti trol and
Monte-Carlo simulations are used to assess the performance of as environmental monitoring and control, robofic control an

distributed multistage sensor networks. It is shown that notable guidance in automatic manufacturing environments, military
power savings can be achieved, compared to the traditional single surveillance, interactive toys, smart homes providing security,
link sensor networks. identification and personalisation, and health monitoring [2],
Index Terms— [3]. Recently there has been a lot of interest in the building
and deployment of sensor networks. Worth mentioning are the
WINS [4] and SmartDust [5] projects which aim to integrate
sensing, computing, and wireless communication capabilities
into a small form factor to enable low-cost production of tiny
. INTRODUCTION sensor nodes in large numbers [6]. Concerning the Physical
The concept of sensor networks is fairly new; thereforéayer of sensor networks, in [7] a physical layer driven ap-
little theoretical literature is available on them. Furthermorgroach to designing protocols, algorithms and applications that
there is no common consensus on the functionalities afdnimise the energy consumption of a sensor network systems
inherent characteristics of sensor networks to date. Henceidnproposed. The energies consumed Myary and binary
this work, we assume that sensor networks have characteristiggdulation are compared for their respective circuit power
as described below. consumptions/-ary modulation increases energy efficiency
Characteristics. The function of sensors is to sense certaify reducing the transmition time of the device, but usually also
features of their surroundings and pass this information toircreases the circuit complexity and power consumption. It has
unit which is capable of processing such data. The duty-cydleen observed [8] that diversity is most likely to be achieved in
of sensors is rather low as is their data rate. The majorige frequency domain, since the static nature of the network
of the sensors are stationary allowing for stable routing patdgd the single antenna on each sensor makes space or time
from the source sensors to the target sensor or processing uhigrsity difficult to obtain. However, performance gains are
A primary concern for a sensor is for it to consume as littlebserved if distributed space or time coding is deployed, as is
power as possible as it has been envisaged that microscajginonstrated in this paper. In [3], methods are defined for the
sensors will run on traditional batteries for months, if not fogooperative detection of targets by a distributed wireless sensor
years. It is therefore a task of a sensor network designernetwork, and for a cooperative transmission scheme of the
allow for data transmission with minimal power consumptiorigsults to a remote user. Some simple capacity calculations for
This requirement translates directly to a high capacity physidhle Gaussian case are also obtained, and finally a simple phase
rotation scheme is described that allows a variable number of
A Ma”tufg“gtoégce“’ed April 2, 2004; revised August 16, 2005; acceptgghnsmitters without a common phase reference to attain gains
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networks are the Self-Organizing Medium Access Controlerlap.

for Sensor Networks (SMACS) scheme and the EavesdropAs will be explained more thoroughly in Section I, the

and Register (EAR) algorithms (both in [3]), the Hybridimitation of having just one antenna element per sensor

TDMA/FDMA Based scheme in [7] and the CSMA-Basededuces the distributed communication scenario at most to a

Medium Access in [10]. multiple-input-single-output (MISO) communication scenario.
Since the main operating constraint for sensors is their avallso, since the sensors are spatially separated, no correlation

able energy, any proposed solution for sensor networks musgli be observed, additionally simplifying analysis. Finally,

take energy considerations and energy savings into accodatfacilitate the analysis, synchronisation is assumed to be

Power-aware and cost-aware metrics are the two main capetfect.

gories of metrics that have been devised to minimise power.Contributions. The contributions of this paper can be

Power-aware metrics aim to minimise the total power neededmmarised as follows:

to route a message between two different locations, while cost,, A cjosed capacity expression for the orthogonalised er-

aware metrics look at methods to extend the nodes’ battery godic MISO Rayleigh and Nakagami flat fading channels
lifetime [11]. In [2], a new power-aware routing protocol g gerived, where the channel coefficients can have an
that is suitable for low energy and low bit rate networks is arbitrary attenuation.

described. As employed in this protocol, the use of a simple, A cjosed capacity outage probability expression for the

probabilistic forwarding mechanism to send traffic on different orthogonalised ergodic MISO Rayleigh and Nakagami
routes helps to use the node resources more efficiently; indeed, 4 fading channels is derived, where the channel co-

simulation results shows an increase in network lifetime of efficients can have an arbitrary attenuation.

up to 40% using this method. In [12], a dynamic power , The capacity behaviour of multistage distributed sensor
management (DMP) scheme is proposed, where the Sensor pepyorks is assessed and simulated. The performance

node is turned off if no events occur. Such an event-driven s compared to the non-distributed case and appropriate
power consumption is critical to maximise battery life. In [11],  ~nclusions are drawn.

a number of power-aware (from a local point of view) routing Struct In Sect L th ; del i
protocols are evaluated. In these schemes, the routing proto (ﬁaper ructure. -In -section 11, the system modet 1S
escribed in detail. The principle of a distributed (sensor)

tries to make decisions using only information that is availab . . . . .
from its neighbouring nodes. network is explained, as is the encoding/decoding strategy
at each sensor. In Section lll, the closed form capacity ex-

Also relevant to the current work are [13[25] which ) ; th lised dic MISO ch Is obevi
achieve performance benefits due to cooperative transmis gfSsions for orthogonalised ergodic MISL channels obeying
leigh and Nakagami fading distributions is derived. In

and reception. The therein performed analysis and propo ton IV. th " i babiliti derived i
protocols demonstrate a diversity order equivalent to the to getion TV, the respective outage probabiiities are derived In
closed form. The end-to-end ergodic capacity and capacity

number or cooperating antenna elements. L S .
P g foutage probability is studied in Section V. Here, a source

Assumptions. n contrast to previously performed researct}, sor delivers information to a target sensor via a plurality of
this work accomplishes considerable power savings in a sengﬁp . : Arg ' & pluraiity
elaying sensors. Finally, conclusions are drawn in Section VI.

