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ABSTRACT In this paper, we investigate the performance of a device-to-device (D2D) multiple-input
and multiple-output (MIMO) communications using an amplify-and-forward relaying for various
energy-efficient modulation schemes. For analysis, transmit antenna selection strategy is employed at the
transmitter to select the best transmit antenna which maximizes the received signal power. In the analysis,
we optimized the relay location to obtain the lowest outage probability possible and derived the generalized
upper-bound average symbol error rate expressions of energy-efficient futuristic modulation schemes such
as square quadrature amplitude modulation (QAM), rectangular QAM, cross QAM, and hexagonal QAM
for D2D network. Further, we have derived the ergodic capacity expression to calculate the achievable
rates. Comparative analysis of different QAM schemes for various constellation orders is also presented.
Furthermore, the impact of the relative position of relay, path loss, and the number of antennas are also
highlighted. Finally, the derived analytical results are verified through Monte-Carlo simulations.

INDEX TERMS MIMO, device-to-device, TAS, optimization, HQAM, RQAM, XQAM, amplify-and-

forward, Nakagami-m, ergodic capacity.

I. INTRODUCTION

Device-to-device (D2D) communication is considered as a
promising solution to enhance the spectral efficiency of
the wireless networks by facilitating the physical proxim-
ity of nearby active devices [1]. D2D communication is
considered as a promising solution for the next-generation
cellular networks in meeting the demands of a plethora
of high data-rate multimedia services with assured quality
of service [2]. D2D communication provides energy effi-
ciency, extended coverage area, reduced backhaul demand,
low latency with reduced transmission delays, offloading
base station traffic, and alleviating congestion in the cellular
core networks [3]-[6]. Depending on the type of spectrum
sharing, it can be classified as inband and outband D2D com-
munications. In the outband D2D communication, devices
operate in the unlicensed band whereas, in the inband D2D,
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devices operate in the licensed cellular band. Further, inband
communication is classified into the underlay and overlay
D2D communication. In the underlay D2D communication,
cellular user equipments (CUEs) and device user equip-
ments (DUEs) share the same spectrum by keeping the inter-
ference below a predefined threshold [7]. In overlay D2D
communication, CUEs and DUEs are given with dedicated
spectrum to avoid interference [8]. D2D communication is
employed in WiFi-Direct, Bluetooth, and ultra-wide band-
width in the unlicensed band [9], [10]. In long term evo-
lution advanced (LTE-A) standards D2D communication is
enabled for licensed cellular spectrum band and can be used
in the upcoming 5th generation (5G) [11] and [12]. However,
the D2D communication can be limited by poor channel
quality and the large distance between the devices.

On the other hand, relay-assisted D2D communication has
drawn significant research attention due to its potential for
improving power efficiency and enhancing the performance
of cell-edge users by overcoming the limitations of D2D
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communication [13]. Relays equipped with multiple-input
and multiple-output (MIMO) systems is one of the techniques
to be used in 5G and future communications to ameliorate
the data-rates and user handling capability with enhanced
coverage area [14], [15]. In relayed communications, physical
layer security is one of the basic concern when multiple
antennas are considered. In [16], authors have investigated
the physical layer security problem by designing the beam-
forming matrix when multiple antennas at the relay are con-
sidered for a two-way relay communication. Further, authors
have obtained the asymptotic achievable secrecy sum-rate
by taking the cognitive transmitter power to infinity. On the
other hand, MIMO systems increase the system complexity
with respect to (w.r.t) the radio frequency (RF) chains to
be used for every antenna in MIMO systems [17]. Each RF
chain increases the hardware cost, and also the transmission
power. Hence, it is not preferable to use large number of
antennas [17] specifically at the mobile devices because they
rely on batteries and they are power limited [18]. To leverage
the advantages of MIMO systems, transmit antenna selec-
tion (TAS) strategy is employed which provides diversity gain
equivalent to the conventional MIMO systems and is robust to
the channel estimation errors [17]. Antenna selection is used
in standards such as IEEE 802.11n and in the third genera-
tion partnership project (3GPP) LTE standard for reference
antenna selection [19]. In cooperative relays open literature,
several relaying protocols such as amplify-and-forward (AF),
decode-and-forward (DF), compress-and-forward and others
are used to forward the source information to the destination.
Among the available relaying protocols, AF and DF are most
popularly used [20]. In AF, the received source signal at
the relay is amplified and then forwarded to the destination.
In DF relaying, the received source signal at the relay is
decoded first and then it is re-encoded prior transmission
to the destination [21]. Because of the low complexity and
easy deployment specifically at the device, AF is the widely
employed relaying protocol [22].

Recently, quadrature amplitude modulation (QAM)
scheme is widely used in various digital multimedia
transmissions due to bandwidth and power efficiency.
Most widely used QAM constellations are square QAM
(SQAM), rectangular QAM (RQAM), and cross QAM
(XQAM). SQAM scheme finds its application in digi-
tal video broadcasting (DVB) transmission, asymmetric
digital subscriber link, adaptive coding and modulation,
IEEE 802.11ah, IEEE 802.16, and in LTE 3GPP stan-
dards [23]. Among the available QAM schemes, RQAM
is a generic modulation scheme, which includes SQAM,
Quadrature phase-shift keying (QPSK), binary phase-shift
keying (BPSK), orthogonal binary frequency-shift keying
(OBFSK), and multilevel amplitude shift keying schemes
as its special cases [24]. RQAM scheme finds its appli-
cations in high-speed mobile communication systems and
asymmetric subscriber loops [24]. However, the RQAM
scheme seems to be inappropriate from the energy efficiency
point of view to transmit the odd number of bits, and an
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improved XQAM scheme is preferred over RQAM scheme.
XQAM is obtained by removing the corner points from the
RQAM constellation. Hence, the peak and average energy of
XQAM scheme is 1 dB lower than the RQAM scheme [25].
XQAM finds its practical application in video transmission
in DVB-C [26], [27]. Among the available QAM schemes,
HQAM is becoming a popular scheme for achieving high
data-rates due to its densest two dimensional (2D) hexagonal
lattice-based structure [28]. HQAM scheme has low peak
and average energy even for higher-order constellations for
the same Euclidean distance between the constellation points
and provides the considerable signal to noise ratio (SNR)
gains over the other QAM schemes which are essential for
D2D communications. Hence, HQAM is highly preferable in
physical layer coding network coding, small cell, and optical
communication, multi-carrier systems and multiple antenna
systems [29].

