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Abstract

In this paper, achievable rates and resource allocatiategies for imperfectly-known fading relay channels are
studied. It is assumed that communication starts with theark training phase in which the receivers estimate the
fading coefficients of the channels. In the data transmispitase, amplify-and-forward and decode-and-forward
relaying schemes with different degrees of cooperation camesidered, and the corresponding achievable rate
expressions are obtained. Three resource allocation grablare addressed: 1) power allocation between data
and training symbols; 2) time/bandwidth allocation to tke&y; 3) power allocation between the source and relay
in the presence of total power constraints. The achievaltdeaxpressions are employed to identify efficient resource
allocation strategies. Several observations with impntaactical implications are made. It is noted that unléss t
source-relay channel quality is high, cooperation is nateffieial and noncooperative direct transmission should
be preferred at high signal-to-noise ratio (SNR) values whmplify-and-forward or decode-and-forward with
repetition coding is employed as the cooperation stratéyjy.the other hand, relaying is shown to generally
improve the performance at low SNRs. Additionally, transsian schemes in which the relay and source transmit
in non-overlapping intervals are seen to perform bettehélow-SNR regime. Finally, through a bit energy analysis,
it is noted that care should be exercised when operatingrgtloes SNR levels, as energy efficiency significantly
degrades below a certain SNR threshold value.
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. INTRODUCTION

In wireless communications, deterioration in performaisxcexperienced due to various impediments such as
interference, fluctuations in power due to reflections andnagtion, and randomly-varying channel conditions
caused by mobility and changing environment. Recentlypecative wireless communications has attracted much
interest as a technique that can mitigate these degradaiott provide higher rates or improve the reliability
through diversity gains. The relay channel was first inteatliby van der Meulen in [1], and initial research was
primarily conducted to understand the rates achieved myrehannels [2], [3]. More recently, diversity gains of
cooperative transmission techniques have been studiet]-#i7]. In [6], several cooperative protocols have been
proposed, with amplify-and-forward (AF) and decode-aodvhrd (DF) being the two basic relaying schemes.
The performance of these protocols are characterized istef outage events and outage probabilities. In [8],
three different time-division AF and DF cooperative prattscwith different degrees of broadcasting and receive
collision are studied. Resource allocation for relay cleiamd networks has been addressed in several studies (see
e.g., [9]-[14]). In [9], upper and lower bounds on the outagd ergodic capacities of relay channels are obtained
under the assumption that the channel side information)(8%ivailable at both the transmitter and receiver. Power
allocation strategies are explored in the presence of &got@er constraint on the source and relay. In [10], under
again the assumption of the availability of CSI at the reeeand transmitter, optimal dynamic resource allocation
methods in relay channels are identified under total avegpager constraints and delay limitations by considering
delay-limited capacities and outage probabilities asquarhnce metrics. In [11], resource allocation schemes in
relay channels are studied in the low-power regime when trdyreceiver has perfect CSI. Liamgal. in [12]
investigated resource allocation strategies under sEpa@ver constraints at the source and relay nodes, and
showed that the optimal strategies differ depending on tamgel statics and the values of the power constraints.
Recently , the impact of channel state information (CSI) pader allocation on rates of transmission over fading
relay channels are studied in [14] by Ng and Goldsmith. Thibhas analyzed the cases of full CSI and receiver
only CSI, considered the optimum or equal power allocatietwieen the source and relay nodes, and identified
the best strategies in different cases. In general, the lmasaseen an explosive growth in the number of studies
(see additionally e.g., [15] — [17], and references thgredm excellent review of cooperative strategies from both

rate and diversity improvement perspectives is provideflL8} in which the impacts of cooperative schemes on



device architecture and higher-layer wireless networkirgocols are also addressed. Recently, a special issue has
been dedicated to models, theory, and codes for relayingcaageration in communication networks in [19].

As noted above, studies on relaying and cooperation are museHowever, most work has assumed that the
channel conditions are perfectly known at the receiver@mniansmitter sides. Especially in mobile applications,
this assumption is unwarranted as randomly-varying cHaooeditions can be learned by the receivers only
imperfectly. Moreover, the performance analysis of coafyéee schemes in such scenarios is especially interesting
and called for because relaying introduces additional weBnand hence increases the uncertainty in the model if
the channels are known only imperfectly. Recently, Wangl. in [20] considered pilot-assisted transmission over
wireless sensory relay networks, and analyzed scaling &shgeved by the amplify-and-forward scheme in the
asymptotic regimes of large nodes, large block length, amallssignal-to-noise ratio (SNR) values. In this study,
the channel conditions are being learned only by the relagsoln [21] and [22], estimation of the overall source-
relay-destination channel is addressed for amplify-amdsrd relay channels. In [21], Ga al. considered both
the least squares (LS) and minimum-mean-square error (MMStnators, and provided optimization formulations
and guidelines for the design of training sequences anardipeecoding matrices. In [22], under the assumption
of fixed power allocation between data transmission anditrgj Patel and Stiiber analyzed the performance of
linear MMSE estimation in relay channels. In both [21] an&][2he training design is studied in an estimation-
theoretic framework, and mean-square errors and bit eatesy rather than the achievable rates, are considered as
performance metrics. To the best of our knowledge, perfaneanalysis and resource allocation strategies have
still not been sufficiently addressed for imperfectly-kmovelay channels in an information-theoretic context by
considering rate expressions. We note that Avestimehr aedif [23] studied the outage capacity of slow fading
relay channels. They showed that Bursty Amplify-Forwamtsgy achieves the outage capacity in the low SNR
and low outage probability regime. Interestingly, theyttier proved that the optimality of Bursty AF is preserved
even if the receivers do not have prior knowledge of the chbnn

In this paper, we study the imperfectly-known fading relapnels. We assume that transmission takes place in
two phasesnetwork training phase anddata transmission phase. In the network training phase, a-priori unknown
fading coefficients are estimated at the receivers with fsistance of pilot symbols. Following the training phase,

AF and DF relaying techniques are employed in the data tressson. Our contributions in this paper are the



following:

1)

2)

3)

We obtain achievable rate expressions for AF and DF ne¢pgrotocols with different degrees of cooperation,
ranging from noncooperative communications to full coagien. We provide a unified analysis that applies
to both overlapped and non-overlapped transmissions ofdliece and relay. We note that achievable rates
are obtained by considering the ergodic scenario in whiehtthnsmitted codewords are assumed to be
sufficiently long to span many fading realizations.
We identify resource allocation strategies that maxéntize achievable rates. We consider three types of
resource allocation problems:

a) power allocation between data and training symbols;

b) time/bandwidth allocation to the relay;

c) power allocation between the source and relay if therettad power constraint in the system.
We investigate the energy efficiency in imperfectly-kmokelay channels by finding the bit energy require-

ments in the low-SNR regime.

