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Abstract

In this paper, a novel dual-hop spatial modulation (SM) relay network is proposed, in which the
relay is enabled to transmit its own information while forwarding the SM signal from the source over the
same frequency band. Both decode-and-forward (DF) and amplify-and-forward (AF) relaying protocols
are studied. For DF relaying, the relay embeds its own information into one out of two spatial dimensions
of quadrature SM. For AF relaying, the relay activates only one transmit antenna to forward the received
signal, and encodes its own information by the index of the active antenna. Under both relaying protocols,
the throughput of the network is increased without consuming extra power. The bit error rate (BER)
performance is analyzed, and tight upper bounds on the BERs are derived in closed form for the source
and relay over Rayleigh fading channels for both DF and AF relaying. The performance analysis is
verified by Monte Carlo simulations, showing that the proposed scheme provides a simple yet effective
solution to the implementation of SM relay networks in which the relay has its own information to be

transmitted.

Index Terms

Amplify-and-forward (AF), bit error rate, decode-and-forward (DF), performance analysis,

quadrature spatial modulation.



I. INTRODUCTION

Spatial modulation (SM) is a promising digital modulation technology that uses the transmit
antennas of a multiple-input multiple-output (MIMO) system in an innovative fashion [1]-[7]. In
SM, only a single transmit antenna is activated for each transmission of a constellation symbol.
Specifically, extra information bits, termed spatial bits, are conveyed through the index of the
active antenna. The active antenna is dynamically altered according to the spatial bits to be
transmitted. Only one radio-frequency chain is required at the SM transmitter and the inter-
channel interference is completely avoided at the receiver. SM achieves an appealing trade-off
between the spectral efficiency and energy efficiency with a low implementation cost. Based on
the SM philosophy, numerous variants of SM technology have emerged, which typically include
generalized SM [8], [9], receive SM (RSM) [10], differential SM [11], [12], space shift keying
(SSK) [13], [14], and quadrature SM (QSM) [15]. In particular, by applying the concept of SM
at the receiver side, RSM uses the indices of receive antennas to convey spatial bits in addition
to conventional constellation symbols. SSK solely adopts the index of an active antenna to carry
information, enjoying a concise transceiver architecture at the expense of spectral efficiency. QSM
introduces another spatial dimension for information embedding. In QSM, the real and imaginary
parts of a constellation symbol may be transmitted from two different antennas, whose indices
are determined by two different spatial bit streams. Consequently, QSM doubles the number of
spatial bits and maintains almost all inherit advantages of SM with the same number of transmit
antennas.

Recently, SM has also been studied in non-cooperative/cooperative relay networks. Relaying is
an effective way to enhance the network reliability and enlarge the network coverage [16], [17].
Different relaying protocols that strike different trade-offs between performance and complexity,
such as amplify-and-forward (AF) and decode-and-forward (DF) relaying, can be employed at
the relay. In [18]-[22], the SM technology is amalgamated with half-duplex DF relaying. More
specifically, in [18], SM is employed at the source in a dual-hop DF relaying for the sake of
transmitting additional bits. A cooperative DF relay-assisted SM scheme is proposed in [19] by
considering the different importance of spatial bits and constellation bits in SM detection. In [20],
an SM transmitter cooperates with multiple DF relays, and only the relays that correctly detect

the received signal forward the decoded data to the destination. The study of [21] conceives a



virtual MIMO non-cooperative DF relay network, where RSM and SM are invoked in the first and
second hops, respectively. Inspired by the essence of SM, [22] develops a cooperative SM-aided
non-orthogonal multiple access system, in which the messages for two users are conveyed by
two different information-bearing units of SM. For SM-based AF relaying systems, [23] presents
a cooperative SM system with a single AF relay, while [24] studies the performance of QSM
with multiple AF relays. Unlike the studies in [18]—[24] where half-duplex relays are assumed,
[25]-[27] investigate the potential of SM in full-duplex relaying by exploiting the inherent nature
of SM that only one transmit antenna is activated per transmission. Particularly, in [25] and [26],
the relay forwards the previously decoded information to the destination using SM, while the
remaining “inactive” antennas at the relay are used for reception. In contrast to [25] and [26]
where SM is applied at the DF relay, [27] proposes a dual-hop two-way full-duplex SM system,
where SM is used at the sources and energy harvesting is employed at the AF relay. It is worth
noting that in all above mentioned SM-based relay networks, the relays only retransmit the
information from the sources, and they do not pursue any personal interests. When the relays
have their own information to be transmitted, it is inevitable to occupy extra resource such as
time slot and frequency band, which degrades the system throughput and increases the network
latency. In [28] and [29], the two information-bearing units of SM are exploited in cognitive radio
by two different sources, such that the information from the primary and secondary transmitters
can be transmitted at the same time. The study of [30] introduces the scheme of distributed SM
(DSM) with the aid of multiple single-antenna DF relays, in which the data from the source is
encoded into the index of one active relay and the signal domain is exploited to convey the data
of the relay. In DSM, the source employs M -phase shift keying (PSK)/quadrature amplitude
modulation (QAM), and SM is performed at the relays in a distributed manner. More recently, a
similar idea of using a reconfigurable intelligent surface (RIS) for reflecting the imping signals
and carrying RIS data via the indices of the RIS elements is proposed in [31].

To the best of our knowledge, however, in an SM relay network where SM is invoked at the
source, how to convey private information of the relay while forwarding the message from the
source to the destination, is still an open issue. To fill this gap, in this paper, we propose a novel
dual-hop SM relay network with relay’s private information, termed SMRN-RPI, where both DF
and AF relaying protocols are developed for the relay. SMRN-RPI has potential applications in

various relay-aided communications in which both the source and relay have information to be



transmitted. One typical example is the local program insertion in digital video broadcasting-next

generation handheld [32]. The contributions of this paper are summarized as follows.

e A novel dual-hop MIMO architecture based on SM/QSM is established, in which SM is
employed at a source, and a DF/AF relay forwards the message from the source and concur-
rently transmits its private information to a destination using QSM/SM. More specifically,
for DF relaying, after decoding the SM signal from the source, the relay encodes the decoded
data and its private information into a QSM signal, of which one out of the two spatial
dimensions, namely the in-phase (I-) and quadrature (Q-) branches, is used to convey the
private information; for AF relaying, the relay amplifies and forwards the received signal
to the destination through one active transmit antenna, whose index carries the information
of the relay.