network by utilising distributed MIMO capacity techniquesr
without cooperation between the nodes, hence minimising the
signalling and traffic load in the network. Potential approaches Il. SYSTEM MODEL
here are to deploy Space-Time Block Codes (STBCs) [26]-
[28], Space-Time Trellis Codes (STTCs) [29] or layered”
multiplexing (e.g. BLAST) [30]. Due to the severe power Given is a source sensor (s-S) which intends to deliver
constraints, the simplest encoding strategy has been chogeformation to a target sensor (t-S) or processing unit via a
i.e. STBCs. The deployment of STBCs orthogonalises tigiven number of distributed relaying sensors (r-Ss), as depicted
MIMO channel and thus reduces it to an equivalent singlé® Figure 1. The s-S sends its information to a group of
input-single-output (SISO) channel [31], [32]. That is a vergpatially adjacent r-Ss, which form the first tier r-Ss. Since
desirable property, both from the complexity as well as analgo cooperation between the nodes is allowed, the end-to-end
sis point of view. diversity order is limited to the weakest relaying stage which
For operational simplicity, it is assumed that each sensorigsthe first stage. The achieved diversity order of 1 requires
in possession of one antenna element only, and the transceidat the first tier sensor nodes is spatially close to the s-S so
is capable of operating either in time division multiple accesss to minimise the power spent to reach the first tier.
(TDMA) mode or frequency division multiple access (FDMA) The signal stream from the s-S is reached by the first tier
mode. In TDMA mode, each sensor receives data over th&s which space-time encode the data stream, i.e. each r-S
entire frequency band and a frame duratiorf;. After a transmits only a spatial fraction of the space-time code word
possible processing, the data is re-transmitted over the ensteh that the total output from the first tier r-Ss comprises
frequency bandV and in a frame duratiofiz, during which a MISO transmission. Since the MISO channel achieves a
time it is not capable of receiving any data. In FDMA moddhigher capacity and lower outage probability [39], the distance
communication may occur continuously, but data is receivégtween the first and second relaying tier can be considerably
in a fractional bandwidtii?; and re-transmitted in a fractionallarger than from the s-S to the first relaying tier or, alterna-
bandwidthW,. Note that both of these bandwidths must ndtvely, the transmission power can be reduced.

Principle of Distributed Sensor Network
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1st Tier O 2nd Tier T-th Tier

e O Ditrbuted Ditrbuted B. The Equivalent SISO Model

To improve readability, superscripts related to the respective
relaying tier are omitted here. Given is one relaying stage
with nt distributed transmit sensors ang distributed receive
sensors. Because sensors of the same tier do not communicate
Taraet Sensor among each other, there atg MISO channels witm trans-

Fig. 1. Distributed sensor network, where a source sensor communicaﬂ@gI antennas. Also, because of the spatial separation between

with a target sensor via a number of sensor tiers, each of which is formedsgnsors, the rather low data rates generated by sensor networks,

distributed relaying sensors. and the low mobility prevailing in indoor environments, the
channel coefficients are assumed to be independent, frequency
flat and quasi-static. Without loss of generality, only one MISO

The second tier r-Ss receives the data stream, de_code§hﬁnne| from thmr available is considered here. The channel
re-encodes and re-transmits it to the third tier r-Ss in the saf@trix thus reduces to & x ny channel vectoh and it is
manner as described above. This process is continued until @§&ined as

Source Sensor

t-S or the processing unit is reached. Note that it is not the h= (hy,... hoyp) (1)
aim of this paper to deal with the optimum data routing path _ ]
through the distributed sensor network; it is also assumed tMgterehi, i = (1,...,nr) denotes the channel gain from the

the tiers of r-Ss are already formed and the sensors know abbutransmit sensor to the receive sensor. The use of orthogonal
which spatial fraction of a space-time code word they have §@ace-time block codes is known to decouple the MIMO (here
(re-) transmit. The distributed encoding process is described#SO) channel into parallel SISO channels [31]-[33]. This

more detail as follows, where a FDMA-based relaying systeR{OPerty is henceforth referred to as an orthogonalisation of
with T relaying sensor tiers is assumed. the MIMO (here MISO) channel. This advantageous property

Source SensorThe s-S Gray-mapé, source information may come at a loss in transmission rdte which is defined

bjts onto symbqlx by utilising a My-PSK (or My-QAM) as LK
signal constellation, wheré, = log, M,. The data stream R= n 2
is transmitted on frequency banfl, with powerSj. _ _ _

First Tier Relaying Sensors.The first tier r-Ss receive the Where K" is the number of symbols per space-time encoding
data on frequency bant¥,, detect it, space-time encode i@andp is the' number of symbol duratlpns required to tr'ans.mlt
and transmit it simultaneously on frequency bdiig with a the space-tlme_ code Worql [3_3]. For fixed channel realisations
total powerS,. Each r-S Gray-map&b; bits onto symbols h, _the normalised capacity in nats/s/Hz over such orthogo-
a1, o, ...,z by utilising anM,-PSK (or M;-QAM) signal nalised MISO channel can be expressed as [33]
constellation, wheré; = log, M; and K; is the number of 2

! 2 L |hf* S

symbols per space-time encoding. C=Rlog |1+ R onr N

The {zk}f:ll are encoded with an orthogonal space-time ] _ )
coding matrixG, of size p, x d;, wherep; is the number where S is the average transmitted power aMthe noise
of symbol durations required to transmit the space-time coB@Wer at the receivet{h|| denotes the Frobenius norm bf
word, andd; is the number of distributed r-Ss (and thereforf® square of which is given as
equivalent to the number of transmit antennas). At each time

®3)

nr
instantt, the encoded symbe} ; with t = 1,...,p; andi = |h|? = Z |hi|* = tr (hh') (4)
1,...,d; is transmitted simultaneously from tti& distributed i=1

r-S. Clearly, the rate of the first tier space-time block code \iﬁhere the superscrigif denotes the Hermitian and() is the

Ry = Ki/pr. trace operator. If the channel realisatidnsre random, then

T'" Tier Relaying Sensors.The T tier r-Ss receive data the ergodic channel capacity is obtained by averaging over all
on frequency bantll’;-_;, space-time decode it, space-time rechannel conditiongh|[2 £ ), i.e.

encode it and re-transmit it on frequency ba#g with a total

power St. The encoding procedure is the same as described C — B\ IRI 1 A5 5
above, where the rate of the STBCAg-. A os {1t Rnp N ©)

Target Sensor.The t-S receives the data on frequency band _ /OC Rl 1 1 A8 \dA 6
Wr, space-time decodes it and performs the final detection. 0 g\t Rnr N G )

If the s-S deploys a channel code, e.g. a simple trellis code, E denotes th ati it N
then the t-S performs the equivalent channel decoding to bo§IE"e % {-} denotes the expectation with respectitvith a
performance. probability density function (pdf) offx()\).

