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Abstract— This paper studies the differentially amplitude- and
phase-encoded (DAPE) quadrature amplitude modulation (QAM)
for the amplify-and-forward multiple relay system over indepen-
dent Nakagami-m fading links. A simple equal gain combining
(EGC) receiver is proposed to noncoherently combine received
signals from direct and multiple relay links and then detect the
DAPE QAM signals without any link side information. Based
on Beaulieu’s series approach, an efficient bit error probability
(BEP) upper bound computation formula is derived for the EGC
receiver. Performance results show that the EGC receiver for
DAPE QAM provides better BEP than the conventional receiver
for differential phase shift keying modulation with the same
constellation size.
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Nakagami-m fading, star-QAM.

I. INTRODUCTION

Cooperative relaying technique [1]-[5] is an efficacious
method to realize distributed spatial diversity through the co-
operation of relay nodes in terms of radio resource and signal
processing. In [1]-[2], various cooperative transmission pro-
tocols based on half-duplex mode were developed to achieve
cooperative diversity. As mentioned therein, the amplify-and-
forward (AF) relaying protocol is a simple relaying scheme
in which the relays amplify the received signals from the
source and retransmit them to the destination. This paper only
considers the AF protocol due to its simpler operation and
lower complexity required at relays.

Coherent detection is considered in most relay systems,
which is based on the assumption that the destination can
obtain the channel impulse response (CIR) characteristics of
all transmission links [1]-[2]. However, in fast fading environ-
ments, it is difficult to obtain the accurate CIR information
at the destination through delicate link estimation. To reduce
the overhead for complicated link estimation in relay systems,
differential modulation has been investigated in [3]-[5]. For the
AF multiple relay systems using differential phase shift key-
ing (DPSK) modulation, a weighted gain combining (WGC)
receiver was developed in conjunction with approximate bit
error probability (BEP) analysis over independent Rayleigh [3]
and Nakagami-m [4] fading links. Optimal power allocation
for AF multiple relay system based on a simple BEP upper
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bound was also considered in [3], [5] to improve the overall
system performance. Despite a wealth of past studies, the
DPSK modulation decreases dramatically in power efficiency
when the modulation alphabet size is increased.

The differentially amplitude- and phase-encoded (DAPE)
(Jas Jp) quadrature amplitude modulation (QAM) [6]-[7] is an
effective technique to achieve high bit rate transmission with-
out CIR information at the receiver side. DAPE (J,, J,) QAM
employs a star constellation with J, concentric amplitude
rings, each containing J, phasors, and sequentially encodes
information onto the level changes of amplitude and phase
between currently and previously transmitted signals. Due to
its higher spectral efficiency and better BEP performance than
DPSK, DAPE QAM was extensively studied in [6]-[7] for
single link communications. However, DAPE QAM is not yet
investigated for relay communications.

This paper studies the DAPE (.J,, J,) QAM signals for AF
multiple relay system over independent Nakagami-m fading
links. Section II depicts the system and channel models.
In Section III, the conventional EGC receiver in [6]-[7] is
adopted to cater to the AF multiple relay system and shown to
operate without CIR or any sort of channel state information
(CSI) when compared to the noncoherent DPSK WGC and
coherent QAM receivers in [1]-[5]. Inevitably, in order to
meet the corresponding relay power constraint, the knowledge
of average source-relay signal-to-noise power ratio (SNR)
is still required at each relay for the EGC receiver, which
is a design requirement typical in all differentially coherent
AF multiple relay systems [3]-[5]. Based on a union bound
argument and a convergent infinite series approach [8], the
analytical upper bound of BEP is derived for the EGC receiver
over independent Nakagami-m fading links in Section IV.
Performance results in Section V show that the EGC receiver
for DAPE QAM provides better BEP than the WGC receiver
for DPSK with the same constellation size.