« For both DF and AF relaying, we analyze the average bit error probability (ABEP) per-
formance of SMRN-RPI over Rayleigh fading channels assuming the optimal/simplified
maximum-likelihood (ML) detection. Tight upper bounds on the ABEPs are derived in
closed form for the source and the relay. From the theoretical expressions, the effects of
different system parameters on the ABEP performance are revealed.

« Extensive Monte Carlo simulations are performed to evaluate the error performance and
validate the performance analysis of SMRN-RPI with different system parameters. SMRN-
RPI is proved to provide a simple yet effective solution to the implementation of SM relay

networks in which the relay has its own information to be transmitted.

The remainder of this paper is organized as follows. Section II describes the system model of
SMRN-RPI. The performance of SMRN-RPI with DF and AF relaying is analyzed in Sections III
and IV, respectively. Section V presents computer simulation results and finally Section VI
concludes the paper.

Notation: Column vectors and matrices are denoted by lowercase and uppercase boldface
letters, respectively. Superscripts 7 and ¥ stand for transpose and Hermitian transpose, respec-
tively. h; denotes the ¢-th entry of h, g; represents the i-th column of G, and g,, stands for the
(p, q)-th element of G. The n x n identity matrix is symbolized by I,. diag{-} transforms a
vector into a diagonal matrix. {-} and {-} return the real and imaginary parts of a complex

number, respectively. j is the imaginary unit. !! is the double factorial notation. CN (u, c?)



TABLE 1

NOTATIONS AND DEFINITIONS OF SOME PROBABILITIES INVOLVED IN THE PERFORMANCE ANALYSIS.

’ Notation H Definition

Pyr ABEP of the relay for DF/AF relaying
Prr Error probability of detecting the active antenna index (on the Q- branch) of the relay for AF (DF) relaying
Pys ABEP of the source for DF/AF relaying
Pis ABEP of the source contributed by the symbol bits for DF/AF relaying

Pis_sr ABEP of the source contributed by the symbol bits in the first hop for DF relaying

Pis—rp ABEP of the source contributed by the symbol bits in the second hop for DF relaying
Psgs ABEDP of the source contributed by the spatial bits for DF/AF relaying
Prs Error probability of detecting the active antenna index of the source at the destination for DF/AF relaying
Prs Error probability of detecting the active antenna index in the first hop for DF relaying
Pr,s Error probability of detecting the active antenna index on the I- branch in the second hop for DF relaying
B Error probability of detecting the active antenna index on the I- or Q- branch of the relay for DF relaying
P Error probability of detecting the active antenna index of the source or relay for AF relaying

represents the complex Gaussian distribution with mean x and variance o2. The probability of
an event, the cumulative distribution function (CDF), and the probability density function (PDF)
of a random variable are denoted by Pr(:), F(-), and f(-), respectively. E{-}, Var{-}, and
L{-} denote expectation, variance, and Laplace transform, respectively. (') and ||-|| stand for
the binomial coefficient and Frobenius norm, respectively. (), I'(-), and E;(-) represent the
Gaussian (Q-function, gamma function, and exponential integral function, respectively. H,(-) is
the Struve function [33, Eq. (8.55)], and Y;(-) is the Bessel function of the second kind [33,
Eq. (8.403)]. Q¥(-) denotes the associated Legendre function of the second kind [33, Eq. (8.7)],
and ,F, (o, ..., B1,..., B4 2) is a generalized hypergeometric series [33, Eq. (9.14)]. Table

I lists the notations and definitions of some probabilities involved in the performance analysis.

II. SYSTEM MODEL

Fig. 1 depicts the block diagram of SMRN-RPI, where a source communicates with a des-
tination with the aid of a half-duplex DF/AF relay. Besides forwarding the information from
the source, the relay has its own information to be transmitted. We assume that there is no
direct link between the source and the destination, and they can only communicate with each

other via the relay. The source and destination are equipped with ;g transmit antennas and N, p
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Fig. 1. Block diagram of SMRN-RPI.

receive antennas, respectively. The relay has V;; transmit antennas and one receive antenna. The
channel matrices of the source-to-relay and relay-to-destination links are denoted by h € CVes*!
and G € CNV-oxNir | respectively. Both channel links are assumed to experience flat Rayleigh
fading. The entries of h and G are independent and identically distributed (i.i.d.) complex
Gaussian random variables following distributions CA (0, Qgr) and CN(0, Qrp), respectively.
Large scale fading is considered in this paper, and Q2gr and Qrp are modeled as Qgr = dgp
and Qprp = dg}, respectively, where o denotes the path-loss exponent, and dsr (drp) is the
distance of the first (second) hop [23].

For each complete transmission that consists of two hops, the source and relay convey b° bits
and b¥ bits, respectively, to the destination. During the first hop, the source encodes b° bits into
an SM symbol

xs = [0,...,0,5,0,...,0]", (1)

-1 Nis—l
and transmits it to the relay, where s is a normalized M-ary PSK symbol determined by the b7
bits with |s|> =1, and [ € {1,..., N;s} denotes the active antenna index determined by the b3

bits.! Obviously, we have b° = by + b3, where by = log,(M) and b5 = log,(N;s). Here, Nig is

"Note that QAM signaling is also feasible. However, since PSK is more favorable than QAM for SM [34], we employ PSK

signaling at the source.



assumed to be an arbitrary integer power of two. Hence, [ can be easily obtained by converting

the b5 bits into the decimal representation. The received signal at the relay can be expressed as

yr = / Psh’xg + wr = \/Pshis + wg, (2)

where Ps denotes the transmit power of the source, and wg, is the additive white Gaussian noise
(AWGN) at the relay, which follows the distribution CA (0, Ny). We define the transmit signal-
to-noise ratio (SNR) as p = Ps/N,. During the second hop, upon reception, the relay adopts
either DF or AF relaying to forward the source information and transmit its own information to

the destination, which will be discussed in the next two subsections.

A. DF Relaying

Using the DF protocol, the relay first decodes the SM signal, then encodes the decoded data
and relay’s private information into a QSM signal, and finally conveys it to the destination.

Specifically, the relay employs the optimal ML detection to jointly decode s and [, namely

2

(8, lN) = arg miln ‘yR —\/Psh;s| , 3)

where § and [ are the estimates of s and [ at the relay, respectively. The by and b5 bits are then
recovered by de-mapping § and [, respectively. The recovered by bits are re-modulated into a
normalized M-ary QAM symbol z. The real and imaginary parts of = are further independently

encoded into two SM symbols

R R T & < T
xp=[0,...,0,2",0,...,0]", x3p=][0,...,0,2°,0,...,0], 4)
—— —— —— ——
-1 Nyr—I m—1 Nir—m
where 2% = R{z},2% = S{z}, and m € {1,..., N;g} is the active antenna index for the

imaginary part determined by the b bits of the relay.” Obviously, we have b® = log,(N;z) and
Nir > N,s. After obtaining x and x3, the QSM symbol can be obtained as xp = X} + jX3,
which is subsequently transmitted to the destination.

