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Abstract. Relayed transmission holds promise for the next
generation of wireless communication systems due to the
performance gains it can provide over non-cooperative sys-
tems. Recently hyper-Rayleigh fading, which represents fad-
ing conditions more severe than Rayleigh fading, has re-
ceived attention in the context of many practical communi-
cation scenarios. Though power allocation for Amplify-and-
Forward (AF) relaying networks has been studied in the lit-
erature, a theoretical analysis of the power allocation prob-
lem for hyper-Rayleigh fading channels is a novel contri-
bution of this work. We develop an optimal power alloca-
tion (OPA) strategy for a dual-hop AF relaying network in
which the relay-destination link experiences hyper-Rayleigh
fading. A new closed-form expression for the average signal-
to-noise ratio (SNR) at destination is derived and it is shown
to provide a new upper-bound on the average SNR at des-
tination, which outperforms a previously proposed upper-
bound based on the well-known harmonic-geometric mean
inequality. An OPA across the source and relay nodes, sub-
Jject to a sum-power constraint, is proposed and it is shown to
provide measurable performance gains in average SNR and
SNR outage at the destination relative to the case of equal
power allocation.
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1. Introduction

Relayed transmission strategies are integral to the next
generation of wireless communication systems due to the
performance gains such as coverage extension and robust-
ness to fading that these techniques can provide relative
to non-cooperative systems [1], [2]. Amplify-and-Forward
(AF) relaying, whereby the relay amplifies the received sig-
nal before re-transmitting it to the destination, has received
considerable attention in the literature due to its low com-
plexity of deployment, see for example [3], [4]. In variable
gain AF schemes the instantaneous channel state informa-
tion (CSI) of the previous hop is used to control the relay

gain whereas in fixed/semi-blind AF relaying the relay gain
is determined by channel statistics of the previous hop. Al-
though the former scheme generally provides better diversity
performance, the latter scheme trades-off the diversity per-
formance with a lower complexity in the CSI estimation part
and is therefore more attractive due to practical considera-
tions [5].

When modeling land-mobile wireless communication
channels, Rayleigh distributed fading is often considered to
be the worst-case fading scenario [6], [7]. However, in re-
cent years many published measurement campaigns have re-
ported channels with fading more severe than Rayleigh or
so-called hyper-Rayleigh fading; see for example [8] - [11]
and references therein. These severe fading conditions have
been observed in various scenarios of practical significance;
in [8] the authors observed worse-than-Rayleigh fading in
outdoor suburban measurements conducted at 1.5 GHz and
they proposed to statistically model such fading with the
Nakagami-m distribution with its fading severity parameter
m taking values in the range 0.5 < m < 1. The same authors
also observed that the Weibull distribution with its shape fac-
tor less than 2 also provided an empirically best-fit in some
cases. In [9] the authors performed indoor measurements at
2.4 GHz for two-way radio-frequency identification appli-
cations and used both the Nakagami-m and lognormal dis-
tributions to model the severe small-scale fading. In [10]
measurements at 2.4 GHz within aircraft bodies were ana-
lyzed and the two-wave with diffuse power model, a phys-
ical wave model rather than a statistical approach, was pro-
posed to model the observed hyper-Rayleigh fading. Finally,
in [11] the authors reported vehicle-to-vehicle channel mea-
surements in the 5 GHz band and observed that the weibull
distribution provided the best-fit to worse-than-Rayleigh fad-
ing channel amplitudes. Despite this practical significance of
hyper-Rayleigh fading scenarios a theoretical analysis of the
power allocation problem for hyper-Rayleigh fading chan-
nels has not been performed previously even though power
allocation for fading AF relaying networks has been widely
studied in the literature, see for example [12], [13] and ref-
erences therein. Through this work we aim to address this
issue. In modeling hyper-Rayleigh fading we adopt the sta-
tistical approach of [8] and [9], which is to model the fad-
ing channel coefficient & as Nakagami-m distributed with
its fading severity parameter m taking values in the range
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0.5 <m < 1. The distribution of & under hyper-Rayleigh
fading is then expressed as

2 (MmN gy i
- Q S5 <
F(m)(Q) BPrle " 05<m<1 (1)

Ju(h) =
where I'(-) is the Gamma function [14, Eq. (8.310)],
Q = E[?], and E[] denotes the statistical expectation oper-
ator. Our modeling approach is also motivated in part by the
fact that the Nakagami-m distribution is widely considered
for modeling AF relay channels, albeit with m > 1, and we
aim to extend this work to include the practically significant
case where m < 1, i.e., worse than Rayleigh fading.