Nomenclature: E{-} is the expectation. Z and Z; denote
the integer sets {0, 1, ..., K—1} and {1, 2, ..., K'}, respectively.
Re{z} is the real part of a complex number = and Im{z} the
imaginary part. m mod M denotes the modulo-M value of
integer m. Superscript * is the complex conjugate.
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II. SYSTEM AND CHANNEL MODELS

This paper considers the DAPE (J,, J,) QAM [6] as the
modulation approach. In the DAPE (J,,J,) QAM scheme,
the transmitted bit sequence corresponding to a nominal V-
symbol block is first grouped into N — 1 independent symbol
pairs {(Aa,, Ab,)}YN"! where Aa, € Z;, and Ab, € Zy,.
Here, all .J, J,, possible pairs for each (Aa,,, Ab,,) are assumed
to be transmitted equally likely and the binary Gray labeling is
used to denote Aa,, and Ab,, individually. The symbols Aa,,
and Ab,, are then used to determine the amplitude ratio and
the phase difference, respectively, between two consecutively
transmitted symbol signals. With g > 1, the nth transmitted
symbol signal is given by x,, = Au@el?™n/Js forn € Z |
and p = A where A = /J, (2 — 1)/(u2% — 1) is used to
normalize the signal constellation to unit energy. a, and b,
represent respectively the amplitude and phase levels of z,,
for n € Z;{,il and are given by a,, = (ap,—1 + Aa,) mod J,
and b, = (b,—1 + Ab,) mod J,, with ag = by = 0. Notably,
DAPE QAM with J, =1 corresponds to J,-ary DPSK.

Consider a multiple relay system which consists of a source
node s, a destination node d, and L relay nodes {r;}% . All
relays are in a half-duplex mode which can not transmit and
receive both in time and frequency simultaneously. In order
to avoid mutual interference, it is assumed that the signal
transmission scheme includes L + 1 distinct phases in time.
In the first phase, the source broadcasts the signals {2, })
with power P to all relays and destination. The corresponding
nth received symbol signals at destination and relay r; are

VP Y sahsa®n + Wedn (D)
VPX ahatn +wan, L€ ZF ()

for n € Zy. In the (I + 1)th phase, the relay r; amplifies its
received symbol signals at the first phase to produce u;, =
oqys,n, Where o is the amplification factor and retransmits
{ul,n}ﬁj;; with power P, to the destination. At the destination,
the nth received symbol signal corresponding to the (I + 1)th
phase is

Ysd,n

Yslin =

Yid,n = VP Y 1ahiauin + Wi n. (3)

In the (L + 1)th phase, the destination then combines all the
signals received in all the phases to make a final decision on
the information carried by the N-symbol block.

In the above modeling, the coefficients Y;; and h;; denote
respectively the path loss which depends on the geographical
distribution of the relay network and the CIR between node
i and node j for ij € {sd,{sl}/,,{ld}},}. Each h;;
is assumed constant over an N-symbol block and varies
block by block. For analytical convenience, h;;’s are modeled
to be independent and have Nakagami-m fading amplitude.
For Nakagami-m fading, h;; has independent Nakagami-m
distributed amplitude and uniformly distributed phase. The
probability density function of a Nakagami-m amplitude
zij = |hij| with normaliz2ed average power E{|hij\2} =1is
fa, (2i5) = A(%J)mZT 2z, 07 exp{—my;z7;} where m;; is
the fading parameter, defined by m;; £ 1/E{(z,—1)?} > 1/2
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[9], and A(m) = [;"e 't™~'dt is the Gamma function
[10]. The additive white Gaussian noise (AWGN) samples
{wijnlij € {sd,{sl}{,,{ld}{,} ,n € Zy} are modeled as
independent and identically distributed (iid) circularly sym-
metric complex Gaussian random variables (CGRVs) with
mean 0 and identical variance o2,. Furthermore, AWGN and
fading gains are assumed independent.