At the destination, the received signal can be expressed as

yp =V PrGxr +wp =/ Pr (gixéR + ]gmxg) + W, )

*When M = 2, = has no imaginary part, i.e., = = 0. In this case, > can simply be set to be 1.



where Pr denotes the transmit power of the relay, and wp € CN-2*! is the AWGN vector at
the destination, which follows the distribution CA (0, NyIy, ). According to the optimal ML

detection, the information of the source and relay can be recovered from

e
yo = /P (gi2" + jgma®) | (©)

C e '
(l,m,x%x“) = arg min

Im,a®R xS

where 1,7, 2%, and £ are the estimates of [, m, 2%, and =%, respectively.

B. AF Relaying

For AF relaying, the relay first amplifies the received signal, and then forwards the ampli-
fied signal to the destination via one active transmit antenna, whose index carries the private

information of the relay. Specifically, the received signal at the destination can be written as

Yo = Agnyr + Wp = A/ Pshisgy, + Awrg, + Wp = A/ Pshisgn, + Wp, (7)

where A is the amplification factor, m is the active antenna index of the relay determined by the
b bits, Wp = Awgg,, +wp, and wp is defined in (5). In this paper, we consider the semi-blind

fixed-gain AF relaying assuming knowledge of the average channel gain of the first hop. In this

/ Pr
A=4)/— 8
PsQsr + Ny ®

It is clear that the covariance matrix of wp is X, = E{wpwh} = AZNyg,.g” + Noly, ,,

scenario, A can be given by

and the PDF of yp can be derived as

1 H
f(yp) = N0 det (5 exp (— (}’D - A\/FShIng) »! <YD - A\/FShIng)> )

Therefore, the optimal ML detection for /, s, and m can be formulated as

(Z, §,m) =argmax f (yp)

H
= arg {nin {1n (det (X)) + (yD — A\/Pghlsgm) >l (yD — A\/Pshlsgm> } ,
(10)
where [ , 5, and m are the estimates of [, s, and m, respectively, at the destination. Unfortunately,

the matrix inversion that incurs high computational complexity is required for the optimal ML

detection in (10). To solve this problem, we resort to the approximation of 3,,:

2.~ (A*Qrp + 1) Noly (11)



such that (10) reduces to the simplified ML detection as follows:
. 2
(1,8,m) = arg lmin HyD — A\/PghlsgmH ) (12)

From (10) or (12), the transmitted information from both the source and relay can be obtained.
The performance comparison between (10) and (12) will be given in Section V.

Remark 1: For DF relaying, only local channel state information (CSI) is needed, but the
number of the transmit antennas of the relay is required to be no smaller than that of the source.

For AF relaying, no restriction is imposed, but global CSI is needed at the destination.

III. PERFORMANCE ANALYSIS FOR DF RELAYING

In this section, we analyze the ABEP performance of SMRN-RPI with DF relaying by
assuming the optimal ML detection. Tight upper bounds on the ABEP are derived in closed

form for the relay and source.

A. ABEP of the Relay

The relay embeds its information into the index of one active transmit antenna. An error
happens once the index of the active antenna is detected incorrectly at the destination as one
of the remaining N,z — 1 indices with equal probability. A different incorrect index may result

bR

in a different number of erroneous bits, and we observe that there are in total ( ]

) error events
that correspond to ¢ erroneous spatial bits [35], where ¢ € {1,...,b%}. Therefore, on average,

the ABEP of the relay can be given by

bR
Prr bt 1 Nir
Pr=—"— t- =—-Pip- ——— 13
R bR(NtR—l); (t) SPir (13)
where P;r denotes the error probability of detecting the active antenna index m. To derive

Prr, we first investigate the conditional pairwise error probability (PEP) from (4), which is the
probability of detecting xg erroneously as Xg conditioned on G, namely
2 2
Pr(xp — % |G) = Pr (HyD — /PaGxz| > HyD — /PrGxx )

N PRli
=Q <V2_No) 7 (14)
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where £ = || (g™ + jgm®) — (gi2" + jgad®)[|* = [la + jbl|* with

a= S%{g;:r%} - %{gmxs} — %{g[:i“%} + S{gmaﬁc“\},

b = 3{gz"} + R{g2 "} — I{giz"} — R{gni }. =
We observe from (15) that & = Y-"7” a2, where a; ~ CN'(0,07) with
(%QRD( 22+ (2R 4 [2%)% + |29]2), for  # [ and m # 1
b 10gp (|2% — 2% + |25 +12%),  forl=1and m # 6
10gp (|27 + |2%2 + 2% — &%),  forl#landm =1
|30 (jo" = 2P + 2% = 23P) for | = [ and m = 7.

Hence, x is chi-squared distributed with 2N,., degrees of freedom, whose PDF is given by [36]
1 N1 ( v >
< (v) = vt exp | —— | . 17
Pl = St (Vo) o7 P27 an
By averaging Pr (xp — xr |G) over k, we arrive at [37, Eq. (64)]

Pr(XR—>)A(R):/0+OOQ<\/m>fH()

N,p—1

=[P ()] Y (NTD _kl " k) [1—P (), (18)

k=0

where

P(e) = % <1 —4/7 f:cl) (19)
with ¢; = Pro?/(2Ny). Let PEP, (z, #) denote Pr(xp — Xg) associated with [ # [ and m # 1,
and PEP,(z, 1) denote Pr(xz — Xp) associated with [ = [ and m # 7. Then, according to
the union bounding technique, an upper bound on the error probability of detecting the active

antenna index m at the destination is given by

P]R_ NtRNtSM Z ZZPI’ XR—)XR

msm ] x,E
m;ﬁm

NtRNtSM<T§ Z;Pr Xr — XR) T;Z;Pr XR—>XR>
m#m i;éz m7éml~l

_ (NVir—1) NtS Z
PEP; (z

(20)
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Finally, substituting (20) into (13) yields an upper bound on the ABEP of the relay, namely

N, N N
Py < Nin(Nes — 1) ZPEPl i tRZPEPQ Q1)

It is clearly shown in (21) that the ABEP performance of the relay becomes worse with increasing
N;s and N,r. This is understandable as the ABEP performance of the relay becomes worse
with the increase of the data rate of the relay, namely the increase of N;r. The worse ABEP
performance with increasing /NV;g can be accounted for its close relationship with Ny, namely

Nir > Nis.

