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Abstract— It is well known that decode and forward relaying It is typically the case that, in a sensor network, the bwatter
protocols, in which the relays decode and re-encode the mes®, of each node is an extremely limited resource, while most of
can achieve full diversity when combined with distributed pace the coding schemes can cost significant energy and thuseeduc

time coding or relay selection schemes. However, in wireles e . .
sensor networks, decoding and re-encoding the message ateth the life time of each sensor node. Simpler relaying prowcol

relays can be costly due to severe energy limitations. A quiésn  that can avoid any form of coding while offering considegabl
arises: is it possible to achieve full diversity when the rays performance gains are highly desired. One such candidate is
only detect (or demodulate) and forward the message? In this amplify-and-forward [2], in which the relay simply ampli§ie
paper a distributed detection scheme is developed that actves 54 forwards the signals it received from the source. Such a
full diversity in wireless sensor network, with the relays aly . .

detecting and forwarding the message. It is seen that such a Protocol can also be considered as the simplest form. of the
relaying scheme is SNR threshold-based, i.e., the relays Iwi compress-and-forward protocol, since no form of quantrat
perform detection only if the receive SNR is above a certain is assumed at the relay. However, in practice it is difficalt t
threshold. The threshold that achieves full diversity is deved. gchieve the desired performance offered by such a protocol,
Furthermore, a single bit feedback scheme is developed to rka primarily due to the randomness of the incoming signal (plus

relaying more spectral efficient, such that the network can ahieve . d limited d - fth lif t th |
the diversity-multiplexing tradeoff of a point-to-point m ultiple- noise) and limited dynamic range of the amplifier at the relay

input single-output (MISO) system in the high SNR regime. As a result, signal quantization is still required in order f

the amplifier to work well in practice.
. INTRODUCTION

A. Background B. Contribution of the Paper

Exploring cooperative diversity in wireless ad hoc or senso In this paper, we propose a detect-and-forward protocol in
networks has been an extremely active research area owbich the relay simply performs symbol by symbol detection,
the last five years [2], [3], [7]. Most of the cooperativeand forwards the detected symbol sequence to the destinatio
diversity schemes are based on two relaying protocols, lyam8uch a scheme is slightly more complex than amplify-and-
decode-and-forward [2] and compress-and-forward [7]hin t forward but is easier to implement. It can also be considered
decode-and-forward protocol, the relay decodes, re-eagods a special form of compress-and-forward, since detectian
and forwards the message to the destination. The destinatiee considered as the simplest form of quantization. Howdéver
performs joint decoding upon receiving the signal piecemfr avoids many issues resulting from the standard comprass-an
both the relay and the source. In the compress-and-forwdodward protocol, such as joint source-channel coding &ed t
protocol, the relay quantizes the message into differemide requirement of additional channel information at the reléfg
and forwards it to the destination. The destination decdtldes show that such a protocol can achieve the full diversity gain
message by observing the correlation between the signapiein a multi-node ad hoc or sensor network, provided that the
arriving from both the source and the relay. The compressedes in the network perform detection only if their receive
and-forward protocol does not require the relay to deco@NRs are above certain thresholds. The thresholds thahechi
the information, and it outperforms the decode-and-fodwvafull diversity are derived.
protocol in certain scenarios. However, the compress-and-Specifically, we propose two transmission protocol. In the
forward protocol is much more complex than the decode-arfitst protocol, called the MRC-type protocol, each node that
forward protocol, since it involves the problem of joint soe- acts as a relay detects and transmits the message in a liffere
channel encoding at the relay, and usually requires theg relime slot. The destination performs maximal ratio comhgnin
to obtain the relay-destination channel state informaf@8l) (MRC) to detect the message upon receiving all the signal
[7]- pieces. We show that the full diversity gain can be obtained



by such a protocol given a proper thresheld at each relay. Following the above definition, we introduce the following
To further improve the spectral efficiency of transmissier, lemma.

