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Abstract—We consider a dual-hop amplify-and-forward relaying system where the channel state is unknown to both the
transmitter and the receiver. Our objective is to derive the
penalty of the information rate due to the unknown channel state
information. We focus on determining the compound effects of
fixed-gain relaying and unknown time-varying channels on the
achievable information rates of the system. We show that penalty
of the information rate due to the unknown channels decays
with block length and signal-to-noise ratio while it increases
with normalized Doppler shift. We also derive a closed-form
expression for the information penalty when the block length
is large (asymptotic behavior). This derivation shows that the
penalty of not knowing the mobile-fixed-mobile dual-hop relay
channel can be equal to or higher than that in the direct mobileto-mobile source-destination transmission. The additional uncertainty should be taken into account when designing cooperative
systems with many relays.

I. I NTRODUCTION
A. Motivation
It is well known that the availability and accuracy of channel
state information (CSI) at the transmitting or receiving ends of
a wireless communication channel can fundamentally impact
the achievable information rates [1]. In practical systems, CSI
is not available prior to transmission and can only be obtained
by sacrificing a fraction of resources, such as time and power,
for channel estimation or feedback [2]. From a theoretical and
practical viewpoint, it is therefore of great interest to find out
the ultimate limits on reliable information transfer when the
channel is unknown a priori at any node, without restricting
oneself to a particular form of channel estimation or feedback.
A large body of work has been devoted to the capacity
analysis of channels in the absence of CSI for a number of
direct source-to-destination channel models with no relays [1],
[3]–[5]. As acknowledged in [4], the exact capacity analysis
for unknown channels is a challenging problem even for very
simple direct channel models. In many cases, only information
rate upper and lower bounds have been provided [4].
Nowadays, there is a great interest in cooperative communications as a promising solution for future high data
rate ad-hoc networks [6]. As building blocks of cooperative
communications, relay channels and relaying techniques have
been the subject of intensive research recently [7]. Capacity
analysis of relay channels is a non-trivial task even when the

CSI is perfectly available at all nodes and several studies
have focused on this problem in the past few decades [8]–
[11]. It is interesting to determine the compound effects of
relaying and unknown (possibly time-varying) channels on
the achievable information rates of cooperative systems. One
fundamental question, for example, is whether detrimental
effects of additional unknown channels in the system can
overweigh well-known advantages of using relays. To the best
of our knowledge, this is still an open problem.
B. Contributions and Distinctions Compared to Related Work
In this paper, we study information rate bounds for communication between a mobile source node (S) to a mobile destination node (D) via a fixed relay node (R) using amplify and
forward (AF) relaying [7], where the S-R and R-D channels are
unknown at all nodes and vary in time according to a correlated
complex-Gaussian process. This is a first step towards better
understanding the impact of relaying in unknown channels on
achievable information rates.
In this context, three key contributions of our paper are
summarized as follows:
• We derive bounds on the information rates of AF dualhop relaying over unknown and correlated time-varying
Rayleigh fading channels. While our approach resembles
the one proposed in [12], we highlight that due to
non-Gaussianity of the compound S-R-D channel and
destination noise, certain non-trivial difficulties arise in
the computation of entropies that are dealt with numerically in this paper. The lower bound is obtained for the
case of finite-dimensional modulations, while the upper
bound is limited to finite-dimensional modulations with
uncorrelated inputs.
• We study the penalty on information rates due to unknown CSI and present the results in terms of the
block length, signal-to-noise ratio (SNR), and normalized
Doppler shift.
• We identify the asymptotic behavior of the penalty on
information rate due to unknown CSI for high SNR and
large block lengths. This analysis reveals that the penalty
of not knowing the dual-hop channel is equal to or higher
than that in the direct channel. This additional uncertainty
can adversely impact the benefits of cooperative diversity.
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II. S YSTEM M ODEL
We consider the simplest non-trivial scenario of timevarying relaying networks, in which a mobile source node (S)
communicates to a mobile destination node (D) via a fixed
relay (R). Assuming flat fading, the received signal by the
relay at time k, yk , is given by
yk = h1k sk + n1k ,