Cooperative communications over Nakagami-m fad-
ing links has been extensively studied in the literature,
see [15] - [18] and references therein. In [15] the authors
have analyzed the outage probability and other statistical
parameters for the relay network without diversity. In [16]
and [17] the end-to-end SNR and the average symbol er-
ror probability have been analyzed for multi-hop commu-
nications for various fading distributions of the links. Fur-
thermore, performance bounds for the multi-hop scenario
are also proposed in the latter references. These works as-
sume equal power allocation between the source and relay
nodes. Optimal power allocation (OPA) for semi-blind AF
relaying, subject to a sum-power constraint, has been studied
in [19] for Rayleigh fading links, i.e., Nakagami-m fading
with m = 1 and in [18] for Nakagami-m fading links with
m > 1. This letter aims to extend these investigations to ad-
dress OPA for dual-hop semi-blind AF relaying for the case
where the relay-destination link experiences hyper-Rayleigh
fading.

We develop a new closed form expression for the exact
average SNR at the destination for a dual-hop semi-blind
AF relaying system. The two hops are assumed to experi-
ence independent but not necessarily identically distributed
Nakagami-m fading with arbitrary m values. We then de-
velop an upper bound for the average SNR at the destina-
tion for the case where the relay-destination link experiences
hyper-Rayleigh fading. As will be evident from the deriva-
tions presented in the sequel, our analysis does not impose
any restriction on the m parameter of the Nakagami faded
source-relay link, which may or may not experience hyper-
Rayleigh fading, i.e., m < 1 or m > 1, respectively. The
performance of the proposed upper bound is compared with
a well-known upper bound proposed in [16], which is based
on the harmonic-geometric mean inequality. We then pro-
pose an OPA strategy to increase the average SNR at destina-
tion by maximizing the proposed upper bound and compare
its performance with OPA achieved by numerical maximiza-
tion of the exact average SNR expression. An increase in the
average SNR is desirable as it reduces the outage probability
of the instantaneous SNR in a similar fashion to the outage
reduction obtained by introducing a fading margin into the
link budget [20]. The remainder of this paper is organized as
follows. The system and channel model under consideration
are introduced in Section 2. Section 3 provides analytical

expressions for the exact average SNR at destination and its
proposed upper bound. Section 4 contains analysis for the
proposed power allocation. Section 5 contains the numeri-
cal and simulation results. Finally, concluding remarks are
given in Section 6.

2. System and Channel Model

We consider a dual-hop network consisting of the
source (s), relay (r), and destination (d) nodes. The s-d link is
assumed to be non-existent or in a deep fade leading to a re-
layed network without cooperative diversity [1], [2], and [5].
Furthermore, the s, r nodes are assumed to transmit over or-
thogonal channels. Let hg and /g denote the independent
flat-fading channel coefficients for the s-r and r-d links, re-
spectively. The corresponding average channel power gains
for these links are denoted by Gfr and Gfd, respectively. We
consider both Ay and A4 to be independent Nakagami-m fad-
ing with fading parameters m, and m;, respectively. The
instantaneous value of the equivalent SNR at the destination
node can then be written as [21]

o |A|2|hsr|2|hrd|2p

= 2
4 AR a2+ 1 &

where A is the fixed amplification factor provided by the
semi-blind relay, p = 115,—; is the SNR at the source node, E;
is the average transmit power at source, and N, is the iden-
tical power spectral density of additive white Gaussian ther-
mal noise present at all node inputs. Let the average trans-
mit power at the relay, with power allocation parameter a, is
E, = 0.E;, then the relay’s power gain can be expressed as [1]

