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Abstract—The main purpose of this paper is studying
both the regenerative decode-and-forward (DF) and non-
regenerative amplify-and-forward (AF) schemes for mobile
wireless relay network under channel uncertainty. A wireless
system consisting of one-source-one-destination mobile pair
and N multihop mobile relay nodes is under investigation.
The scenario being studied is appropriate for low power or
widely spread network of mobile nodes, such as vehiculars,
where transmitted signal can reach its first tier nodes only
and degrades before reaching its second tier neighbors.
Therefore, unlike previous work in the literature, this paper
studies a system where no direct link exists between any
node and its second tier neighbors. New proposed detection
schemes, utilizing the maximum ratio combiner (MRC)
principle, are proposed and designed for such a network
with uncertain mobile channels. It is applied at both relays
and the destination to optimally detect the received signals.
Using the new proposed detection scheme, Monte-Carlo sim-
ulations are employed, and bit error rate (BER) simulation
results are presented to evaluate the system performance
under study. Performance comparisons for only source-relay
links and for only relay-destination links under channel
uncertainties were incorporated as well.

Index Terms—Wireless relay network, decode-and-
forward, amplify-and-forward, channel uncertainty, maxi-
mum ratio combiner, mobile-to-mobile, cascaded Rayleigh.

I. INTRODUCTION

Different functionalities for relays were proposed in
wireless networks. Depending on relay roles in [1]-[13],
relays can be classified into; 1) regenerative decode-and-
forward (DF) and its variants; 2) nonregenerative amplify-
and-forward (AF) and its variants; and 3) compress-and-
forward. Using the nonregenerative AF relay method that
is applied in this current paper, each relay transmits an
amplified copy of its received signal from its preceding
node. This tactic doesn’t involve any decoding or signal
processing; relays can only buffer its received signal in
first stage and transmit it in the second stage. Stages
of transmission are presented in more detail later in
the paper. On the other hand, the regenerative DF relay
strategy, which is applied in this current paper, involves
complete decoding of received signal at relays in the first
stage and reencoding before retransmission in the second
stage.

Channel uncertainties for both cooperative and non-
cooperative AF and DF wireless relay networks were
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studied in [8], [14]-[16]. Different system setups were
examined such as single-input-single-output, single-input-
multiple output, and multiple-input-multiple-output. The
influence of channel uncertainty was studied using the
minimum mean square error criterion between the original
transmitted message from the source and the message
component of the received signal at the destination.

In [11], the authors analyzed a regenerative multi-hop
DF wireless relay network without the source-destination
direct link. However, there is no literature on the re-
generative DF and nonregenerative AF for wireless relay
networks without the source-destination direct link under
channel uncertainty.

In [17], moment generation functions, bit error prob-
ability (BEP) and outage probabilities were derived for
both single-branch and multi-branch multihop DF coop-
erative systems in Rayleigh fading channels. Diversity in
multihop AF and DF noncooperative systems was studied
in [18]. Authors suggested each relay uses all signals from
preceding nodes in the chain to achieve diversity before
transmission. They proposed upper bounds for BEP and
outage probability. In [19], dual-hop AF nonregenerative
relays systems with fixed gains were investigated in terms
of outage probability and average BEP. Work was done
when relays have random fixed gains in Rayleigh fading
environments. Authors derived closed form expressions
for the average probability error rate and the outage
probability. The authors in [20] proposed closed form
expressions for outage probability and BEP for single-
branch multihop and multihop multibranch for AF non-
cooperative wireless network with fixed gains at relays. It
was shown that if the average signal-to-noise ratio (SNR)
in individual links is above specific thresholds, multihop
system can outperform a single hop system. And, diversity
gain can be achieved in multi-branch and multi-branch
multihop systems.

DF for multihop multibranch noncooperative networks
was studied in [11]. Authors presented a new coherent
MRC based detector at destination and proposed a lower
bound for BEP. It was claimed that by using the new
MRC detector at destination, similar performance can
be obtained to a system employing Maximum likelihood
detector. Authors considered that if a message sent from
the source and arrives at the destination through different
source-relay-destination paths, it can be called coopera-
tion. In contrast to literature, they misused the cooperative
definition in their paper.
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Fig. 1. A multihop AF and DF wireless mobile network with one-

source-one-destination mobile pair and N-multihop mobile relay nodes
under both no channel uncertainty and channel uncertainty.