In [4], performance analysis of dual-hop D2D relay system
is carried out over a mixed two way with diffuse power and
Nakagami-m fading channels. Further, exact and asymptotic
average bit error rate expressions for the BPSK scheme is
obtained. In [7], authors have obtained the outage probabil-
ity, asymptotic outage probability, and ergodic sum rate for
a two-way MIMO D2D overlay communications. In [21],
ASER of SQAM scheme is evaluated for orthogonal fre-
quency division multiplexing (OFDM) based multiple relay
system with a non-linear power amplifier over Nakagami-m
fading channels. In [30], authors derived the outage proba-
bility expression for an AF and DF nonorthogonal in-band
D2D communications. In [31], authors have analyzed the
performance of dual-hop cooperative MIMO relay system
by employing TAS strategies over Nakagami-m channels
and the average symbol error rate (ASER) expression of
BPSK scheme is derived. In [32], performance analysis of
dual-hop D2D relay system is carried out over a Rician
fading channel and symbol error rate (SER) expressions for
coherent and non-coherent modulation schemes are obtained.
In [33], performance analysis of OFDM based relay system
with a non-linear power amplifier is presented and ASER
for SQAM scheme is derived. In [28], ASER analysis of
HQAM and RQAM schemes is performed over an integer
and non-integer fading parameter Nakagami-m channels for
a multi-relay system. In [34], for a MIMO relay system, SER
of M-ary phase shift keying (M-PSK) and M-ary SQAM (M-
SQAM) schemes is investigated over Nakagami-m fading
channels. In [35], SER analysis of M-PSK and M-SQAM
is performed and ergodic capacity for an underlay D2D
communications. In [36], SER for M-SQAM scheme over
non-identical Nakagami fading channels for MIMO relay
system with TAS/maximum ratio combining (MRC) is
performed.

A. CONTRIBUTIONS
In the literature, the majority of analysis is limited to

the SISO relay system for ASER analysis of futuristic
QAM schemes like HQAM and XQAM. Further, in MIMO
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relay systems, analysis is limited to BPSK, M-PSK, and
M-SQAM schemes only. In this work, for the first time,
a dual-hop half-duplex AF relay assisted D2D MIMO system
is considered over-generalized Nakagami-m channel. In the
considered system model, multiple antennas are deployed
at all the three nodes i.e. source, relay and destination. The
base station acts as a source node and user equipments (UEs)
act as relay and the destination nodes, respectively. TAS is
employed to select the best transmit antenna which maxi-
mizes the received SNR and it reduces the system hardware
complexity due to the multiple antennas at all the nodes.

Major contributions of this work are as follows:
o We have considered geometric positions of the relay to

determine the best relay position in between the base
station and the destination UE which maximizes the
system throughput for different antenna configurations.
Further, we have optimized the geometric relay location
by using convex optimization.

o We have derived closed-form upper-bound (UB) ASER
expressions for the general order SQAM, RQAM, and
HQAM schemes for spectrally efficient D2D MIMO
relay system over Nakagami-m fading channels through
the cumulative distribution-based approach.

o We have derived the closed-form generalized UB ASER
expression for XQAM scheme for the considered D2D
MIMO relay system over Nakagami-m fading channels.

« We have derived the ergodic capacity for the considered
system by assuming shadowing effect to determine the
achievable rate for the relay assisted D2D MIMO system
model.

« Impact of the path loss, antenna configurations, and fad-
ing parameters are illustrated on the system performance
and useful insights are drawn.

o Finally, derived analytical expressions are validated
through Monte-Carlo simulations.

In this work, an indepth analysis of the ASER of the
higher-order modulation schemes such as HQAM, RQAM,
XQAM, and SQAM for MIMO systems along with the
system performance metrics like outage probability, ergodic
capacity and the system geometric location are conducted for
the first time in literature and is primarily novelty of this
work. A thorough analysis and impact of geometric posi-
tioning of relay along with the impact of multiple antennas
at every node, under different fading conditions on future
modulation schemes, is presented which is useful for prac-
tical multi-antenna D2D communications. To the best of the
authors’ knowledge, the derived expressions and the perfor-
mance analysis covered in this work are not addressed in the
literature. Rest of the paper is organized as follows. System
model is discussed in Section II. Analytical ASER expres-
sions of various QAM schemes and the ergodic capacity
expression are presented in Section III. Analytical and simu-
lation results are discussed in Section IV. Finally, conclusions
are drawn in Section V.

Notation: Bold uppercase letters denote matrices and
the bold lowercase letters denote the column vectors;
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FIGURE 1. Dual-hop cooperative D2D MIMO relay system model.

(), ()* denotes complex conjugate, and conjugate trans-
pose, respectively. || - ||* indicates the squared Frobenius
norm. f(-) and F(-) represents the probability density func-
tion (PDF) and cumulative distribution function (CDF).
Nak(My, ) is the Nakagami-m distribution with fading
severity M;, = mN and variance 2. Here, m is the fad-
ing parameter and N is the number of receiver antennas;
e is the exponential function. Ky(-) is the modified
Bessel function of second kind of order ¥ expressed as
[37, eq. (8.407.1)]. 2Fi(a,b,c,d) is the Gauss hyper-
geometric function expressed as in [37, eq. (9.14.1)],
1Fi(a,b,c) is the confluent hypergeometric function
expressed as [37, eq. (9.210.1)], and Q(-) is the Gaussian
Q-function expressed as [38, eq.(26.2.3)]. Further, (a) is

the Pochhammer symbol which is defined as (), = T{ot.