(1)

where sk is the transmitted signal, h1k is the S-R channel
modeled as a zero mean complex Gaussian (ZMCG) random
process with power σ12 = 1/dasr , where dsr is the S-R distance
and a is the path-loss exponent [13]. n1k is complex additive
white Gaussian noise (AWGN) with power σn2 at the relay
node. Without trying to estimate the channel or to decode the
transmitted signal, the relay amplifies yk and transmits it to
the destination which receives
rk = Ah2k yk + n2k = hk sk + nk ,

(2)

where h2k is the R-D channel which is modeled as a ZMCG
process with power σ22 = 1/dard , where drd is the R-D
distance. n2k is a zero mean AWGN with power σn2 at the
destination. The overall dual-hop channel is hk = Ah2k h1k
and nk = Ah2k n1k + n2k represents the overall noise at the
destination. A is the amplification factor by the relay, which
we assume is given by
s
s
Er
Er
A=
,
(3)
=
2
2
E[|yk |]
Es σ1 + σn2
where Er and Es are the relay and source transmitting power,
respectively. Relays using such A are called fixed-gain (FG)
[14], because A is constant during transmission and is determined using long-term channel statistics. This is consistent
with the assumption that the relay does not have CSI. Although
systems with FG relays may not perform as well as the systems
with variable gain relays [14], their low complexity makes
them attractive from a practical point of view.
We consider transmission of a length-L block of symbols,
s = [s1 , s2 , · · · , sL ]T . The corresponding length-L block of
received signal, denoted by r = [r1 , r2 , · · · , rL ]T , is of the
form
r = Sh + n,

(4)

where S= diag(s1 , s2 , · · · , sL ), h=A[h11 h21 , · · · , h1L h2L ]T ,
n = AH 2 n1 + n2 = [n1 , n2 , · · · , nL ]T , H 2 =
diag(h21 , h22 , · · · , h2L ), n1 = [n11 , n12 , · · · , n1L ]T , and
n2 = [n21 , n22 , · · · , n2L ]T . Since receiver noises are white,
noise vectors n1 and n2 are complex Gaussian distributed
in L dimensions with zero mean and covariance matrices
Rni = σn2 I for i = 1, 2. Throughout the paper, we assume
that all wireless fading channels and all receiver noises are
independent of each other.
The channel vectors h1 and h2 represent mobile to fixed
channels. Using the results in [15] for two dimensional
isotropic scattering (Clarke’s model), the (k, k ′ ) entry of
Rhi , the auto-correlation coefficient between hik and hik′ for
i = 1, 2, can be expressed as
[Rhi ]kk′ = E[hik h∗ik′ ] = σi2 J0 (2πfdi (k − k ′ )Ts ),

(5)

where J0 is the zeroth order Bessel function of the first kind,
fdi is the Doppler frequency shift in the channel i, and 1/Ts
is the sampling rate. Therefore, fDi = fdi Ts is the normalized
Doppler shift. Finally, the (k, k ′ ) entry of Rh , the autocorrelation coefficient between hk and hk′ is [15]
[Rh ]kk′ = A2 σ12 σ22 J0 (2πfd1 (k − k ′ )Ts )
×J0 (2πfd2 (k − k ′ )Ts ).

(6)

III. B OUNDS ON I NFORMATION R ATE AND THE P ENALTY
DUE TO U NKNOWN CSI
The mutual information between r and {s, h} can be
expressed by using the chain rule as follows:
I(r; s, h) = I(r; s) + I(r; h|s)
= I(r; h) + I(r; s|h).

(7)

Thus, I(r; s), the mutual information between channel input
s and channel output r without CSI, can be expressed as
I(r; s) = I(r; s, h) − I(r; h|s)
= I(r; h) + I(r; s|h) − I(r; h|s).

