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ABSTRACT

The objective of this study was to derive approximate closed-form error rates for M-ary burst symbol transmission (MBST) of dual-
hop adaptive decode-and-forward (ADF) cooperative relay systems over quasi-static Rayleigh fading channels. Within a burst, there
are pilot symbols and data symbols. Pilot symbols are used for channel estimation schemes and each relay node's transmission mode
selection schemes. At first, our focus was on ADF relay systems' error-events at relay nodes. Each event's occurrence probability and
probability density function (PDF) were then derived. With error-event based approach, we derived a tractable form of PDF for
combined signal-to-noise ratio (SNR). Averaged error rates were then derived as approximate expressions for arbitrary link SNR
with different modulation orders and numbers of relays. Its accuracy was verified by comparison with simulation results.
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1. INTRODUCTION

Many researchers have discussed cooperative decode-
and-forward (DF) relay systems, with which the DF scheme
detects the received signal and then retransmits a regenerated
signal [1]-[3]. With the adaptive DF (ADF) schemes, relays
forward only correctly decoded messages [4], [5]. ADF
schemes presume the incorporation of a cyclic redundancy
check (CRC) code from a higher layer (e.g., data link layer) in
order to detect errors at each relay node [3], [6]-[8]. Moreover,
the author in [9] considers a forward error correction (FEC)
code to decode the error at each relay node and then, shows that
the CRC-based decision performs very well with message-wise
block fading conditions.

At the destination node, the receiver can employ diversity
combining techniques to enhance performance from the

multiple signal replicas transmitted by the source and the relays.

The advantages of general cooperative diversity schemes come
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at the expense of spectral efficiency since the source and all of
the relays must transmit on orthogonal channels in order to
avoid interfering with each other [3], [10].

The authors in [4] have shown a general approach
applicable for both DF and ADF relaying and have derived an
exact bit error rate (BER). Their work shows, only for binary
phase shifting keying (BPSK), how an erroneous detection at
each relay affects both the received signal-to-noise ratio (SNR)
and the average BER. Note that even if their work can give
exact results [4], previous researches including relay-selection
schemes have assumed that each relay can detect errors
symbol-by-symbol [4], [11]-[13]. That means that at each relay,
the transmission or no-transmission mode can be determined
symbol-by-symbol. The performance based on symbol-by-
symbol implies only an achievable bound. In [14], the authors
showed a practical approach covering burst transmission for
ADF relay systems only for BPSK. Nevertheless, no one has
expressed the error rate expressions as well-known tractable
forms, which can cover M-ary PSK (MPSK) and M-ary
quadrature amplitude modulation (MQAM) burst symbol
transmission. Herein we extend the analytical approach in [14]
and [19] to ADF burst M-ary symbol transmission systems.

International Journal of Contents, Vol.14, No.1, Mar. 2018



Kyunbyoung Ko : Performance Analysis of Dual-Hop MBST-ADF Relay Networks Over Quasi-Static Rayleigh 19
Fading Channels

In this paper, we consider M-ary symbol burst
transmission for ADF relay systems. We focus on the analysis
and evaluation of the un-coded error performance of ADF relay
systems with pilot symbols. Therefore, we assume that CRC
codes are used to detect burst error events at each relay node.
Based on this, we focus on error-events at relay nodes for burst
transmission. Then, we derive the occurrence probability for
each error-event. The destination node's combined SNR is
presented as one among all the possible error-events' received
SNRs with each error-event's selection probability, which is
derived as the occurrence probability for given error-event.
Finally, we derive the probability density function (PDF) for
the destination node's combined SNR over quasi-static,
independent and non-identically distributed (INID) Rayleigh
fading channels. Based on the derived PDF, we show that
average bit error probability (ABEP), average symbol error
probability (ASEP), and average burst symbol error rate
(ABSER) are well-approximated by simplified expressions for
arbitrary link SNRs involving channel estimation errors,
modulation order, and the number of relays. Moreover, based
on the derived ABSER, we obtain the achievable goodput and
the averaged goodput, to investigate the effect of adaptive
modulation schemes on the cell coverage extension and the
spectral efficiency. We compare numerical results obtained
from analytical solutions with Monte-Carlo simulations. From
this, we verify that correctly decoded relay nodes can be
selected from transmitted pilot symbols without additional
signaling between relay nodes and the destination node.
Furthermore, the performance matches well with our analytical
results for all SNR regions and different modulation orders and
numbers of relays.

The remainder of this paper is organized as follows:
Section 2 describes the system model of dual-hop MBST-ADF
cooperative relay networks. In Section 3, the derived
performance expressions are presented. The numerical and
simulation results are shown in Section 4 and concluding
remarks are given in Section 5.