The organization of the rest of the paper is as follows. Inti8edl, we describe the channel model. Network

training and data transmission phases are explained irio8dtt We obtain the achievable rate expressions in

Section IV and study the resource allocation strategieseati® V. We discuss the energy efficiency in the

low-SNR regime in Section VI. Finally, we provide conclussin Section VII. The proofs of the achievable rate

expressions are relegated to the Appendix.

[I. CHANNEL MODEL

We consider a three-node relay network which consists ofuaceo destination, and a relay node. This relay

network model is depicted in Figure 1. Source-destinasonyce-relay, and relay-destination channels are modeled

as Rayleigh block-fading channels with fading coefficietmoted byh,q, hs-, andh,q, respectively for each

channel. Due to the block-fading assumption, the fadindficoents h,. ~ CN(0, 0,.2), hsq ~ CN(0, 054%), and

h.q ~ CN(0,0,.4%) stay constant for a block af. symbols before they assume independent realizations éor th

following block. In this system, the source node tries to send informatidheéadestination node with the help of

x ~ CN(d,o?) is used to denote a proper complex Gaussian random variatileneand and variancer.
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Fig. 1. Three-node relay network model

the intermediate relay node. It is assumed that the sowstay, and destination nodes do not have prior knowledge
of the realizations of the fading coefficients. The transinis is conducted in two phasegetwork training phase

in which the fading coefficients are estimated at the recgjv@nddata transmission phase. Overall, the source
and relay are subject to the following power constraintsrie block:

254 * + E{|Ixs]*} < mP, (1)
214 |? + E{|[%, ][} < mP, @)

wherez,; and z,; are the training symbols sent by the source and relay, régelyc andx, andx, are the
corresponding source and relay data vectors. The pilot sisr@mable the receivers to obtain the minimum mean-
square error (MMSE) estimates of the fading coefficientsSc&MMSE estimates depend only on the total training
power but not on the training duration, transmission of alsirpilot symbol is optimal for average-power limited
channels. The transmission structure in each block is shiowfig. 2. As observed immediately, the first two
symbols are dedicated to training while data transmissiccurs in the remaining duration ofi — 2 symbols.

Detailed description of the network training and data tnaission phases is provided in the following section.
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Fig. 2. Transmission structure in a block wf symbols.

[1l. NETWORK TRAINING AND DATA TRANSMISSION
A. Network Training Phase

Each block transmission starts with the training phasehinfirst symbol period, source transmits the pilot
symbolz,; to enable the relay and destination to estimate the chawedfidentsh,. andh,q, respectively. The

signals received by the relay and destination are

Yrt = hsrxs,t + 1y, and Ydt = hsdws,t + ng, (3)

respectively. Similarly, in the second symbol period, yelansmits the pilot symbat, ; to enable the destination

to estimate the channel coefficielt;. The signal received by the destination is
Ydrt = hrdwr,t + N, r- (4)

In the above formulationsp, ~ CN (0, Ny), ng ~ CN(0,Ny), andng, ~ CN(0,Ny) represent independent
Gaussian random variables. Note thgtandn,, are Gaussian noise samples at the destination in diffeirast t
intervals, whilen,. is the Gaussian noise at the relay.

In the training process, it is assumed that the receiverd@nmpinimum mean-square-error (MMSE) estimation.
We assume that the source allocatgedraction of its total powem P, for training while the relay allocates.
fraction of its total powem P, for training. As described in [31], the MMSE estimate/qf. is given by

ooV 0sm Py

hgp = —SrY 575 5
sr 0§r5smPS+Noyr’t’ ( )



wherey, ; ~ CN(0 o2.6smPs+ Ny). We denote b)ﬁsr the estimate error which is a zero-mean complex Gaussian

yYsr

~ 2
o, No

random variable with varianceur(hg,) = PNy o Similarly, for the fading coefficients,; andh,.4, we have

the following estimates and estimate error variances:

N o2 \/6smP. ~ o2,No
het = 2 E——"—ya,, ~ CN(0,02,0smPs + No), hsd) = +d : 6
sd agd&mPS + Ny Yt Ya (0,05495mPs + No), - var(hea) JgdésmPs + Ny 6)

2 S 2
~ O‘T’d 57«mP7- CN 2 ~ UTdNO
= , ~ 0,0:;0,mP. + Ny), hrq) = ) 7
rd Ugd(;rmpr T NO Ydrit Yd,rt ( OrqgOrmiy + O) UCLT( rd) U,%d&»mpr T NO ( )
With these estimates, the fading coefficients can now beesgpd as

hsr = iLsr + ;LSTv hsd = Bsd + ;Lsda hrd = Brd + Brd' (8)

B. Data Transmission Phase

As discussed in the previous section, within a blocko$ymbols, the first two symbols are allocated to network
training. In the remaining duration ofi — 2 symbols, data transmission takes place. Throughout therpag
consider several transmission protocols which can beifieddnto two categories depending on whether or not
the source and relay simultaneously transmit informatimn-overlapped and overlapped transmissions. Since
the practical relay node usually cannot transmit and recdata simultaneously, we assume that the relay works
under half-duplex constraint. Hence, the relay first listand then transmits. We introduce the relay transmission
parametere and assume that(m — 2) symbols are allocated for relay transmission. Hence&an be seen as
the fraction of total time or bandwidth allocated to the yeldote that the parameter enables us to control the
degree of cooperation. In non-overlapped transmissiotopoy source and relay transmit over non-overlapping
intervals. Therefore, source transmits over a duratiofilef «)(m — 2) symbols and becomes silent as the relay
transmits. On the other hand, in overlapped transmissiotopol, source transmits all the time and sends- 2
symbols in each block.