In the following, v;; £ P,Y;;/oZ denotes the average
link SNR per symbol from node i to node j for ¢ €
{sd,{sl}};,{ld}}_,}. It is assumed that the total trans-
mission power P + ZZL=1PZ = P, is fixed. In the case,
v, £ Py/o% and v, £ ~,/logy(JuJ,) are respectively the
total transmitted SNRs per symbol and per bit. Moreover,
Ja 2 (14 0y)vy for I € Z; and Vi & (14 84)yy; for
ij € {sd,{sl}},,{ld}}-,} denote respectively the estimate
of average link SNR v, made at relay r; and the estimate of

average link SNR ~,; made at destination where 04 and ;5\”
represent the normalized SNR estimation errors. At relay 7,
the amplification factor «; has to satisfy the respective average
relay transmission power constraint E{ ‘\/Flalysl,nf} =P
and is given by oy = 1/(0y\/7y +1) for I € Z; [3]-[5].
Notably, the average link SNR «,; is required for realizing
«y and can be measured through conventional SNR estimation
methods [11]. With SNR estimation, ; in «; can be replaced
by an estimate 7; for capturing the impact of SNR estimation
error. Since the noise variance o2 remains constant over long
periods of time in practice, it is assumed to be perfectly
measured.

III. DECISION ALGORITHM

In this section, a symbol-by-symbol decision algorithm for
detecting (Aa,,, Ab,,) is derived based on the received sym-
bol signals {ysan—1,Ysa,n} and {Yian—1,Yan}i, for n €
Zj{_l. For notational brevity, the subscript n in (Aa,,, Aby,)
is dropped below.

The EGC receiver [6]-[7] is commonly used for demodulat-
ing DAPE (J,, J,) QAM with multiple received antennas and
can be applied here for the AF multiple relay system. Specifi-
cally, the EGC receiver makes amplitude and phase decisions
separately. The amplitude decision is based on detecting the
amplitude ratio of successively received symbol signals in
{Ysdn—1,Ysdn} and {Yian—1,Yid.n}E, in conjunction with
square-law combining. The test metric on amplitude ratio is
given by

2 L 2
|ysd,’n| + Z q |yld,'n,|
W, = = )
|ysd,n—1|2 + Z q |yld,n—1‘2
=1

where ¢; £ 1 for | € Z}j. Thus, the amplitude decision rule
is to declare Aa = k if W, € Ry, where the amplitude
decision region Ry, is defined by Ry, £ {Wa|ni <W, < 77%+1
or mi_; < W < mi_y 4} for k€ ZJ | and Ry £
{Walng < Wo <mi} with 0 =1n_,; 11 <n_j 40 < ... <
ny, = oo. The amplitude decision threshold 7, is given by
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Ny =2 fork=—-J,4+2,—-J,+3,...,J, — 1 as in [6].!
On the other hand, the differential phase decision is based
on the conventional product detector for demodulating J,-ary
DPSK with multiple observations [9], and the test metric on
phase difference is given by

L
Wp - ysd,ny:dm_l + Z QZyld,nyl*d,n—l' (5)

=1

Thus, the phase decision rule is to declare Ab if
Re{W,e~727Ab/Jp} is maximized when Ab = Ab.

Notably, for the WGC receiver detecting J,-ary DPSK in
[3]-[5], the test metric on phase difference is the same as (5)
with ¢, = 1 replaced by ¢, = (1 +7,,)/(1 + 74 + 74) for
| € Z;, where the link SNR estimates 7,; and 7, can be
measured prior to data detection at destination through SNR
estimation methods [11].? Therefore, the phase decision rule
of the WGC receiver for J,-ary DPSK is to declare Ab if
Re{W,e~727Ab/J»} is maximized when Ab = Ab.

1V. BEP ANALYSIS

In this section, the BEP upper bound of EGC receiver is
analyzed below for independent Nakagami-m fading links.

A) BEP Characteristics: The average BEP can be generally
expressed as [6]-[7]

. P logz Jo + Pp 10g2 J;D
logy (JaJp)
where P, and P, are the average BEPs for detecting amplitude

ratio and phase difference, respectively. Specifically, P, and
the union bound for P, are given by

Py (6)