(8a)
(8b)

Note that I(r; s|h) in (8b) is the mutual information with
perfect CSI. Therefore, P∆dh = I(r; h|s) − I(r; h) is the
information rate penalty due to unknown CSI. Since I(r; h)
is nonnegative, I(r; h|s) can be interpreted as an upper bound
on the penalty due to unknown CSI, which is given as
P∆dh ≤ I(r; h|s) = H(r|s) − H(r|h, s)
= H(r|s) − H(n),

(9)

where H(·) represents the differential entropy function. In
the sequel, we study H(r|s) in more detail for the purpose
of deriving an upper bound on the information rate penalty
P∆dh and also for obtaining upper and lower bounds on the
information rate without CSI in dual-hop AF relay channels.
We will highlight main differences with [12].
A. Properties of H(r|s)
Using the fact that the entropy of a random vector with a
given covariance matrix is upper bounded by the entropy of a
Gaussian random vector with the same covariance matrix [16],
we have
n

o
(10)
H(r|s) ≤ Es log det πe(SRh S H + Rn ) ,

where the elements of Rh were defined in (6) and the (k, k ′ )
entry of Rn , the auto-correlation coefficient between nk and
nk′ , can be expressed as
[Rn ]kk′ = E {(Ah2k n1k + n2k )(Ah2k′ n1k′ + n2k′ )∗ }
= (A2 σ22 + 1)σn2 δk,k′ = ησn2 δk,k′ ,

(11)

where η , (A2 σ22 + 1) and δk,k′ = 1 if k = k ′ and δk,k′ =
0 otherwise. Therefore, the received noise vector entries are
uncorrelated and consequently Rn = ησn2 I, which results in
o
n

2
I) . (12)
H(r |s) ≤ Es log det πe(SRh S H + ησn
Before proceeding, we highlight one main difference for
the evaluation of H(r|s) with that for a direct S-D timevarying Rayleigh fading channel, which was studies in [12]. In

particular in [12], r given s was complex Gaussian distributed
with the covariance matrix (SRh1 S H + Rn1 ). Therefore, the
inequalities shown in (10) and (12) were in fact equalities in
[12] and only Jensen’s inequality was used to upper bound
H(r|s). In this paper, however, due to non-Gaussianity of
the overall dual-hop channel and destination noise, we have
first upper bounded H(r|s) using the entropy of a Gaussian
random vector and now apply Jensen’s inequality to arrive at

o
Rh n
2
H(r|s) ≤ L log(πeησn
) + log det I + 2 E SS H
,
ησn

where the equality is obtained for constant modulus (CM)
signalling, i.e., ksℓ k2 = Es for ℓ = 1, 2, · · · , L. Finally, the
upper bound on H(r|s) is
2
H(r|s) ≤ L log(πeησn
)+

L
X

log (1 + ̺λℓ ) ,

(13)

ℓ=1

Es
where ̺ = ησ
2 and λℓ for ℓ = 1, 2, · · · , L are the eigenvalues
n
of Rh . Normalizing the mutual information to the number of
symbols L and using (9), the rate of penalty on information
rate due to unknown CSI is given by
L

1X
1
1
log (1+̺λℓ )− H(n). (14)
P∆dh ≤ log(πeησn2 )+
L
L
L
ℓ=1

We now highlight another important difference between the
penalty rate presented here and that presented in [12]. More
specifically, the penalty rate in [12] was upper bounded as


L
1X
Es
1
P∆ ≤
log 1 + 2 λ1ℓ ,
(15)
L
L
σn
ℓ=1

where λ1ℓ for ℓ = 1, 2, · · · , L were the eigenvalues of Rh1 .
This was again due to the Gaussian channel and noise models
at the destination which resulted in log(πeσn2 ) and H(n)/L in
(14) to cancel each other out. However, here, n is not Gaussian
and hence H(n) remains in the formulation of the penalty rate.
This will be one main source of difficulty for information rate
analysis in this paper. Computation of H(n) will be described
in Section III-C.
B. Information Rate Lower and Upper Bounds
Let us first write I(r, s) as
I(r; s) = H(r) − H(r|s).