We assume that the source transmits at a per-symbol power dévP,;; when the relay is silent, anés,
when the relay is in transmission. Clearly, in non-overkgpmode,P;» = 0. On the other hand, in overlapped

transmission, we assuni&; = P;. Noting that the total power available after the transmissif the pilot symbol
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Fig. 3. Transmission structure and order in the data tressioni phase for different cooperation schemes.

is (1 — é5)mPs, we can write
(1 —a)(m —2)Ps; + a(m — 2)Psg = (1 — d5)mPs. 9)

The above assumptions imply that power for data transnmissi@qually distributed over the symbols during the

(1—85)mPs

transmission periods. Hence, in non-overlapped and qgeelh modes, the symbol powers dfg = o) (m=2)

and Ps; = Py = % respectively. Furthermore, we assume that the power df sgmbol transmitted by

the relay node if>.1, which satisfies, similarly as above,
a(m—2)Py = (1 —06,)mP,. (10)

Next, we provide detailed descriptions of non-overlapped averlapped cooperative transmission schemes.

1) Non-overlapped transmission: We first consider the two simplest cooperative protocotst-overlapped AF

where the relay amplifies the received signal and forwards ithe destination, andon-overlapped DF with

repetition coding where the relay decodes the message, re-encodes it usisgrtieecodebook as the source, and



forwards it. In these protocols, since the relay either #ieplthe received signal, or decodes it but uses the same
codebook as the source when forwarding, source and relayisbe allocated equal time slots in the cooperation
phase. Therefore, before cooperation starts, we initlalye direct transmission from the source to the destination
without any aid from the relay over a duration Of — 2a)(m — 2) symbols. In this phase, source sends the

(1 —2a)(m — 2)-dimensional data vectot,; and the received signal at the destination is given by
Yd1 = hsaxs1 + na. (11)

Subsequently, cooperative transmission starts. At fingt,source transmits the(m — 2)-dimensional data vector

xso Which is received at the the relay and the destination, sy, as
Yr = hgXs2 + 1., and yg = hegXs + ng. (12)

In (11) and (12),n4; andngyy are independent Gaussian noise vectors composed of indiemteand identically
distributed (i.i.d.), circularly symmetric, zero-meamugalex Gaussian random variables with variaigg modeling
the additive background noise at the transmitter in diffeteansmission phases. Similarly, is a Gaussian noise
vector at the relay, whose components are i.i.d. zero-means&an random variables with variandg. For
compact representation, we denote the overall source dat®rvbyx, = [x!; x,,]7, and the signal received
at the destination directly from the source py = [ydTl ydTQ]T whereT denotes the transpose operation. After
completing its transmission, the source becomes sileut tlaa relay transmits aa(m — 2)-dimensional symbol

vectorx, which is generated from the previously receiwed[6] [7]. Now, the destination receives
Ydr = hraX, + ng,. (13)
After substituting the estimate expressions in (8) into){{(13), we have

Ya1 = ilsdxsl + iLsdxsl +ng1, yr= iLsrXSQ + iLSTXSZ +n, Ya2 = ilstSZ + ilstSZ + ng9, (14)

Ydr = ilrdxr + ierxr + ng . (15)

Note that we have) < o < 1/2 for AF and repetition coding DF. Therefore,= 1/2 models full cooperation

while we have noncooperative communicationscas- 0. It should also be noted that should in general be



chosen such that(m — 2) is an integer. The transmission structure and order in tha wansmission phase of
non-overlapped AF and repetition DF are depicted Fig. ®gether with the notation used for the data symbols
sent by the source and relay.

For non-overlapped transmission, we also consiglerwith parallel channel coding, in which the relay uses a
different codebook to encode the message. In this caseptireesand relay do not have to be allocated the same
duration in the cooperation phase. Therefore, sourcertram®ver a duration of1 — «)(m — 2) symbols while
the relay transmits in the remaining duration@fm — 2) symbols. Clearly, the range ef is now0 < o < 1.

In this case, the input-output relations are given by (12) éIrB). Since there is no separate direct transmission,
Xs2 = X5 andygo = yq in (12). Moreover, the dimensions of the vectatsy, y, are now(l — «a)(m —2), while

x, andyg, are vectors of dimension(m — 2). Fig. 3.b provides a graphical description of the transimissrder

for non-overlapped parallel DF scheme.

2) Overlapped transmission: In this category, we consider a more general and complicatedario in which

the source transmits all the time. We study AF and repetiliénin which we, similarly as in the non-overlapped
model, have unaided direct transmission from the sourdeetaléstination in the initial duration ¢f —2a)(m—2)
symbols. Cooperative transmission takes place in the rengaduration of2a(m — 2) symbols. Again, we have

0 < a < 1/2 in this setting. In these protocols, the input-output iefe are expressed as follows:
Yd1 = hsdxsl +ng1, yr= hsrxs2 +n,., Yygp= hsdxs2 + ngg, and Ydar = hst;2 + hrdxr + Ng . (16)

Above, x,1, X2, X.,, Which have respective dimensions(af— 2«)(m — 2), a(m —2) anda(m —2), represent the
source data vectors sent in direct transmission, cooperasansmission when relay is listening, and cooperative
transmission when relay is transmitting, respectivelyteNagain that the source transmits all the time.is the
relay’s data vector with dimensian(m —2). yq1,ya2, Y4, are the corresponding received vectors at the destination,
andy, is the received vector at the relay. The input vectgrnow is defined ax, = [x1;,x%,x5]T and we

again denotey, = [y, y5|7. If we express the fading coefficients as= h + h in (16), we obtain the following

10



input-output relations:

Ya1 = ilsdxsl + ilsdxsl +ng1, yr= ilST’XSZ + iLsrxs2 +n, Ya2 = ilsdxs2 + ilstSZ + ngo, and (17)

Yar = Bsdxiﬁ + ilrdxr + iLst/s2 + Brdxr + ng . (18)

A graphical depiction of the transmission order for oveplegh AF and repetition DF is given in Fig. 3.c.

Finally, the list of notations used throughout the paperivgmgin Table I.

IV. ACHIEVABLE RATES

In this section, we provide achievable rate expressionsAferand DF relaying in both non-overlapped and
overlapped transmission scenarios in a unified fashioniekeble rate expressions are obtained by considering
the estimate errors as additional sources of Gaussian.r&iisge Gaussian noise is the worst uncorrelated additive
noise for a Gaussian model [26, Appendix], [27], achievaales given in this section can be regarded as worst-case
rates.