propose the second protocol, called the ARQ-based protolemma 1:SupposeX is a random variable having the chi-
col. In such a protocol, another threshojg; is set at the square distribution witt2L degrees of freedom. Then
destination. We allow a single bit feedback message (ACK) 1

from the destination to inform the source and the relays Pr (X < —) =g

whether the receive SNR is aboyg; or not. The source will t

continue transmitting the next message if a positive feeklbavhen being considered as a functionaof

is received. Otherwise the relays will detect and forwarel th ~ Proof: The proof is straightforward and is omitted.m
message to the destination in the following time slots. It E Error Probability for QAM Signals

shown that, given proper thresholds, the network offers the . ) ]
same diversity multiplexing tradeoff [1] performance as a In this paper we assume QAM constellations for all signals.

multiple-input single-output (MISO) channel. Note that the analysis can also be applied to other modalatio
schemes. However, we use QAM because it is diversity-
C. Related Work multiplexing tradeoff optimal over Rayleigh fading chatme

Previous work considering the detect-and-forward proté6]. In the following we introduce the performance of QAM
col can be found in [8]-[11]. In [8], the relay adjusts itssignals. Details regarding these results can be found ip€ha
power continuously in order to offer an effective diversity of [6].
performance. Similar to amplify-and-forward relayingjsth ~Assume we transmit at SNR. The error probability for a
idea will meet difficulties in practical applications. [§}4] specific channel realizatiol can be approximately written as
consider effective combining schemes at the destination fo
the detect-and-forward protocol. However, all these works Pop = Q (\/ 0<7|h|2)
require the destination to obtain certain knowledge of the
CSI of the source to relay link. This requirement involveWhere « is a factor that is related to the constellation size,
much signalling overhead and is difficult to fulfill, espdlsia Which is mainly decided by the rate. With a standard QAM
in sensor networks. We note that compared with [9]-[11§0nstellation, we can approximateas

the detection schemes proposed in this paperdéteibuted 1 5
(among the relays and the destination) rather than cezrachli X~ 5rm1 @)

(only at the destination). for large rateR. Assumingh is a complex Gaussian random

The rest of the paper is organized as follows. In SectiQpyjaple with zero mean and unit variance, the symbol error

Il some preliminaries are introduced. The system model i3ohapility averaged over all channel realizations can be

introduced in Section Ill. The MRC-type protocol is intro'approximately written as

duced and analyzed in Section IV and the ARQ-based protocol

is introduced and analyzed in Section V. Numerical results P o~ f
. . . . . . e ™~
are given in Section VI and concluding remarks are given in
Section VII. for large~y. Now suppose the receiver receivdedranch of sig-

nals each undergoing independent and identically digeibu

(i.i.d.) Rayleigh fading. The error probability after therimal

ratio combining (MRC) can be written approximately as
We first introduce some definitions that will be frequently AN L

used in the paper. P~ (2_) :
Definition 1 (DMT): Consider a multiple-input multiple- 2l

output (MIMO) system operating at average SNRper that is, the system has a diversity orderlofor any fixed rate
receive antenna and having ratBsbits per channel use. The i

multiplexing gain and diversity order are defined as
1

m ogy Pe (R)

v—oo logy ¥ v—oo  logyy

Il. PRELIMINARIES
A. Definitions

Ill. SYSTEM MODEL

, (1) We assume a network comprised of one souréeselays,
. e and one destination. The channel coefficient between the
where P, (R) is the average error probability incurred akource and theth relay, theith relay and the destination,

transmission rate?. and the source and destination are denote@dy, h...q and
Definition 2: f(z) is said to be exponentially equal§¢z), p,,, respectively. The channels between each pair of nodes are
denoted byf(z) = g(x), if assumed to be i.i.d. complex Gaussian random variables with
_ log(f (2)) zero means and unit variances. An SNR threshold of value
lim ————= =1 ~¢- IS set at each relay. When the relay receives a message, it

Tr—00 1
o8 (9 (2)) measures the value of its received SNR. If the receive SNR is

The symbol< and > are defined accordingly. higher thany,., the relay will detect the message and forward



it to the destination. Otherwise the relay will remain silaffe be further written as

call such an operation at the reléyeshold based detection N n Nen
In this paper we will propose two different protocols thaP, (n)=< )Pr (7|hm|2 > %T) Pr (7|hm|2 < %T) @)
incorporate threshold based detection at the relay andiegam n

their performance. N N-n
<<n> PI‘ (7|hsm|2 <7tr) (8)