Performance of noncooperative multihop DF systems
was investigated in [21]. Authors studied S NR and
number of hops impact on outage probability of a system.
They claimed that lowering SNR while increasing the
number of hops results in a lower outage probability.
Authors proposed closed form expressions for probability
of bit error for minimum phase shift keying modulation.
Again, authors misused the cooperation definition in their
paper. In [22], the authors investigated multihop DF
relaying systems with Rayleigh fading channels. BEP
performance was studied for M-ary quadrate amplitude
modulation. They derived a compact form of the PDF for
the end-to-end SNR and probability of bit error. Authors
in [21], [22] observed that the higher the number of hops
the better the resulted BEP performance. It is worth to
state that this true only when the destination receives
copies from all relays hops. The observed BEP improve-
ment was due to diversity gains, and clearly shown in
their results. This diversity gain is fixed and depends on
number of received signal copies at destination.

Multi-hop relay networks can be classified as channel
assisted amplify-and-forward (CA-AF) relays, and fixed
gain amplify-and-forward (FG-AF) relays [19], [23]. Sim-
ilar work to [22] was done in [23], where authors derived
BEP for multihop system with Nakagami-m fading chan-
nels. Work was done for blind-AF and semi-blind-AF for
multi-hop FG-AF relay networks. In the blind-AF, relay
uses a fixed gain whereas the semi-blind-AF uses a gain
based on the average SNR of the previous hop.

Multi-hop orthogonal frequency division multiplexing
relaying systems employing either DF or AF protocols
was studied in [24], [25]. An adaptive power allocation
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algorithm under joint transmits power constraint at source
and relays were proposed to increase system capacity and
minimize outage probability. Their new algorithms have
low complexity and achieve similar performance to other
existing ones.

Mainly, there are two available approaches to simulate
a statistical mobile-to-mobile small scale fading channel.
In [26], authors proposed a channel model and called
t “double-ring”. It is based on two rings of uniformly
distributed scatters, one around the source and the second
around the destination. In mobile ad-hoc wireless network
or in a vehicular-to-vehicular communication scenario,
the source, relay, and destination are constantly moving.
Therefore, it is more realistic to represent the mobile
channel by two independent set of scatters; one set around
the source, and the other around the destination. In partic-
ular, the cascaded Rayleigh channel model represents the
second approach for mobile-to-mobile scenario. Although
the cascaded Rayleigh concept for this approach was
initially suggested in [27], the cascaded Rayleigh model
that meet the desired statistical properties was formally
proposed in [28]. Small scale measurements were reported
in [29], [30] and recommended a cascaded Rayleigh chan-
nel to model mobile-to-mobile communication scenarios.

In this current paper, all nodes transmit every other
time slot while listen in between. In the first time slot, the
source transmits its message while its first hop neighbor
relay listens to the medium. During this time slot, the first
hob relay receives the signal and stores it for the next time
slot in case of AF. Or, decode the received signal using the
new proposed MRC detector, reencode then store in the
DF case. During the second time slot, the relay transmits
its stored message, while the source and the second hop
relay listen. In the third time slot, both the source and
the second hop relay transmit while the first hop relay
listens. While, the source transmits a new message, the
second hob relay transmits its stored message from the
previous time slot.

One technique to guarantee no interference or collision
at relays and destination during reception, is by assuming
that all nodes are far from each other or relays operate
at low power. In this case, signal transmitted from the
source degrades before it reaches relays in the second
and higher tiers. Similarly, the transmitted signal from
first relay fades before it reaches relays in the second or
higher tiers. A vehicular-vehicular communication in a
highway scenario is a good example.

The scenario repeats itself until the last relay hop in
the network. Since, each relay listen in one time slot
and transmits in the next one; this assure fixed and
minimum total delay in delivering the original transmitted
message from the source to the destination. The total
delay will eventually depend only on the number of
hops in a network. Finally, using new proposed MRC
based detectors at the destination, messages are optimally
detected.

In summary, similarly to work that was done for AF
systems in [8], [15], [16]; this current paper studies the
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regenerative DF and nonregenerative AF wireless relay
scheme under channel uncertainty in a multihop mobile
scenario. As was done in [15], [16], the regenerative DF
and nonregenerative AF multi-hop mobile relay network
without the source-destination direct link under channel
uncertainty is a main focus in this current paper. Mo-
tivated by the existing maximum ratio combiner MRC
detection scheme in [11]-[13], new MRC based detection
schemes are proposed and applied, at relays and the
destination. To the authors’ knowledge, The work in this
paper is novel and no literature was found to compare
with this particular system setup.

Notation: The complex conjugate of any scalar a is
denoted by a*. Notation |a| denotes the absolute value of
any scalar a. A argmin, | - | denotes the value of a at
which is | - | is minimized. The cardinality of the M-ary
constellation is denoted by |A,| = M. The product of a

sequence x1 - Xo - -+ x,, is denoted by H 1 Tm.