Il. SYSTEM MODEL

In this paper, variable gain AF relay assisted three device
D2D MIMO system model is considered over the versatile
Nakagami-m fading channels as in FIGURE 1. It consists of
asource (S) and a pair of D2D users, where one of the devices
acts as a relay (R) and other as a destination (D). For the
considered system model, data transmission between (§) and
(D) takes place in two hops. In the first-hop data is transmitted
by S to D and R nodes simultaneously. In the second-hop,
R transmits the processed data by using the relaying proto-
col to D. Here, AF relaying protocol is employed and it is
assumed that all the nodes work in half-duplex mode with
symbol level synchronization. All the three nodes i.e. S, R,
and D nodes are equipped with Ng, Ng, and Np antennas,
respectively as shown in FIGURE 1. Perfect channel state
information (CSI) is assumed at the R and D nodes, and the
feedback channel is also assumed to be perfect [4], [20], [39].
In this work, TAS strategy with perfect CSI over a flat-fading
channel is considered, to avoid the randomness in TAS. Let
H 4p be the channel matrix with dimensions N, x N; between
the nodes B and A. Here N, and N; indicates the receiver
and transmitter antennas, respectively. Node A € {S, R},
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node B € {R,D}, and A # B. The channel vector of the
channel matrix H 4p is given as B 4 With N, x 1 dimensions,
where i indicates the transmit antenna at node A and the N,
indicates the number of receiver antennas at node B. The
transmit antenna is selected based on the largest channel
vector norm between the nodes A and B which is given as

[lhgx1ll = max {[|kpxll}
1<i<N4x

All the channel gain vectors are assumed to be inde-
pendent and identically distributed frequency flat complex
Nakagami-m channel, Nak(My,, Qg ). Further, the noise vec-
tors generated at all the nodes are assumed to be addi-
tive white Gaussian noise (AWGN) vectors with variance
QaBl Ny, where Np is the number of antennas at node B.
During the first phase of transmission, a single transmit
antenna at S is selected based on the maximum channel norm
obtained through TAS to transmit the data symbol (x) to R
and D nodes, simultaneously and R employs MRC reception.
Thus, the received signals ysr and ygp at R and D nodes,
respectively are given as

Ysg = v/ Pshigx + ngg, (D
Ysp = v Pshipx + nsp, (2)

where Py is the transmit power at S, th, and th are the
channel gain vectors of the SR and SD links, respectively.
Further, ngg and ngp, are the noise vectors of the SR and SD
links, respectively. It is assumed that the transmitted symbol
is a complex Gaussian random variable with zero mean and
unit variance [39]. In the second phase, a single k™ transmit
antenna at the R node is selected to maximize the received
SNR at D node through maximum channel norm between
R and D nodes [17], [39]. Prior to retransmission from R,
the received signal at R is amplified with gain (G) and then
transmitted through transmit antenna to the node D, and is
expressed as

Yrp = G\/PR(hﬁD)(th)HySR + ngp, 3)

where Pp is the transmit power at R, h]feD and ngp are the
channel gain vector and the noise vector of the RD link,
respectively. Further, for mathematical tractability of the end-
to-end (e2e) SNR, it is assumed that R is ideal and hence
it amplifies the received signal with an ideal amplification
factor (G) and is expressed as [20]

1 1
N TR T 1 Y[
||h5R|| +USR||hSR|| SR
Finally, the received signal in both the phases is combined at

the node D by using MRC with a minimum mean square error
equalizer [39]. Thus, the e2e SNR at the node D is

OING)

_AseArp
D, A

ASR + ARD

R

“

(i,k) (@)
A =Agp+

e2e

&)

where AXB = Augl |hf43||2 The AXB and Ap are the instan-
taneous and the average SNRs of the AB link, respectively.
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lll. OUTAGE PROBABILITY

A system is said to be in outage, if the link quality falls below
the threshold Ay;. In a dual-hop communication, the link
quality of both § — R and R — D should be maintained
above the threshold to avoid the system to be in outage. The
CDF of the e2e SNR or the UB of the outage probability is
expressed as

PYB(A) =

out

eZe(A)
= FASD(A)FASRD(A)’ (6)

where Fp,,,(A) is the CDF of the received SNR

[31, eq. (7a)]!
Ns m(Msp—1)

2. )

m=0 n=0

A n A
()
ASD

Fagp(A) = ) 1

2NRY g p Mg Vt,s.M
Fagp(A) =1+ Z (_l)p+é q.p.Msr ;;HRD
PG.t,8,2 ['(Mgp)Asr™ 2

A [

ZMRD+221+q7z—l <S + 1)

RD
xe MANPKY (2¢/A0A). 7
Ns p(Msp—1) (Ng—1) t(Mgp—1) $—1
Here, Y = >, Msp =
D.q,t,8,2 p=1 ¢=0 t=0 s=0 z=0

mSDND, MSR = mSRNR, and MRD = mRDND, where mgsp,
msg, and mgp are the fading parameters of the SD, SR, and
RD links, respectively. Ng, Np are the receiver antennas of
the R and D. Asp = XSD/mSD, ASR = XSR/mSR, and Agp =
KRD/mRD. Further, ¢ = g+t + Mgp, A] = & + stl

ASR kD’

Ay = %, and © = z — g + 1. Furthermore, ¥, p - is the

coefficient of the multinomial theorem [31]
V(N —1)

N—-1 ,\V
(Z2) = X tuser®
u=0 g=0

w
Vab,c = Z 27 fio.(o—1e—11 (),
i=a— c+l
1
Yo,0,c = Yob,c =1, Val1,c= L Y1, =b,
i<k<j

Jink) = {0 elsewhere.

IV. OPTIMIZATION OF RELAY LOCATION

D2D relayed communications are limited by power resources
especially at the relay node which is either virtually con-
nected to the power resources or either battery operated.
Hence, the relay location is to be optimized in order to attain
the best performance by minimizing the outage probability.

ln [31, eq. (7a)], in the expression of Fagp (A), three typos are present
which are corrected in (7).
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In this section, we optimize the relay location with an objec-
tive of attaining minimum outage probability. At high SNR
the expression of outage probability of the S — R — D
link is approximated by taking the series expansion of ¢* and
Ky (2) as given in [37, eq. (1.211.1), eq. (8.446)] and is given

as
d
fl( ) , mgsrNs < mgrpNp
Kih &
Plswo(bm) = 1A(=2)" msgNs > mgpNp (8
d3
(i +f2)(%> ., msgrNs = mgpNp
(%)MSR Ng
fi= (L> , )
(Msp)!
(’;{M)MRD Ng
= (RD—) . (10)
(Mgp)!
Further, di = MsgNg, do = MgrpNg, and d3 = MNp where
M = mgrNs = mgppNp. Furthermore, kap = % Let the
S — D distance be normalized to be dsp = 1, S — R

distance as dsg = d and R — D distance as dgp = (1 —
dsg) = (1—d). The average values of ||k || and ||tk | |* are
given as 1/d™ and 1/(1 — d)™, i is the pathloss exponent.
After some manipulations, when msgNs = mrpNp = MN
(A ) can be written as

(msg A )Mk )NS 1

)»SRD

)LSRD(Ath) (

(Msg)! X?SRNS
(mgrp Am)MEP M 11
+ o) T (11)