We first consider AF relaying scheme. The capacity of the A&yrehannel is the maximum mutual information

between the transmitted signal and received signalg, andy,, given the estimates,, hsq, hrq:

~

1 .
CAF = sup _I(xs;yd7yd,r’hsr7hsd7hrd)- (19)
Pas () T

Note that this formulation presupposes that the destindtas the knowledge df,.. Hence, we assume that the
value ofh,, is forwarded reliably from the relay to the destination olev-rate control links. In general, solving
the optimization problem in (19) and obtaining the AF capais a difficult task. Therefore, we concentrate on
finding a lower bound on the capacity. A lower bound is obtdibg replacing the product of the estimate error and
the transmitted signal in the input-output relations whik tworst-case noise with the same correlation. Therefore,

we consider in the overlapped AF scheme

. . - .
Zq1 = hsdxsl + ng, Zy = hsrxs2 + n,, Zq2 = hstSZ + ngo, Zqr = hsdxs2 + hrdxr + ngy, (20)
as noise vectors with covariance matrices

E{zdlz;rll} =02 I= U%SdE{xslxil} + Nol, FE{zzl}= ol 1= O'%STE{XSQXlz} + Nol, (21)

11



TABLE |
LIST OF NOTATIONS

hsg  source-destination channel fading coefficient
hs  relay-destination channel fading coefficient
h.q relay-destination channel fading coefficient
h.  estimate of the fading coefficient
h.  error in the estimate of the fading coefficignt
o2 variance of random variables
Ny variance of Gaussian random variables due to thermal noise
m  number of symbols in each block
mP,; total average power of the source in each blockroSymbols
mP, total average power of the relay in each blocknofsymbols
0s  fraction of total power allocated to training by the source
0,  fraction of total power allocated to training by the relay
zs;  pilot symbol sent by the source
xzry  pilot symbol sent by the relay
ng  additive Gaussian noise at the destination in the intervavhich the source pilot symbol is sent
n,  additive Gaussian noise at the relay in the interval in whiwh source pilot symbol is sent
nq, additive Gaussian noise at the destination in the intervathich the relay pilot symbol is sent
ya+ received signal at the destination in the interval in whiet source pilot symbol is sent
ya+ received signal at the relay in the interval in which the seypilot symbol is sent
yar: received signal at the destination in the interval in whicé telay pilot symbol is sent
P,; power of each source symbol sent in the interval in which #ayris not transmitting
P,y power of each source symbol sent in the interval in which tayris transmitting
P, power of each relay symbol
«a  fraction of time/bandwidth allocated to the relay
xs1 (1 —2a)(m —2)-dimensional data vector sent by the source in the noncatipeitransmission mod
xso data vector sent by the source when the relay is listening. dimension iso(m — 2) for AF and
repetition DF, and1 — «)(m — 2) for parallel DF
x.,  a(m — 2)-dimensional data vector sent by the source when the relagismitting
x, «a(m — 2)-dimensional data vector sent by the relay
ng  (1—2«a)(m —2)-dimensional noise vector at the destination in the nonewatjve transmission mod
ng Noise vector at the destination in the interval when theyreddistening. The dimension is(m — 2)
for AF and repetition DF, andl — «)(m — 2) for parallel DF
ng, «a(m — 2)-dimensional noise vector at the destination in the intemfgen the relay is transmitting
n, noise vector at the relay. The dimensiomign — 2) for AF and repetition DF, andl — «)(m — 2)
for parallel DF
vau (1 —2a)(m — 2)-dimensional received vector at the destination in the noperative transmissio
mode
y42  received vector at the destination in the interval when #@yris listening. The dimension égm —2)
for AF and repetition DF, andl — «)(m — 2) for parallel DF
var o(m—2)-dimensional received vector at the destination in theriaiewhen the relay is transmittin
yr  received vector at the relay. The dimensiom{sn — 2) for AF and repetition DF, andl — «)(m — 2)

for parallel DF

12




E{zpz),} = o I= a%SdE{xsgxiz} + Nol, FE{zg,24,'} = o2, I= a%SdE{x/ﬂsz} + a%rdE{xrxi} + Nol.
(22)
Above, x' denotes the conjugate transpose of the vextdote that the expressions for the non-overlapped AF
scheme can be obtained as a special case of (20)-(22) bygselti = 0.
An achievable rate expressidiyr is obtained by solving the following optimization problenhieh requires
finding the worst-case noise:

. 1 A A
C(AF = RAF = inf sup _I(Xs§ Yd, Yd,r‘hsra hsda hrd)' (23)
Pzyq (.)’pzr(.)’pde(.)’pzdm(') pms(~) m

The following results provides a general formula #p, which applies to both non-overlapped and overlapped
transmission scenarios.

Theorem 1. An achievable rate for AF transmission scheme is given by

1 Py |hgq|? Py |hgg|?
Rap = —Ewsde%wsr{(l —2a)(m — 2)log(1 + M) + (m — 2)alog (1 + M
m UZdl Uzd2
Psl|izsv"|2 Pr1|i7¢rd|2 Psl|ﬁsd|2 P52|]A15d|2 Psl|ilsr|2 Pr1|ilrd|2 24
—"_ f 2 ) 2 + q 2 ) 2 ) 2 7 2 ( )
O-ZT O‘Zd’r Zd2 O‘Zd’r O-ZT O-Zd),,‘
h d defi d — Ty d — (1+a)b(14+c) h
where f(.) andq(.) are defined ag (z,y) Tragy an q(a,b,c,d) = 77— Furthermore,
Psl|i7¢sd|2 o Psl|ilsd|2 o PslésmPsU;ld 2
2 - 2 = 2 2 [wsdl (25)
oz, 0%, Pslo'stQ + (Usdésmps + N())N()
Pa|hg|? Py16,mPso?
sl|2s¢| _ - s1 s2m sOgr ‘wsr’2 (26)
oz, Pslo-m«NO + (as,,ésmPS + N())NO
Po|hyl _ Poi6,mPrat (02,6smPs + No)|wpal?
agd,r Pyo0? No(02,6,mP, + No) + Pr1o?;No(02,0smPs + No) + No(02,6smPs + No)(o2,6,mP, + No)
(27)
Poa|h2y| _ PydsmPsal (02,6,mP, + No)|wsa|?
a2, Py0?,No(c2,6,mP, + No) + Pr1o2;No(02,6smPs + No) + No(02,6smPs + No)(02,6,mP, + No)
(28)

In the above equations and henceforth, ~ CAN(0,1), wsg ~ CN(0,1), w,q ~ CN(0,1) denote independent,

standard Gaussian random variables. The above formulagiplies to both overlapped and non-overlapped cases.
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Recalling (9), if we assume in (24)—(28) that

(1 —85)mPs

" =i -a)

and P, =0, (29)

we obtain the achievable rate expression for the non-qweeld AF scheme. Note that 52 = 0, the function

q(-,+,+-) = 01in (24). For overlapped AF, we have

Psl = Ps2 = (1 — 5s)mPs . (30)
m — 2
Moreover, we know from (10) that
B (1 —6,)mP;
Py = TR (31)

Proof: See Appendix A.