II. SYSTEM MODEL AND DETECTION STRATEGIES

A. AF Scheme under No Channel Uncertainty

Figure 1(a) shows an AF wireless mobile network
under no channel uncertainty with a one-source-one-
destination mobile node pair and N-multihop mobile
relay nodes.

Let perfect channel complex coefficients hg, and h,,
denote Rayleigh fading channels with zero-mean and
unit variance, respectively. However, the perfect channel
complex coefficient product hg, h,, is cascaded Rayleigh
fading channels. In order words, products hs, h,, and
hSN hTN are, respectively, mobile-to-mobile channels
from source node to the first relay node and from (N —1)-
th relay node to destination node, while hg h,,,t =
2,---, N —1, denotes mobile-to-mobile channel from the
(i — 1)-th relay node to i-th relay node.

As shown in Fig. 1(a), there are N stages for data
transmission. In stage 1, a source node transmits a signal
s to the first relay node during the first time slot, where Rg
in Fig. 1(a) is a source node. Then, in stage 2, the first
relay node forward its received signal from the source
node to the second relay node during the second time
slot. This procedure will be consecutively repeated until
the last relay node forwards its received signal from the
(N — 1)-th relay node to the destination node in stage
N, where the relay node in Fig. 1(a) represents from Ry
to R, ,, and the destination node in Fig. 1(a) is R,
respectively.

Therefore, the received complex signal y,, ,, € C**
at the first relay node under no channel uncertainty is
written as

Yricar = Nsyhry s+ vy 6]
where v,, € C'*! is a zero-mean complex additive
white Gaussian noise (CAWGN) random variable with
variance 02 . The subscript 4 means the case of the
AF wireless mob1le network. Then, the received complex
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signal ¥, ,, € C'*! at the second relay node under no
channel uncertainty is written as

= O‘1}7’82 h"'zy"'l—AF + Up,y- @

Yroar

where v,, € C*!' is a zero-mean CAWGN random
variable with variance agrz and oy is the amplification
coefficient at the first relay node. Then, the received
complex signal y,, ., € C'*! at the i-th relay node under
no channel uncertainty is written as

y’l‘ifAF = az—lhsl hriyr(i_l)_AF + U’ri (3)

where v, C1X1 i=2,---,N—1,1s also a zero-mean
CAWGN random varlable w1th variance o> ) and ;1 is
the amplification coefficient at the (i — 1) th relay node.
Finally, the received complex signal ygar € C*L at the
destination node under no channel uncertainty during the
N time slots can be written as

Yd-AF = OéN_lhsNhrNyr +U7’N @

(N—1)-AF

where Ury is also a zero-mean CAWGN random variable
with variance ogr and o, , is the amplification coef-
ficient at the (N pl 1)-th relay node. Consequently, the
originally transmitted message s from the source node
is detected at the destination node under no channel
uncertainty using the MRC detection as

N
§D—AF = arg m:{‘n ‘O‘T ( H h; h:i)ydeF

se .
i=1

N 2
a2 ([T s Pl 2)s[ - )
where
o?
o=\ oy ©
rr

where T = N — 1. Here, ot is defined as
1 1
ol TI o I 1hsel?lhn, P
i—T—1  h=T
1 ¢

+§T2([ I H B2l 2o ) )

t=2 i=T—1 k=T

<.

when T=1,

0—2
when T > 2, and o = \/02%1| |h71‘ ToT.

ie., a = .

B. AF Scheme under Channel Uncertainty

Figure 1(b) illustrates an AF wireless mobile net-
work under channel uncertainty with a one-source-one-
destination mobile node pair and N-multihop mobile
relay nodes. In reality, due to channel estimation errors,
as shown in Fig. 1(b), the imperfect channel complex
coefficient h,,, should be applied as
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where hy,, = hs,hy, and ¢,,, is the channel estimation
error consisting of complex independent identically dis-
tributed (i.i.d.) cascaded Rayleigh fading channel with
zero-mean and variance Uz The estimated channel
errors are employed in all hnks respectively. Therefore,
using (8), the received complex signal ¥,, ,, at the first
relay node under channel uncertainty, 9, ,, at the i-th
relay node under channel uncertainty, and ¢4 4 rat the
destination node under channel uncertainty are, respec-
tively, written as

Z)rl,AF = Bmls + ¢m15 + U,y 9)
Q’I‘FAF = /Biflhmiy’r(,;_l)_;,p + ﬁi71¢miy’r‘(i_1)_AF + Umi
(10)

and

yd—AF = 61\7_1 th y’r’(Nil)iAF + 5N_1¢7TLN yT(Nil)iAF

U (n
where vy, --+, Uy are zero-mean CAWGN random
variables with variance Ugml, .-+, of , respectively.