IV. THE MRC-TYPE PROTOCOL N—n
;<2R+2M10g7)

gl

(n) has diversity order oV —n. FurthermoreP, (n)
can be bounded as

9)

In the first scheme, the source and tNerelays transmit
each message in different time slots. If a relay deudescnot.lthusp
transmit the message, it will remain silent and no transioniss
occurs in that time slot. Therefore, it tak@s+ 1 time slots N
to finish transmitting each message. When the destination Z (n) (10)
receives all the signal pieces after thé + 1 time slots, Feoop (1),
it performs MRC and detects the message. We call thi
protocol the MRC-type protocol. In the following we proposg\’%erep (72) is the probability with which of the n relays
a thresholdy;:. that achieves the full diversity ordénN + 1) detect the signaincorrectly, and Peo,p (n) denotes the error

of the network. The results are summarized in the followirryc’b"ijIIIty at the destination When.all th;erglays detect the
ignal correctly. From the results in Section 11.B, we know

theorem. that
Theorem 1:The following thresholdy;, is sufficient for a gR\ T
achieving the full diversitf N + 1) of the network when the Proop (n) = <7> . (11)

MRC-type protocol is performed:
P, (i) can be further bounded as

P, (i) < <Z> P (1hor 27> 70

where P, (|hm|2 v > %r) denotes the error probability av-

2
Vi = —Mlog ey
@

for any M > N, wherec is a positive constant and can be
approximated by (2) for larg&.

Proof: To facilitate the analysis of the diversity-
multiplexing tradeoff which is to appear later, in the foliog
proof we directly replace: with its approximationﬁ%. Also
for notational simplicity, we assume= 1. Pe (|Rsr,

The total system error probability can be written as

eraged over thosé,, that satisfy|hm|27 > 4. FOI-
lowing the proof of Lemma 3in our previous work [5],

27 > %r) can be up bounded by

1 [ 1
27>7tr)<;Q< 2R+17tr>-

g2 .
where P, is the error probability when no relay forwards thdVote thatQ(x) < e=*"/2, x > 0. We thus further obtain

Pe(|hsri
P.=F;+ P, (3)

message and®. is the error probability when there & least 9 | T
one relay forwarding the messag@; can be written as Pe (|hsm| v > %r) <ze Fzr,
N 9R Sincew,, = 22 M log~, it follows that
Par(Pr (hn 7 < ) ) = (4) .
i Pe (|hsr | v > ’Ytr) X (12)
L (282 M logy\ " 2R 5 ' yMALT
- v 7’ (5) On substituting (11) and (12) into (10), we obtain
1
whereLemma 1is used in going from (4) to (5). Whepn — P.(n)< 1 (ﬁ) . (13)
400, thelog term becomes insignificant arfe} has a diversity NN ML vy
order of N + 1. Further substituting (9) and (13) into (6), we obtain
Now we investigateP,., which can be further written as R N4
-1 2
. Picgm+(2) e a9
:ZP’I‘(TL) e(n) (6) Wh Lo .
— en~ approaches infinity, the terfog~ can be ignored.
Thus the full diversity gainV + 1 can be achieved provided
where P, (n) is the probability with which a group of: thatM > N, and the proof is complete. [ ]
relays decide to detect and forward the message,fard) Remark 1:From the proof ofTheorem lwe can see that,

is the error probability conditioned on this eve®. (n) can compared with a perfectly coded scheme (e.g., the relaying



protocol in [3]), the threshold based detection schemeessiff  This protocol is similar to the incremental relaying praibc
from an error probability increase proportionaliog y)N. We proposed in [2] in the sense that they both use one bit feddbac
conjecture that such loss may represent the coding gain wHeam the relays. One can think of this protocol as a special
perfect encoding and decoding is perfornsdhe relay We form of ARQ [4] with the additional feature of cooperation
also note that the optimal/ is equal toV in the sense that any from the relays. However, unlike the coded system, specific
higher M will not help to increase the system diversity gaitthresholds are required at the receivers in order to make the
but will introduce an additional increase in error probipil protocol efficient. In the following we will derive threstus
in proportion to at mosfi/Y (see (9) and (4)). v and +f; such that the network will achieve the same
To motivate the second protocol. we first analyze thdiversity-multiplexing tradeoff as that of iV +1) x 1 point-
diversity multiplexing tradeoff for the MRC-type protocol to-point MISO system. Specifically, we state the resulthim t
Since the transmission of each message is dividedinte1 following theorem.