RD

o = Psd!] — _ .
On substituting Asg = SQZSR and Agp = I%W in (11)

and can be written as

(msg A )YMsk )NS ( Q%dgg )MSRNS

PZ?RD(Ath) = <

(Mgp)! Pg
(mrp AR\ 1 Q2(1 — dgg)\MskNk
( (Mgp)! ) ( Pr ) '
(12)

The objective function for the optimum relay location prob-
lem can be formulated as

d* = argrrbinPom subjectto 0 <d < 1,

d* = arg ngn fsrd™MskNS 4 for (1 — d)ynMroNk
subjectto 0 <d <1 (13)
Mgr \ Vs / o2\ MsrNs
where fsg = (—(mSé?Afl\;lz;! SR) (%) and frp =

Mgp \ VR / 52\ MrDNR .
(ngp Ay RD 9 . By taking the second order

ot ) {7
derivative of (13) with respect to d, we get
9> Pout

= fskMgpNgn1 (g — 1)a@MseNs(m=2)

+HroMapNam (n — D1

ad?
_ d)MRDNR(m -2) (14)
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It can be observed that 2 2"”’ (and the resultant matrix is

Hessian matrix [40, p. 136]) is positive in the interval d €
(0, 1). This implies that the objective function is strictly con-
vex function of d over the interval (0, 1) [41]. The optimum
solution for d* can be obtained by taking the first order
derivative of P,,; and equating it to zero.

aPOM[
=0,
ad
(msr An)MSR\Ns Q2 \ MsgNs
( (Msp)! ) (P_S) MsrNsm1
s gMseNsm=1) _ <(mRDAfh)MRD)NR(Q_2>MRDNR
(Mgp)! Pg
xMgrpNrni (1 — d)MRoNROI=D = 0, (15)

Standard iterative root finding algorithms such as Bisection
method and Newton’s method can be adopted in finding the
numerical solution to d* with great efficiency [41], [42]. For
the considered case of MsgNs = MgrpNr = MN, the opti-
mut{n relay location can be found in closed form as d* =

MN

Ny =T For the case, when Pg = Pg,

S —
—>—, where ¢ =
PS+Py ¢
we obtain d* = % which matches with the simulation results.

V. ASER ANALYSIS
The generalized ASER expression for a digital modulation
scheme is obtained by using the CDF approach [28, eq. (17)]
is given as
o

P == [ PN 00A, a0
where Pi(e|A) is the first order derivative of the conditional
symbol error probability (SEP) of a modulation scheme in
AWGN channel w.r.t instantaneous SNR (A) and Fp , (A)is
the CDF of the received SNR.

e2e

A. SQUARE QAM
The generalized SER expression for M-ary SQAM is given
as [43]

(A)dA, a7

Aede

where a = 2[1 — L], b = and M is the con-

3
2M—T1)°
stellation size. The generalized UB ASER expression for
M-SQAM can be obtained by substituting (6) in (17).

Lemma 1: The generalized UB ASER expression of

SQAM for relay assisted D2D MIMO system is given as

P = Py, + Py, (18)
where
N; M, 1
Zsm(i )< )( l)mlﬂ a\/_ —n
m an.SD )\,SD”
—n—1
x(b+=) " a1, (19)
AsD
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TABLE 1. Different values of «p, G, and G for various regular and
irregular HQAM constellations over AWGN channel.

Regular HQAM Irregular HQAM (optimum)
M Op G Gc ap G Gc
4 1 52 372 1 5/2 3/2
8 2/5 772 21/8 32/69 772 21/8
16 | 2/9 33/8 27/8 8/35 33/8 2718
32 | 8/71 | 75/16 33/8 512/4503 | 75/16 33/8
64 | 2/37 | 161/32 | 147/32 8/141 163/32 | 75/16

Ns p(Msg—1) (Ng—1) t(Mgp—1) p—1 Ng m(Msp—1)

R SIDSEDIED DI BEpD

=0 s=0 z=0m=0 n=0
z—q+1
2

)p+s+m ZNRwQP MSth s,MgD ( 14 )
T(Mgp)hsg * )LSD s+1

e (0 )Y
)\’RD ZMRD+22t+qufl p s z

()BT Tl 0]~ )

mIVT (@ 4+ )" T +3)
szl(ul—i—z? P u1+— ﬁl) (20)
’ 2’ a1 + Bi

Here,u; = ¢ +n+ %,,81 = 2«/K2,anda1 =

Ar+b+ ﬁ
Proof: Given in Appendix A. [ ]

B. HEXAGONAL QAM SCHEME
For M-ary HQAM scheme the conditional SEP expression
over AWGN channel is defined in [29] as

Py(e|lA) = GO/ anh) + %GCQ2< 20{;A>

A
—2GCQ(\/ahA>Q<,/“hT>, @1)

where the parameters G, G., and o, of the considered irregu-
lar HQAM are defined in TABLE 1 for different constellation
points. The generalized UB ASER expression of HQAM for
MIMO cooperative relay system is given in Lemma 2.
Lemma 2: The generalized UB ASER expression of
HQAM for relay assisted D2D MIMO system is given as

tx (gl (S )

ASD
() ()
(20 m) (4 ()

<Ap(F.c(5tm) 0 (g (5 m))))
+C2(H1E(M1, U, BOF @, a1, B1)  HoE(uy, 9, B1)

(al +ﬂl)u1+19 (052+/31)M1+19

H3E(u, 0, BOF(u1, as, B1)
xF(ui, a2, B1) + P e P

(a3 + B1)
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(1) B, 0, $)F (s, au, ) [, (i
H. —
;@y! (a2 +p1)" " (3)

-15((5) + ()] @
1/5(6. - o),

_ G¢ 2Gcay G.ayp
Hy =% /3¢ H3 = br, Hy = 52, and Hs = 2War®

Further, C(x, m) = « + AsD , D(u, k) = 2F1<1 1, 5 %)
b
]E(Cl] bl Cl)_ «/7(201)1F(a1+h|)1"(a| —by) andIF(Cll,bl,Cl):
l“(al-&- )

2Fi(ar + 9, 19+2,a1+é 21+§') Furthermore, u; = ¢ +

n—i—2,2—<15—i-n—i-z+l011=A1—i-0”’+A2S o =
A+ 40 a3 = A+ 450 andag = A+ 450
Additionally, (C1 and C, are given as

Here,w=n+%,a)1 =n+1,H =

Ns m(Msp—1)
C1=Z Z
Ns P(MSR 1)(NR 1) t(Mgp—1) ¢—1 N5 m(Msp—1)
=2 Z Z )IEDIDIEDD
p=1 ¢g=0 = s=0 z=0m=0 n=0
+s+m+1 2NR1//qI’MSR Wt YMRD