Each relay transmits
reconstructed MPSK
or MQAM symbols
when all burst symbols
are correctly decoded.

h,

Fig. 1. Block diagram of MBST-ADF Cooperative Relay
Networks (source(S), destination(D), relay(R)s)

2. NETWORK MODEL
Fig. 1 shows a block diagram of dual-hop MBST-ADF

relay networks with a source (S), a destination (D), and L relays
(R). The number of relays is L. In this paper, it is assumed that

S and the L relays transmit over orthogonal time slots so that
we need L+1 time slots for single burst transmission [3]. We
use a discrete time and baseband equivalent model to describe
this network.

2.1 Channel and Received Signal Model

For re{1,2,---,L}, let hy» h.,, and h, be the
channel gains of S-D, S-R, and R-D links, respectively, as
shown in Fig. 1. In this paper, wireless channels between any
pair of nodes are assumed to be quasi-static Rayleigh fading
[15]-[17]. That means that channel coefficients are considered
to be constant during M-ary symbol burst transmissions and the
magnitude and the phase of h are respectively Rayleigh

L+r

distributed and uniformly distributed over [0,27). From here,
N, and N, are the number of pilot symbols and the number
of modulated data symbols within a burst. N, (: N, + ND) is

the length of a burst. Also, each link channel is corrupted by
complex additive white Gaussian noise (AWGN) term of n [t].

Without loss of generality, it is assumed that EJ| n [t][]=0,
E[In [t]f]1=0o?, and {n [t]} are mutually independent for
different r and t. The operator E[] represents statistical

expectation.
For simplicity, this paper considers the first burst

transmission. Then, s[t]LN:i (= +1) is the pilot symbol known

to all nodes and g[t] |tN_E;\I is the M-ary phase shift keying
=Np

+1
(MPSK) or M-ary quadrature amplitude modulation (MQAM)
data symbol. Also, {s[t]}'Nj are mutually independent for

different twith E[s[t]]=0 and E [ls[t]ﬂ =1.

Within L+1 transmission steps, the Oth step means the
source node's transmission to all the relays and the destination
by using the Oth time slot. During the Oth step, the received
signals can be presented, for the S-D link and the rth S-R link,
as

Yo[t] = hy/Egs[t]+n,[t] (1)

y|_+r [t] = hL+r EL+r S[t] + nL+r [t]

where te{1,2,---,N,} and E =E
transmitted symbol energy of the source.

For the remaining L steps, each relay transmits the
reconstructed data burst symbols {§ [t]} only when all N,

L+r

=E, is the average

data symbols are correctly decoded. For the rth time slot, the
received signal at the destination node is written with

te{l,2,---,Np} as

Yo[t+Ng] = h \JE 8 [t]+n, [t+Ng ] 2

where E_ is the average transmitted symbol energy of the rth

relay node. For simplicity, yO[t+rNB] of (2) can be
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expressed as

Yo [t+Ng]=hJE.§ [t]+n,[t]

with n [t]=n,[t+rNg]-

v [t]=

2.2 Channel Coefficient and Noise Variance Estimation
For 1<t<N,, §,[t]1= s[t] in (2) are pilots symbols to

estimate R-D link channels so that, (1) and (2) can be expressed
as single equation of y, [t] =h, /Er s, [t]+nr [t] with
ref{0,1,---,2L} . Then, for pilot symbol based channel-
estimation schemes, the channel gains can be obtained as [14]

r:NiZP: :hr’\/E_r+er (3)
t=1

where e =1/ sz S [t] [t] is the channel estimation
error with E[e ]=0 and ED e, |2] =o?/N,. From pilot
symbols and the estimated channel gain ﬁr , the noise variance
for data symbol transmission can be estimated as [14]

N 1 &
O-ér_ N_Z

t=1

y.[t - ﬁ,s[t]‘2 . @

The statistical noise variances for pilot and data symbol
transmissions can be expressed, respectively, as

o, =E|pla-hetf | =N
1<t<Np Np (5)
o, =E|la-Ret | =Reo
Np<t<Ng P

From (5), the noise variance ratio for pilot and data
symbol transmissions can be written as

OA'é'r - NP +1 (6)
65, Np-1
and it is used in (4). Note that in above equations from (3) to
6), r=0, re{t,---,L}, and re{L+1,---,2L} mean S-D,
R-D, and S-R links, respectively.