In addition, 8,1 and (,,_, is the amplification coefficient
under channel uncertainty at the (¢ — 1)-th and (N — 1)-
th relay node, respectively. The superscript hat (") in
Yreap> Yriaps and Ygar is the case of the AF wireless
mobile network under channel uncertainty.

Consequently, the originally transmitted message s
from the source node is detected at the destination node
using the MRC detection as

Spap —argmm (Hh )ydAF_/BIQ"(ﬁ|hmi 2)5
v =1 .
- 57%(1_[ |¢m1 2)5)
o (12)
where
o2
Br = 73{ Tl (13)

Here, ﬂT is defined as

1 1
=aof I 87 IT (R ? +03,)
1=T—-1 k=T
T t—1 t
S ([T 2 T (R +02,)]e2, )
t=2 1=T-—1 k=T
(14)
0-2
when N > 2, and 3, = \/O’?l}_bm1|2+0's§0'¢1+0'%71 when

T = ]., i.e., ﬁ = 51.

From (8) to (12), the MRC detection of many special
cases for the multihop AF wireless mobile network under
channel uncertainty corresponding to only channel estima-

tion error hyy,,, i.e., aﬁ) =0 and ai =0, only channel

estimation error A,,,, i.e., aim =0 and ozm =0, or only
” N

channel estimation error A, _, i.e., 03) =0 and oi =0,
iy -
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can be obtained. In particular, depending on the number
of hop of mobile relay node, many combined special
cases for the multihop AF wireless mobile network under
channel uncertainty corresponding to different locations
of channel estimation errors can be obtained. In other
words, both channel estimation errors Eml and BmN can
be obtained. However, in this current paper, for simplicity
and convenience, channel estimation error added to only
one link between two nodes in entire network will be
considered. Therefore for only channel estimation error
Rm, when 0¢ =0 and O'¢ = 0, the MRC detection
at the destination node can be written as

N
$pyap = Argmin %(l_[zhfm)h* Jaar
i
=2 (TT s ) s s

D-AF
=2

2

<1

Yom. 5| 13)

where

(16)

[ 2 f[ b2, ) a7

0.2‘hm1‘ +0.202 +0_3T1 when T =

when T > 2, andfy:\/ a2

1, ie., v=m.
In addition, the MRC detectiog at the destination node
for only channel estimation error h,,, when Uzm =...=

0.35711.'71 = 0 and 0¢m+1 = .- =05 =0 canbe
obtained as N
N
.§2D_AF *argirelkn o ( H hr, )h*lgjg AR
s i=1,i#l
N
*57%( H ‘h"li‘z)‘h"ll‘zs
i=1,i#l
- 2
_53‘( H ‘hmi‘Q)‘Qme'QS‘
i=1,i#l
(18)
where
2
=T (19)

5l +bi+02

due to the channel uncertainty of the I-th link, |h,,,|
should be used instead of |k, |? if i = [. Here, 5; and b,
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are, respectively, defined when 7" > 3 and 2 <[ < T —1,
as

1 1+1 1
5;203 H 57 | |2 H | am |2 P |2
i=T—1 k=T k=l—1
T t—1 141 t B
([ TT 2 TT o PTT Vo[, o2, )
t=2  i=N—-1 k=T 2=l—1
(20)
and
1 I+1 1
bl:a? H 612 |hmk|2 H ‘hmz‘Qoisl
i=T—1 k=T 2=l—1
T—1 _ t—1 141 t
([ T 2 TT b2 TT 1902, Jo2, )
t=2  i=T—1 k=T 2=l—1
(21
where g = 0ift > 2z, g = 2 if t < 2z, and
0= W when T = ]., i.e., 0= 51.
s1itmy

oy

Finally, the MRC detection at the destination node for

only channel estimation error h,, , when oi =0 and
mi

035 = 0 can be represented as
my
N—-1
83 = arg min |e H hE VRE g3
Doar — gseAs T\ | m, ) 'myYd-AF
i=1
N-1
2 2\ 2
=2 (TT 1oy ) s
i=1
N—-1

where

ST @

Vg

Here, when T > 2, &1 is defined as

(24)

t
T 21T, )

o2

where ¢ = T
Ug‘hﬂu ‘2""‘7%7,1

when T' =1, ie., ¢ = &7.

The superscript 1, 2, and 3 in §,_,, and g4 aF stands
for the case of channel uncertainty for only channel
estimation error ﬁml, only channel estimation error ﬁmi,
and only channel estimation error BmN, respectively.

C. DF Scheme under No Channel Uncertainty

A DF wireless mobile network under no channel uncer-
tainty with one-source-one-destination mobile node pair
and N-multihop mobile relay nodes is described in Fig.
1(c). A source node transmits a signal s to the first relay
node during the first time slot, where Rg in Fig. 1(c)
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is the source node. Then, the first relay node decodes
and reencodes its received signal from the source node.
After that, it forwards its reencoded data to the second
relay during the second time slot. This procedure will be
repeated until the last relay, where the relay nodes and
destination node in Fig. 1(c) are represented by R; to
R, _,, and R, respectively.