Ja—1

1 Aa, Aa
Po = 1 3 B02p naiaeg @)
@ ngng=p 0827
Aa£AG
Jp—1 -
1 &= c(Ab,Ab)
< i -_ - 7
P = Ip 2 log, J,,
Ab,AD=0
Ab£AD
1 Jo—1 Jg—1 R
] > > Pa(Ablag-1,a,,A0).  (3)

a an-1=0a,=0

Here, c(i, 7) is the Hamming distance between the binary rep-
resentations of ¢ and j. P;(Aa|Aa) represents the probability
of deciding Aa (ie., W, € Raz) given that Aa is trans-
mitted. P2(Ablan—1,an, Ab) & Pr{Re{Wpe_ﬂ“Ab/‘]P} <
Re{W,e 7278/ Jv}a, 1, a,, Ab} denotes the pairwise er-
ror probability that Re{W,e 727A%//r} is larger than

'Due to cyclic differential amplitude encoding, when Aa # 0 the two
possible cases |z |/ |tn—1] > 1 and |zn|/ |zn—1] < 1 must be considered
in amplitude decision. This explains that Ry, for k # 0 consists of two disjoint
regions where {Walni < Wa < 77%_’_1} accounts for the case |zn| >
|Zn—1| and {Wa\ni_Ja < W, < ni_Ja_H} for the case |zn| < |Zn—1].

2As indicated, the EGC receiver for DAPE QAM operates without any
CSI, while the knowledge of average SNR estimates on source-relay and
relay-destination links is required for realizing the WGC receiver for DPSK.
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Re{Wpe’ﬂ“Ab/‘]P} given that a,_1, a,, and Ab are trans-
mitted. Using (7) and (8) in (6) gives an upper bound to the
BEP of the EGC receiver.?

The evaluation of P;(Aa|Aa) has to be separately treated
for two cases Aa = 0 and Aa # 0 since different decision
region formats are involved. P;(Ad|Aa) is given by*

Jo—1—Aa

1
P1(0]Aa) = — ) Z:O P3(0]an_1,an_1 + Aa)
1 Jo—1
+5 > PsOlan-1,an1+Aa—Js) (9)
an_1=Ja—Aa
when Aa = 0, and
1 Jo—1—Aa
P1(AG|Aa) = 7 Z:Q [P3(AG|an_1, an_1 + Aa)
+P3(Aa — Jy|ap—1,an-1 + Aa)]
1 Jo—1
+5 > [Ps(Ablan-1,an-1 + Aa— J,)
ap_1=J,—Aa
+793(A67 Ja|an_1,an_1 +Aa7 Ja)] (10)

when Aa € ijl' In (9) and (10), P3(k|an_1,a,) =
Pr{ni < W, < nj,qlan—1,a,} denotes the conditional
probability of event {n; < W, < ni,,} given that a,_,
and a, are transmitted. Note here that Pr{n? < W, <
ne 41l@n_1,0ay} can be alternatively expressed and thus evalu-
ated as Pr{W, < ni+1|an,1, an} —Pr{W, < ni|an,1, an}.
Both events {W, < 77} and {Re{W,e 32"20/7n} <
Re{W,e 72740 Jp 1y in evaluating respectively
Pr{W, < ni|an_1,an}, which is required for
computing P1(Ad|Aa) in (7), and Pa(Ablan_1,an, Ab)
in (8) can be conveniently unified in the form of
{X; + Y&, Yi; < 0}, in which the variables X; and
Y, ; are defined as X; 2 A; |ysdn/0w|’ + Bi |Ysan—1/0w|” +
2Re{ciysd,ny:d7n_1/ai;} and Y;; £ Dy, \yld,n/ffw\z +
Ey; \yld,n,1/0w|2 +2 Re{Fl,iyld?ny;‘d,n_l/ofu}, respectively,
for | € Z and i € {a,p}.’> The coefficient vector
(AiaBivciaDl,iaEl,iaﬂ,i) is set to (1’—77%»07(11,—QZ77i70)
for event {W, < n7} (when i = a) and (0,0,e=7272b//» —
eijﬂ'Ab/Jp7O’0’ql(67j27TAb/Jp _ eszﬂ'Ab/Jp)) for event
{Re{W,e 7274/ b} < Re{W,e 7274b//p}} (when i = p).
In terms of the unified format, Pr{iV, < ni\an_l,an}
and PQ(A/Z; Gp—1,an,Ab) can be both expressed as
Pr{X; +> ., Vi < 0[S} given S £ {a,,_1, a,, Ab}.