, i i i Finally, the average signal-to-noise ratio (SNR) per symbol
Each relaying sensor tier clearly may use a different S|gn§\tl detection can be expressed as [33]
constellation and STBC. It is only of importance that the

consecultive tier has knowledge of the transmission parameters _ 1E{|n*} s
of the previous tier. "R nw; N ™
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Defining E {h;h;} £ a2, i = (1,...,nr), where the su- capacity integral is given as [37]
perscript * denotes the complex conjugate, then (7) can be ¢
. A ! L P
rewritten as LS o2 g Ce(r) :Z E ' (_1)C W 1(1/7_)4 rel/ Ei(—1/7)
7772:@:10‘17 8 _ (C p).
- E— (8) =0
R nr N C—p
which will be useful for subsequent analysis. + ) (k- 1)!(—1/7)4—“—’“] (14)
k=1
I1l. ERGODIC CAPACITY OF ORTHOGONALISED whereEi(y) = ffoo %dt is the exponential integral. Hence
DISTRIBUTED MISO CHANNELS the capacity of a generic MISO channel can be expressed in

A. The Capacity Integral closed form as

A closed form expression for the Shannon capacity over C= o C‘nT,l (15) , (15)
ergodic Rayleigh flat fading MIMO channels is presented here. I(nr) nr N

It is utilised later in the paper to compare the capacity of whereI'(z) is the complete Gamma function.

generic MISO channel with the capacity of an orthogonalised

MISO channel. This derivation of the closed form expressi

requires knowledge of the solution of the capacity integral,’ Orthogonalised MISO - Ergodic Capacity - Rayleigh Fad-

which is frequently encountered in calculating MIMO orIng
MISO capacities. Equal Channel Gains.If all channel gains are equal then
The capacityC' in nats/s/Hz of a normalised ergodicE {7171} = ... = E{hy,h}, } = o Clearly, hh™ has

Rayleigh flat fading MIMO channel with transmit andn ra“1|_<l one; therefore, the};:a_pacity deteLImining eZigenvaIlmé
receive antennas constrained by powewas elegantly derived hh™" [39] is equal tohh™, i.e. A = hh™ = [|h[|*. Because

by Telatar [39] as |h||* has a central chi-square distribution with2 degrees
of freedom and meaft{\} = nra?, the pdf of A can be
C = /OO log (1 + )‘S) . expressed as [38]
0 nr

1 Anr—1 —)/a?

m—1 —
k! S(A) = o € (16)
> Gitn—m) (L™ ()] AT e A (9) I (n7) (0?)
k=0 nom With reference to (6) and some changes in variables, the

where N is the received noise powen, = min{ng,ns} capacity of the orthogonalised MISO channel can be expressed
n = max{ng,ny} and L}~ ()) is the associated Laguerrel closed form as

polynomial of orderk. This can be conveniently expressed as _ R /°° log (1 + /\l‘iﬁ AT 6N gy (17)
C=Ey{mlog |14+ —— 10 . 2 . ~
’\{ g< nTN)} (10) __R Crps 1”5y __R Crpn J
. F(TLT) R nr N F(TLT) nr
with (18)
m—1
1 k! , —_a’5
A== [ )] A me A (1) Wherey = Sy . o
mo= (k+mn—m)! Figure 2 depicts the normalised Shannon capacity in

. ) nats/s/Hz versus/N in dB for various MISO system con-
where fx(}) is the pdf of an unordered eigenvald€39]. A figyrations anch? = 1. Depicted are the following cases: (1)
closed form expression in terms of finite sums for the capacify. — 1 (SI1S0), (2)ns = 2 (Alamouti), (3) nr = 3 (3/4-

given in (9) was derived in [37] and is given as Rate), ()nr — 4 (3/4-Rate). () — 3 (Half-Rate). (6)
o ny = 4 (Half-Rate), (7)ny = 3 (generic MISO), (8 = 4
C=> DALk, d) Coryal(r)+ (12) (generic MISO).
k=0 (k+d) 1=0 It can be observed that capacity increases for the generic

k k MISO channels with an increasing number of transmit an-
S0 Y (=) A,(k,d) A, (k,d) Cr, 11,4a(7)|  tennas. The same holds for the full-rate Alamouti STBC,
1=0 15=0,l2 %1, which yields an asymptotic capacity gain of 0.3nats/s/Hz or
an equivalent power savings of 1.25dB.
Interestingly, however, if the MISO channel is orthogo-
nalised with the aid of half-rate or even 3/4-rate orthogonal
oo STBCs, no capacity benefits can be observed. Note that the
Og(T) e / log(1 + ) € e da. (13) STBCs only orthogonalise the MISO channel; however, they
0 do not give any coding gain. Therefore, if these bounds were
Because of its frequent occurrence, this expression is hentte-be approached, an outer channel code would have to be
forth referred to as theapacity integral. The solution to the deployed.

~

whered £ n—m, Ai(k,d) £ (k+d)!/[(k—1)! (d+1)!1!] and

T2 LS. Cc(r) is defined as
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4.5 T

E 27 Figure 3 depicts the normalised Shannon capacity in
—£- 2 Tx - Alamouti . . . .
— 37Tx- 3l4-Rate -7 | nats/s/Hz versusS/N in dB for the distributed Alamouti

41 —— 4 Tx - 3/4-Rate 4 A ..
& 37x- 1/2-Rate P scheme. In the case of equal channel coefficients, the expec-
—-©- 4 Tx - 1/2-Rate o . . .
~ - smx-mivo . ; tation of the square of the Frobenius norm of the normalised
— X — A %

channel coefficients would yield; hereny = 2. For this
reason, the power of the unequal channel coefficients is chosen
such thata? + a2 = 2. Chosen was the particular case
wherea? : a2 = 2 : 1, i.e. o = 4/3 and a3 = 2/3.
Depicted are the cases where only channel with paweis
utilised, and where only channel with powe is utilised, and
where the distributed Alamouti STBC is utilised. The latter is
corroborated by numerical simulations.

Clearly, the loss in capacity of the distributed commu-
nication scenario is negligible compared to the case where
communication happens through the stronger single link. How-

SN ) ever, a considerable capacity loss can be observed when the
weaker single link is utilised. Therefore, when only a single
Fig. 2. Normalised Shannon Capacity in nats/s/Hz vers¥ in dB for  link is deployed then shadowing may severely degrade the
\O/éaergui, STBCs over a MISO Rayleigh channel with equal channel gains Kk capacity; whereas when a distributed encoding is chosen
then the capacity is fairly robust to attenuations in either link.
A quantification of the performance gains when independent

Unequal Channel Gains.The capacity expression in closedshadowing dominates the communication system is postponed
form for the unequal channel gains is derived utilising th® Section V.
moment generating function (MGF), which is defined as Figure 4 depicts the normalised Shannon capacity in

fo e** fA(\)d\ [40]. The MGF ¢,,(s) of the i*"* nats/s/Hz versu$/N in dB for the distributed 3/4-rate STBC
MISO Rayleigh channel with instantaneous power= h;h scheme. Here, the ratio between the channel coeﬁicients was
(and average power? = E {h;h}}) can hence be derived asChOSGn such thai? : a3 : a3 =4:2:1, ie.af =12/7,
1 a% =6/7 anda? = 3/7. Again, severe capacity losses can be

b, (s) = 5 (19) observed when communication happens only over the weaker
1= s single links; however, the distributed communicatino scenario
The addition of the random channel gains according to (djfers a robust capacity. Note, however, that the absolute
results in the convolution of their pdfs, which equates to thergodic capacity of the 3/4-rate STBC is inferior to the ergodic
product of their MGFs. Therefore, the MGF of the MISCrapacity of the full-rate Alamouti scheme.