Using the mobile-to-mobile channel, the received com-
plex signal y,, .. € C'*! at the first relay node under
no channel uncertainty is written as

Yripe = Ns 5+ 0y, (25)

where the subscript pr is the case of the DF wireless mo-
bile network. Therefore, the original transmitted message
s from the source node is optimally detected at the first
relay node under no channel uncertainty using the MRC
detection as

~ . 2 |12
$1-pr = arg min |PS B Y pe — hsy ey |Ps]. (26)

Then, the detected message s1_pr at the first relay node is
reencoded and consequently transmitted during the second
time slot with the same average power Ps in [1]. Thus,
the received complex signal ¥, ., € C'*! at the i-th
relay node under no channel uncertainty is written as

Yri pp = Ns;Pr;S(i—1)-DF + ;. (27)

After that, the original transmitted message s from the
source node is optimally detected at the i-th relay node
under no channel uncertainty using the MRC detection as

~ . * 2 |12
Sipp = arg min 0 1% B Y e — s |Bs P, 5]

(28)
where
~ in (min(|hslh,«1|27 cee \hsN_zhrN_2|2) 1)
e RN ’
(29)

In (29), n,, is a power scaling constraint coefficient per
hop. Namely, the power scaling coefficient is constrained
as 0 < n,, <1 to adjust the power at the relay node and
accomplish a better system performance at the destination
node.

Similarly, the detected message S, pr at the i-th relay
node is reencoded and transmitted during the ¢ + 1 time
slots with the same average power Ps. Finally, during the
N-th time slot, the corresponding received complex signal
Yd—DF € C'*1 at the destination node under no channel
uncertainty can be written as

Yd—DF = hSN h’"zv Sy_, + Up 30)

Thus, the originally transmitted message s from the
source node is detected at the destination node using the
MRC detection as

2
3 —9TN|hSNhTN|2s’

€1y

D-DF

_ . * *
=arg min |0r 15 BT Yr
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where
by =i (Tl B hensP)
v WNE
(32)
Like 7,,, HTN is a power scaling constraint coefficient at

the destination node. In other words, the power scaling
coefficient is constrained as 0 < HT.N < 1 to improve a
system performance at the destination node.

D. DF Scheme under Channel Uncertainty

In practice, due to channel estimation errors, the esti-
mates of the imperfect channel complex coefficient hy,,
Bti, and ﬁtN instead of hy, £ sy hoyy D, £ hs;hyr;, and
he,, = hs  hy should be, respectively, applied as

R, = he, — b1, (33)
he, = he, — (34)
he, =hi, — o, (35)

where each channel estimation error ¢, ¢¢,, and ¢
are complex i.i.d. cascaded Rayleigh fading channels. In
addition, vy, -, Ut are zero-mean CAWGN random
variables with variance o7, , -+, o} . Therefore, the
received complex signal ¢, ,,. at the first relay node
under channel uncertainty, §;, ,, at the i-th relay node
under channel uncertainty, and §j4_pr at the destination
node under channel uncertainty are, respectively, written
as

Utr pp = hiys + b, 5 + vy (36)

Ut; pr = ht;8(i—1yDF + ¢t;5G-1-pF + v,  (37)
and

gdeF = ]TLtN g(Nfl),DF + (th §(N71)—DF + UtN (38)

where the superscript hat (*) in y¢, . .» Y, pp> a0d Yapr
is the case of the DF wireless mobile network under
channel uncertainty. Accordingly, the original transmitted
message s from the source node is optimally detected
at the first relay node under channel uncertainty, at the
i-th relay node under channel uncertainty, and at the
destination node under channel uncertainty using the
MRC detection, respectively, as

~ . Tk A T 2
S1-DF = arg ?6111411 |hI1yt1—DF - |ht1 ‘28 - |¢t1 |23’ (39)
Si-pr = arg min 96,0, Gt o — Vi lhe,[*s = Avi || s
\ (40)

and
a _ . FAETN 7 2
Sp-pr = arg min ey B Gy e = by e s
2

— &y |y 125 (41)
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where
_gmin ([, [P o ey )
Oy, = mln( |}71th1 E ,1) (42)
min 20 2
= i (P ) g
' Pty |2
_min([hg 2, o R P
1t :mln( - 7 |2 A ,1) (44)
N
. mln(‘d)t ‘23 B |¢t _ |2)
ftN:m1n< ! e N1 ,1). 45)
N

And, Y4, A, [ and {}N are, respectively, power scal-
ing constraint coefficients at the relay and the destination
nodes to enhance a system performance at the destination
node. They are constrained as {¥;,, A, [ EtN} €
[0,1).