F(MRD))LSR /\SD

n
D

) (= 1) wn,m,MSD
As, ’

x(=1y

it (L))
RD o sl P
«(NCE) @)
s Z m
Proof: Given in Appendix B. [ ]

C. RECTANGULAR QAM SCHEME

ASER expression for the RQAM scheme is also derived
by using the CDF approach by considering the first order
derivative of the conditional SEP w.r.t. A. Over the AWGN
channel, the conditional SEP for RQAM scheme is given in
[44, eq. (14)]

PR(e|A) = 2[ZIQ(7;~/X) +2,0(0v'A)
—ZZIZZQ(’?“/X)Q(Q\/X)]’ 24)

— =1k 6
b= 2a=1= 5= M;* =)+ Mg —1)p?’

and o = pn, whereln My and MQ are the number of in-phase
and quadrature-phase constellation points, respectively. Also,
o= i—?, where d; and dg indicate the in-phase and quadra-
ture decision distances, respectively. The generalized ASER
expression for RQAM is given in Lemma 3.

Lemma 3: The generalized UB ASER expression of
RQAM for relay assisted D2D MIMO system is given as

Pf ~ C <Z_w(2W - 1)!!{7}21 (Zz _ 1)@(%2,,/”)_0}

where Z; =

—I—QZz(Z] — I)C(%Z, m)iw} - @F(wl)
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XC(%+% n) (o5 + Som))
E(ui1, 9, 1
“D’(n? C(% + Q? ))}) <(Tn)
y nZi(Z2 — 1) A 0Z2(Zy — 1)
{(OlR‘l',Br) 1+ ( ’ ”3 ) + (ar2 IBr)ur-H?

—n0lrZy

e )| 4 20 T
2

E(uz, 9, fi 2.J N
2L g (2) +(S) ])
(arg + ,Br)
(25)
2
Here,u; = ¢p+n+3,ur = pntj+lar = N
B =2VAz,00 = Ayt55+ 5, and a3 = A1+%+"2§QZ.
Further, C; and C, are glven 1n (23).
Proof: Given in Appendix C. ]

D. CROSS QAM SCHEME
The conditional SEP of XQAM scheme over AWGN channel
is given as [45, eq. (53)]

My —Nx 1

PX(elh) = nQ(F)+ o 2
o) o5
of2)el )

) Z
o2 )
+ky QZ(\/z) (26)

here A, = 4~ Mk = 4 4y ot
31MN )
ay = 5C0R — 1)

, M, and N, are the number of columns
and rows corresponding to RQAM. The generalized ASER
expression for XQAM is given in Lemma 4.

Lemma 4: The generalized UB ASER expression of
XQAM for relay assisted D2D MIMO system is given as

N (n—%)! 1 12
rx e s (A

(1 4 m )—w AL (A2 N m )—w}+Fa)1
ASD Asp Ty

fie = ) p(oanm)

eo( o ) 21+ )0
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+k)

ol e((1+52) )

A2 A2 2
(G e((1+52) m)) - k()
xm(ai, @(ai, m))}) + CZ(E(uI, 9, A1)
XI(_A""‘A#?vx*‘kX) F(ur, a1, B1)

2J/(way) (a1 + ) t?
Ay F(u1, a2, Bi) } E(uz. 9, B1)
Vay) (e + )’ o
(11 16 T Bl as B1)
X§< )J'[MN 2 et py

2 i F , a4, B
G+ (G| oozt

' =Ny \J kI (w2, as, B
A ()] - (L)),

27)
Here, Ay, = MX*NX Ay, = A;";XNNX,A = 412+1,u1 = ¢+nz+
% = ¢ttt = A4 a0 = A+ oL

(+§1)

A1+AD+AX3"X4_A1+ASD+ and(x5=
A1 + ksp + i . Further, C; and C; are g1ven as (23).
Proof: leen in Appendix D. =

E. ERGODIC CAPACITY

It is assumed that due to large-scale fading, the line of sight
path does not exist and hence the relayed path is considered
in deriving the ergodic capacity expression for the considered
system model. Ergodic capacity is defined as the expected
value of the instantaneous mutual information between S
and D. The second-order approximation of the ergodic capac-
ity is given as [46], [47]

—C”gB(A) = f " loga(1 + A)fa2e(A)dA
0
1 E[A?%] — u?
~ 51082(3)[111(1 +u) — m] (28)

where u is the mean of the A.j.. The PDF of the A, is the
PDF of the relayed link which can be obtained by taking the
derivative of the F'p g (a) as

Ng p(Msg—1) (Ng—1) t(Mrp—1) ¢—1

SAasro(a) = Z Z Z Z Z( 1)1"“
=1 =0 s=0 z=0
ZNRI/fq,p,MSRl/ft,s,MRD
gt 2MRp+2t+q—z—1

z+
I'(Mgrp)Asr 2 ArD 2
N e (S T T
s+ 1 p K Z

A
xe M08 Ky (2/B20)| 32 - a1
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—Kp-12V/A20)], (29)

A2/ Ay —0
VA, :
Lemma 5: Ergodic capacity of relay assisted D2D MIMO

system is given as

where Az =

Corg(A) 1 E[A’] — p?
; Zogz<e>[1n<1+m e | oeo
F(ui, a1, B1)
= C3{E(uy, v, Ag——————
g 3{ (- 0 P08 e
F(uz, a1, B1)

—AE(uy, 9, _—
1E(u2 ,31)(“ +ﬂ1)"2+0

F(uzyahﬁl)
E[Az] = (C?,{E(uz, 19, ﬂ])A?,W — A]
xE(usz, ¥, p1 )% — E(uz, -1, B1)
Fi(u3, a1, B1)
Gt ppT o
where uy = ¢ + 1, up = ¢ + 2, us3 =

¢ + 3, and oy = A;. Further, Fi(a1,b1,c1) =
21.’71(a1—|—19—1,z9—é —i—% bi+§1) Furthermore, C3 is
given as

Ns p(Msp—1) (Nk—1) t(Mrp—1) ¢—1

G=2 Z 2 2 2

s=0 z=0
2NRWq p.Msg wt,s,MRD

F(MRD))»SR sl ARDM
—q+ 3 ~
X(si 1) : (1\;5><NRS 1>(¢ ] 1>‘ 33
Proof: Given in Appendix E. _

VI. NUMERICAL AND SIMULATION RESULTS

In this Section, ASER analytical results of SQAM, HQAM,
RQAM, and XQAM are validated through Monte-Carlo sim-
ulations. In modeling the average SNR, 1mpact of network
geometry has been considered as A p = ASD( SD )”1 where
Asp is the average SNR of the direct link. The factors N1, dsg,
and dgp are considered ad 2.5, dSD , and 2 3 , respectively.
In the analysis, we considered the antenna configuration (AC)
as Ng x Ng x Np, and the Nakagami-m fading parameters (FP)
as {msg, mgp, msp}. In the plotted figures, Ana. indicates
the derived analytical results and Sim. indicates the simula-
tion results. Analytical results are obtained by evaluating the
derived expressions in Mathematica and simulation results
are performed using Matlab.