B. ABEP of the Source

As described in Section II, the information transmitted from the source is split into spatial bits
and constellation bits. This feature motivates us to divide the total ABEP of the source, denoted
by Py, into two parts: the ABEP for the symbol bits, denoted by P,;g, and the ABEP for the

spatial bits, denoted by FP,g. Obviously, we have
by Pis + b5 Pas
by + b3

Note that error propagation occurs at the relay, which should be taken into account. Let us

Pys =

(22)

first consider the derivation of P,g. Similar to (13), P,g can be expressed as
1 Nis

Prs = =P -

28 9 IS NtS _ 17

where Pjg is the error probability of detecting the active antenna index [ at the destination.

(23)

By neglecting the small probability event that an erroneous estimation of [ at the relay is then

“erroneously” estimated to the correct one, P;g can be upper bounded by
PISS 1_(1_PI1S)(1_PIQS>7 (24)

where P, ¢ denotes the error probability of detecting the active antenna index [ in the first hop,
and P, 5 denotes the error probability of detecting the active antenna index [ in the second hop.
Similar to (20), Pr,s can be easily derived as

PIQS < NtRNtSMZZZPr XR—>XR

i mm zi

)
Nigp — 1) N
( tR tS — Z PEP1

(25)
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where PEP;(z, #) denotes Pr(xp — %) associated with [ # [ and m = rh. For the calculation

of P, we study the conditional PEP in the first hop from (3), which is the probability of
detecting xg erroneously as Xg conditioned on h, namely

2 2 P
> \yR— V/ Pshis ) =Q <\/2—fg> , (26

where ¢ = |h;s — h;$|*. Obviously, ¢ is an exponential random variable, whose PDF is

Pr (XS — Xg |h> =Pr (’yR — v/ Pshls

1 v
fo(v) = 902 exp (—f‘%> (27)
with
Osr, for | # 1
by ) i+ o8
sQsrls — 5%, forl=1.

Averaging Pr (xs — Xg |h) over ¢ produces

- 1 Co
Pr(xg = %s) == (1— 29
I‘(Xs Xs) 2( 1—0—62)’ ( )
where ¢y = Pso3/(2Ny). Therefore, we have
1 - 1 Co
Prs < P =-M(Ni—1)(1—- . 30
1 < 737 D0 Do P s = Ks) = 5N (1-yr2) e
l;éi

By substituting (24), (25), and (30) into (23), we obtain Psg.
Next, we turn to the deduction of P;g. It can be shown that an upper bound on Pjg is given

by
Ps<1—(1—-Ps_sr)(1 —Pis_grp), (31)

where Pys_gr and Pig_gp denote the ABEPs for the symbol bits in the first and second hops,
respectively. Obviously, the calculations of both P;s_sr and Pjs_gp can be classified into two
complementary types of error events, depending on whether the indices of the active antennas

are detected correctly or not. Specifically, Pis_sr can be easily evaluated as
1
Pis-sr=5Pns + (1 = Prs)Pypsk; (32)

where the factor 1/2 results from the fact that there is no constellation symbol transmitted from

inactive antennas, P, ¢ is given by (30), and P,_psk is the ABEP of M-PSK over a Rayleigh
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fading channel. Note that the instantaneous ABEP of M-PSK can be well approximated as [38,
Eq. (8.32)]

9 max(M/4,1)

- o[ (2i—1)7
~ max (logy (M), 2) ; @ <\/2pssm (T))’ (33)

where ps = Ps|h|?/Ny. Averaging (33) over pg yields

PSb\Ps

max(M/4,1)

2 1 gpsk )
Py_psi ) L. (34)
PP T max (logy (M), 2) ; 2 ( 1+ gpsk

where gpsk = PsQgrsin?((2i — 1)m/M)/N,. For the derivation of Pig_gp, similar to (32), we

have

1
Pis_rp = 5 m + (1 — P, ) P_qam, (35)

where P denotes the probability of detecting [orm erroneously, and F,_qam 1s the ABEP
of M-QAM over N,p i.i.d. Rayleigh fading channels. Note that M-ary QAM consists of two
independent pulse amplitude modulation (PAM) signals, namely M;-ary PAM of the I- signal
and Mg-ary PAM of the Q- signal. As a result, 5,_gam can be derived as [22]

1 log, (M) logy (Mg)
P,_ = Py (m) + Po(m) |, (36)
o= g 3 M+ 3 Pan)
where
(1-2"™)M; /o1 VszlJ . 1
2 My/q 3. 2™ 1
P (m) = )3 {(—1) e 1) 'T@}’ o7
M]/Q P MI/Q 2
with
- 1— (i N,p Nyp—1 Nr 14k 1+ci k
T (i) = (T’“‘()) ( v )(—5“) , (38)
k=0
, or(2i + 1) d2
peli) = (| 2B D P (39)
14+ pr(2i+1)°d

d= \/3/(M12 + Mg —2), and pr = Pr€lrp/No. On the other hand, similar to (20), Fj,, can
be easily obtained from (18) as

Nig —1)(Nyg — 1 Ny —1
Pimg( LR ])\; £ )§ PEP, (z, %) + “jw > PEP; (z,2)
Nyg—1 )
+ t?w > " PEP; (z, ). (40)

T,z
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From (31)-(40), we can obtain P;g. Finally, after obtaining P;s and P»g, a closed-form upper
bound on the ABEP of the source can be derived from (22).
Remark 2: By taking the Taylor series of the exponential function and ignoring higher order

terms, (17) can be rewritten as
1 N,p—1
w (V) ~ v b, 41
f ( ) 2N7"DF(NTD) O_%NTD ( )
Substituting (41) into (18) yields the following asymptotic unconditional PEP:
N 1D (N, p +0.5) [ 1\ V?
ﬁ (QNTD)” C1 ’

which achieves a diversity order of N,p. Hence, the diversity orders of P;r in (20), Prg in

Pr (XR — )A(R) = 42)

(25), and F;,, in (40) are all governed by NV, p. By contrast, since there is only a single receive
antenna at the relay, we observe from (23)-(24) and (30)-(34) that both P;s and P»g achieve the
same diversity order of unity. To sum up, the diversity orders of the relay and source are given
by N,p and 1, respectively.