Capacity [nats/s/Hz]

channel can be expressed as Figure 5 depicts the normalised Shannon capacity in
nr 1 1 ] nats/s/Hz versus the normalised power in the first link
= HQS/\i(S) = 5 - (20) for the distributed Alamouti scheme with/N = 10dB.

— — 2 _ 2
1—-sa7 1-sa3 1—sa;,.

Resolving (20) into its partial fractions, one can write

4.5 i T T

nr —— 17Tx - SISO (a%=4/3) 7
—— 17Tx - SISO (o3=2/3)
S) = E Kl QS)\I. (S) (21) 4 27x - Alamoutt theoretically (a21-4/3 a22-2/3)
; o 2 Tx - Alamouti numerically (c( =4/3, o —2/3)

35
where the constants - poles of the MGF - are obtained by

solving the set of linear equations, the solution to which is [44] 3

nr

2
[o'h;
K= ] 5*t= (22)

lo% p
ilzl,i/;ﬁi 7 K2

The linearity of the inverse of the MGF allows therefore |
writing for the pdf of the eigenvalug = |h|?

< T a2
A):ng.ge A (3)
i=1 K]

The capacity of the MISO link with unequal channel coeffi- %> % &+ s 1 & ‘ ‘ :

12 14 16 18 20

cients can finally be expressed in closed form as SN[l

25

Capacity [nats/s/Hz]

n R 1a2 8 nr . Fig. 3. Normalised Shannon Capacity in nats/s/Hz veiS(® in dB for
C=R K -Chl=—Z)=R K. -Cq(7.). (24) the distributed Alamouti STBC over a MISO Rayleigh channel with unequal

z; 6o <R ny N Z i Co(M)- (24) channel gainsp? = 4/3 & a2 = 2/3.

— i
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4 : : :
—— 1 Tx - SISO (a%=12/7) expressed as

—— 17Tx - SISO (a%=6/7) ¢

35(] & 17Tx - SISO (o2=3/7) nr
— 37Tx - 3/4-Rate theoretically (a?=12/7, a2=6/7, a2=3/7) S = H S 25
o 3 Tx - 3/4-Rate numerically (a1:12/7, u2:6/7, 03:3/7) - (b)\ ( ) QS)\i ( ) ( )
5 i=1
1 1 1
= L NCR 2)Vs
25 (1 —sal) (1 —SCVQ) (1 75019)

where ¢ is the number of different channel coefficients,
M9 vi=nrandai,i = (1,...,g), the distinct but possibly
repeated average channel gains. Resolving (25) into its partial
fractions with repeated roots yields

Capacity [nats/s/Hz]
N

s
o

NOEDIDIN FNO) (26)

i=1 j=1

w w w w In the appendix, the coefficients; ; are derived as

1
0 2 4 6 8 10 12 14 16 18 20

SIN [dB]
1
K;; = .
Fig. 4. Normalised Shannon Capacity in nats/s/Hz veiS{® in dB for b (v; — j)! (_az)w—J
the distributed 3/4-rate sporadic STBC over a MISO Rayleigh channel with v
unequal channel gaing;? = 12/7 & a2 = 6/7 anda2 = 3/7. gvi—i g 1

- TR 27
Osvi—i | H (1 —sa?)" (7)
Y=L ' s=1/a?

Furthermore, depicted are the cases where communicatithiis allows one to express th& (1)) in closed form as

happens only over either of the single links, wherg¢ = g v

5 S . ,

t2h— aj. The dlistnbuted AIar?outl scheme outperforms even ) = ZZKM )
e strongest link fo0.8 < aj < 1.2. Notably, the capacity

of the distributed scheme is much less dependent on the power _ ) ) _

of the individual links than in the case of the single linkhe capacity of the generic MISO link with can now be

schemes. Similar observations can be made for higher or§&Pressed in closed form as
STBCs. This corroborates the advantage of a distributed sensor

j .
75 eV (29
i=1 j=1 L'(j) - (o)

g Vg 2
" - A 1 o
network where channel conditions are not known a priori and C = RY Y Ki;j-Cia <Ral§) (29)
feedback is limited. =1 j=1 nr
Generic Channel Gains.Generally, the channel gains can I e . _
be different where some gains are repeated. In this case, - RZZKZ‘J'CJ'*(W) (30)
the MGF of the eigenvalu@ of the MISO channel can be =1=1
C. Orthogonalised MISO - Ergodic Capacity - Nakagami
. ‘ ‘ Fading
eSS o Equal Channel Gains. The indoor fading distribution was
& 2Tx- Alamout (o2 & o2=2-0?) often found to obey a Nakagami distribution [40], which is
25 4 thus particularly important for indoor sensor networks. The

pdf of the instantaneous powey (and average powet?) of
the i** Nakagami channel can be expressed as [40]

mImi AT
)= A
= (o )

emiti/ad (31)

Capacity [nats/s/Hz]
&
T
i

where m; is the Nakagamin fading parameter of the”
channel ranging fromn; = (1/2,00). Note that form, = 1,
the Nakagami distribution turns into a Rayleigh distribution.
Furthermore, the Ricean distribution with paramefércan
be closely approximated with the Nakagami-m distribution,
wherem = qu; [40].

% 0z 04+ 0 08 1 12z 14 1s 18 2 The MGF of the instantaneous power of tH& Nakagami
channel can be expressed as [40]

-

2
ul

Fig. 5. Normalised Shannon capacity in nats/s/Hz versus the normalised 1
power in the first linka? for the distributed Alamouti scheme over a MISO P (s) = o2\ i (32)
Rayleigh channelS/N = 10dB. (1 — s 7)