E o
AP = s i

= = . 3
EGZ+Ny poi+1 3)

It is evident from the above relation that o can be used to op-
timize the link performance. Now substituting (3) into (2),
the equivalent SNR for the relayed link can be expressed as

apz|hsr|2|hrd|2

= B 4
“ 1+poZ +ap|hl? @
which can be equivalently written as
,Y — p‘h5r|2|hrd|2 (5)
e C+ |hrd|2
_ lipo,
where C = —op

3. End-to-End SNR

The SNR at destination when averaged over the chan-
nel fading can be written as

hsrzhr 2

E ) = | P

Given that the channel gains hg,hy are Nakagami-m
distributed, it follows that the respective channel power
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gains |hy|* and |hyq|> are Gamma distributed random vari-
ables [21]. We define X = |hy|? and ¥ = |hyq|? as indepen-
dent not necessarily identically-distributed Gamma random
variables with the probability density function (pdf) for X
written as [21]

xax—1g7hx
P Fawg

The pdf for Y is defined similarly. The Gamma pdf param-
eters (ay,by) for X can be related with parameters of the

2
parent Nakagami-m distribution as ax = m; and by = S;lf

and similarly for Y we have ay = my and by = m—fg Then the
average SNR for the relayed link can be written as

=0 [ [ g s )y

o0 xuxflefi
= ————dx
p/o FTlax)by

oo

y yrle
X | ST
0o C+y I'(ay)by
oo y yay—leiﬁ
C+y F(ay)b‘;y

I

dy

= paxby | dy. (7)

The integral I in (7) is further simplified by substitution and
change of variables. After some manipulations, we obtain

eCl oo (Z_Cl)aye—z
L = / d 8
1 Tay) Je, . b4 3

1+p551

where the constant C; = apby Now using [14,
Eq. (3.383.9)] and the identity [14, Eq. (8.331.1)],

[(x+1)=xI"(x), )

the integral /1 can be expressed in closed form as

I = aye“1C{' T(—ay,Cy) (10)

where I'(a,x) is the upper incomplete Gamma function [14,
Eq. (8.350.2)]. Substituting (10) into (7) we get

E [Yeq] = paxbxaye“' C{'T (—ay,Cy). (11)

The introduction of the incomplete Gamma function into
(11) is novel in that it replaces the confluent hypergeomet-
ric function [14, Eq. (9.210.1)] conventionally used in SNR
expressions for Nakagami-m faded relayed links, see for ex-
ample [16], [18] and references therein. One may also ob-
serve from (11) that the average SNR at destination does not
depend on m, which is canceled in the product ay by . There-
fore, our analysis is general in the sense that it is equally

applicable whether only the r-d link is hyper-Rayleigh fad-
ing or additionally the s-r link is also hyper-Rayleigh fading.
Now it can be shown that I'(—a, x) is upper-bounded as

e x4

r(—a,x)g 21 “T(l+a), x>0. (12)

X
Proof. See Appendix. [

Substituting (12) and Cj into (11) and expressing the Gamma
distribution parameters (ax,bx ) and (ay,by) in (11) in terms
of their parent Nakagami-m parameters, the average SNR for
the relayed link can be upper-bounded as,

252 52
OP"CyCry

—21—"’21“ 1 . 13
pc —pr(s +1 ( +m2) (13)

E [veq] <
With a minor modification we obtain a more tractable upper-
bound without significantly affecting the tightness as,
apc,.c2

rd Al—m
277" (14 14
o2+ 002, (Imz). (14)

E [Yeq] <E [¥]

To compare the performance of the upper bound obtained
in (14) we consider the upper-bound derived by [16] that
is based on the well-known harmonic-geometric mean in-
equality of two positive numbers, which for the case under
consideration, are the average SNRs of the two hops. The
bound of [16] is valid for N-hop relayed communication over
Nakagami-m fading links and, for the two-hop case (N = 2)
considered herein, leads to an alternative upper-bound ex-
pression for the average end-to-end SNR that can be ex-
pressed as,