2.3 Relay Transmission Mode Detection and MRC

For pilot-symbol transmission, we can easily assume that
each relaying node can always transmits pilot symbols to the
destination node. Then, the destination node can simply detect
each relay's data transmission mode, and hereafter, it refers to
pilot based-relaying mode selection (PB-RMS). During the rth
time slot, we can examine pilot symbol part's power to data
symbol part's power ratio (PDR) as follows:

1 & 2
N—Z|yo[t+rNB]| @

From (7), the rth relay's data transmission mode [S;x can

be detected as

™

o = 0, if PDR" >1+T, ®)
1, else : Tx. Mode

where T, is a threshold. Note that for the given h ,

N, - and N, —oo leadto

[ E
lim PDR"=:{ 2
Np—00,Ny >0
PR 1 : Tx. Mode.

T4

Under a maximal ratio combining (MRC) at the
destination node, the decision variable can be combined as

= h5 []+i h; Syt ©

r=1 Dr

[0S,

Note that in (9), the estimated channel gain ﬁr of (3) and

the estimated noise variance &2 of (4) are used.

3. APPROXIMATED ERROR PROBABILITY
EXPRESSIONS

3.1 Approximated SEP for S-R Link
From ﬁw , the rth S-R link's decision variable is obtained

as

2 [t] |NP<tSNB = ﬁLryLH [t] (10)

and then, the received SNR can be expressed as

2
|hL+r\j L+r

o*(BL.c +1INy)

e[l FJ/E| VB
e[l F)=E| . JEL|

density function (PDF) of random variable 5 |

(1)

2} and

The probability

Vier =

with B, =

} +o’ N,
can be
presented for the Rayleigh fading channel as
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1
f. () = 7. EXP[ 7 jfor y>0 (12

with 7 —E[y_]= Eﬂhm = 2}/[az(ﬂw+1/Np)].

This derivation can be applied to S-D and each R-D link
by replacing L+r with r, so that we can obtain Voo Vo

and ffr (7/) for re{0,1,---,L}

For M-ary signaling, the rth S-R link's conditional SEP
can be approximated as

R (7.)~aQ(bri, )=aexp(-by,)  (@3)

with Q(J}) =1/\2x I;;exp(—tz /2)dt

(1.2) :M = 2(BPSK)
(2.25in*(z/M))  :M >2(MPSK)
M -1 3

J_ M -1

a/a=0.2,and b/b=32/6 [15-16][18-19].

(a,b)=

j :M >8(MQAM),

3.2 Error-Event Occurrence Probability
In order to describe error-events at relay nodes, the pth
error-event vector can be defined as

EP :[elp...erp...ef:| (14)

with p 6{1’2""’2L} and the total number of possible error-
events is 2-. Generally, we can define that E* is all-zero

vector, E2L is all-one vector, and so on [4][20].
For the pth error-event, e’ =0 means that the rth relay

S.[t]=s[t] for
N, <t<N,) and then, its conditional transmission mode

correctly decodes N, data symbols (i.e.,

probability can be written as

yL+r :|

=[1-
NZ;[ )( 1P (rr)-

Pry 7L+r

(15)

In addition, the average transmission mode probability can
be approximated from (13) as

PTx (}7L+r : E|:PT>< 7/L+r):|
N (16)
2( j( DE[P(r.,)]
Np ) a::(
ko( J( ) 1+ b1k}/L+r
With
L. a7

B[R ()= [ ™t (a7 =i
L+r

On the other hand, e’

its occurrence probability can be presented as 1P (;7“).

=1 indicates no-transmission and

Consequently, the pth error-event occurrence probability is
presented as

H[ Tx 7L+r :| |:1 I:’Tx yL+r):|eIP (18)

with e = (e? +1)mod2 [41[20].

3.3 PDF of Received SNR
Under the assumption that the destination node knows
correctly decoded relay nodes, the pth error-event's combined

decision variable is written by using ﬁr and gér, from (9),

as

21, “§ W+ S ey ] G
DO

2
r=1 Op r

and then, its instantaneous SNR can be written as

L | I—
7/C:}/O+Zerpyr:zerpyr (20)
r=1 r=0
with % =1 and @;70 =y, forall p. From (12), the PDF of

78 can be presented as
L
f,(r)= Z’f—’exp(—71] for y>0 (1)

with _p —TT" 4], [15].
T _H| =0,izr _p p [] [ ]
e ]/ _e 7i

Notice that when Ve is defined as the instantaneous SNR

. L . .
for (9), it can be one of {7’cp}i=1 with the probability pEp of

(18). It means that pth PDF ¢ ) (},) of (21) can be selected as
’c
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the PDF of »_ and then, its selection probability can be p )
E

of (18). Therefore, the PDF of yc can be written, for » >0,
as

f (y)=>P_f (y)=D>P T*exp[—r)
7C( ) p=1 Ep '/é)( ) p=1 Ep =0 }/r 7r
3.4 Average Error Rate Expressions