Next, we consider DF relaying scheme. In DF, there are twiemdiht coding approaches [7], namely repetition
coding and parallel channel coding. We first consider répatichannel coding scheme. The following result
provides achievable rate expressions for both non-oveeld@and overlapped transmission scenarios.

Theorem 2: An achievable rate expression for DF with repetition chamoeing transmission scheme is given

by
1-2 -2 Py |hgy|? -2
Rpp = ( a)(m )Ede {log <1+M>}+umm{h’[2} (32)
m 0%, m
where
PS BST2
I :Eww{log <1+ #) } and (33)
O'ZT
Palhsal® | Palhal® | Polhsa® | Palhsa® Polhsal?
IFEWM{IOg <1+ haal? | Pralhral® | Polhual® | Palhul® Polhul®) | (34)
Zd2 Zd,r Zd,r sz2 sz,r

Polheal® Palhea)® Palhe® Peslheal®  Pralhral?
2 2 2

o ’ o2 ’ o 1 o2 ’
Zd1 Zd2 Zr Zd,r Zd,r

in (29)-(31).

have the same expressions as in (25)—(28), Ps» and P,; are given

Proof: See Appendix B.

Finally, we consider DF with parallel channel coding anduass that non-overlapped transmission scheme is
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adopted. From [13, Equation (6)], we note that an achievedife expression is given by
min{(1 — )l (x; yr|hsr), (1 — a)1 (%55 Yal hisa) + &l (%3 Y ae|Pira) }-

Note that we do not have separate direct transmission inrétéying scheme. Using similar methods as in the
proofs of Theorems 1 and 2, we obtain the following resulte Plnoof is omitted to avoid repetition.

Theorem 3: An achievable rate of non-overlapped DF with parallel clehrmoding scheme is given by

_ _ 7 2 - . N 9
RDFp = min WEU}T log 1+ Psl|hsr| 7(1 a)(m 2) Ew.d log 1+ P31|h5d|
m s 0'2 m s 02

Zr Zd2

) P, Ar 2
Lam=2) {1og (1 4 Plhd )} }
m O-Zd,'r

(35)

Palhea®>  Palhe)?
where 1|2 d‘, 10‘2 '

Zd2

,and 221 are given in (25)-(27) withP,, and P,y defined in (29) and (31). O

Zd,r

V. RESOURCEALLOCATION STRATEGIES

Having obtained achievable rate expressions in Sectionv® now identify resource allocation strategies that
maximize these rates. We consider three resource allocptimblems: 1) power allocation between training and
data symbols; 2) time/bandwidth allocation to the relayp8yver allocation between the source and relay under
a total power constraint.

We first study how much power should be allocated for charma@lihg. In non-overlapped AF, it can be seen

that §,, appears only |rs‘D;|2Ld‘2 in the achievable rate expression (24). Sif¢e, y) = 1+“";y+y is a monotonically
Zd,r

1Pl o o Pelfal?
2 . We can maximize——z—=- by
Zd,r Zd,r

maximizing the coefficient of the random variable.4|? in (27), and the optimad, is given below:

increasing function ofy for fixed x, (24) is maximized by maximizin

—mPro?; — amNy + 2aNy + \/oz(m —2)(m2Pro?,aNo + m?P2c?, + amNg + mPro?;No — 2mPro?,aNog — 2Noax)
mPo2,(—1+ am — 2a)

5t =
(36)
Optimizing §, in non-overlapped AF is more complicated as it is related lkdh& terms in (24), and hence
obtaining an analytical solution is unlikely. A suboptingallution is to maximizew andw separately,

zZq1 zZpr

and obtain two solutions®"”" and 5:/°", respectively. Note that expressions f&¥"””" and 6°’*"" are exactly
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Fig. 5. Overlapped AF achievable rates ¥s.and§, when P; = P, = 50

the same as that in (36) with. anda replaced byP; and (L — ), ando,.4 replaced by, in 52’“15"”” and replaced

by o, in 5jf‘2b°pt. When the source-relay channel is better than the sourstindéon channel and the fraction

. . . . . . haool? - . .
of time over which direct transmission is performed is smﬁ#{lﬁ“—” is a more dominant factor aniﬁbom is

a good choice for training power allocation. Otherwiég‘lbom might be preferred. Note that in non-overlapped
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DF with repetition and parallel coding’% is the only term that includeg.. Therefore, similar results and
discussions apply. For instance, the optirﬁahas the same expression as that in (36). Figure 4 plots thmalpt
0, as a function ofr,.4 for different relay power constraint8. whenm = 50 anda = 0.5. It is observed in all
cases that the allocated training power monotonically eks®s with improving channel quality and converges to
7M ~ 0.169 which is independent oF,.

In overlapped transmission schemes, bitlandé, appear in more than one term in the achievable rate expres-
sions. Therefore, we resort to numerical results to idenltié optimal values. Figures 5 and 6 plot the achievable
rates as a function af; andd, for overlapped AF. In both figures, we have assumeddhat 1,05, = 2,0, = 1
andm = 50, Ng = 1, = 0.5. While Fig. 5 considers high SNR#&{ = 50 and P, = 50), we assume tha®; = 0.5
andP, = 0.5 in Fig. 6. In Fig. 5, we observe that increasifigwill increase achievable rate undil ~ 0.1. Further
increase iy, decreases the achievable rates. On the other hand, ratgsalerease with increasiny, leaving
less and less power for data transmission by the relay. Tidisates that cooperation is not beneficial in terms of
achievable rates and direct transmission should be peefe@n the other hand, in the low-power regime considered
in Fig. 6, the optimal values aof; andj, are approximately 0.18 and 0.32, respectively. Hence, étagy/ rin this

case helps to improve the rates.