time slots, the effective rate becom&is= 15 R. For high  Theorem 2:The following thresholdsy;, and~;, are suf-
SNR, we assumé = rlogy. ThusR = (N + 1)rlogy. On ficient for achieving the diversity multiplexing tradeofff o
substituting this into (14), we can bound the error probgbil ¢ — (N + 1) (1 —r) in a N relay network when the ARQ-

as based protocol is performed:
P, <~ (NEDA=(N+D)r)

Thus the diversity multiplexing tradeoff offered by such a 4}, = leog 1y, and ;. = 2 (M —1)log cary
scheme is @ @

d=(N+1)(1—-(N+1)r).
(N +1)( (N+1)r) for any M > N, wherec; andc, are constants and can be

While offering a diversity gain ofN + 1, the MRC-type approximated by (2) for largé.

protocol suffers from spectral inefficiency. Specificallts Proof: For notational simplicity we assumg = c = 1.
highest multiplexing gain is only /(N + 1) times of that of The error probability as a function éf and~ can be expressed
direct transmission due to its compulsa¥y+ 1 transmission as

time slots for each message. Thus a more spectrally efficient

protocol is required. In the following section we will inttace P _p b2 «\ p b2 .
one such protocol called the ARQ-based protocol. e =t (7| sal” > %d) e (7| sal” > %d)
2
V. THE ARQ-BASED PROTOCOL +Pr (7 [hsal” < %d) Pra (15)

In the ARQ-based protocol, an SNR thresheld is set
at the destination as well. After the destination receiVes twhere P. ('y |hsal? > vt*d) is the error probability for direct

message in the first time slot, it compares its receive SNF&nsmission givern |h d|2 > ~*. and P, is the error
S td? T

2 . . . .
7 hsdl with 7. If the receive SNR is higher thama, probability when the destination chooses to receive theasigy
the destination will detect the message. Meanwhile, it sengl, . o relays. Following the proof dFheorem 1it is not
an ACK back to the relay and the source. Upon receptiQfi. it to see tﬁat

of the ACK, the relays will remain silent and the source

will continue transmitting the next message. If the receive B2
1 282 M log v

SNR is lower thanyq, the destination will send an one bit p < +

negative acknowledge (NACK) to the relay and the destimatio yMA v

Upon the reception of the NACK, each relay will perform N 2R+2(M — 1) logy N=n /4 RN\ "
threshold ) based detection in a separate time slot. The < ~y > <,7_M + <7> >
destination, upon reception of all the signal pieces from th n=1 N1

relays, performs maximal ratio combining to combine all of .1+ 2% logy 2" 1 N 16
them and performs detection. The source will wait for all the ~—  ~M+1 N (log ) (16)

N relays to process their messages before transmitting the 9R oR\ NV+H1
H(5) an

next message. In such a protocol, it takes either one tinte slo =——
or (N + 1) time slots to transmit each message, depending

on the channel quality of the source to destination link.eNot

that when the NACK is sent, the signal piece from dired¥here we ignore the effect dbg~ from (16) to (17).
transmission is no longer used in the MRC process at theSince the system rate is changing due to the adaptive nature
destination. The operation at the destination can be ceresiid of the protocol. We need to obtain the relationship betwhen t

as a selection between the signal from the direct link andehaate R and the system expected spectral efficiency, denoted by
from the relay links. This system has a transmission fate R, in order to obtain the diversity multiplexing tradeoff. i¢e
when the destination sends an ACK, ag—{ﬂjR when the we use an approach similar to that in [2] when analyzing the
destination sends a NACK. performance of incremental relaying. Specifically,can be