From (33) to (38), as in the case of the multihop AF
wireless mobile network under channel uncertainty, the
MRC detection of many special cases for the multihop
DF wireless mobile network under channel uncertainty
corresponding to only channel estimation error hy,, i.e.,
Uitv:() and O’it =0, only channel estimation error hy,,

i N
ie., ait =0 and ait =0, or only channel estimation

Rt N
error h; , i.e., 02 =0 and 02 =0, can be obtained.
N Dty P,

Thus, for only channel estimation error h;, when
0;, =0and 0;, =0, the MRC detection at the first

N, . .
relay node, each relay node, and the destination node can

be, respectively, written as

R C 1Tx - 2
81 pp = arg min byt e — 1 |Ps — |0, IPs|” (46)
. . . 2
i pp = arg min |Pt,- haytli,Dp — p, I, |23} 47
R . - 2
le_DF = arg ?é};n |th htN y,}NiDF — Wi, |htN ‘25‘
(48)
where
. min(|ﬁt1‘2a|ht2|27 ) |htN_2|2)
pt, = min ( |ht |2 , 1)
N-—-1
(49)
. min(|ht1‘2v|ht2|2v ) |htN71|2) 1
thmln( TE , )
N
(50

In addition, for only channel estimation error i_lti when
Uitl =0 and ait = 0, the MRC detection at the first

N . .
relay node, each relay node, and the destination node can
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be, respectively, written as

R . . - 2
Stpr = argmin (A3, 57, — |h || (51)
. . T - 2
szszF = arg ?Elitn |Tt2ihtiyi,DF - Tt h‘ti 28 - |¢tz 2S|
(52)
R . . o~ 2
Spopp = argmin [ hE gE = by [Ps]s]
(53)
where
min(|he, |2, -, |he,, |2
Tti:min( (|7, | |2t7,_1| Sﬁt)71> (54)
|he |
(Pt:min (|h’t1 27|hti+1|27 ] |h’tN72D (55)
min (|h, %, [he, 2, -5 Jhey, [?)
q/;tN:mln( |B E ,1).
tN
(56)

Finally, for only channel estimation error }_LtN, when
Uitl = 0 and Uﬁti = 0, the MRC detection at the first
relay node, each relay node, and the destination node can
be, respectively, written as

. . . A 2
Stpp = argmin (AL 97, . — he, | (57)
. . . 2
Sipp = argmin i by gy, — wilhe|*s| (58)
23 _ : 7% ~3 72 2.2
§ . =arg ?6111411 |1/tN h’{N Or o Vi [ e T 5{
(59)
where
_min ([he 2, e The L [?)
wy, = mln( - TENE - ,1) (60)
N-—1
. min(‘ht1|27 7‘htN71|2)
vy, = min < |}_ltN 2 ) 1) (61)
where the superscript 1, 2, and 3 in $1_pr, 5;i-DF, 55 5>

Utrpr> Utipr» and g}tNiDF stands for the case of channel
uncertainty for only channel estimation error hs,, only
channgl estimation error h,, and only channel estimation
error hy , respectively. Add{tlonally, Ptis Tty s Tt Pt
wy,, and Vg, are power scaling constraint coefficients at
the relay and the destination nodes to improve a system
performance at the destination node, respectively. They
?Sel§onstrained as {pz,, Wiys Ttor Prygs Wi VtN} €
,1).

III. SIMULATION RESULTS

To evaluate the BER performance of the distributed
AF and DE wireless mobile system under channel un-
certainty, Monte-Carlo simulations were performed. All
simulations were applied for mobile and fixed one-source-
one-destination pair with 2, 3 relay nodes. All nodes
are assumed to have only one antenna and the same
noise power. The originally transmitted message from
the source node was modulated using four-ary quadra-
ture amplitude modulation with unit power. All perfect
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complex channel coefficients were generated using cas-
caded Rayleigh fading channels with zero-mean and unit
variance.

2.5%, 5%, and 10%, of channel uncertainty are
generated as cascaded Rayleigh fading channels
with zero-mean and unit variance. In other words,
the channel estimation error powers were chosen to
satisfy 101og10(a§,m1/0,2lm1) =10 loglo(aim /0'}21"”) =
1010g10(a§)m /oim )=—16 dB, —13 dB, and —10 dB
for an A wireless mobile network, while
1010%10(03>t1/0}2”1) = 1010%10(‘735t7. /U%ti) =
10log,(02, /o?, )=-16dB, —13 dB, and — 10 dB
for a DF wireless mobile network. The simulation
results with perfect channel state information, i.e.,
aim = aim = oim = a;tl = Uzti = Uf)tN =0, are
also included.