3 As mentioned previously, the test metric on phase difference Wp is of
the same form for both EGC and WGC receivers except for gain variables
{QZ}ZL:1~ Thus, when J, = 1, (6) also gives an upper bound to the BEP of
the WGC receiver for Jp-ary DPSK [3]-[5].

m

4By default, > =0, ifn > m.

k=n

SHere, the subscript ¢ used for the variables X; and Y} ; denotes the
respective cases for event {Wa < 72} (when i = a) and event
{Re{Wpe 32720/ Jp} <« Re{W,e727A0/Jp}} (when i = p).
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Based on Beaulieu’s convergent infinite series approach
proposed by [8], Pr{X; —|—ZlL:1 Y;: < 0|S} can be efficiently
evaluated within a predetermined accuracy as

- 12 &1
ProXity i <0Spmg—= %" —

=1 m=
m odd

=

L
-Tm {@Xi (FmwolS) T ] <I>ylyi(jmw08)} (11)
=1

where j £ /=1, wg 2 27 /T with T being the period of the
square wave used in deriving the series, and ®x, (jw|S) and
Dy, , (jw|S) represent respectively the conditional character-
istic functions (CFs) of X; and Y;; given S. The series in
(11) converges pointwise to the true distribution value within
a specific accuracy when T is chosen large enough and can be
thus truncated to a desired accuracy. To facilitate the evaluation
of (11), analytical expressions for @ x, (jw|S) and Py, , (jw|S)
are derived in the following. '

B) Characteristic Functions ®x,(jw|S) and ®y, ,(jw|S):
Conditioned on S and hsg, Ysd,n and ysqn,—1 are jointly
CGRVs, and thus X is a conditionally Gaussian quadratic sum
(GQS) [9]. Quoting [9, eq. (B-5)], Px, (jw|S, hsa) is readily
given by

. _ 1 Gi(w)zy

Dy, (jw|S,zsa) = (@) exp{ Hi(w) } (12)
where Gi(w) 2 v, {w?(A:B; — |Ci|*)(Jwnl” + |zn[*) +
JwlA; |20]? + Bi |zn_1|* + 2Re{Ciznzr_,}]} and H;(w) £
1 — jw (A; 4+ B;) +w?(|Ci|* — A;B;). Similarly, conditioned
on S, hy, and hiq, Yid,n and 4 n—1 are jointly CGRVs, and
thus Y7 ; is also a conditionally GQS. ®vy, , (jw|S, 2s1, z14) can
also be derived from [9, eq. (B-5)] as

1 { Uyi(wl|za) 22 }
exp
WVi,i(wlz1a) Vii(wlzia)

(I)Yl,i (jw|87 Zsly Zld) =

where Up;(w|ziq) £ vgv{w?s(l + v)(|zal? + J2n_1]?) +
jwDii|zal> + Eiilza-i1> + 2Re{Fznz;_i}]} and
Vii(wlzia) 21— (1+0)? [jw(Dri + E)/(1 + v) + w?k]
with v £ fyldzlzda%afu and kK £ D ;E; — |F“|2 Thus,
O, (jw|S) and Py, ,(jw|S) can be respectively obtained
by averaging Py, (jw|S,zsq) over the density of z54 and
Dy, , (jw|S, zs1, z1a) over the joint density of zy and z4, as
given below.

1) Characteristic Function ®x,(jw|S): Using [12, eq.
(3.478.1)], averaging ®x, (jw|S, zsq) over f._,(zsq) gives the
CF &y, (jw|S) as

. 1 H;(jw) e
Ox, (jw|S) = - - . - (14)
U= F0) (G0 — G
2)  Characteristic  Function ®y, ,(jw|S): Note that