(16)

We note that (13) provides us with an upper bound for H(r|s).
Therefore, if H(r) can be somehow evaluated numerically, we
arrive at the following lower bound on the information rate
1
1
1X
I(r, s) ≥ H(r)−log(πeησn2 )−
log(1+̺λℓ ) .
L
L
L
L

(17)

ℓ=1

In Section III-C, we will discuss how H(r) can be evaluated
numerically.
Referring to (16), we note if we can somehow evaluate
H(r|s) numerically and then analytically upper bound H(r),
we obtain an upper bound on the information rate. In Section
III-C, we will discuss how H(r|s) can be evaluated numerically. One upper bound for H(r) is as follows:

H(r) ≤ log det(πeRr ) ≤ log

L
Y

πe[Rr ]ii

(18)

i=1

where Rr is the covariance matrix of the received vector r
and according to (2) its elements are given by
[Rr ]kk′ = E[rk rk∗′ ] = E[sk s∗k′ ]E[hk h∗k′ ] + E[nk n∗k′ ]. (19)
The first inequality in (18) holds because the entropy of a
random vector is upper bounded by the entropy of a Gaussian
random vector with the same covariance matrix and the second
inequality follows from Hadamard’s inequality. Hadamard’s
inequality is achieved with equality if [Rr ] is a diagonal
matrix. According to (11) the noise nk is uncorrelated. By
further assuming that the input symbols are uncorrelated
(E[sk s∗k′ ] = 0 for k 6= k ′ ) the second equality is ensured to
obtain tighter upper bounds on information rate. In summary,
the upper bound on information rate is written as
1
1
I(r, s) ≤ log(πeησn2 (1 + ρ)) − H(r|s).
(20)
L
L
where ρ =

Es
2 c1
σn

and c1 = A2 σ12 σ22 /(A2 σ22 + 1)

C. Numerical Evaluation of H(n), H(r), and H(r|s)
Based on the derivations of the previous two subsections,
we note that computation of the information rate penalty due
to not knowing the channel or the information lower and
upper bounds cannot be performed without evaluating H(n),
H(r), and H(r|s), respectively. Equation (2) indicates that
forwarding the received signal by the relay introduces nonGaussian compound noises and signals at the destination.
Unfortunately, finding exact analytical expression for the probability distributed function (pdf) of these multivariate random
vectors is very involved, if not impossible. As a result, the
entropy functions cannot be evaluated analytically. Here, we
focus on numerical methods, borrowed from statistical machine learning and physics literature, to approximate entropies
of arbitrary high-dimensional multivariate random vectors.
Most entropy estimation schemes are based on the estimation of the pdf. This is followed by the substitution of these
estimates to the expression for entropy. This method is called
“plug-in” estimation [17]. In this paper we use the Gaussian
mixture (GM) model [18] to estimate the pdf and consequently
the entropy because of its high precision.
1) Entropy Estimation Using GM Model: Given a set of N
samples in d dimensions and a family F of pdfs on Rd , GM
model estimates the pdf f (x) ∈ F as a linear combination of
normal Gaussian pdfs (kernels), that is most likely to have
generated the given samples [19]. So, for the multivariate
random vectors, GM model can be written as
fˆ(x) =

K
X

πk N (x|µk , Σk ),

(21)

k=1

PK
where 0 ≤ πi ≤ 1 for i = 1, · · · , K,
i=1 πi = 1,
{πi }K
i=1 are the a priori probabilities of each kernel (mixing
coefficients), K is the number of kernels, and {µi , Σi }K
i=1
are the mean vector and covariance matrix of the Gaussian
kernels. Obtaining the optimal set of the parameters is usually
posed in terms of maximizing the log-likelihood of the pdf