Remark 3: Due to the higher diversity order, s in (24) and P in (35) are relatively small
at high SNR with V,p > 1. Therefore, the asymptotic performance of the source with N,p > 1
can be easily derived by setting P, = 0 and P;,, = 0, which implies that the asymptotic

performance of the source is independent of N,z when N,p > 1.

IV. PERFORMANCE ANALYSIS FOR AF RELAYING

Since the error probability of the optimal ML detector in (10) is extremely difficult to evaluate,
in this section, we concentrate on the performance analysis of the simplified ML detector for
SMRN-RPI with AF relaying. After the derivation of PEP in closed form, we provide upper

bounds on the ABEPs of the source and relay.

A. PEP Analysis

From (12), the conditional PEP, which is the probability of detecting (/, s, m) incorrectly as
), can be expressed as

(1,5,
2 2
< (1, s,m) — (I, 3,m) \h,G) — Pr (HyD — A/ Pshisgn|| > HyD — AN/ Pshiégn )

— Pr ( — A2Pg||hysgn — hisgl® — 24\ PsR (W (hisgm — hidgm)} > 0)

=Pr(D > 0). (43)
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It can be shown that D is a Gaussian random variable with

E{D} = —A?Ps||\hisgm — hisgaml®>, Var{D} = 2N,A?Ps||C (hisgm — hisga)|?,  (44)

T
where C = diag{ [\ [A2| g1 + 1, .., \/AQ|gNTDm|2 + 1} } Hence, (43) can be rewritten as

A2P5thsgm — h[ggmHQ
V2N A2PS||C (lusgon — i)

In order to obtain the unconditional PEP, (45) should be averaged over h and G. However, it is

(45)

Pr (L5, m) = (5,10) [, G ) = Q

not an easy task to derive a closed-form expression due to the complexity of (45). Therefore, we
consider the case of N,p = 1 here. Later in Section V, we will employ numerical simulations
to evaluate the performance for the case of N,p > 1.

With N,.p = 1, (45) reduces to

A 2
Pr ((1s,m) = (I.5,) |h.g ) = Q <\/p|hlsgm L > , (46)

2 (Igm|” +C)
where C' = 1/A%. By using the following approximation of the Gaussian Q-function:
1 2 1 202
Q (v) = 5 exp (—%) + 4 exp (—%) , 47)
(46) becomes
- 1 1
Pr ((l7 57m) — (lu <§7 m) |h7g> ~ E exp (_g)\> + 4_1 exXp (_g)‘> ) (48)
where
hisGm — hisgm,
)\ — ‘ ng - ng | (49)
|gm|” + C

Depending on the relationships between m and m, and between [ and [, X evolves into four

specific variables as follows:
( 2 2 a2
Ay = lomlIl"ls—3|

|9m|2+c 2’
|gm|2‘hlsfhl~§|

form =mand [ =

PREvCE form =mandl #1[ 50)

h|? —gm 8’ o~ |
)\3:%, form #mand [ =
m

‘hlSQm—hjggm‘z
\ lgm|“+C ’

Ao =

for m # 1 and [ # [,
Accordingly, the overall error events can also be classified into four types. Let us define the

unconditional PEP for the first type as PEP;, the second type as PEP,, the third type as PEPs,



16

and the fourth type as PEP,. Obviously, PEP; is associated with \;, and the moment generating
function (MGF) of ); is required for obtaining PEP;, where i € {1,2,3,4}. The following
propositions outline the MGFs of \;,i = 1,2, 3, 4.

Proposition 1: The MGFs of A\; and )\, are given by

Milt) = QRDLM (1 - %@)) P (ﬁ) b (@Df} <t>> Fo b

where w (t) = 1 — |s — §*Qgrt and w, (t) = 1 — 2Qggt.
Proof: See Appendix A. [ |

Proposition 2: The MGF of A3 can be evaluated as

Qsr 1 L
M/\s(t) ~ 9 + SQéRt33F2 (L 27 5/27 3/27 5/27 _4Q%Rt2)

1 -1 1 —1/2
t 212 ¢ 12
g, +2) @ ( (a0, +7) )

1 1 1
-+ —— ./ (1,3/2,2;3/2,3/2; ———
ITREVTOIEL 2(’ /2:2:3/2,3/2 4Q§Rt2)

1 -1 1 —-1/2
o - 42 0 o 2 2
(ot o) @) ) =

for PSQSR < PRQRD, while

C C C
Hr—— op-— VB ([ 53
Mo(t) 2Q5rQrpt P ( 2QSRQRDt) ! ( 2QSRQRDt) ©3)
for PSQSR > PRQRD-
Proof: See Appendix B. [ |

Since the derivation of the MGF of )\, involves an integral that includes the exponential integral
function, i.e., E;(-), before presenting Proposition 3, we propose the following lemma for an
accurate approximation of E;(-).

Lemma: Fq(v) can be approximated as

2 2
Ei(v) =47 Y Y pipe /@i exp (—giawv), (54)

i=1 k=1
where p; = 1/12,p, = 1/4,¢; = 1, and ¢ = 4/3.

Proof: The definition of E;(v) can be rewritten as

E, (v) = /:o (#) (%) dt, v>0. (55)
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It can be observed that [39]

exp (—t) d { < >}
—— = -2y/nr— 2t) ¢ . 56
i VT i Q(v2t (56)
Besides, resorting to the approximation of the Gaussian ()-function in (47), we have
2
Q (Vat) = " piexp (~ait), (57)
i=1
where p; = 1/12,p, = 1/4,¢1 = 1, and ¢; = 4/3. By using (56) and (57), (55) can be expressed
as
2
By () ~ 47> pi/aiQ (V24i0). (58)
i=1
Applying (57) to (58) produces (54), which completes the proof. [ ]

Proposition 3: The MGF of )\, can be approximated as

Marl) %~ S S e ey (88 =€
A QSRQQRDt ok ' QSRQRDt

1=1 k=1

QsrQrpl ? CQspQrpt
((QiQk — 1) (1 = Qgrt) — QSRt)  (qqe — 1) (1 — Qspt) — Qupt | 9
where p1, p2, ¢1, and g¢» are given in the Lemma.
Proof: See Appendix C. [ ]
After obtaining M, (t), PEP; can be readily derived from (48) as
PEP; ~ %MAZ. (—i’) n iMAi <_§> Ci=1,2,3.4. (60)