™my
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For nr identically distributed Nakagami fading channels, i.e.
of =...=a} =o*andm; =...=my, =m, the MGF T
of the eigenvalue\ = ||h||? is therefore given as
o 2.2
1
qs)\(s) - 042 m (33) Py " " N . e " e . " * @ - P "
(1 - Sﬁ) ) ‘:%’” ™ T A
the inverse of which leads to the desired pdf of the eigenvaluzgw
of a Nakagami distributed MISO channel g
mnr )\mnT—l 8 |
f)\()\) = ( ,n;/)mnT 1“( )e—m)\/(x2 (34) 1.6
. « - mnT E%M‘W =
The capacity form € N is solvable in closed form as Lar 5 2Tx - Alamout
—+— 3 Tx - 3/4-Rate
R . 1 a2 S AT iz e
© 7 Tang O ( Rmnr N> I R B e -
— R . C« L 7 (36) 2 ¢ e ?\lakagamii(r)n Fadinglgactor 14 1 1 2
C(mny) ™" \mngr
) Fig. 7. Normalised Shannon capacity in nats/s/Hz versus the Nakagami

wherey = %% Note that ifm € R then m should be fazding factor for various MISO system configuratiorfs/N = 10dB and
replaced by|m| to obtain a lower bound, i.e. the capacity” ~ L
which is at least achieved by the ergodic Nakagami MISO

channel. to m = 20 (very strong LOS). Compared are the following

Figure 6 depicts the normalised Shannon capacity &enarios: (L = 1 (SISO), (2)nr = 2 (Alamouti), (3)
nats/s/Hz versus/N in dB for various MISO system con- nr = 3 (3/4-Rate), (Hnr = 4 (3/4-Rate), (S)nr = 3

figurations ant_joz2 = 1 over a Nakagami chan_nel. Dep'CteOkHalf-Rate), (6)ny = 4 (Half-Rate), (7) Gaussian channel

are the following cases: (I)r = 1 (SISO) withm = 1 o comparison.

(Rayleigh), (2)nr = 1 (SISO) withm = 10 (strong LOS),  |nerestingly, capacity is rather independentraffor the

(3) nr = 2 (Alamouti) with m = 1 (Rayleigh), (4)nr =2 3/4 and 1/2 rate STBCs; however, generally inferior to the
(Alamouti) with m = 10 (strong LOS), (5) Gaussian channetapacity of the full-rate STBCs. Their low dependency is
for comparison. Clearly, forn = 10, i.e. a strong LOS com- gypjained with the high diversity already obtained from the

munication scenario, capacity reaches Gaussian performange;nq 4 transmit antennas. Their low performance comes
This is independent from the number of transmit antennas @sm the rate loss due t&® < 1. Furthermore. the Alamouti

the fading channel exhibits very little fluctuations for high

Figure 7 depicts the normalised Shannon capacity
nats/s/Hz versus the Nakagami fading factor for various
MISO system configurations§/N = 10dB anda? = 1. The
Nakagamim fading factor is varied fromn = 1 (Rayleigh)

T T T T

—— 1 Tx, Nakagami m=1 (Rayleigh)

—8- 1 Tx, Nakagami m=10 (Rayleigh)

451 — 2 Tx Alamouti - Nakagami m=1 il
—#— 2 Tx Alamouti - Nakagami m=10
— - Gaussian Channel

Capacity [nats/s/Hz]

L
2 4 6 8 10 12 14 16 18 20
SIN [dB]

Fig. 6. Normalised Shannon capacity in nats/s/Hz verSy& in dB for

the single link case and the Alamouti scheme over an identically distributed = RZ Z Ki,j

MISO Nakagami channel with varying:-factor; o? = 1.

STBC converges to the Gaussian capacity faster than the one
tfhnsmit antenna case does. It is worth noting that, as long as
ergodic Shannon capacity is the system performance measure,
distributed communication scenarios under LOS conditions
do notyield any significant capacity benefit. However, with
unequal link attenuations due to shadowing, the distributed
case Yyields significant benefits as demonstrated below.

Unequal Channel Gains.Here, the same procedure as for
the Rayleigh fading case is repeated. The M&Fs) of the
eigenvalue\ = ||h||? of the MISO channel witm transmit
antennas can be expressed as

da(s) =[] ox (s) (37)
1 1 1

_ . . S
1—s2B) 7 (1—s2B) T (1o gt )T
mi ma Mg

wherem; is the Nakagami fading parameter of tifé link.
Repeating the procedure of the MISO Rayleigh fading case,
finally yields for the capacity

N YT T \Rjne N

i=1 j=1

nr m;

1 i
2. 2 M g o (3) (%9
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this implies that the codes deployed by the sensors can be of
finite (and comparably short) length without loosing too much
in performance.

Since the channel realisatioh is chosen randomly and
kept constant over the codeword transmission, there is a non-
zero probability that a given transmission ralg: cannot
be supported by the channel [39]. However, the probability
that a certain communication rafé; can be supported by a
channelh with average codeword powe$ can be gauged,
and is referred to as the outage probabilRy,:(Rc, S, h).

It is therefore the aim to maximis®,,; for a given channel,
average codeword power and required communication rate.
That can be achieved by choosing suitable codewsnd#h a

25F T

Capacity [nats/s/Hz]

—— 17Tx - SISO (a?)

L 1Tx-siso ez-ad given covariance matrig) = E{xx"}, so thatP,;(R¢, S, h)
5 2T~ Alamouti (07 & aj=2-03) equates inf { probability (log det(I + hQh™) < R¢)} sub-

05 I I I I I T T T
0

0.2 0.4 0.6 0.8

N

12 14 16 18 2 jectto@: @ >0, tr(Q) < S [39], wherel is the unit matrix.

Furthermore, in [39] (Example 6) it has been shown that if the

P
H. T .

Fig. 8. Normalised Shannon capacity in nats/s/Hz versus the normalis%acp!( ofhh™ is one thery _,S is optimal. That allows one to
power in the first linka? for the distributed Alamouti scheme over a Misoderive closed form expressions for the outage probabilities for
Nakagami channel$/N = 10dB andm = 10. various channels by evaluating the channel outage probability
induced by the randomness of the instantaneous channel

power, herehh® = ||h| = A, with the appropriate bounds:

2
C(1

where the coefficientds; ; are now found by performing
partial fractions on (37).

Figure 8 depicts the normalised Shannon capacity in
nats/s/Hz versus the normalised power in the first ligk .
over a Nakagami fading channel for the distributed Alamoutihere, with reference to (S\r. = (efe/%—1) [%%%} .
scheme;S/N = 10dB andm = 10. Again, depicted are the
gﬁ]sgei: \Ili\/nhkesf’evfr?er?ggnfeglgnagélgzgiy?r;georvee;ioer:trﬁ:e?fe tRe Orthogonalised MISO - Outage Capacity - Rayleigh Fading
the distributed Alamouti scheme outperforms the stronger link Equal Channel Gains. Computing (40) for the Rayleigh
has reduced to a single point far? = 1. Furthermore, fading channel with the pdf given by (16), one obtains
the capacity of the distributed scenario is up to 15% lower 1 oRc/R _ 1
than of the stronger single link case. However, the capacity Poui(Rc, S, h) = e (nT, )
of the distributed scenario is virtually independent of the (nr)
fading coefficients. Therefore, if the sensors are potentialyhere v(a,z) £ fox Ao~ le=Ad\ is the lower incomplete
sha_doy\{ed, then the distributed. _communication scenario offgt§ mma function and = %%2%

a significant performance stability. _ Figure 9 depicts the rate outage probability in percent versus