In FIGURE 2, impact of geometric relay device position
w.r.t normalized distance is plotted. The curves demonstrate
that the improvement in the overall system performance with
the increase in the number of antennas at the respective nodes

2506

~— O
——— et
. e

Outage Probability
=
IS

——2x2x2-{1,1,1}-Ana.
= % = 2x2x2-{1,1,1}-Sim.
—O— 2x1x1-{1,2,2}-Ana.
= © =-2x1x1-{1,2,2}-Sim.
= 1x1x2-{2,2,1}-Ana.
- = =1x1x2-{2,2,1}-Sim.

1x1x1-{1,1,1}-Ana.
8= = IxIx1-{1,1,1}-Sim. | |

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Normalized Distance

10°®

FIGURE 2. Impact of varying relay device geometric position on the
outage performance under various fading conditions.
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FIGURE 3. ASER of various QAM schemes for 2 x 1 x 2 antenna
configuration.

and also with the decrease in the fading parameter. The curves
also demonstrate that when FPs and/or the ACs are symmetric
Ge., 1 x1x1—={1,1,1}and 2 x 2 x 2 — {1, 1, 1}) the
optimum outage performance is achieved when the relay
device is present midway between S and D. This proves
the optimization performed to determine the optimum relay
location in (15). It is also observed that when R is closer
to D, outage performance improves when the severity of the
fading parameter reduces for RD and SD links. In FIGURE 3,
comparative UB ASER analysis is carried out for various
QAM schemes for 2 x 1 x 2 AC with FP {1, 2, 1} for an ASER
of 107*. The SNR performance gain of HQAM over other
QAM is tabulated in TABLE 2. It is observed that 4-SQAM
outperforms the 4-HQAM with an SNR gain of 0.15 dB since
the 4-HQAM has more number of nearest neighborhoods
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TABLE 2. SNR gain of HQAM with respect to other QAM schemes for 2 x 1 x 2 with fading parameters {1, 2, 1}.

SER Constellation Points SNR (in dB)
HQAM SQAM RQAM XQAM Gain
10~ 4 8.25 8.1 - - -0.15
10—* 8 11.9 - 13.05 - 1.15
10~4 16 15.05 15.45 - - 0.4
10~4 32 18.1 - 19.56 - 1.46
- - 18.5 0.4
10~4 64 21.3 21.8 - - 0.5

—— 2x2x2-{0.5,0.5,0.5}-Ana.
=+ - 2x2x2-{0.5,0.5,0.5}-Sim.
=8 2x1x2-{1,2,1}-Ana.
104 = & - 2x1x21,2,1}-Sim.

}_
2x2x1-{1,1,2}-Ana.
= = =2x2x1-{1,1,2}-Sim.
108 2x2x2-{1,1,1}-Ana. 4
O - 2x2x2-{1,1,1}-Sim.
—E— 1x1x1-{1,1,1}-Ana.
o8 = B =1x1xi-{1,1,1}-Sim. R
0 5 10 15 20 25

Transmit SNR (dB)

FIGURE 4. ASER of 16-HQAM scheme for different antenna configurations
and fading parameters.

than 4-SQAM. However, with an increase in the constellation
points, HQAM outperforms over other QAM schemes. For
16 and 64 constellation points, HQAM has an SNR gain
of 0.4 and 0.5 dB approximately over SQAM whereas for
8 constellation points HQAM has an SNR gain of 1.15 dB
in approximate over 4 x 2-RQAM and for 32 constellation
points, HQAM has an SNR gain of 1.46 dB over 8§ x4-RQAM
and 0.4 dB over XQAM approximately. The superiority of
HQAM is due to its low peak and average energy over other
QAM schemes and also due to the increase in « value
with the increase in constellation points. Moreover, HQAM
has an optimum two-dimensional (2D) constellation with its
densest 2D packing and is efficient even at high SNRs by
providing SNR gains over the other QAM schemes. Further,
32-XQAM performs better than the 8 x 4-RQAM with an
SNR gain of 1.06 dB approximately since XQAM has lower
average symbol energy than the RQAM. Furthermore, it is
observed that with an increase in constellation points, spectral
efficiency is compensated with the ASER.

In FIGURE 4, ASER performance of 16-HQAM for vari-
ous ACs and FPs is plotted. The curves demonstrate that with
an increase in AC, the performance of the system improves.

VOLUME 8, 2020

TABLE 3. Transmit SNR for 16-HQAM to achieve an ASER of 10~3 for
different antenna configurations.

Antenna configuration SNR (in dB)
I1x1x1-—{1,1,1} 224
2x2x1-41,1,2} 15.8
2x1x2-{1,2,1} 12.95
2x2x2-{1,1,1} 11.8

2x2x2-1{0.5,0.50.5} 13.5

Further, the system diversity gain improves with the TAS.
Performance of 16-HQAM to achieve an ASER of 1073 w.r.t
Transmit SNR required is tabulated in TABLE 3. From the
TABLE 3, it is observed that with the increase in the number
of antennas, system throughput increases. 2 x 2 x 2 AC with
FPs {1, 1, 1} provides an SNR gain of 10.4 dB approximately
over 1 x 1 x 1 AC with FPs {1, 1, 1} whereas the 2 x 2 x 2
AC with FPs {0.5, 0.5, 0.5} provides an SNR gain of 8.9 dB.
This clearly indicates the superiority of the MIMO AC over
the SISO AC. Even though the MIMO AC is severely faded
but due to the diversity gain, it performs better than the SISO
AC. Further, it is also observed that 2 x 1 x 2 AC with FPs
{1, 2, 1} performs better than 2 x 2 x 1 AC with FPs {1, 1, 2}
is due to more number antennas at D which results in a more
independent copy of signals to be received which increases
the overall SNR of the received signal at D. Monte-Carlo
simulations are performed to validate the derived analytical
results.