B. ABEPs of the Source and the Relay

According to the union bounding technique, the error probability of detecting the active antenna

index m can be evaluated as

= M (N;g — 1) - PEP3 + M (N, — 1) (N5 — 1) - PEP,. (61)
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Then, putting (61) into (13) generates an upper bound on the ABEP of the relay as follows:

1 1
Pur < GMNig - PEP; + 5 MNyj (Nis — 1) - PEP,. (62)

Similar to the case of DF relaying, the ABEP of the source can also be expressed as (22),

which is rewritten here for reference.

by Pis + b3 Pag

Pyg = 63
bS big n bg ) ( )
where Psg is given in (23), namely
1 N;g
Prg = =-Pig - . 64
R LR (64)

Note that the calculations of P,g (Prs) and P;g for AF relaying are different from those for DF
relaying. For P;g, which is the error probability of detecting the active antenna index [, similar

to (61), we have

PIS_NtSNtRM<T§ Z;Pr<lsm — (1,3 m))

m=m l;él
—i—ZZZPr(lsm (Zém)))
m;ﬁm l;él
=M (N — 1) - PEPy + M (Nyg — 1) (Vs — 1) - PEP,. (65)

By substituting (65) into (64), we arrive at
1 1
Py < §MNtS - PEP, + §MNtS (Nyg — 1) - PEPy. (66)

It is clear that Pg, i.e., the ABEP for the symbol bits, is related to the detection of [ and m.

Let P, denote the probability of detecting [ or m erroneously. Obviously, we have
Py < M(Nys — 1) - PEPy + M (Nyg — 1) - PEP3 + M (N, — 1)(Nyg — 1) - PEPy. (67)

When [ or m is detected incorrectly at the destination, the ABEP for the M-PSK symbol is
given by 1/2 since there is no constellation symbol transmitted from inactive antennas. On the

other hand, when both [ and m are detected correctly, the instantaneous end-to-end SNR is

_plhal?) g ?

g = 68
lgm|* +C (08)
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whose MGF is derived in [40] as

1 CpQgpt C C
M, (t) = — 5 €Xp E; :
1—pQsrt  Qrp(l — pQsrt) Qrp (1 — pQspt) Qrp (1 — pQsrt)
(69)
Recalling the conditional ABEP of M-PSK demodulation in (33) and the approximation of the
Gaussian (Q-function in (47), we obtain the unconditional ABEP of M-PSK demodulation as

max(M/4,1)

2 1 . (2 —1)m
Py psk ~ — —sin? | ———
S o, 013 2 1M (- (5577))

1 4 (20 —1)7

+ ZMPS <—§51n2 (T)) : (70)
Therefore, P, can be obtained as
1

Pis = = Puy + (1 — Pin) Py—psk- (71)

2
By substituting (64) and (71) into (63), we obtain the ABEP of the source.
Remark 4: We observe from (62) that the ABEP of the relay becomes larger with increasing
N;s, Nir, and M. For the source, increasing N.;s and N;p results in larger values of P;g and
Psg according to (66) and (71). Hence, it can be predicted the BER performance of SMRN-RPI

deteriorates with increasing N;g, N;g, and M.

V. SIMULATION RESULTS

In this section, we conduct Monte Carlo simulations to evaluate the uncoded BER performance
of SMRN-RPI with DF and AF relaying. In all simulations, the channels are assumed to be
Rayleigh flat fading channels and the CSI is perfectly known to the relay and destination. The
path-loss exponent is « = 3. We also consider that Ps = Pg, and plot the BER versus p = Ps/Ny
unless otherwise stated. SMRN with unique factorable constellation pair (SMRN-UFCP) and the
typical dual-hop SM without relay information are chosen as benchmarks for comparison. In
SMRN-UFCP, symbols transmitted by the source are selected from one part of a given UFCP
[41] and the relay’s symbols are specially selected from the other part of the identical UFCP.
Specifically, for DF relaying, with N, = N,p, the relay activates one antenna according to
the decoded spatial bits, to transmit the combined symbol that includes the symbol bits from
the source and relay; for AF relaying, with N,z = 1, the relay multiplies the received signal

by its own symbol and transmits the resulting signal to the destination. For brevity, we will
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Fig. 2. Performance comparison among “RPI/UFCP (2, 2,1,4)” and “RPI/UFCP (2, 2, 2,4)” with DF relaying, where dsr = 1
and dRD =0.5.

refer to “(w/o) RPI (Nys, Nig, N;.p, M)” as the (dual-hop SM) SMRN-RPI scheme in which
the source employs M-PSK with N;g transmit antennas, the relay has NV; transmit antennas,
and the destination is equipped with V,p receive antennas, and “UFCP (N.g, My, N,.p, M;)” as
the SMRN-UFCP scheme in which the source employs M;-ary constellation with Vg transmit
antennas, the relay employs Ms-ary constellation with N,g (for DF relaying) or one (for AF

relaying) transmit antenna, and the destination is equipped with N, receive antennas.

A. DF Relaying

In this subsection, the BER performance of SMRN-RPI with DF relaying is evaluated by
assuming that both the relay and destination employ ML detection. In Fig. 2, we compare the BER
performance of “RPI/UFCP (2,2,1,4)” and “RPI/UFCP (2,2,2,4)” with DF relaying, where
dsr = 1 and dgp = 0.5. The UFCP for SMRN-UFCP includes {1+3j, —1—3j, —1475,1—5}/v/6

and {1, 7} that are employed by the source and relay, respectively. As seen from Fig. 2, with the
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SNR (dB)

Fig. 3. Performance comparison among “RPI (2,2,2,4)”, “RPI (2,4,2,4)”, and “RPI (4,4,2,4)” with DF relaying, where
dSR =0.5 and dRD =1.

same data rate, SMRN-RPI outperforms SMRN-UFCP for both the source and relay, achieving
SNR gains of 1 ~ 2 dB. For both SMRN-RPI and SMRN-UFCEP, the relay performs much better
than the source for both values of N,p. Since the source and relay achieve diversity orders of
unity and [V, p, respectively, increasing NV, p from 1 to 2 enhances the performance of the relay
significantly, while only a slight SNR gain less than 1 dB is achieved by the source. This is
because the overall BER performance of the source is constrained by the performance of the
two hops. Increasing N, p has no effect on the performance of the first hop.