Generic Channel Gains. The case of generic channelne rate in nats/s/Hz for various STBCs over Rayleigh fading
coefficients is similarly obtained as for the Rayleigh channghsnnels atS/N = 10dB. Of interest is usually an outage
and is thus omitted here. probability of 10%, which means that the channel can support

a given rate with a probability of 90%. Clearly, the SISO
IV. OUTAGE CAPACITY OF ORTHOGONALISED case performs worst as it supports only 0.7 nats/s/Hz for a
DISTRIBUTED MISO CHANNELS 10% outage probability. The half-rate STBCs perform slightly

Given each realisation of the MISO chantheto be memo- better, achieving gains of approximately 1.05 nats/s/Hz (3
ryless or ergodic, the maximum mutual information is referredansmit) and 1.15 nats/s/Hz (4 transmit). Interestingly, the
to as capacity [39]. To achieve this capacity, codebook entriesl-rate Alamouti scheme does not yield best performance as
of infinite length and given capacity-maximising covarianctor the ergodic channel capacity. It achieves 1.3 nats/s/Hz at
have to be generated. The capacity of such channels has bE&¥% outage, whereas the 3/4-rate codes yield approximately
dealt with in the previous section. Here, the case of noft-35 nats/s/Hz (3 antennas) and 1.45 nats/s/Hz (4 antennas).
ergodic channels is analysed; in particular, the case wherdrigure 10 depicts the rate outage probability in percent
the channel realisations are randomly fixed at the begiwersusS/N in dB for various STBC scenarios over Rayleigh
ning of the transmission and kept constant over the infinifading channels, required to support a fairly low rate of 1
transmission duration. The requirement on the infinite lengtfat/s/Hz. The same observations as above can be made. The
of the codebook entries can be loosened; the performarmgzns of the distributed sensor networks over the SISO commu-
can then be quantified with the aid of the random codingcation scenario for an outage of 10% are: 2.5dB (1/2-Rate,
theory [39]. It can be shown that for increasing code lengtB, transmit antennas), 3.3dB (1/2-Rate, 4 transmit antennas),
the upper capacity bound is reached exponentially. PracticallypdB (Alamouti, 2 transmit antennas), 4.5dB (3/4-Rate, 3

Are
Pput(Re, S, h) — /0 F(\)dA (40)

(41)
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-
&
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-
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T
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e 5
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100 . :
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Ely
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60~
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(11

Fig. 9. Outage probability of a given communication rate in percent versggy. 11. Outage probability of a given communication rate of 1 nat/s/Hz in

g\/is rate ig nats/s/Hz for various STBCs over Rayleigh fading channelsgrcent versus the normalised power in the first kigk for the distributed
N = 10dB.

Alamouti scheme;S/N = 10dB.

transmit antennas), 5.3dB (3/4-Rate, 4 transmit antennas). Ititgising the appropriate pdf previously derived.
worth noting that the gains decrease for increasing data ratesrigure 11 depicts the rate outage probability in percent
A 5.3dB gain translates to approximately 70% power saversus the normalised power in the first lini¢ for the
ings. In contrast to the ergodic channels, it is thus worttistributed Alamouti scheme with/N = 10dB and a desired
deploying distributed sensor networks with more than 2 disommunication rate of 1 nat/s/Hz. Again, depicted are the
tributed transmit antennas per sensor tier for non-ergodigses where communication happens only over either of the
channel realisations.
Unequal Channel Gains.Computing (40) for the Rayleigh ~ Similar to the ergodic case, the outage probability of the
fading channel with the pdf given by (23), one obtains

where the coefficient; are given by (22) ang; =
The generic case with repeated is similarly obtained by

< Re/R_y
Poutmc,s,h):zm.(l_e— )
=1

1
R

(42)

Q;

T

S
TLTN'

10-

Rate Outage Probability for 1 nat/s/Hz [%)]

T T
—— 1TX-SISO
—£- 2 TX - Alamouti
— 3TX - 3/4-
—#— 4TX - 3/4-
- 3TX - 1/2-]
- 4TX - 1/2-1

Rate H
Rate
Rate
Rate

Fig. 10. Outage probability of a given communication rate of 1 nat/s/Hz
percent versus/N in dB for various STBC scenarios over Rayleigh fadin
channels.

6 7 8 9 10 11 12 13 14
SIN [dB]

single links, wheren? = 2 — o2.

distributed scheme is much less dependent on the power of
the individual links than the single link schemes. Furthermore,
for the chosen system parameters, the distributed scheme can
support a rate of 1 nat/s/Hz with an outage probability of
less than 10% for anw?. The single links, however, cannot
guarantee this data rate at 10% outage probability for most
o?. It can thus be concluded that in the case of independent
shadowing between the nodes, a distributed communication
scenario will always bring benefits in terms of power savings
or rate outage probabilities when compared to a single link
communication scenario.

B. Orthogonalised MISO - Outage Capacity - Nakagami Fad-
ing

Equal Channel Gains.Computing (40) for the Nakagami-
m fading channel with the pdf given by (34), one obtains

1 efio/R _q

ey (7 )
wherey = %%% Figure 12 depicts the rate outage probabil-
ity in percent versus/N in dB for the 3/4 rate STBC scenario
with 4 distributed transmit antennas over Nakagami fading
channels, required to support a rate of 1 nat/s/Hz. The Nak-
agami fading factor was chosen to be= (1,2,4,6,8, 10).
Increasing then-factor from 1 to 10 leads to a power savings
of approximately 2.5dB at an outage probability of 10%.
£;&ompared to the ergodic capacity, where capacity saturates
very fast for increasingn, this is a notable power gain.

Pout (RCa Sa h) = nrm,
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suggested in dependency of the prevailing channel conditions.
The therein suggested approach successfully overcomes the
problems associated with the logarithmic capacity Lagrangian,
solvable only numerically.

PO NP
T

o
T

Pttt

B. Simulation Assumptions

10 A multistage distributed sensor network has been simulated

with up to 5 stages (i.e. 4 sensor tiers), as depicted in
Figure 13. The distance between the source and target sensors
has been kept constant with= 100m. This scenario could

. occur, for instance, in an office building where a remote sensor
(s-S) reports to a processing central unit (t-S).