N

—=— 2 Relays, Mo channel uncertainty, Mobile
—e&—2 Relays, -16dB, Only 5-R, link, Mabile

—&—2 Relays, -13dB, Only 5-R, link, Mabile
10-2 I 2 Relays, -10dB, Only S-R1 link, Mohile

---%---2 Relays, Mo channel uncertainty, Fixed
---&r--2 Relays, -16dB, Only 5-R, link, Fixed

---&---2 Relays, -13dB, Only 5-R, link, Fixed \‘k\
2 Relays, -10dB, Only S-R1 link, Fixed

2| #— -3 Relays, Mo channel uncertainty, Mobile *,
1D T T T T 1 l
0 g 10 18 20 25 30
SMR(dB)
Fig. 2. BER performance of an AF wireless network under channel

uncertainty for only one link, i.e., source-relay, using imperfect channels
(hmys hmg» th ) with mobile and fixed communication nodes for 2
and 3 relays.

—— AF, Mo channel uncertainty
—&— AF, -16dB, 5-R,-R,-D links \*\‘
—a—AF, -13dB, 5-R,-R,-D links

AF,-10dB, 5-R;-R,-D links

---%---DF, Mo channel uncertainty \‘tg
---gr--DF, -16dB, 5-R,-R,-D links :

107 F ---e-- DF, 138, SR, -R, D links N
DF, -10d8, 5-R,-R,D links

BER

0 5 10 15 0 25 Eil
SNR{dE)

Fig. 3. BER performance of AF and DF wireless mobile networks
under both no channel uncertainty and channel uncertainty in all links
of the entire network using imperfect channels with 2 relays.
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Figure 2 presents BER performance of an AF wireless
mobile network under no channel uncertainty and channel
uncertainty for only one link (source-relay) using imper-
fect complex channels (A, , A, th) between source,
2 or 3 relays and destination. Both fixed and mobile cases
are shown. For wireless mobile network, it is observed
that increasing the number of the relay node results
in a worse BER performance. Wireless network with
mobile nodes shows worse BER performance compared
to wireless network with fixed ones. It is also observed
that increasing the power of imperfect channel complex
coefficients degrades the BER performance.

e _
't
v —#— Ma channel uncertainty
E [ —e—-1BdB, Only 3-R, link
107 K .
—&—-1308, Only S-R, link %
-10dE, Only S-R1 link i
10'3 T T 1 1 1
S S
'k
o —%— Mo channel uncertainty
i 2 || —— 1848, Only R-R, link
——-13dB, Only R;-R, link i
-10dB, Only R,-R, link i
10-3 1 1 1
F —— T T T T
o S
'k
o —=— Mo channel uncertainty
o || 1898 Only Ry-D link
—&—-13d8, Only R.-D link i
-10d8, Only RQ-D link ]
10'3 T T 1 1 1
0 =3 10 15 20 25 30
SNR(dB)
Fig. 4. BER performance of AF wireless mobile networks under

channel uncertainty for only source-relay, only relay-relay, or only relay-
destination link using imperfect channels (hm,, hm,, th )y (hmys

hm; s th ), o (hmys hmy, th) with 2 relays.

Figure 3 shows BER performance of AF and DF
wireless mobile networks under both no channel uncer-
tainty and channel uncertainty in all links with 2 relays.
As shown in Fig. 3, due to imperfect channel complex
coefficients in all links, the worst BER performance is
observed compared to other AF and DF special cases. It
is also found that DF performs better than AF in a mobile
scenario because the noise in an AF mobile scenario
builds up with each data transmission.

Figure 4 and 7 show BER performance of AF and
DF wireless mobile network under channel uncertainty
for only source-relay, only relay-relay, and only relay-
destination link with 2 relays, respectively. As in the
case of Fig. 3, it is observed that BER gets worse as
the variances of imperfect channel complex coefficients
increases. It is also observed that BER performance of
both AF and DF channel uncertainty case in only one
link is almost the same regardless of the link locations.

Figure 5 and 8 provide BER performance of AF and DF
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wireless mobile networks under channel uncertainty for
only one link (source-relay), and two links (source-relay
and relay-destination) with 2 relays, respectively. It is also
observed in Fig. 5 and 8 that BER for channel uncertainty
in two links gets worse as the variances of imperfect
channel complex coefficients increase. In addition, it is
found that BER performance under channel uncertainty
for only one link becomes better compared to the case of
imperfect channel complex coefficients of two links.