Fig. 3 illustrates the comparison results among “RPI (2,2,2,4)”, “RPI (2,4,2,4)”, and “RPI
(4,4,2,4)” with DF relaying, where dsgp = 0.5 and dgp = 1. The analytical ABEP upper
bounds are also presented. As shown in Fig. 3, all derived upper bounds agree with the simulated
counterparts very well, especially at medium-to-high SNR. The performance of both the source

and relay become worse with increasing N;s and N;g. This phenomenon can be explained by
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Fig. 4. Performance of “RPI (2,2,2, M)” with DF relaying, where M = 4,8, 16, and dsg = drp = 1.

the fact that a larger number of available transmit antennas results in a higher error probability
of detecting the active antenna indices, which is also verified by (20), (25), (30), and (40).
In particular, the sources in “RPI (2,2,2,4)” and “RPI (2,4,2,4)” almost achieve the same
asymptotic performance, which is explained in Remark 3. Besides, by comparing the curves of
“RPI (2,2,2,4)” in Figs. 2 and 3, we observe that the source in the case of dgsg = 0.5 and
drp = 1 performs much better than that of dgg = 1 and dgp = 0.5. This is because in “RPI
(2,2,2,4)”, the performance of the source is highly limited by the performance of the first hop
due to the single-antenna reception at the relay.

Fig. 4 gives the comparison results of “RPI (2, 2,2, M)” with DF relaying, where M = 4, 8,16,
and dggp = dgyp = 1. As seen from Fig. 4, the analytical ABEP curves predict the simulation
results accurately for all M. The source and relay achieve diversity orders of unity and two
for all M, respectively. For both the source and relay, a larger value of M results in worse

performance. More specifically, at a BER value of 102, performance losses of about 5 dB and
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Fig. 5. Performance comparison among “RPI/UFCP (4,2,1,4)” and “RPI/UFCP (4,2,2,4)” with AF relaying, where the

optimal ML detectors are used for all schemes, dsr = 1, and drp = 0.5.

1 dB are observed for the relay, increasing M from 4 to 8 and from 8 to 16, respectively. By

contrast, both the performance losses for the source are about 3.5 dB.

B. AF Relaying

In this subsection, we perform simulations to examine the BER performance of SMRN-RPI
with AF relaying assuming the optimal/simplified ML detection. Fig. 5 presents the comparison
results among “RPI/UFCP (4,2,1,4)” and “RPI/UFCP (4,2,2,4)” with AF relaying, where the
optimal ML detectors are used for all schemes, where dsg = 1 and drp = 0.5. The adopted
UFCP for SMRN-UFCP is the same as that in Fig. 2. As seen from Fig. 5, with the same
data rate, SMRN-RPI performs better than SMRN-UFCP for both N,p = 1 and N,p = 2.
Although increasing N, p yields superior performance for both SMRN-RPI and SMRN-UFCP,
the improvements are more prominent for SMRN-RPI. For N,.p = 1, both the source and relay

of SMRN-RPI achieve an SNR gain of about 1.5 dB over those of SMRN-UFCP, at a BER
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Fig. 6. Performance of “RPI (2,2,1, M)” with AF relaying, where the simplified ML detectors are used for all schemes,
where M = 2,4,8, dsr = 1, and drp = 0.5.

value of 1072. By contrast, for N,p = 2, the SNR gains achieved by the source and relay of
SMRN-RPI are about 4.5 dB and 15 dB, respectively.

Fig. 6 depicts the performance of “RPI (2,2,1, M)” with AF relaying, where M = 2,4, 8,
dsg = 1, dgp = 0.5, and the simplified ML detectors are used for all considered schemes.
Analytical upper bounds on the ABEPs of the source and relay are also presented. It can be
seen from Fig. 6 that the upper bounds become tight as SNR increases, which can be accounted
for by the union bounding technique. As expected, both the source and relay perform worse with
increasing M. Specifically, for both the source and relay at a BER value of 1072, a performance
loss of about 3 dB is observed, increasing M from 2 to 4 and from 4 to 8. Moreover, by comparing
Figs. 2 and 6, we observe that SMRN-RPI with DF relaying performs much better than that
with AF relaying given the same system parameters, which is also the case in conventional relay

networks.
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Fig. 7. Performance comparison between the optimal and simplified ML detectors of “RPI (2,2, N,p,2)” with AF relaying,
where N.p = 1,2, dsr =1, and dgrp = 0.5.

Fig. 7 depicts the performance comparisons between the optimal and simplified ML detectors
of “RPI (2,2, N,p,2)” with AF relaying, where N,p = 1,2, dsg = 1, and dgrp = 0.5. The
analytical ABEP upper bounds for N,p = 1 are also provided. The upper bounds accurately
match with their simulation counterparts at high SNR. It can be seen from Fig. 7 that the
source and relay with the optimal/simplified ML detector achieve the same diversity order of
unity for both N,.p = 1 and N,p = 2. Increasing N,p cannot improve the diversity orders of
both the source and the relay. In particular, when N, p = 1, the simplified ML detector almost
exhibits the same performance as the optimal ML detector for both the source and relay, and
the performance loss is less than 1 dB. By contrast, when N,p, = 2, the simplified ML detector
achieves near-optimal performance for the source, while the simplified ML detector performs
worse than the optimal one for the relay and a performance loss of about 5 dB is observed.

Leveraging the resulting much simplified computational complexity, the proposed simplified ML
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Fig. 8. Performance comparison among “RPI (2,2,1,2)”, “RPI (2,4, 1,2)”, “RPI (4,2,1,2)”, and “RPI (4,4,1,2)” with AF

relaying, where the simplified ML detectors are used for all schemes, dsr = 1, and drp = 0.5.

detector is encouraging.

In Fig. 8, we make comparisons among “RPI (2,2,1,2)”, “RPI (2,4, 1,2)”, “RPI (4,2, 1,2)”,
and “RPI (4,4,1,2)” with AF relaying, where the simplified ML detectors are used for all
schemes, dsr = 1, and drp = 0.5. To see the effects of the numbers of transmit antennas at
the source and relay clearly, the theoretical ABEP upper bounds are not included. As shown in
Fig. 8, for all considered schemes, the sources achieve SNR gains of 1 ~ 2 dB over the relays
at a BER value of 1072, Both the source and relay perform worse with increasing N;g and N;g,
which can be explained by (62), (66), and (67). Increasing N;s or N,;i from 2 to 4 results in a
performance loss of about 3 dB for both the source and relay.