to be estimated. It is well known that maximum likelihood
estimation cannot be determined analytically but it can be
approximated by the expectation-maximization (EM) algo(0)
(0)
rithm [18]. In summary, given an initial estimate πk , µk ,
(0)
Σk , EM algorithm iteratively converges to a local maximum
of the likelihood function. We refer the reader to [18] for
more detailed description of GM. The justification of this
approximation is provided in Section V.
IV. A SYMPTOTIC B EHAVIOR OF I NFORMATION R ATE
P ENALTY
In this section, we investigate the asymptotic behavior of
(14) and (17) for large block lengths L. The log term of the
(14) and (17) is independent of block length L. Moreover,
Table II indicates that the estimated entropies H(n) and H(r)
become nearly constant for long blocks. By Szegö theorem
[20], we have the asymptotic expression for the L-dependent
term of these equations as
Z
L
1X
1 π
I = lim
log(1+̺λl) =
log(1+̺H(w))dw, (22)
L→∞ L
2π −π
l=1

where H(w) is the power spectral density (PSD) function of
the fading process h. Considering the complexity of the integral, it is difficult to derive closed-form expressions for (22),
when the corresponding PSD of H(w) follows that given in
[15]. However, [12] showed that in direct S-D transmission,
using a uniform spectrum with the same fading rate as that
in Clarke’s model yields nearly the same information rate
penalty. Thus, considering the ideal uniform spectrum with
the same cutoff frequency as in Clarke’s model for each link
σ2
(Hi (w) = 2fDi , |w| < 2πfDi ), the overall PSD of the relay
i
channel is

2γT1
−α ≤ w < α

γ(β − |w|)
α ≤ |w| < β
H(w) =
(23)

0
|w| > β
where Ti = 2πfDi , β = T1 + T2 , α = T2 − T1 , and γ =
ηc1 /4fD1 fD2 . Without loss of generality, by assuming fD2 ≥
fD1 the asymptotic expression of (14) is


πρ
2
e
+
P∆dh = log(πeησn ) + 2 (fD2 − fD1 ) log 1 +
fD2




fD
1
πρ
− 1 − H(n). (24)
4fD1 (1 + 2 ) log 1 +
πρ
fD2
L

The asymptotic expression for (17) is similarly derived.
It is interesting to compare the asymptotic information rate
penalty of direct S-D transmission, Pe∆ derived in [12], with
that of dual-hop AF scheme derived here. For this purpose
and to avoid the need for numerical computation of H(n) in
(24), we use a simplifying high-SNR assumption and assume
that the relay is close to the source. Therefore, the noise
amplification factor at relay is small (i.e., σ22 /σ12 < 1) and
the relay noise is negligible (n1k = 0 for all k). (24) becomes




fD2
πηρ
e
−1 +
) log 1 +
P∆dh ≈ 4fD1 (1 +
πηρ
f

 D2
πηρ
2 (fD2 − fD1 ) log 1 +
,
(25)
fD2

TABLE I
RMSE

OF

GM

METHOD FOR d- COMPLEX - VARIATE NORMAL
DISTRIBUTION

d

10

20

40

60

GM

5.65E-8

6.25E-6

3.76E-5

8.26E-5

TABLE II
ESTIMATED ENTROPY OF THE RECEIVED NOISE
2 = 10 dB)
(E/σn

H(n)/L IN AF

SYSTEM

fD2

PP
PP L
dsr
P
P

10

30

50

70

100

0.006
0.006
0.01
0.01

0.25
0.75
0.25
0.75

2.1795
5.0980
2.1787
5.0977

2.1711
5.0972
2.1713
5.0972

2.1645
5.0971
2.1657
5.0970

2.1609
5.0954
2.1602
5.0963

2.1484
5.0953
2.1534
5.0960

We further assume equal Doppler shifts for S-R and R-D
links i.e., fD1 =fD2 =fD and equal power allocation to S and
R (Er=Es= E/2), where E is the total transmission power.
Since in the dual-hop scenario both source and destination
are mobile, we need to consider a direct mobile-to-mobile S-D
transmission, for a fair comparison. However, only the penalty
for fixed-to-mobile direct transmission was provided in [12].
To overcome this, using similar arguments as in [12], we use
a uniform Doppler power spectrum for the S-D transmission
with the maximum Doppler shift of fDdir =fD1 +fD2 =2fD ,
corresponding to S and D moving towards each other. By
allocating the total power E to the source, the penalty becomes