Next, we analyze the effect of the degree of cooperation erp#rformance in AF and repetition DF. Figures

17



7 and 8 plot the achievable rates as a functiomvafthich gives the fraction of total time/bandwidth allocated
the relay. Achievable rates are obtained for different dehmualities given by the standard deviationg, o,

and 0,4 of the fading coefficients. We observe that if the input powgehigh, o should be eithef.5 or close

to zero depending on the channel qualities. On the other,hard0.5 always gives us the best performance at
low SNR levels regardless of the channel qualities. Henddeveooperation is beneficial in the low-SNR regime,
noncooperative transmissions might be optimal at high SNR®s note from Fig. 7 in whichP; = P, = 50
that cooperation starts being useful as the source-relayprgi variancer2, increases. Similar results are also
observed if overlapped DF with repetition coding is consede Hence, the source-relay channel quality is one of
the key factors in determining the usefulness of cooperatidhe high SNR regime. At the same time, additional
numerical analysis has indicated that if SNR is further éased, noncooperative direct transmission tends to
outperform cooperative schemes even in the case in which- 10. Hence, there is a certain relation between the
SNR level and the required source-relay channel qualitycmperation to be beneficial. The above conclusions
apply to overlapped AF and DF with repetition coding. In ¢ast, numerical analysis of non-overlapped DF
with parallel coding in the high-SNR regime has shown thatpewative transmission with this technique provides
improvements over noncooperative direct transmissioninar result will be discussed later in this section when
the performance is analyzed under total power constraints.

In Fig. 8 in which SNR is low Ps = P, = 0.5), we see that the highest achievable rates are attained when
there is full cooperation (i.e., whem = 0.5). Note that in this figure, overlapped DF with repetition iradis
considered. If overlapped AF is employed as the cooperati@tegy, we have similar conclusions but it should
also be noted that overlapped AF achieves smaller ratesthiwse attained by overlapped DF with repetition
coding.

In Fig. 9, we plot the achievable rates of DF with parallelrina coding, derived in Theorem 3, whéh = P, =
0.5. We can see from the figure that the highest rate is obtainezhwlth the source-relay and relay-destination
channel qualities are higher than that of the source-d&gtim channel (i.e., whea,y = 1,05 = 4,0,.q = 4).
Additionally, we observe that as the source-relay chanmgirdoves, more resources need to be allocated to the
relay to achieve the maximum rate. We note that significaptavements with respect to direct transmission (i.e.,

the case whea — 0) are obtained. Finally, we can see that when compared to AFD&nhwith repetition coding,
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DF with parallel channel coding achieves higher rates. Gndther hand, AF and repetition coding DF have
advantages in the implementation. Obviously, the relayckwvamplifies and forwards, has a simpler task than that
which decodes and forwards. Moreover, as pointed out in, [£&F or repetition coding DF is employed in the
system, the architecture of the destination node is sirefdliiecause the data arriving from the source and relay

can be combined rather than stored separately.
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In certain cases, source and relay are subject to a totalrpmmestraint. Here, we introduce the power allocation
coefficientd, and total power constrain®. P, and P, have the following relationsP; = 0P, P, = (1 — 6)P,
and henceP; + P, = P. Next, we investigate how different values &f and hence different power allocation
strategies, affect the achievable rates. Analytical tesfok 6 that maximizes the achievable rates are difficult to
obtain. Therefore, we again resort to numerical analysislll numerical results, we assume tlhat= 0.5 which
provides the maximum of degree of cooperation. First, wesittam the AF. The fixed parameters we choose are
P =100,Nyg = 1,0, = 0.1,6, = 0.1. Fig. 10 plots the achievable rates in the overlapped AFstragsion scenario
as a function ob for different channel conditions, i.e., different valudsaq,, .4, ando,,. We observe that the
best performance is achieved s~ 1. Hence, even in the overlapped scenario, all the power dimkllocated
to the source and direct transmission should be preferrdteaé high SNR levels. Note that if direct transmission
is performed, there is no need to learn the relay-destinati@nnel. Since the time allocated to the training for
this channel should be allocated to data transmission egilerate of direct transmission is slightly higher than the
point that the cooperative rates convergedas: 1. For this reason, we also provide the direct transmissite ra
separately in Fig. 10. Further numerical analysis has atdit that direct transmission outperforms non-overlapped
AF, overlapped and non-overlapped DF with repetition cgdis well at this level of input power. On the other

hand, in Fig. 11 which plots the achievable rates of noniapped DF with parallel coding as a function @&f
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we observe that direct transmission rate, which is the sartbat given in Fig. 10, is exceededdf, = 10 and
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Figs. 12 and 13 plot the non-overlapped achievable rates\ihe 1. In all cases, we observe that performance

levels higher than that of direct transmission are achiaweléss the qualities of the source-relay and relay-
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Non-overlapped Parallel coding DF rate &#sP = 100, m = 50.
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Fig. 12.

Fig. 13.

destination channels are comparable to that of the sowstnrdtion channel (e.ggsq = 1,04 = 2,04 = 1).
Moreover, we note that the best performances are attained wie source-relay and relay-destination channels are
both considerably better than the source-destinationraigine., wheno,g = 1,0, = 4,0,.q = 4). As expected,
highest gains are obtained with parallel coding DF althofigther numerical analysis has shown that repetition

coding incur only small losses. Finally, Fig. 14 plot the iaghble rates of overlapped AF whdén= 1. Similar
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conclusions apply also here. However, it is interesting aterthat overlapped AF rates are smaller than those
achieved by non-overlapped AF. This behavior is also olesewhen DF with repetition coding is considered.
Note that in non-overlapped transmission, source trassimife shorter duration of time with higher power. This
signaling scheme provides better performance as expeetelbe it is well-known that flash signaling achieves
the capacity in the low-SNR regime in imperfectly known chels [24].

Table Il below summarizes the conclusions drawn and insigiained in this section on the performance of

different cooperation strategies and resource allocaaemes in the high- and low-SNR regimes.

VI. ENERGY EFFICIENCY

Our analysis has shown that cooperative relaying is gdgesaheficial in the low-power regime, resulting in
higher achievable rates when compared to direct transmnis$n this section, we provide an energy efficiency
perspective and remark that care should be exercised whemnatopy at very low SNR values. The least amount
of energy required to send one information bit reliably igegi by % = % where C'(SNR) is the channel

capacity in bits/symbol. In our setting, the capacity wél teplaced by the achievable rate expressions and hence the

resulting bit energy, denoted b@% provides the least amount of normalized bit energy valogbé worst-case

2Note thatf,—g is the bit energy normalized by the noise power spectrall &%
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TABLE Il

High-S\NR
Regime

Cooperation employingverlapped AF or DF with repetition coding is
beneficial only if the source-relay channel quality is higloegh. If this
is not the case or SNR is very high, noncooperative direatstrassion
should be employed.