3.4.1 ASEP for MPSK: For the given y_, we can express the
conditional SEP as

exp(-sy.)do  (23)

1 ¢(M-D)z/M
PS,M—PSK (Vc) = __[0

with 5= Opsk /sin*(6) and Opsk =sin’(z/M) [16]. By
integrating the conditional SEP of (23) with respect to random
variable ., ASEP can be obtained as

Pom_psk = E[Ps.prsx (7c )]

t L 1 cM-)ziM— (24)
1PEprz:l;ﬂrp [;L e’ M, (s)de}

2
p=:

where Mr(s):1/(1+577r) is MGF of yr[16].

3.4.2 ABEP for MPSK: From (24), the ABEP can be
approximated for MPSK as [15]

1 (25)

b,M-PSK ~ log,M PS,M—PSK'

Note that for BPSK and QPSK (i.e., M=2 or M=4), we can
obtain the ABEP expression, without the approximation of (25),

as
oL L e’ 7
) 7,12 || @9
o I N Pll— |—Lfr =
b,M —PSK |M-112 pZ:;' &P ZrZ:o:”r :I-"‘erp ﬁ}7r/2

with =2 forBPSKand p=1 for QPSK [4], [14], [16].

3.4.3 ASEP for MQAM: For the given y_, we can express
the conditional SEP as [16]

4 1 zl2
PS,M—QAM (7c) :;(1—\/—ij.0 eXp(—Sl;/C)dH @

4(1 1 jz.[mex ( )de
pn M) L P(=S7c

with s =g, /sin®(9) and g, =3/[2(M -1)]. From
(27), ASEP can be expressed as

PS,M—QAM =E |:PS,M—QAM (7/0 ):'

1 )& & L [1 e
=4 1—W ZPEpgﬂ-r ;.[0 er Mr(Sl)dH

p=1

1 V&, & [ s
—4[1—Wj ;PEPZOHI, |:;J.O er Mr(Sl)dH:l

(28)

3.44 ABEP for MQAM: For the given y_. and MQAM
symbol, we can express the conditional BEP as

M1 7l2
=S [EI / eXp(—siyc)de} (29)
7 Y0

Pb,M—QAM (70): logM <
V=

with ¢ =g - and s =(2i-1)" gou, /sin’ (0) [17]

[21-22]. In [17], Tables 1, 2, and 3 show the parameters of
MQAM for M=4, M =16, and M =64, respectively. From (29),
ABEP can be expressed as

P

b,M-QAM (30)
=E[Pwom (7c)]
& L M1 o

1 1 eni2
= 2P 2.7 =6 M, (s)de]|.
303 o e (1 000

3.45 Average Burst symbol Error Rate (ABSER) and
Goodput: For the given random variable _, the conditional

SEP can be presented from (23) and (27) as

| Pomesc (7c) of (23) :MPSK
o (%)_{P (7¢) of 27) :MQAM

S,M-QAM

and then, the conditional burst symbol error rate can be
expressed as

P (70 ) = 1_|:1_ P (7(: ):|ND

=3 e e rn ]

(C3Y)

From the approximation of (13) [15], [16], [18],
E [[PS w (7 )]kJ can be approximately expressed as

w0 | ¥ - :
E[[PS,M (7c )]k:| ~ J'O aike bk fyg (7)d7 = ;ﬂ'rp :HZjTZ (32)

The integration of (31) with respect to the random variable
7. 9ives an approximate ABSER of
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P = E|:PB (7C):|:_[:PB (7/) fyc (7)d7/

(33)
z & ND k+1 L p alk
~>yP )y nf ——|.
= ;( k j( ) r; 1+bky,
Moreover, we define the goodput form (33) as
Goodput,, =log,M (1-P,) (34)

which is the successively transmitted bits per hertz.

4. NUMERICAL AND SIMULATION RESULTS

From here on, we show numerical results for derived
performance expressions and then verify their accuracy by
comparing with simulation results. For simplicity, we assume
E =E./L for r=1,--.,L. To capture the effect of path-loss,

we define d =r/(L+1) as the relative distance between the
source and the rth relay. Then, the distance between the source
and destination node is 1. In addition, we assume a channel
model  with ED h... |2J = ED hy |2]/dr" and
ED h, |2J = ED hy |2]/(1—dr)” with the path-loss factor
u=3.76 of Table A.2.1.1.2-3 in [23] and the SNR defined as
SNR = NIFi,TmyO = E[l h, |2] E /o? - In addition, 'Analysis

indicates the numerical results obtained from (24), (25) or (26),
(28), (30), and (33). 'Simulation' means simulation results
under the assumption that the destination node can perfectly
know each relay node's transmission mode. 'Simulation w/ PB-
RMS' indicates the simulation results obtained from each relay
transmission mode detection of (8) with T, =10 and (9). For

the goodput performance comparison, we define the achievable
goodput for adaptive modulation schemes as

Goodput ,,, = max{Goodput,, |M :2,4,8.16,64}

and the average goodput for adaptive modulation is expressed
as

Average Goodput,,,, = Lil Goodput ,,
+

where the ratio of 1/(L+1) is caused by the fact that a L
relaying scheme needs (L+1) time slots for single burst
transmission.