?‘Hg_ i .
\‘@a\e\ﬁ\@\eﬂ
101_ T R ]
o e T g
el —#— No channel uncertainty ‘G""‘C%
— o -15dB, Both SR, and R:D links 1
—+&—-13dB, Both 5-R; and R,-D links
-10dE, Both S-R1 and RQ-D links
---z»---16dB, Only 5-R link
2
107 &~ 13d8, Only SR, link E
-104E, Only S-R1 link
T T T 1 1
0 =3 10 15 20 25 30

SNR(dB)

Fig. 5.  BER performance of AF wireless mobile networks under
channel uncertainty for only one link i.e., source-relay, and two links,
i.e., source-relay and relay-destination, using imperfect channels (hm»
o s th) and (hmy, Am;, th) with 2 relays.

—%— 2 Relays

107y -2 Relays

, Mo channel uncertainty, Mobile
-16dB, Only S-R, link, Mabile

-13dB, Only SR, link, Mobile [
-10dB, Only 5-R, link, Mabile

107 = 2 Relays,
—&—2 Relays,
2 Relays,

— #— -3 Relays,
, Mo channel uncertainty, Fixed
-16dB, Only 5-R, link, Fixed

-13dB, Only 5-R, link, Fixed
-10dB, Only 5-R, link, Fixed

---gr--2 Relays,
---&---2 Relays,
2 Relays,

Mo channel uncertainty, Mobile

el

0 g

10 18 20

25 30

SMR(dB)

Fig. 6. BER performance of DF wireless network under channel
uncertainty for only one link, i.e., source-relay, using imperfect channels
(htys hi;s htN ) with mobile and fixed communication nodes for 2 and
3 relays.

Figure 6 presents BER performance of DF wireless
network under channel uncertainty for only one link
(source-relay) using imperfect channels (hy,, hy,, hi )
with 2 and 3 relays. For wireless mobile network, it is
observed that increasing the number of the relay node
results in a worse BER performance. Similar to the case
of AF wireless mobile network, the fixed case in DF
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performs better than mobile case.

— T T T T T
- B
o't
& —#%— Mo channel uncertainty
m el —a—-16dB, Only 5-R, link
—5—-13dB, Only 5-R, link
-10dE, Only 5-R, link
10'3 T T 1 1 1 1
N T T T T T
iy
4 g
10
v —#— Mo channel uncertainty
u o2l —a—-16dB, Only R;-R,, link
—+&—-13dB, Only Ry-R, link
-10dE, Only Ry-R, link
10° : :
:.___g_____g : )
i
o —=— Mo channel uncertainty
4 - —a—-16dB, Only R,-D link
—&—-13dB, Only R-D link
-10dB, Only R,-D link
10'3 T T T 1 1 1
a 5 10 15 20 25 30
SMR(dE)
Fig. 7. BER performance of DF wireless mobile network under

channel uncertainty for only source-relay, only relay-relay, or only relay-
destination link using imperfect channels (h¢,, ht,, htN ), (hty, he;,
htN ), or (hty, he;, htN) with 2 relays.

|| = Mo channel uncertainty
107 F -5 ---16dBE, Both 5-R, and Ry-D link

---¢----13dB, Bath S-R, and R-D link
-10dB, Both 5-R; and R,-D link

—a—-16dE, Only S-R1 link

|| —6—-13dB, Only 5-R, link

-10dB, Only 5-R, link

T
0 5 10 15 a0 2 0
SNR(dE)

Fig. 8. BER performance of DF wireless mobile network under channel
uncertainty for only one link i.e., source-relay, and two links, i.e., source-
relay and relay-destination, using imperfect channels (h¢,, hy,, htN)
and (Etl, ht;, EtN) with 2 relays.

IV. CONCLUSION

This paper studied both nonregenerative AF and re-
generative DF wireless mobile relay networks under both
no channel uncertainty and channel uncertainty. A wire-
less network consisting of a one-source-one-destination
mobile pair and N-multihop mobile relay nodes without
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the source-destination direct path was investigated. New
MRC-based detectors were proposed and applied at the
relays and the destination to optimally detect the original
transmitted message from the source node.

It was observed that diversity can be lost by increasing
the channel estimation errors power. In addition, it was
shown that BER gets worse as the number of hops
increase. It was observed that the worst performance
was occurred when channel uncertainty occurs in all
network links. While less degradation was observed when
channel uncertainty occurred in source-relay, relay-relay,
or relay-destination links only. These different cases were
investigated separately and as a whole in this paper.

It was also observed that the higher the number of
links between hops that experienced channel uncertainty,
the worse the BER performance. Finally, when channel
uncertainty occurred in one link only, it was observed
that the performance of the system was almost equivalent
regardless the link location. In other words, BER per-
formance for the multihop wireless system with channel
uncertainty depends on both the number of hops and
channel estimation errors power.
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