Py, , (jwlS, zs1, 21a) in (13) is exactly of the same expression
as Py, (jw|S,zsq¢) in (12) with z49, G;(w), and H;(w)
respectively replaced by zy, Upi(w|zia), and V;(w|zq).
Thus, by virtue of the independence between zg and z4,
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Py, , (jw|S, z1q) can be similarly obtained as the expressions
in (14) with G;(w) — Upi(wlza), Hi(w) — Vii(w|za),
and m,q — my after averaging Py, (jw|S, 24, 214) over
J=.(2s1). By averaging the resultant ®y, ,(jw|S,z4) over
Jz1a(21a), the CF @y, ,(jw|S) can be obtained as

q)Yl,'L(jw|S):/ Py, , (Jw|S; 2z1a) f214(21a)d21a.  (15)
0

Unfortunately, the single integral in (15) is difficult, if not
impossible, to complete. However, it can be numerically
computed by Gaussian quadrature rule [10, eq. (25.4.45)].

V. PERFORMANCE RESULTS

This section illustrates the BEP results of the EGC receiver
in conjunction with DAPE (J,, J,) QAM formats with con-
stellation sizes J,.J, = 64 over iid Nakagami-m fading links.
For notational brevity, the subscript ¢j in Nakagami-m fading
parameter m;; is dropped. The BEP characteristics for the
EGC receiver is evaluated by using the BEP upper bound
expressions (6)-(8) as well as Monte Carlo simulation. For
simplicity, it is also assumed that all source-relay path losses,
all relay-destination path losses, and all transmission powers
are respectively identical with Ty = Y., Tig = Y,q, and
P, =P, = PJ/(L+1) for all [ € Z;. In the presence of
SNR estimation errors, it is further assumed that all source-
relay links suffer the same level of error and so do relay-
destination links, with ;5\51 = gsr, 5\51 :Agsr, and Sld = &d
for all [ € Z;. Moreover, the estimate 7,, made at relay 7,
is assumed to be delivered to the destination through a very
reliable transmission link, and thus 7, is equal to the estimate

7, made at destination for all | € ZL+ (i.e., gsr = gsr).

The BEP of a DAPE QAM system with a fixed constellation
size depends on the setting of ring ratio p and (J,, J,) [6]-
[7]. By minimizing the BEP upper bound expressions, the
optimization of 1 and (J,, J,) can be achieved. As observed
by the authors, when p is optimized, DAPE (4,16) QAM
gives the best BEP performance in all possible 64-point
constellations for wide ranges of m and +,. Moreover, the
BEP upper bound achieves nearly the best when p is fixed
to 1.4 for DAPE (4,16) QAM, and thus this value for p is
adopted below.

Figs. 1-2 compare the BEP characteristics among the EGC
receiver for DAPE (4,16) QAM and 64-ary DPSK and the
WGC receiver for 64-ary DPSK [3]-[5]. Fig. 1 illustrates
the BEP characteristics for various scenarios with different
geographical relay locations. The scenarios represent that all
relays are close to the source when Y, is larger than T ,4
and that all relays are close to the destination when Y,.4 is
larger than Y, [3]. As indicated, the EGC receiver under the
scenario Y. > 1,4 performs better than that under the sce-
nario Y,.q > T, but this performance prevalence is reversed
for the WGC receiver. The difference in the performance
trends between the EGC and WGC receivers comes from the
settings of the gain variables {ql}lL:1 that the average source-
relay and relay-destination link SNRs are not leveraged by the
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Fig. 1. BEP versus SNR/bit characteristics of EGC receiver for DAPE (4, 16)
QAM and 64-ary DPSK and WGC receiver for 64-ary DPSK with 05, =
6rg =0,m=1.5,and L = 2.

EGC receiver but used by the WGC receiver. Thus, the EGC
receiver suffers the BEP performance degradation under the
scenario Y,q > Y,.. As also observed, when T,,. > T,4
(e.g-, (pgrs prg) = (10,1)), the EGC and WGC receivers for
DPSK perform almost the same because the gain variable of
the WGC receiver ¢; =~ 1 for all [ € Z, and both EGC and
WGC receivers for DPSK are approximately equivalent. Fig. 2
shows that the diversity reception can effectively improve the
BEP performance. This performance improvement is, however,
achieved at the cost of using more relays as well as reducing
overall network throughput [4]. As indicated in Figs. 1-2, the
EGC receiver for DAPE QAM significantly outperforms the
EGC and WGC receivers for DPSK. As also observed, the
BEP upper bounds for both EGC and WGC receivers are in
the better agreement with simulation when the average link
SNRs are sufficiently larger and L > 1.