In FIGURE 5, ASER of XQAM and RQAM are plotted for
128 constellation points for 2 x 2 x 2 and 1 x 2 x 2 ACs with
FPs {1, 1, 1} and {2, 1, 1}, respectively. The transmit SNR
required to achieve the SER of 1073 for 128-XQAM and
16 x 8-RQAM is tabulated in TABLE 4. It is observed that
the superior performance of XQAM over the RQAM with an
SNR gain of 1.15 dB and 1.1 dB approximately for 2 x 2 x 2
and 1 x 2 x 2 ACs, respectively. For odd-bit constellation
points, XQAM performs better than the RQAM due to low
peak and average symbol energy of XQAM. Since, XQAM
is obtained from RQAM by removing the exterior corner
points, which results in low average symbol energy. To verify
the obtained analytical expressions, Monte-Carlo simulations
are performed. In FIGURE 6, approximated ergodic capac-
ity of MIMO cooperative relay link is plotted. The curves
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FIGURE 5. Comparision of ASER of 16x8-RQAM and 128-XQAM schemes.

TABLE 4. Transmit SNR for XQAM and RQAM to achieve an ASER of 10~3
for different antenna configurations.

Antenna configuration 128-XQAM 16x8-RQAM

Ng x Ng x Np SNR (indB) SNR (in dB)
2x2x2-{1,1,1} 21.35 22.5
1x2x2—-{2,1,1} 21.95 23.05

o

@ ¢
w oA oo

N
I
< 5t
Q
o
>25f
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©
g 2f
[$)
%)
3 15 —+— 1x1x1-{1,1,1}-Ana.
E ’ =+ =1x1x1-{1,1,1}-Sim.
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1 2x2x1-{1,1,2}-Ana.
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‘ ‘ @ - 2x2x2-{1,1,1}-Sim.
F
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FIGURE 6. Ergodic capacity of relay assisted D2D MIMO system with
different antenna configurations and fading parameters.

confirm the impact of multiple antennas at the S, R, and
D nodes, as with the increase in the number of antennas,
the ergodic capacity increases. The curves also demonstrate
that by considering more number of antennas at the receiver,
the system performance improves. Further, the advantage of
employing TAS in the system is clearly evident through the
results obtained. Derived analytical expressions are validated
through the Monte-Carlo simulations.
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VIi. CONCLUSION

In this paper, for a relay assisted D2D MIMO system with
TAS the UB ASER expressions for general order SQAM,
HQAM, RQAM, and XQAM schemes are derived. Fur-
ther, the ergodic capacity of the considered system model
is derived. For the first time, generalized analysis of MIMO
relay system over the Nakagami-m fading channels for futur-
istic QAM schemes is performed. Performance superior-
ity of HQAM over SQAM, RQAM, and XQAM schemes
is verified through analytical and simulation results. Fur-
thermore, impact of the pathloss is also considered. Useful
insights are drawn from the comparative analysis of HQAM
over other QAM schemes for various constellation orders by
considering the impact of multiple antennas and the fading
parameters.

APPENDIXES
APPENDIX A
PROOF OF LEMMA 1
Proof: ASER of SQAM can be obtained by substituting
the CDF of e2e SNR (Fp ,,(A)) from (6) in (17), we get

e2e

o
a«/B e bA
o= | e P hs i,

—bA

VA

%

_P51+Ps2s (34)

Fag(N)dA

|
515
—~—3°

FASD(A)FA(A)dA,

ﬂ\% ]

where F o (A) is given as

Ns p(Mgr—1) (Nr—1) t(Mgp—1) ¢—1

FA<A>—Z Z Z DI Vo

s=0 z=0
ZNRWQ p.Msr 1pt,s,MRD
+g+l 2Mpp+2t+q—z—1

r (MRD)/\SR T ARD 2
() e
xe T AANPK (24/ArA). (35)

The generalized closed-form ASER expression of SQAM is
derived by solving the integrals Py, and Py,. Further,

Ns m(Mgsp—1)
Ng av/'b
Pa= > ()= D"t
m=0 n=0
o
/ N N (36)
X e ,
0 \/K

Ns p(Msg—1) (Nr—1) t(Mrp—1

)$p—1 Ns
n-EEE LR
S=! Z

p=1 q=0 t=0 =0 m=0

m(Msp—1)
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])p+s+m 2NR¢‘] ps MSR wt s,MRp
F(MRD))\SR )»SD

N Y m,Msp ( p ) gt (5)(NR—1)
)\’RD ZMRD+22t+q—z—] S+1 p K

(bﬂSD +ADA

N

X(¢—1 NS af i

Z

xKg(Zﬁ)dA. (37)

The following identities [37, Eq. (3.371), (6.621.3)] are
employed in resolving the above two integrals to obtain
the closed-form generalized ASER expression of SQAM as
in (18). ]

APPENDIX B
PROOF OF LEMMA 2

Proof: Using the identities () = 3[1 — erf(%)l
and [38, Eq. (7.1.21)], first order derivative of the conditiona
SEP (21) can be obtained by differentiating it w.r.t A as

I fop 1 _yn Ge [ap 1
PS/(e|A)=§ Q(GC—G)A le 2 _?C gA 3
_oph Ge [op 1 _apn 2G.ap
xe — [ —A
2V 6m O
2o, A 3 G 2ap, A
xe~ 3 IFI(L_,%A)_L“%—%
23 231

x[1F1<1,%,%A)+1F1(1,%,%A)}. (38)

Further, substituting P;(e|A) and Fa ,,(A) from (38) and (6),

respectively into (16), we get

e2e

pH

o0
- /0 Pi(e| A)F pgpy(A)F A grp (M)A,

- /0 Pi(e| A)F pgp(A)d A

o0
- / Pi(e| A)F p g, (AMFA(A)AA,
0
= Py, + Pp,, (39)
where F A (A) is given in (35). The closed-form ASER expres-

sion for general order HQAM is derived by resolving Pp,
and Py,.