1 E
Pe∆ ≈ 4fD log 1 +
(26)
4fD σn2

Taking the ratio of (25) (with fD1 = fD2=fD and Er=Es = E/2)
and (26) as σE2 → ∞ results in equal asymptotic penalty of not
n
knowing the channel in direct and dual-hop transmission. In
reality, Pe∆dh is bigger when the relay noise is not negligible.
It is important to note that the benefits of using relays
in providing diversity is adversely (and often non-negligibly)
affected by the increased penalty of not knowing additional
time-varying channels and amplified noise at the relay, which
should be taken into account when designing cooperative
relaying in mobile wireless systems.
V. N UMERICAL R ESULTS
In this section we study the normalized information rate
penalty and information rate bounds in an AF system. Since
the entropy need to be computed numerically, we first justify
the proposed entropy estimation method through the simulations. By assuming a normalized distance between the source
and the destination (dsd = 1), we consider three different
relay positions. In position-1, the relay is closer to the source
(dsr = 0.25, drd = 0.75). In position-2, the relay is in the
middle of the source and destination (dsr = drd = 0.5). In
position-3, we have dsr = 0.75 and drd = 0.25. Path-loss exponent is a = 3. We consider a carrier frequency of 900 MHz
and a sampling rate of 8000 Hz (i.e., GSM system). Moreover,
in our scenarios we assume that source and destination have
the same speeds and we use the normalized Doppler shifts of
0.006 and 0.01 corresponding to mobile speeds of 60 km/h
and 100 km/h, respectively. In the simulations, we generate
the correlated mobile-fixed channel coefficients according to
Clarke’s model [21].

1
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Fig. 1. Comparison of the exact and approximated bounds on P∆dh versus
2 = 10 dB, f
L for CM signaling (E/σn
D = 0.01, fDdir = 0.02).

A. Entropy Estimation Results
To evaluate the accuracy of entropy estimation techniques,
we consider a finite sample size N = 105 of a d-complexvariate Gaussian random distribution with zero mean and
identity covariance matrix, which results in the normalized
analytical entropy 2.14471 . We compare the outputs of GM
with the analytical result under root mean square error (RMSE)
criterion. The results are reported in Table I for GM method
with K = 10 kernels.
By using the GM method with K = 10, Table II shows the
normalized estimated entropy of the received noise H(n)/L
for an AF system versus L for SNR per symbol E/σn2 =10
dB, two different relay positions and fD1 = fD2 = 0.006 and
0.01. The following conclusions are drawn from Table II:
1) The closer the relay to the destination, the higher the
entropy of the received noise. This can be interpreted as
follows: For high SNR, the amplification factor at relay
node is A2 σ22 ≈ σ22 /σ12 . So, when relay is closer to the
destination this factor becomes higher and according to
Theorem 8.6.4 of [16] the entropy increases. Note that
when the relay is closer to the source, the amplification
factor is small and the noise entropy is nearly the same
as the AWGN noise entropy (i.e., 2.1447).
2) The entropy decreases as the block length L increases
and becomes nearly constant for long blocks.
The details of numerical evaluation of H(r|s) are deferred
to the appendix A.
B. Information Rate Penalty and Information Rate
Fig. 1 depicts a comparison between the exact penalty of
the information rate (14) and the approximated one at which
n1 = 0, for E/σn2 = 10 dB for position-1 and position-2.
It is clear that the higher distance between the source and
relay, the higher the penalty of the information rates due to the
unknown CSI. From the block length view, Fig. 1 confirms the
intuition that increasing the sequence of observations improves
the learning of channel dynamics, leading to a reduced loss
in information rate and consequently alleviates the information
1 Normalized entropy is the entropy normalized by the number of dimensions.