Cooperation usingion-overlapped DF with parallel coding provides
improvements over the performance of noncooperative tiransmis-
sion, and achieves higher rates than those attaineavéyapped AF
and DF with repetition coding.

If the system is operating under total power constrainisthal power
should be allocated to the source and hence direct transmissould
be preferred oveoverlapped and non-overlapped AF, and overlapped
and non-overlapped DF with repetition coding.

Under total power constraints, onhyon-overlapped DF with parallel
coding outperforms noncooperative direct transmission whendiece-
relay channel is strong.

Low-SNR
Regime

Cooperation is generally beneficial.

The strengths of both the source-relay and relay-destimathannels
are important factors.

Non-overlapped DF with parallel coding achieves the highest perfo
mance levels. In general, non-overlapped transmissiohadstshould
be preferred. AlsoDF provides higher gains oveXF.

Under total power constraints, highest gains over nonc@ope
direct transmission are attained when both the sourcg-relad
relay-destination channels are considerably stronger tha source
destination channel.

Under total power constraints, noncooperative direct simr@asion
should be preferred if the qualities of both the sourceyrelad relay-
destination channels are comparable to that of the sowstnrdtion
channel.

=~
1

scenario and also serves as an upper bound on the achievablelyy levels in the channel.

We note that in finding the bit energy values, we assume th& SNP/Ny where P = P, + P; is the total

power. The next result provides the asymptotic behaviohefliit energy as SNR decreases to zero.

Theorem 4: The normalized bit energy in all relaying schemes grows euttbound as the signal-to-noise ratio
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decreases to zero, i.e.,
Eyy SNR 1
— = lim = — = 0. 37
No |p—y SNR=0 R(SNR)  R(0) 37)

Proof: R(0) is the derivative ofR with respect to SNR as SNR: 0. The key point to prove this theorem is to
show that when SNR- 0, the mutual information decreases as SN&nd hence?(o) = 0. This can be easily

) B2 L Aho2 b2 Ahl2 .
shown because wheR — 0, in all the terms {1;|2h5d\ ,Ps;\zhbdl , Psla\fzml Lezlhea® gng Palhed® in Theorems 1-3,
Zd1 Zd2 Zr Zd,r Zd,r

the denominator goes to a constant while the numerator deeseas”?. Hence, these terms diminish as SNR
Sincelog(1 + z) = x + o(z) for small z, whereo(z) satisfieslim,_.o @ = 0, we conclude that the achievable
rate expressions also decrease as SBRSNR vanishes. O
Theorem 4 indicates that it is extremely energy-inefficienbperate at very low SNR values. We identify the
most energy-efficient operating points in numerical resie choose the following numerical values for the fixed
parametersd, = 6, = 0.1, 05qg = 1, 05 = 4, 0,.q = 4, a = 0.5, andf = 0.6. Fig. 15 plots the bit energy curves as
a function of SNR for different values afi in the non-overlapped AF case. We can see from the figure hieat t
minimum bit energy, which is achieved at a nonzero value oRStecreases with increasimg and is achieved
at a lower SNR value. Fig. 16 shows the minimum bit energy flfer@nt relaying schemes with overlapped or

non-overlapped transmission techniques. We observehbaninimum bit energy decreases with increasingn
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all cases . We realize that DF is in general much more endfipjeat than AF. Moreover, we note that employing
non-overlapped rather than overlapped transmission iagrehe energy efficiency. We further remark that the

performances of non-overlapped DF with repetition codind parallel coding are very close.

VIlI. CONCLUSION

In this paper, we have studied the imperfectly-known fadielgy channels. We have assumed that the source-
destination, source-relay, and relay-destination chigrare not known by the corresponding receivers a priori, and
transmission starts with the training phase in which thenokéfading coefficients are learned with the assistance of
pilot symbols, albeit imperfectly. Hence, in this settinglaying increases the channel uncertainty in the systath, a
there is increased estimation cost associated with cotiperaVe have investigated the performance of relaying
by obtaining achievable rates for AF and DF relaying scheriéss have considered both non-overlapped and
overlapped transmission scenarios. We have controlledi¢lgece of cooperation by varying the parameteiVe
have identified resource allocation strategies that madnthe achievable rate expressions. We have observed
that if the source-relay channel quality is low, then coagtien is not beneficial and direct transmission should
be preferred at high SNRs when amplify-and-forward or deeadd-forward with repetition coding is employed

as the cooperation strategy. On the other hand, we have batmetaying generally improves the performance
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at low SNRs. We have noted that DF with parallel coding presidhe highest rates. Additionally, under total

power constraints, we have studied power allocation betwee source and relay. We have again pointed out that
relaying degrades the performance at high SNRs unless OfFpaitallel channel coding is used and the source-
relay channel quality is high. The benefits of relaying isiagéemonstrated at low SNRs. We have noted that
non-overlapped transmission is superior compared to @wpéd one in this regime. Finally, we have considered
the energy efficiency in the low-power regime, and proved tha bit energy increases without bound as SNR
diminishes. Hence, operation at very low SNR levels shoglcdivoided. From the energy efficiency perspective,
we have again observed that non-overlapped transmissmrides better performance. We have also noted that

DF is more energy efficient than AF.

APPENDIX
A. Proof of Theorem 1
Note that in AF relaying,
[(xs; Ya,Yd,r ’ilsm iLsd7 ier) = I(XSN Ydi ’ilsd) + I(Xs% Ya2,Yd,r ’ilsm iLsd7 ier) (38)

where the first mutual expression on the right-hand side 8§ {8 for the direct transmission and the second is

for the cooperative transmission. In the direct transmissive have
Yal = heaXs1 + Za1- (39)