©

Rate Outage Probability for 1 nat/s/Hz [%]

d

-
6 8 1 Stage i
SIN [dB]
. . . . Source Sensor (O Target Sensor
Fig. 12. Outage probability of a given communication rate of 1 nat/s/Hz
in percent versusS/N in dB for the 3/4-rate STBC scenario with 4
distributed transmit antennas over Nakagami fading channels mith= %
(1,2,4,6,8,10). 2YEL
O
Source Sensor (D o O Target Sensor
Unequal Channel Gains.Finally, the outage probability s
over different MISO Nakagami distributions can similarly be  sswge | "
calculated as o o
ny ™ Rc/R _1 Source Sensor (O o 5 O Target Sensor
Pastric, s = 33 K- (355 “
=1 j=1 ¥ilJ 4—»‘
(44) 4 Stage 5
where the coefficientd(; j are ;ound by performing partial ¢ cesensor o @) o . . © Terget Sensor
o?
fractions on (37) and; = ﬁ LS
a5 ‘
5 Stage
V. END-TO-END CAPACITY OF DISTRIBUTED SENSOR o o
NETWORKS Source Sensor (O o © @) © O Target Sensor
. (@) (@)
A. Theoretical Approach

Figure 1 depicts the case offa+ 1-stage distributed sensorrig. 13. Multistage distributed sensor network with up to 5 stages (i.e. 4
network with T sensor tiers, each acting as a virtual STBEgnsor tiers)d = 100m.
transmit array. The'” sensor tier is assumed to be comprised
of d; sensors, wheré= (1,...,T). The 1-Stage scenario corresponds to a direct link commu-
Thet!" stage formsl,,; MISO channels withl; distributed nication scenario over 100m. For the 2-Stage scenario, the
transmit antennas. ThE' stage is formed by the s-S, whichfirst relaying tier is comprised of various distributed sensors
possesses 0n|y 1 transmit antenna. me_l)th stage reaches which are randomly located in a squared area of the size
the t-S and therefore forms only 1 MISO channel. The capacify5- Simulated are only full-rate codes; therefore, only 1 or 2
of each stage is denoted @(t) wheret = (1,...,T + 1) distributed sensors are uniformly placed into the shaded area.
andj = (1,...,d,). Since the output of a MISO channel is a The distance between the s-S, the centre of the square and
fractional |nput to the consecutive MISO channel, capacitfie t-S isd/2 = 50m. For the 3, 4 and 5-Stage scenarios,
is clearly dominated by the weakest link in the systeniie distance between the relaying tiers is chosen td/Be=
Therefore, the end-to-end capacifyis determined by [41] 33m, d/4 = 25m andd/5 = 20m, respectively. In the 5-Stage
scenario, the sensor distribution areas touch each other; this
C = min {Cl(ll), et e e C’gﬁl)j corresponds to the case when sensors are uniformly distributed
(45) along the path between the s-S and t-S.
To maximise end-to-end capacity, weak MISO links should be Furthermore, it is assumed that each sensor transmits an
excluded; however, this has to be traded-off against the la@sgerage symbol energy aof;, =1nJ measured at 1m dis-
in capacity for the consecutive tier. An analytical optimisatiotance [42]. The sensor receive noise power spectral density
approach is very cumbersome, however, possible. The intsrassumed to b&; = —140dBm/Hz, i.e. a fairly high noise
ested reader is referred to approaches suggested in [36], [36lpr due to cheap manufacturing of the sensor nodes. Thus,
where as well an optimum power and bandwidth allocation ike resultingS/N = E, /N, = 80dB measured at 1m distance.
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Note that an increase iB, or decrease iV only leads to a [~ 3swages
linear shift of subsequent performance curves. o0l 5 Stages
The pathloss model used is the traditional negative ex-
ponential pathloss model where the power loss is inversely”|
proportional tod™, whered is the distance and the pathloss
exponent. For the indoor environments (3,...,6), where
n = 3 corresponds to a lightly and = 6 to a densely cluttered

indoor environment [43].

J
1/MISO (3 Stages)

=) ~
=) o
T T

Capacity Outage Probability [%]
8
T

a0k }’ / MISO (4 $tages)
[
C. Capacity of Multistage Distributed Sensor Networks " ! ! !
a / ; :
Ergodic Channels without Shadowing.Figures 14 and 15 5150 6 Siach
.. . . 201 (5 Stages) ;
relate to a pathloss coefficient aof = 3. Figures 14 depicts ) ) ;
the mean capacity in nats/s/Hz versus the number of stages / ¥ /MISO (5 Stages)
utilised. At each stage, the network performance with and
without STBC is compared, where the deployed STBC is %s 6 88 omcty rarsie] - 75 8

the full-rate Alamouti code. Furthermore, the mean, maximum
and minimum capacities have been depicted. Note that th€éie 15. Outage probability of a given communication rate in percent
is no fair capacity comparison between the communicatigfffSus this rate in nats/s/iHz for the 3, 4 and S-stage single antenna and
. . . . distributed Alamouti sensor network communication scenario over Rayleigh
scenarios with different stages, as the transmission energy Wasg channels without shadowing; pathloss index- 3.
kept constant per node. If a fair comparison was desired, then
the total utilised energy to deliver the information from the s-
S to the t-S would have to be equated for all scenarios. Sueigure 15 depicts the outage probability of the achievable
normalisation was not performed here as the primary aim weapacity for the chosen uniform sensor distribution.
to compare distributed with traditional sensor networks. For the five-stage scenario with uniform sensor distribution
From Figures 14 it is clear that the capacity of distributedt each stage, only 10% of all geometrical sensor distributions
sensor networks is at least as high as for traditional mulgannot support a capacity of 6.7 nats/s/Hz if the traditional
stage sensor networks. A five-stage distributed sensor netwSiO scenario is implemented; whereas for the distributed
exhibits a 0.25 nats/s/Hz average capacity advantage over MiISO case, all geometrical sensor distributions can support
traditional five-stage network. Referring to Figure 2, this leadsich rate. Only 10% of all five-stage MISO communication
to a SNR improvement of approximately 1dB. As previouslgcenarios cannot support 7.2 nats/s/Hz. This gives an average
stated, the average capacity is a useful performance meaf@eacity advantage of 0.5 nats/s/Hz 2dB) if the respective
if the communication channels are ergodic. capacities are to be supported in 90% of all cases.
Since the positions of the sensor nodes are usually fixed Equivalently, while the distributed communication scenario
the channels are not ergodic with respect to the locati6An support 7.2 nats/s/Hz at 90% of all cases, the traditional
(mean attenuation); however, the channels are still assung&iisor network can support such rate only with close to zero

to be ergodic with respect to the fading statistics. Therefofefobability (i.e. the outage probability is 100%).
The achieved gains of 2dB translate to a transmit power

savings of approximately 40%. This clearly corroborates the
advantages of distributed communication over traditional SISO

—— Mean Capacity: S‘ISO
651| 5 M G g o MISO __-%  communication scenarios.
BAVAR N Ao iy T Non-Ergodic Channels with Shadowing The outage prob-
85 Max Capaciy: Alamouti MISO - 1 ability of the attainable rate is obtained here for the case

when each link is effected by independent shadowing. For
the Monte-Carlo simulations only a small shadowing standard
deviation of 0dB was assumed.