Fig. 9 depicts the comparison results among “(w/0) RPI (2,2, 1,4)” and “(w/o) RPI (2,2, 2, 4)”
for DF relaying, and “RPI (4,2,1,4)”, “w/o RPI (4,1,1,4)”, “RPI (4,2,2,4)”, and “w/o RPI
(4,1,2,4)” for AF relaying. The optimal ML detectors are used for all schemes with dsg = 1
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Fig. 9. Performance comparison between SMRN-RPI and the typical dual-hop SM, where the optimal ML detectors are used

for both schemes, dsg = 1, and dgp = 0.5.

and dgp = 0.5. As seen from Fig. 9, when N,p = 1, there exists a performance gap between
SMRN-RPI and the typical dual-hop SM, especially for AF relaying. Fortunately, when N, p = 2,
the impact of added relay information is negligible for both DF and AF relaying.

In Fig. 10, we present the BER curves of SMRN-RPI versus power allocation factor 3, where
Ps = Pr,Pr = (1 — B)Pr,Nys = Nyr = 2, M = 4,dsg = 1,dgp = 1, and Pr/Ny = 20
dB. Pr is the total power of the system. The optimal ML detectors are used for all schemes.
As shown in Fig. 10, for DF relaying, as expected, the BER performance of the relay becomes
worse as [ increases for both V,p, = 1 and 2. The optimal value of 3 for the source increases
from 0.45 to 0.7 as N,p increases. This is because the bottleneck in the performance of the
source tends to be the first hop with increasing N,.p. On the other hand, for AF relaying with
N,p =1, coincidentally, both the optimal values of 3 for the source and relay are equal to 0.4.

When N,p = 2, the optimal values of [ are changed to 0.5 and 0.15 for the source and relay,
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Fig. 10. Performance of SMRN-RPI versus power allocation factor 3, where Ps = 8Pr, Pr = (1 — 8)Pr, Nts = Nig =
2,M =4,dsgp = 1,drp =1, and Pr/No = 20 dB. Pr is the total power of the system.

respectively.

VI. CONCLUSIONS AND REMARKS

In this paper, we have proposed a novel dual-hop SM relay network, in which SM is invoked
at the source, and the relay concurrently transmits its own private information in addition to
forwarding the received SM signals to the destination. Both DF and AF relaying protocols have
been developed for the relay. For both DF and AF relaying, tight upper bounds on the ABEPs of
the source and relay have been derived in closed form over Rayleigh flat fading channels. The
performance analysis has been verified by computer simulations. We conclude that the proposed
SMRN-RPI provides a simple yet effective solution to the implementation of SM relay networks
in which the relay has its own information to be transmitted. We remark that the end-to-end
performance of the source in SMRN-RPI is highly limited by the signal quality of the first
hop. It can be predicted that the performance of the source can be greatly improved by using
multi-antenna reception at the relay. Maximal ratio combining and selection combining can be
employed for DF and AF relaying, respectively. However, this is an issue of interest for future

study.
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APPENDIX A

PROOF OF PROPOSITION 1

Since h and g are independent of each other, we have
My, (t) = E{exp (\t)} = Eg { Enjg {exp (\it)}}, i=1,2,3,4. (72)

Note that |iy|* in Ay and |lys — h;§[* in Ay are exponential random variables with means equal
to 25r and 2€)gR, respectively. Hence, using the MGF approach, we have

C+ |gml”
C + wilgm|?’
where wy (t) = 1 — |s — §]*Qggt and ws (t) = 1 — 2Qgxt. Finally, by averaging (73) over |g,,
whose PDF is given by f, 2(v) = exp(—v/Qrp)/Crp, and using [33, Eqs. (3.352-4, 3.353-5)],
we are led to (51).

Enjg {exp (\it)} = =1,2 (73)

%

APPENDIX B

PROOF OF PROPOSITION 2

For PsQsr < Pr€lrp, we have C' < | gm|2, such that A3 can be approximated as

A3 ~ |hl‘2|gm3 - 9m§’2.

|gm|”
‘2

(74)

It can be shown that in (74), |g:ms — g 5|* and |g,,|* are two correlated exponentially distributed

random variables with correlation coefficient 1/2, and |h;|?

variable. The CDF of A3 can be derived as [28]
Qsr mU v v v T v
F =———H{|— | - Y, -+ — |H
() =573 { ! (QQSR) ! (2953)} 173 { 0 <ZQSR>

Based on F), (v), the MGF of )3 can be obtained from (75) as

Qsr 1 1
—t)=t¢t- F = — Fyl1.2 2:3/92 2 _
M)\S ( ) L { Az (U)} 9 SQ%Rt33 2 ( )< 5/ ) 3/ ) 5/ ) 4Q%Rt2)

1 -1 1 -1/2
—t 212 T 12
(30, ) @ ((4%* ) )

1 1 1
— 4+ —— . (1,3/2,2:3/2,3/2; ———
LV ToMCL 2(’ /2:2:3/2,3/2; 4Q§Rt2)

1 -1 1 —1/2
t —— + 442 O (¢t 12 76
(g ) Ql((m@ﬁ ) ) 7o

is an independent exponential random

- (2553)] |

(75)
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where the integrals [33, Eqgs. (6.823-1, 6.621-2)] are applied. From (76), we can obtain (52).
For PsClsr > Prlgrp, we have

~ |hl‘2|gm5 - gm§|2

C

Recalling that |y|? and |g,,5 — g,,8|* are exponential random variables with means equal to Qgp

and 2Q)gp, respectively, with (72), the MGF of A3 in (77) can be derived as

My, () = B, { ¢ }

C = |gms — g8’ Qsnt

A3 (77)

C C C
-~ "~ V(- 78
20er Ll eXp( QQSRQRDt> 1( QQSRQRDt>’ (78)

which completes the proof.

APPENDIX C

PROOF OF PROPOSITION 3

Given g, |hsgm — hjSgm|* in A4 is an exponentially distributed random variable with mean
equal to (|gm|* + |gm|?)Qsr. Therefore, using the MGF approach yields

Fujg {exp (\at)} = _ Ctloml - 19)
C + |gm|” — Qsr|gm| "t — Qsr|gm|t

According to (72), the MGF of \; can be obtained by averaging (79) over |g,,|> and |g,;,|?, both

of which are exponentially distributed with mean equal to (2zp. Hence, we have

C+ |gm|2
E g2 lgm? 2 2 2
IR C | gm]” = Qsr|gm| T — Qsrlgm| 7t

_ _C+|gm|2 exp QSR‘gm|2t— |gm\2—C’ E1 QSR|gm|2t_ ’gm|2_C
QsrQrpt Qsr{lrpt QsrQrpt

(80)

Using the Lemma and averaging (80) over |g,,|* yields (59), completing the proof.
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