1
[YUB KG} _T (m2+5) X PG apoy, (15)
€ 2 (MQ) \/1my TV 1+ pG%r
Proof. See Appendix. O

Now let pr = E5+E’ denote the total transmit SNR. Then p
can be written in terms of pr and o as,

pr
(1+a)
Substituting (16) into (14) allows the proposed upper bound
for the average SNR to be written as

E [ B] _Pr OCGgrcrzd
eq | — 2 2
1+ o\ 6% +oocy

p= (16)

)21m2r(1 +m).  (17)

Similarly, inserting (16) into (15) leads to an alternative up-
per bound on the average SNR at destination that can be ex-

pressed as
2
UBKG] _ PT 2 P70y
Gos | ——— 85— 18
[qu } 1+a “\/ l+a+pros (18)
here G = ~2)  Note that the di depend.
whnere = W ote that the distance- epen ent

pathloss effects are taken into account here by modeling the
mean channel power gains as 6% =d ", and 62, = (1 —d) ™"
for the s-r and r-d links, respectively, where n is the pathloss
exponent.
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4. Optimal Power Allocation

We now demonstrate that OPA, which maximizes the
upper bound of the average SNR o = o, suffers no per-
formance penalty relative to the OPA based on numeri-
cal maximization of the exact expression for average SNR
O = Olopt. The former scheme has the advantage of being
more tractable for mathematical analysis. Now from basic
calculus the optimal value of a that maximizes (17) is found
to be

o3

5
csrd

o =

19)

It is apparent from the above formulation that this power al-
location requires only the knowledge of the channel statis-
tics. Substituting ¢y into (17), the upper bound of the aver-
age SNR can be written as

2
2

O,
— 21_m2F(1+m2).
6% +4/0%0%
ST srrd

E[SE]. _ =proy

=0

(20)

4.1 Outage Analysis

The outage probability of the received SNR is one
of the conventional metrics that is used to assess the per-
formance of a wireless communication link. It is well-
understood from the concept of fading-margin of a wire-
less link that increasing the average SNR value at destina-
tion reduces the outage probability of the instantaneous re-
ceived SNR [20], [22]. In the previous section we have
demonstrated the advantage of our proposed OPA strategy
in providing an SNR gain at the destination; in this section
we demonstrate that the same OPA strategy results in a re-
duced outage probability of the instantaneous received SNR,
or conversely, a power saving when achieving a target out-
age. Given that the outage probability is inversely propor-
tional to the average value of the received SNR, the proposed
upper-bound maximizing power allocation strategy is shown
to require smaller values of the total transmit SNR relative
to equal power allocation to achieve the same outage proba-
bility. To this end, we begin by expressing the upper-bound
from (14) as

2
Pr Gy, —m
Elt] =g (HOJZI T(l+m) (21

where A = 62./62,. Furthermore, let us denote the required
total transmit SNR to achieve a target outage with optimal
and equal power allocation as pr |o—q, and pr |g=1, respec-
tively. Then using (21) we can write the transmit SNR for
optimal power allocation as

(A+au)(1+ou)
0 6221-mT (1 +my)

PT lo=o; = XE[vg], (22

whereas for the equal power allocation case the transmit
SNR can be expressed as

2(A+1)
6221 (14 my)

PT la=1= X E [Y]- (23)

By rearranging (23) the upper bound average SNR can be
written in terms of A and pr |q=1 as

E ] = 052" " (1 +my)
e 2(A+1)

Substituting (24) into (22), we finally get

PT la=1 - (24)

A+ 1+
Pr |(x:(x|: MPT lo=1 - 25)

5. Numerical and Simulation Results

In this section we provide some numerical and simula-
tion results in order to validate the accuracy of the proposed
analytical results. Though the results of our theoretical anal-
ysis are valid for all practical values of the pathloss exponent
n, for illustrative purposes values larger than 2,i.e., n =3 and
4 are used. This choice is based on the heuristic reasoning
that a cluttered environment, which results in small scale fad-
ing more severe than Rayleigh fading, is expected to exhibit
a corresponding pathloss exponent larger than the free-space
pathloss exponent of n = 2. For example in [9] the value
n = 4 was reported for the 2-way channel and in general
n = 3,4 or similar values are expected to be observed. For
the results presented in this section, all simulations were car-
ried out using the Matlab computational software, whereas
the analytical plots were generated using both Matlab and
Mathematica.