Fig. 2.

5

10

15
E/σn2 , dB

Information rate bounds versus

20

2
E/σn

25

30

for CM signaling (L = 8)

rate penalty. Moreover, as expected, the penalty of not knowing
CSI approaches the asymptotic bounds in (24) as the block
length L increases.
Note that assuming zero noise at the relay changes the
value of η which appears in the (24). But here, we are
only interested in the impact of relay noise on the difference
between log(πeησn2 ) and L1 H(n). Hence, η = 1 is used in the
first term in (24) and the same η = (A2 σ22 + 1) as in the case
where relay noise is non-zero is used in the second and third
term in (24). This enables us to compare the impact of relay
noise on the information rate penalty in fair fashion, i.e., for
the same effective SNR at the destination.
The difference between the exact and approximated values
of the penalty is negligible in position-1. The reason is that the
lower the distance between the source and the relay, the lower
the noise amplification factor at relay and thus the relay noise
is negligible. However, in position-2, where the amplification
factor is higher, the actual penalty is considerably higher
than the case where n1,k is assumed to be zero. Bounds on
the information rates penalty due to the unknown CSI, in a
direct transmission system are also presented in Fig. 1 for
fDdir = 2fD . To obtain a fair comparison between the penalty
of the direct transmission system and that of the AF relaying
system, the sum of the transmit power at source and relay
nodes in the AF system is set equal to the direct system.
Comparison of direct system versus relaying system reveals
that the information rate penalty of the dual-hop relaying
system is more than that of the direct link only and that the
penalty depends on the relay position.
Fig. 2 shows the achievable information rate of AF dualhop relaying over unknown channels, versus SNR for CM
BPSK and fD = 0.01 for the three relay positions described
above. We use Clarke’s spectrum and block length L = 8. It
is observed that the information rate bounds become tighter
for high SNRs. The tightest bounds are obtained for position2 that are converging to the same values for high SNRs. We
attribute this to the equal power allocation to the source and
relay which is optimal for this symmetric case.
VI. C ONCLUSION
The information rate penalty and the bounds of the information rates for a dual-hop AF system with unknown CSI have

been studied. A GM model have been used to approximate
the entropy of the non-Gaussian received signal and noise at
the destination. A closed-form expression for the asymptotic
behavior of the penalty in terms of the Doppler shift and
SNR was derived. The analysis pointed out to non-negligible
penalty of not knowing the dual-hop channel and relay noise
amplification.
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ESTIMATED

TABLE III
H(r|s)/L IN AF SYSTEM

FOR

2 = 10 dB
E/σn

PP
PP L
dsr
P
P

2

5

7

10

0.25
0.5
0.75

3.0807
3.8000
5.8126

2.7095
3.2462
5.2222

2.6218
3.1276
5.0880

2.5527
3.0363
4.9867

A PPENDIX A
N UMERICAL E VALUATION OF H(r|s)
In an AF dual-hop relay system characterized by (4), the
conditional entropy of r given s, H(r|s), for a general M ary modulation scheme can be numerically found as follows:
1) generate correlated channel coefficients h1 and h2 ,
according to Clarke’s model [21]
2) generate AWGN noise vectors at the relay and destination nodes with independent entries
3) generate M L different realizations of the length-L input
signal, denoted by s′
4) for each realization of the input signal, obtain the
received signal rk using (2) and then using the GM
model, H(r|s = s′ ) is approximated.
5) calculate the normalized entropy by dividing the sum of
the H(r|s = s′ ) from the pervious step, by LM L .
Table III shows the normalized estimated entropy H(r|s)/L
for a dual-hop AF system versus block length L, for E/σn2 =
10 dB, fD = 0.01 and three relay positions. Note that we
have specialized our simulation results in Table III for CM
BPSK signaling. The increase in H(r|s)/L with respect to the
relay position is interpreted in a similar way as for H(n)/L
in Table (II).