The plots in Fig. 2, 3, and 4 are ABEPs, ASEPs, and
ABSERs, respectively. As the reference performance, error
rates for the S-D link are shown in Fig. 2(a), 3(b), and 4(c).
Note that the error rates for the S-D link are same for the
different L as shown Fig. 2. As another reference performance,
error rates for N, =1 are shown in all figures for M =2 and

M=64. Note that for the analytical results with N =1, the

approximation of (13) is not used for the calculation of (15). In
addition, we plot the results of N, = Wwhich represents the

case of perfect channel estimation. Note that for N, =0, We

can not use the relay transmission mode detection of (8).
Therefore, 'Simulation' is presented; not 'Simulation w/ PB-
RMS'.

In all figures, we can see that numerical results of
‘Analysis' are well matched with simulation results for all SNR
regions, modulation orders M, and the number of relays L.
When we compare N, =0 with N, =8, we can find a

slight mismatch especially for lower SNRs and it is confirmed
that N, =8 shows less than a 0.5dB SNR loss. Because we

use the approximation of (25) for MPSK with M >4, some
mismatches between numerical and simulation results are
shown for S-D link's ABEP with M =8 in Fig. 2. For
N, =8, we can see that 'Analysis', 'Simulation w/ PB-RMS',

and 'Simulation’ are almost the same. Note that our analysis is
carried out under the perfect detection of each relay's
transmission mode, as shown in (19) and (20). Therefore, this
assumption is verified.

From Fig. 2, 3, and 4, we can find that average error rates
increase in proportion to N, (number of data symbols within

a burst). When N_ increases, each relay's participation

probability into 'Tx. mode' decreases. Consequently, it
generates performance degradation shown as SNR loss in high
SNR regions. Also, it is worthwhile to mention that Ny =1

means the symbol-by-symbol detection of previous research [4].
The performance for N, =1 is confirmed to be an achievable

lower bound for ADF relaying schemes. Even if there is
performance loss according to the increase of N, We can still

find the diversity gain caused by the increase of L.

Fig. 5 shows the goodput performance for the different
modulation order M and number of relays L. For L=1, we
compare the Goodput,, of (34) according to M in Fig. 5(a)

and it is shown that cooperative relaying schemes can be used
to extend the cell coverage and the goodput gain is proportional
to both M and the SD link's SNR. Fig. 5(b) shows Goodput,, ,

which is the goodput performance according to adaptive
modulation schemes. The goodput enhancement can be seen as
almost 10dB at SNR=10dB. As mentioned before, the goodput
gain is in proportion to SNR. For L >1, the goodput gain can
be obtained for higher modulation and higher SNR. We can say
that the cell coverage extension is achieved as the goodput gain.

Note that for an L relaying scheme, we need (L+1) time

slots for single burst transmission so that there is the loss of
spectral efficiency. In order to investigate this effect, we show
Fig. 5(c). When we compare Fig. 5(b) and (c), it is confirmed
that we can obtain the cell coverage extension without loss of
spectral efficiency when the SNR is less than 18dB, 8dB, and
2dB, respectively, for L=1, L=2,and L=4.
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5. CONCLUSIONS

Approximate closed-forms are derived for averaged error
rates of MBST-ADF relay systems over quasi-static INID
Rayleigh fading channels. Our proposed analytical approach
includes channel estimation errors related to transmitted pilot
symbols within a burst. Firstly, for the relay nodes' error event,
its probability is approximated using the form for the error
probability of a burst MPSK or MQAM transmission. Then, the
averaged error rates are derived in closed-form, to be simply
calculated by numerical operations. By comparing with
simulation results, the form is verified to yield an achievable
error performance bounds. Furthermore, we show that the
performance improvement of MBST-ADF relay systems can be
considered as the goodput gain for adaptive modulation
schemes. Therefore, we can conclude that our analytical
expressions are in very tractable form, and can be used as a tool
to verify error performance for different modulation orders and
numbers of pilot and data symbols within a burst.
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