In Fig. 1, we plot the upper bound proposed in (17)
against the normalized s-r link distance, d = dy/dsq, where
dj is the distance between nodes i and j. The exact SNR ex-
pression from (11) is also graphed in the same figure along
with Monte Carlo simulations, using results of [23], which
verify the correctness of our analysis. The upper bound from
(18) is also plotted for comparison. From Fig. 1 one can ob-
serve that our proposed bound is significantly tighter than
the upper bound of [16] for the case where the relay loca-
tion approaches the source or destination location, i.e., the
power imbalance between the average SNRs of the s-r and
r-d links increases. When the relay is midway between these
two nodes then our proposed upper-bound performs not sig-
nificantly different from the bound of [16]. The looseness of
the latter bound towards the link edges, as observed in the
figure, can be attributed to the harmonic-geometric mean in-
equality, which loosens as the power imbalance between the
average SNRs of the two hops increases.

In Fig. 2, the performance of the proposed power al-
location strategy is demonstrated by plotting the SNR gain
against the normalized distance d, where the SNR gain is
defined as the quotient E [Yeq| /pr. Monte Carlo simula-
tions are also shown in the figure to verify the correctness of
the derived analytical expressions. One may observe from
Fig. 2 that substituting o0 = o into (11) provides the same
SNR gain as that achieved by numerical optimization of (11).
The crossovers seen between the two curves in the figure are
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15

0.5

D>

—HB—Analy:a=1
=X -Simua=1
—©—Analy:a =a,
-+-Simuka=a,
N : —A—cx:aap

—HB—Analy:a=1

SNR Gain [dB]
o
SNR Gain [dB]

—9—Analy:a=ul
-+ -Simul:a =0,
—A—a=a

t

pt

2 . . . Py ; ; ; ; ; ; ;
01 0.2 03 0.4 05 06 07 08 0.9 01 02 03 0.4 05 0.6 0.7 08 09
Normalized Distance, d Normalized Distance, d

(a) pathloss exponent, n = 3. (b) pathloss exponent, n = 4.

Fig. 2. SNR gain as a function of normalized distance. Considered parameter values are: (ma, pras) = (0.5, 10).

10°

i

2z Z10t
5 5
[} [}
o =}
[< o
o [N
[ [}
[=2] [=2]
8 g
= =
[ [

107 1 107

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Total Transmit SNR,p_r [dB] Total Transmit SNR,pT [dB]
(a) pathloss exponent, n = 3. (b) pathloss exponent, n = 4.

Fig. 3. Outage probability as a function of total transmit SNR. Considered parameter values are: (mp, ma, d, Yruas) = (1.2, 0.5, 0.75, 0).



RADIOENGINEERING, VOL. 23, NO. 4, DECEMBER 2014

1231

due to the fact that we have optimized the upper bound rather
than the exact average SNR expression, a fact which has also
been observed in [19] for the case of Rayleigh fading.

In Fig. 3, the SNR outage performance of the proposed
OPA scheme is shown in relation with the outage for equal
power allocation, i.e., o = 1. For the latter case, the SNR
outage is plotted as a function of total transmit SNR by us-
ing the exact outage expression derived in [24, Eq. (20)] for
dual-hop semi-blind AF relaying. This somewhat extensive
outage expression, though straightforward to evaluate with
computational software, is not reproduced here in the inter-
est of brevity. Now to evaluate the outage performance for
the o0 = ol case, (25) is used to compute the required to-
tal transmit SNR to achieve the same outage values as those
previously achieved for the o = 1 case. The threshold SNR
for both outage curves is set to yrg = 0 dB without loss of
generality. From Fig. 3 one may observe that the OPA strat-
egy provides an SNR saving of around 2 dB over the equal
power allocation case. Such savings in transmit power can
be significant when taking into account the fact that the com-
munication channel under consideration is subject to worse
than Rayleigh fading. Furthermore, a similar range of val-
ues of the power savings have also been reported in [19] for
power allocation based on the outage expression for the case
of Rayleigh fading.