Fig. 3 demonstrates the BEP characteristics of EGC receiver
for DAPE QAM and DPSK as well as WGC receiver for
DPSK with link SNR estimation errors. Because the test
metrics depend on link SNR estimates for the WGC receiver
but not for the EGC receiver, in addition to the requirement
that all relay gains depend on source-relay link SNR estimates,
the EGC receiver for DAPE QAM degrades in BEP less than
the WGC receiver in the presence of link SNR estimation
errors. This explains that the EGC receiver is less sensitive to
link SNR estimation errors than the WGC receiver.

Fig. 4 compares the BEP characteristics among the EGC
receiver for DAPE (4,16) QAM, the WGC receiver for 64-
ary DPSK, and maximum-likelihood (ML) receiver [2] for
coherent 64-ary rectangular QAM with Gray labeling. For
the coherent ML receiver, the decision rule is to declare the
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Fig. 2. BEP versus SNR/bit characteristics of EGC receiver for DAPE (4, 16)

QAM and 64-ary DPSK and WGC receiver for 64-ary DPSK with Ssr =
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Fig. 3. BEP versus SNR/bit characteristics of EGC receiver for DAPE (4, 16)
QAM and 64-ary DPSK and WGC receiver for 64-ary DPSK with m = 2,
L =2, and (Tsdv Tsr, TTd) = (17 1, 1)
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where the parameter ¢ is defined as

Z s V1a 5lhldyld n

2
L+ o2 ai7,42

'sthsdysd n
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and s £ {£3, 430, ..., (I — 1)3} with 8 = /3/(2I% — 2)
denotes the I?-ary rectangular QAM symbol set. Notably,
the knowledge of the average SNR estimates 7;;’s and the
CIR estimates lAzl-j’s made at destination and the amplification
factors «;’s used at relays are all required for realizing the
coherent ML receiver. In addition to link SNR estimates, the
requirement of link CIR estimates at destination complicates
to a great extent the design of the coherent ML receiver when
compared to both noncoherent EGC and WGC receivers.
With perfect link SNR estimation (i.e., 03¢ = 05y = d;q = 0
for [ € Z+) the effect of incorrect CIR estimation is also
shown in Fig. 4 to illustrate the sensitivity of the coherent
receiver to CIR information. Specifically, we denote h” =
hij+ej forij € {sd,{sl}_, {ld}}, } where the estimation
error €;5 18 modeled as a CGRV with mean 0 and variance
o? 4j [11] which is mutually independent and independent
of the CIRs h;;’s. For presentation simplicity, it is further
assumed that all the CIR estimation errors have the same
variance, i.e., 0 ;; = 0. As shown in Fig. 4, the coherent ML
receiver significantly outperforms noncoherent EGC and WGC
receivers when the CIR estimation is correct. In the presence

Copyright (c) IARIA, 2012.  ISBN: 978-1-61208-203-5

of CIR estimation errors, the coherent ML receiver degrades
more significantly with larger errors and exhibits severe error-
rate floors in high SNR region, where both noncoherent EGC
and WGC receivers prevail.

VI. CONCLUSION

In this paper, the EGC receiver is developed to noncoher-
ently combine received signals from direct and relay links
and then demodulate DAPE QAM signals in the AF multiple
relay system over independent Nakagami-m fading links. The
EGC receiver for DAPE QAM is simpler to implement than
noncoherent DPSK WGC and coherent QAM receivers since it
is devoid of any CSI. Based on Beaulieu’s series approach, an
efficient BEP upper bound computation formula is analytically
derived for the EGC receiver. The BEP upper bound is verified
by simulation to be tight when the average link SNRs are
sufficiently large. Performance results show that the EGC
receiver for DAPE QAM performs much better than the
WGC receiver for DPSK with the same constellation size.
Moreover, the EGC receiver is shown to be less sensitive to
SNR estimation errors than the WGC receiver for DPSK.
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