In this setting, it is well-known that the worst-case naige is Gaussian [26, Appendix] andl; with independent
Gaussian components achieves
: 7 Pél‘ilsdyz
1nf£) sup I(Xs1;ya1lhsa) = £ (1 —2a)(m —2)log [ 1+ —F5— | ;. (40)
Pza1 ) pe () Zd1
We now investigate the cooperative phase. Comparing (1dE8) with (17) and (18), we see that non-overlapped
can be obtained as a special case of overlapped AF scheméiby €., = 0. Therefore, we concentrate on the

more general case of overlapped transmission. For beliistrdtion, we rewrite the symbol-wise channel input-
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output relationships in the following:
yrli] = hawsalil + 200, yasli) = hsawsali] + zalil, (41)
fori=1+(1-2a)(m—-2),...,(1 —a)(m—2), and
Yarli] = hsatloli] + hraz,[i] + 24, [i], (42)

fori = (1—a)(m—2)+1,..,m — 2. In AF, the signals received and transmitted by the relayeHallowing

relation:
2
£,li] = Buli — a(m —2)], where g< | 2l | (43)
|hsv"|2E{|xs2|2} + E{|z7«|2}
Now, we can write the channel in the vector form
. ZT[Z]
Yaz|i] hsa 0 x[i] 0 10
-1 . . . +| 242]i] (44)
Ya,r[t + a(m — 2)] hraBhsr  hsq xs[i + a(m — 2)] hraB 0 1
zdrt + a(m — 2)]
Vi) A % [7] B
z[i]
— E{lz.?} .
= — — — — < - .
wherei = 1+ (1 — 2a)(m — 2), ..., (1 —a)(m —2) and 3 \/h”|2E{xS|2}+E{ZT2} Note that we have defined

xs = [x1,x5L,x5]1T, and the expression in (44) uses the property thatj) = xs(j + (1 — 2a)(m — 2)) and

2o(j) =zs(j+(1—a)(m—2)) for j = 1,...,a(m—2). The input-output mutual information in the cooperative
phase can now be expressed as

(1—a)(m—2)

I(Xs2> X;2; Ya2, Yd,r|ilsr> ﬁsd» ier) = Z I(is [Z], S’d [Z] |ilsr7 Bsda Brd) = a(m - 2)1(5(5; yd|ilsrilsda Brd) (45)
i=14+(1-20a)(m—2)

where in (45) we removed the dependence aithout loss of generality. Note th&t, andy, are defined in (44).
Now, we can calculate the worst-case capacity by proving®aassian distribution fot,, z42, andz,, provides
the worst case. We employ techniques similar to that in [28yekdix]. Any set of particular distributions faf.,

Zq2, andzg , yields an upper bound on the worst case. Let us chepse;,, andzg, to be zero mean complex
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Gaussian distributed. Then as in [6, Appendix 1],

inf sup  I(%s; Valhsrs hsa, bra) < Elogdet (I + (AE{)'(SS(;E}AT)(BE{ZZT}BT)_l> (46)
pz"‘(')’pzdz(')7pzdm(.) pmsz(')vagz(')

where the expectation is with respect to the fading estisndie obtain a lower bound, we compute the mutual
information for the channel in (44) assuming thgtis a zero-mean complex Gaussian with variarﬁi{e“csfcl},

but the distributions of noise components z;2, andz,;, are arbitrary. In this case, we have

I(*s; yd; ‘iLST7 iLsd7 ier) = h(ks’ﬁsm iLsd7 ier) - h(fisff’d, i’/sm iLsd7 ier)

> log W@E{f{skl} — log mevar(Xs|y 4, ﬁsm ﬁsd, ]A”er) 47

where the inequality is due to the fact that Gaussian digidh provides the largest entropy and hence [32, Chap.
9]

h(ks’yda ilsm iLsd7 ier) < log e var(ks‘ych iLsra ilsda ilrd)-
Above, h() denotes the differential entropy functional. From [26, a1, Appendix], we know that
’UCLT‘()V(SbV’d, hs?"a Bsda Brd) <E {(is - Xs)(ks - 33(3)”]337"7 Bsda Brd} (48)

for any estimatek, givenyg, hs,, hsq, andh,q. If we substitute the linear minimum mean-square-error KLSE)
estimatex, = Rxy R, 54, whereRxy and Ry are cross-covariance and covariance matrices respggine (47)

and (48), we obtaith
I(&si Falhor, hsas hra) = Elog det (T+ (E{|z, [P} AAT) (BE{za"} BT 7). (49)
Since the lower bound (49) applies for any noise distribytiwe can easily see that

inf Sup I(zs; S’dmsm Bsda Brd) > Elogdet (I + (AE{ksil}AT)(BE{ZZT}BT)_1> . (50)
Par(DPao ()P, () po Ly ()90 ()

3Here, we use the property thdet(I + AB) = det(I + BA).
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¢ From (46) and (50), we conclude that

inf sup  I(xs: Valhsr hsgs heg) = Elog det (I + (AE{)'(SS(;E}AT)(BE{zzT}BT)_l) (51)
P ()P ()P2a () pa sy ()par ()

Py |hgy|? Polhol?2 Polhoo|2
:Elog{l_i_%_'_f( Sl|287‘| ’ 7'1|2 T’d| )
g o

Zd2 Zr Zd,r

+q<Psl|fzsd|2 Paslhsa? Potlh|? Pr1|ﬁrd|2>}

0%, = 0%, o | o,
(52)
.. t Py 0 .
In obtaining (52), we have used the fact tHafx %!} = . Note also that in (52)P;1, P52 and Py
0 Ps2
are the powers of source and relay symbols and are given )r(@D. Moreoverp§d2, agr, agw are the variances

of the noise components defined in (20). Now, combining (€83), (40), and (52), we obtain the achievable rate
expression in (24). Note that (25)-(28) are obtained byguiie expressions for the channel estimates in (5)—(7)

and noise variances in (21) and (22). O

B. Proof of Theorem 2

For DF with repetition coding in overlapped transmissiom,aghievable rate expression is

I(Xsﬁ Ydi |ilsd) -+ min {I(Xs% YT|iLs7")> I(Xs2> X;2; Ya, Yd,rmsd» hrd)} . (53)

Note that the first and second mutual information expressior(53) are for the direct transmission between the
source and destination, and direct transmission betweersdhirce and relay, respectively. Therefore, as in the
proof of Theorem 1, the worst-case achievable rates can brediately seen to be equal to the first term on the
right-hand side of (32) and;, respectively.

In repetition coding, after successfully decoding the seunformation, the relay transmits the same codeword

as the source. As a result, the input-output relation in theperative phase can be expressed as

Ydoli] hea 0 s[1] Zd2li]
= A + . (54)
Yar[i + a(m —2)] healB hsq zs[i + a(m — 2)] Zgrli + a(m — 2)]
ali] A %, [i] 2]i]
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whereg < % From (54), it is clear that the knowledge bf, is not required at the destination. We can

easily see that (54) is a simpler expression than (44) in the#se, therefore we can adopt the same methods as
employed in the proof of Theorem 1 to show that Gaussian risitiee worst noise and, is the worst-case rate.

O
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