Py, = P'y, + Py, + Py, (40)
where
v 1
1 _1 ap — OllJrL A
P = [ ([ Eo o5
0
_Ge fon ~(F+5m)a  Ge [on
3V3n 2V onr
(% _m
we ("“SD)A)dA, 41)
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o0
PPy, = (C]ZGcah /A"ef(zth”sn)A
o
0
1 Fi(1, 3, %A)dA, (42)
Gean [ ~(2:2)
Py, =C1= “ah/A” )
H, ]2\/571’ J D
3 oapA 3 oy
{lFl(l 2’ T)+1F1(1 2° 6 )]dA “3)

The identities [37, eq. (3.351), (7.522.9)] are used in resolv-
ing the above integrals. Further,
Py, = Py, + Py + Py, (44)

where
T 1
Pl =Co [ A¢H=(2 [ 22(Ge -G
m = C) / o (Ge )

o
~(%+ar+m)a _ Ge o
3V 3r
~(Fravegp)a | Sy
61

op
e (Brdrs)a >K§(2\/A2A)dA, (45)
® 2
O
0

XKﬂ(Z\/AzA)lFl(l
< 2
Cz Cah\/’A(¢+n>€_(%+A]+%)A
237

xXe

xXe

3
, == A)dA, 46
73 ) (46)

3 OlhA>

XKﬂ(ZFA){lFl( 3 5

3
I Fy (1, S FA)}dA. (47)

The following identities [37, eq. (6.621.3)] and 1 Fy (a; biz)=

Yolo EZ;Z fl—': [48, eq. (8)] are used in solving the above inte-
grals to obtain the generalized closed-form ASER expression
of HQAM scheme as in (22). |

APPENDIX C
PROOF OF LEMMA 3

Proof: Using the identities Q(x) = %[1 — erf(%)r] and
[38, Eq. (7.1.21)] the first order derivative of conditional SER
of RQAM scheme is given as

Z(Zo—1) _p Zo(Zy — 1
Pie|A) = we—%A +w8_g,\
V2T A 2w A
2.2 2
1A% S (1,3, 2 a)
7 22
3 n2
F (17_7_1\)}. 48
+1F1 73 (48)
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The generalized closed-form ASER expression of RQAM
is derived by substituting Pi(e|A) and Fj,, (A) from (48)
and (6), respectively into (16), to get

e2e

pRoAM _ PR, + Pg,. (49)
Further, Pg, and Pg, are given as
PR1:P1R1+P2R1’ (50)
where
r 2
Plg, = Ci /A("—b(wg(%%)/\
2
Zo(Z1 — 1) (o m
+w€ (2 +)LSD)A)dA’ (51)
2T
—noZ1Z K 0% | m
P, = C 77@12/Ane( +%)A
b4
0
Qz

x{]Fl(l,%,?A)—HF](I,%,%ZA)}dA. (52)

The following identities [37, eq. (3.371), (7.522.9)] are used
in resolving the above integrals. Furthermore,

PR2:P1R2 +P2R2, (53)
where
i 2
Py, = (CQ/A(‘N'"_%)(Me*(%JrAHr%)A
’ 0 2
QB D) (i)
N 0/ ) Ky (2y/ A2 A A,
2
(54)
o

24,2
P, = Cz—ﬂQzlzz /A(‘H”)e_(m F A+ ) A
T

0
xKﬂ(z\/EA){lFl (1, % Q;A>
+1F1<1, % ’7;1\)}011\. (55)

The generalized closed-form ASER expression in (25), can be
obtained by resolving the integrals by using the identities [37,
eq. (6.621.3)] and | F; (a; bi2) =32, §;§ L [48, eq. (8)].

|

APPENDIX D
PROOF OF LEMMA 4

Proof: First order derivative of conditional SEP expres-
sion (56) for XQAM can be derived as

Py (elA) 1 ( gt —2 +k)*AA*%
e = — _— e ax
X N " MN,
Moo
e g 1
0l MN, Tty

=1
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e~ M <1F1(1, %, %) +1F (1, %,%A»}

A B (1+42 ) 3 A
R T {1F1<1,— —)

Ty 27 oy
3 A, ke -2 3 A
+1F1<1,—,—A)}— e 1F1<1,—,—>-
2 Oy TTOly 2 Oy
(56)

The generalized closed-form ASER expression of XQAM
can be obtained by substituting P;(e|A) and Fj,,, (A)
from (56) and (6), respectively in (16), to get

PO = py + Py, (57)
Further, Py, and P, are given as

Px, = P'x, + P%x,, (58)

x<1F1<1, % %)})dA. (60)

The above integrals are resolved by using the following iden-
tities [37, eq. (3.371), (7.522.9)]. Furthermore,

Px, = P'x, + P’x, + P’x, + P*y,, (61)

i 1
Cs / Aotn-hH__ L
N (Tay)

1 12 —(L+A +l)A
(A, +— 1k ) ax T T
X{z( o, TR)e

T
&
I

A2 m
—sze_(Txl+Al+ATD)A]Kﬁ(Zﬁ/AzA)dA, (62)

Mx—Nx _ 1

o
7
M,N, o Tox ,

_ m_ 3 1
e (Ax3+A1+-ASD)A{1F1<1 3 —A)

9 b
2 oy
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3 4]2

1y (1, 5 ZA)}Igg(z\/AiA)dA, (63)

o0 2

_ a+43)
Py, = g, / A6~ (S )
ot
0

31 3 AZ
X{1F1<1, =, —A> + 1F1(1, =, —A>}
2 oy 2 oy
XKy (2+/ Ay AN)YdA,
o0

P4X2 _ —ky CZ/A(¢+H)6_(£+AI+%)A
TT Oy

(64)

0

31
x1F) (1, = a—A)Kg(L/AzA)dA. (65)
X

The identities [37, eq. (6.621.3)] and 1F1(a; by =

Z;io EZ;: ;—r: [48, eq. (8)] are used in res.olving. the above
integrals to obtain the closed-form expression as in (27). H

APPENDIX E
PROOF OF LEMMA 5

Proof: The closed form ergodic capacity expression can
be obtained by deriving the expressions of 1 and E[A?].

o
w= C3{A3/A¢e_A1K§(2\/A2A)dA
0

o0
—AI/A¢+‘e—A'K,9(2,/A2A)dA
0

—/A¢+1e_A1K§_1(2JEA)dA}, (66)

0

o0
EIN] = G a5 f A8k 2 DR AYA
0

o0
—AI/M“e—AlKﬁ(z,/AzA)dA
0
o0
—/A¢’+2e_A‘K19_1(2,/A2A)dA}. (67)
0

The above integrals are resolved by using the identity
[37, eq. (6.621.3)] to obtain the closed-form expression of the
ergodic capacity. ]
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