Figure 16 depicts the outage probability of the attainable
rates versus the rate in nats/s/Hz for the 3, 4 and 5-stage
communication scenario. Interestingly, for the chosen sensor
distribution, the 3-stage distributed communication scenario
does not yield any capacity benefits over the SISO case.
Furthermore, the 4-stage distributed case yields only small
gains. Finally, when the sensors are densely and uniformly
distributed between the s-S and t-S, only then drastic gains
4 2 - éfS! 4 s can be observed. The latter case corresponds to anticipated

pere e high-density sensor network layouts.
Fig. 14. Normalised minimum, mean and maximum Shannon capacity in 1 he 5-stage distributed sensor network yields a gain of 0.65
nats/s/Hz versus the number of stages utilised; pathloss index3. nats/s/Hz for an outage probability of 10%. This mounts to a

Capacity [nats/s/Hz]
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' , ! single link communication scenario. This clearly demonstrates
S ! the benefit of a distributed communication scenario.
MISO 3 Slages) Furthermore, Monte-Carlo simulations have been performed
AN ' to evaluate the average capacity and the associated outage
}‘ | ! probability for the Alamouti scheme. Again, it could be shown
! ‘ that a distributed deployment generally yields significant per-

| SISO (4 Stages) X : ;
I i formance gains.

L) WSO stages) ‘ Note that sensors cannot operate at Shannon limit due to
’ ! their limitations on complexity. However, the derived capacity

| !

o : and outage bounds give an indication on the performance of

[ !

'S150 (6 Stages) ‘ the systems introduced.

100

— 3 Stages
— - 4 Stages
90— 5 Stages

80

70+

60~

40

Rate Outage Probability [%)]
(5]
o
T

30

/ [ ) | MISO (5 Stages)
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Fig. 16. Outage probability of a given communication rate in percent
versus this rate in nats/s/Hz for the 3, 4 and 5-stage single antenna and APPENDIX
distributed Alamouti sensor network communication scenario over Rayleigh Following the approach exposed in [44 chapter 12] it is

fading channels with shadowing; pathloss index 3 & shadowing standard
deviationog = 0dB. proven here that

1
. . ¥ A\ (2 vi—J ’
power savings of approximately 3dB, or 50%. (vi = ) (=a)
o g ! 46
VI. CONCLUSIONS Osvi—i _H W (46)
i =1,1"#1 s:l/af

This paper derived closed form expressions for the Shannon
capacity for sensor networks over distributed ergodic flg¢the partial fractions are applied to (25) which, expanded into
fading Rayleigh and Nakagami channels. Also, derived wefg partial fractions, can be expressed as

the respective outage probabilities in the case of non-ergodic
channel realisations. _ Ky Ky,

Space-Time Block Codes (STBCs) allow a simple imple- oals) = l(l — a2s)' Co(1- a%s)”] et
mentation and are thus suitable for power limited sensor nodes.
They are known to orthogonalise the multiple-input-multiple- + Kgi”’sy (47)
output (MIMO) channel, which allows an analytical treatment (1 - O{?,S) !

of various capacity and performance problems. Because each , = . - . . . vi

sensor node is assumed to possess only 1 antenna elemq-eﬂwebtam. coefn.uenKi,l,i, (47)is m;"“p"ed W'th(l - 0%25)

a distributed network can only realise muItipIe-input-singqu er which s 'steEVE,OS = l/aj 0 arive atkK,,,

output (MISO) channels. However, the herein exposed analyﬂﬁ/zu,# (1 - 22 . Furthermore, to obtain coefficient

is easily extended to the generic MIMO case. Ky _1, (47) is Fnultiplied with (1 — a2s)"”, differentiated
The capacity derivations are based on a closed form expr@srt s after whichs is set tos = 1/a? to arrive at

sion of the capacity integral, introduced and solved in [37].

It has been utilised to find closed form expressions for the 1 9 9 1

Shannon capacity over ergodic MISO identically distributedSivi -1 = m% H

flat-fading Rayleigh and Nakagami channels. In the case that !

each of the wireless links may have a different attenuation Bknce, coefficients; ; is obtained by multiplying (47) with

Nakagamim-factor, closed form capacity expressions are d 1 aésyi differenzfiated(u- 1) times w.r.t.s, after which

rived by performing partial fractions on the respective momestiS sezt t03': 1/a2 to arrivé at '

generating functions (MGF), after which the derivation of the ¢ .

- . (48)
_ 2V
v=1,i'#i (1 Sal/) s=1/a?

capacity is straightforward. Similarly, the outage probabilities K, = .
of supportable rates were derived for various configurations. ' (v; — 1)! (—a?)w_l

It has been shown that in the case of ergodic channels, o g
optimum performance is achieved if a distributed Alamouti 9% H 1 (49)
scheme is deployed. In the case of non-ergodic channels, the Osvi—t =1 (1—sa3)™ 2 7
outage probability for a desired communication rate is min- ’ s=1/a]
imised if sporadic 3/4-rate STBCs are utilised with 4 transmiithich concludes the proof.

that the (v; — 5"  derivative of

antennas. Gains of up to 5dB could be observed in the caséote

of a distributed sensor deployment, compared to a traditiorfdf,_, ;.; (1 — sa?)”"" in (46) is easily derived in



JOURNAL OF TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. X, NO. X, MONTH 2006

13

closed form. To enhance readability, the following symboligt1] A. Salhieh, and L. Schwiebert, “Power Aware Metrics for Wireless
notation is introduced

g
1
o £ —_— 50
(1] i/l;[_l# = sa2 )™ (50) 2
SIEED e (51
- =1, i 1 - sag,
g i (a%)n [14]
DRI e 52
= & ) ATy (52)
i'=1,1"#1 ?
8”7 [15]
nr. é I
ol 2 ool (53)
With the introduced notation the following holds [16]
" = n[¥"t (54)
oE™ = mlZ]"TE? (55) 71
and generally 8]
IE|[Y] = 9E] - [¥] + [E] - O[¥] (56)

This allows one finally to rewrite the first order and[19l

inductively, any higher order derivative as
o] = [H][X] 57) PO
o°[m] = o[[z] (58) 21
= o[- [Z] + 1] - O[]
= (=P + 57 21
3 2 2
oM = o[ (=] + [27)] (59)
2 2 2 2
= o] ([Z* + [2%) + 1] - 0 ([=]* + [=7)) 23]
= [ (= + 3[Z][=?] + 2[2%)
o' = [I(E)E)® +6[X]7[Z?] + 8[E][2?] + 3[x*]
+6[54)), (60) 12
etc.
[25]
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