El



written as

Ao (1l > 7 :
+N—+1R (1 — Pr (7 |hsal? > %*d)) (18)
=R x exp ( ’Y;d) + N——HR (1 — exp (—77:‘1))19) uz':
:NLHR X exp ( ZRHJ:”OW) Ni R (20) )
Any value of R can result from several values &. Note 0‘:0 PR . _ |

that a smaller will result in a lower system error probability
(e.g., see (17)). Therefore, for eaghwe always choose the
smallest value of the corresponditity which we denote by Fig. 1. Diversity multiplexing tradeoffs for different setmes forN = 3.
h~! (R). Note thatkR < R and R — R asy — oo, andR/R
is monotonically decreasing ik for each~. AssumeP, —
g(R) asy — oo, in whichg(R) is an function ofR. According 2log~. For the ARQ-based protocol, we sgf; = 2logy and
to Claim 3in [2], it follows that the system error probability 7. = 0. We also plot the system performance on assuming a
P. as a function ofR, now written asP, (}fl (R)) has the perfect source-relay link. In this scenario the network mgn
following property. a MISO channel with two transmit antennas. Clearly both
_ Nl the MRC-type protocol and the ARQ-based protocol offer
=Ny . 2k g 21) the same diversity gain as the MISO channel. One can also
S M+l ~ ' observe that the MRC-type protocol offers a higher powen gai
than the ARQ-based protocol. This is because the ARQ-based
protocol performs selection combining at the destination,
P, <y~ (MA1=m) 4 o= (NHD(A=r) (22) which offers less power gain than MRC.
Fig. 3 further shows the performance of different schemes in
a two relay network. For the MRC-type protocol, we sgt=
4log~. For the ARQ-based protocol, we sgt; = 4log~ and
v = 2logy. The same observations can be made as those
'for Fig. 2. One might question the performance advantage of
the relaying protocols for lower SNR after observing both
igures. When the SNR is low, the power gain becomes a
more important factor and one might need to shift the curves
by changing the values of the constants; andc,. Searching
the values of these constants that optimize the error pilityab
gerformance is an interesting problem, which is beyond the

Let R = rlog~. We further obtain

Clearly, P, will always be dominated by the second term if
M > N. The proof is thus complete.

Remark 2:1t is interesting to observe that the minimgl.
is less than the minima);’,. Specially, if only one relay exists
there is no threshold requirement at the relay, hé.,= 0.
This is because the event of using the relays is conditioned
the event that direct transmission fails, which happenh wit
fairly small probability (with diversity order of one). Tkuthe
threshold requirements at the relays are less stringemfactn
settingy;,. to be the same ag, will result in an increase in the
error probability due to a loss of power gain from the relay

since for those relays whose receive SNRs are suﬁicienﬁb?pe gf thtls phaperth dvant f the ARO-based protocol
high, only part of them will transmit. One can also observe n order to show the advantages of the ARQ-based protoco

from (22) that even for somaZ < N, the system can st|II over the MRC-type protocol, we plot the system effective
achieve the diversity multiplexing tradeoff ¢ + 1)(1 — r transmission rateR for the ARQ-based protocol given the

for sufficiently larger. This is mainly due to the fact that constellatlon size of 4-QAM (i.e2 bits per transmission for
irect transmission). From Fig. 4 it is clear thatapproaches

the r increases, the requirement for system error probabll " h | the SNR p 4 with
becomes lower while the need for spectral efficiency beco ItS per channel use as the mgreases ompared wi
C-type protocol, which has effective rate af bit per

higher. Thus a smalled will not affect the overall system h I the t - te is doubled
performance. The diversity multiplexing tradeoff curves f channel use, the transmission rate 1s doubled.

different schemes are compared in Fig. 1. It is .al_so_ of interest to see whether the optimal .t_hresholds
that minimize the system end-to-end error probabilitydwil
VI. NUMERICAL RESULTS those forms proposed iftheorem land Theorem 2 Fig. 5

For simplicity, we use 4-QAM constellation. Thus the dataffers an answer through numerical results. It shows the opt
rate R for direct transmission i€ bits per channel use. Themal thresholds for the MRC-type protocol for different vaedu
value of thex inside the Q function for such constellation sizef N that minimize the system error probability expressed in
is known to bel. Note that the approximation (2) is not used3). Clearly for higher SNR values the curves become linear
here since it is only valid for larg&. in the semi-log plot. Thus the optimal threshold increases

Fig.2 shows the performance of different schemes in a sindtgjarithmically as a function ofy. Also it increases with
relay network. For the MRC-type protocol, we sgt. = increasing number of relays. As a result, we conjecture that
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