6. Conclusion

We have derived a new exact expression for the av-
erage SNR of a dual-hop semi-blind AF relaying network
subject to Nakagami-m fading with arbitrary m. Addition-
ally for the case when the r-d link is subject to worse-than-
Rayleigh fading, we have proposed a new upper bound on
the average SNR at destination, which has been shown to
outperform a previously proposed bound that is based on the
well-known harmonic-geometric mean inequality. We have
also demonstrated that a power allocation strategy based on
maximizing the proposed upper bound rather than the exact
average SNR expression has no significant performance loss
compared with the latter. The proposed OPA strategy has
also been shown to reduce the outage probability relative to
the case of equal power allocation. These results hold signif-
icance for relayed communication in all practical scenarios
of interest, where hyper-Rayleigh fading can occur.

Appendix A: Proof of (12)

Using [14, Eq. (8.353.3)], I'(—a,x) can be expressed
as
e *x¢

I'(—a,x)= ta)

) 7ttu
x/ L dr, Re(a)>—1,x>0. (26)
0o X+t

Multiplying (26) on the right by (x+a) / (x+ a) we obtain,

—X,—d

e x “x+a _,,
e tde. 27
I'(1+a) (x+a)/o x+t @7)

I'(—a,x)=

Then using the gamma function inequality [25],

27 1< (14a)<1,0<a<]. (28)

I' (—a,x) can be upper-bounded as

21—a —X,—a oo
M(—ax)<-—¢? /H“e—’t“dr. (29)
x+a 0o x4+t

1

The integral I appearing in (29) above can easily be shown
to simplify to

° t
1:F(1+a)+a/ ——e 1" dr
0 X+t

I
<t
—/ ——e "1t (30)
0 X+t
| Ay ——
L

where we have used the fact that I' (1 4a) = [ e 't“dr. We
formulate an upper-bound for the integral I, by first estab-
lishing an upper-bound for the integral ;. It can readily be
observed from (30) that the integrand of I; satisfies the in-
equality
— e < e x>0, (31)
x+t
so that from basic calculus it follows that /; is upper-bounded
as

o -
11:/ —e—’t“—ldrg/ et N, x>0, (32)
0 X+t 0

Now replacing I; in (30) with its upper-bound from (32) and
using the Gamma function definition T'(a) = [;"e 't~ 'dt
[14, Eq. (8.310.1)] together with (9), / is upper-bounded as

I1<2T(14+a)—h, x> 0. (33)

Using arguments similar to those for the upper-bound deriva-
tion for /; above, it can readily be shown that I, satisfies the
inequality

L<I'(l+a), x>0. (34)

Now using (34) in (33) we obtain the relation

I<T(1+a), x>0 (35)

which when used in (29) leads to the inequality

—X,—d
I(—a,x) < %2““1‘(14—@, x>0  (36)

- a

which is the desired result.
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Appendix B: Proof of (15)

Using [16, Eq. (14)] and setting k = 1 for the first mo-
ment and N = 2 for the 2-hop case, the upper bound for the
average SNR of the relayed link can be written as

E[SYPKS) — 7, K\h) I (m; + 1)]

mq F(ml)
-\ 12
T [(my+1/2)
g (mz) T (m2) &7

where ¥, = po2, and Y = (xpcfd represent the average
receive SNR for the source-relay and relay-destination
links, respectively, and I'(a) is the Gamma function [14,
Eq. (8.310)]. Furthermore, Z; is a constant dependent on
the type of fixed gain used at the relay and is written as [16,
Eq. (1D)],
7, = 1121 K_% — ;
STES S W
For the choice of relay gain given in (3), the constant K; in
(38) is given by

(38)

E,

K =
1= A2p,

=147, (39)

Substituting (38), (39), and ;,7, into (37) and using (9), we
obtain (15) after simplification.
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