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Abstract

In energy harvesting (EH) relay networks, thecoherentcommunication requires accurate estima-

tion/tracking of theinstantaneouschannel state information (CSI) which consumes extra power. As a

remedy, we propose twononcoherentEH relaying protocols based on the amplify-and-forward (AF)

relaying, namely, power splitting noncoherent AF (PS-NcAF) and time switching noncoherent AF

(TS-NcAF), which do not require any instantaneous CSI. We develop a noncoherentframework of

simultaneous wireless information and power transfer (SWIPT), embracing PS-NcAF and TS-NcAF in

a unified form. For arbitraryM -ary noncoherent frequency-shift keying (FSK) and differential phase-

shift keying (DPSK), we derive maximum-likelihood detectors (MLDs) for PS-NcAF and TS-NcAF in

a unified form, which involves integral evaluations yet serves as theoptimum performance benchmark.

To avoid expensive integral computations, we propose aclosed-formdetector using the Gauss-Legendre

approximation, which achieves almost identical performance as the MLD but at substantially lower

complexity. These EH-based noncoherent detectors achievefull diversity in Rayleigh fading. Numerical

results demonstrate that our proposed PS-NcAF and TS-NcAF may outperform the conventional grid-

powered relay system under the same total power constraint.Various insights which are useful for the

design of practical SWIPT relaying systems are obtained. Interestingly, PS-NcAF outperforms TS-NcAF

in the single-relay case, whereas TS-NcAF outperforms PS-NcAF in the multi-relay case.

Index Terms

P. Liu is is with the Department of Electrical Engineering, Stanford University, Stanford, CA, 94305, USA (e-mail:

pengliu1@stanford.edu).

I.-M. Kim and S.Gazor are with the Department of Electrical and Computer Engineering, Queen’s University, Kingston,

Ontario, K7L 3N6, Canada (e-mail: ilmin.kim@queensu.ca; gazor@queensu.ca)

D. I. Kim is with the school of Information and CommunicationEngineering, Sungkyunkwan University (SKKU), Suwon,

Korea (e-mail: dikim@skku.ac.kr)

http://arxiv.org/abs/1505.07194v2


2 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

Energy harvesting, maximum-likelihood, noncoherent, simultaneous wireless information and power

transfer (SWIPT).



LIU et al.: NONCOHERENT RELAYING IN ENERGY HARVESTING COMMUNICATIONSYSTEMS 3

I. INTRODUCTION

Conventional battery powered wireless communications systems require periodic recharging

or replacement of the batteries, which incurs a high operation burden [1] and can be cumbersome

or even impossible (e.g., for biomedical devices implantedin the human body [2]). Recently,

energy harvesting (EH) from the ambient radio-frequency (RF) signals has been developed as

one of the attractive alternatives to prolong the lifetime of energy-constrained nodes in wireless

networks [3], [4]. The dual use of RF signals for EH and information delivery (ID) has led to

the novel architecture of simultaneous wireless information and power transfer (SWIPT) [5], [6],

which allows wireless nodes to scavenge energy as well as extract information simultaneously

from the RF signals, thus constituting an appealing solution for energy-constrained applications

such as wireless relay networks.

Practical SWIPT receiver architectures make use of two different circuits performing EH and

ID individually [7]. The receiver may either switch betweenthe EH and ID circuits in a time-

division fashion, a scheme known as time switching [8], or split the received RF signals into

two streams fed to the EH and ID circuits at the same time, a scheme known as power splitting

[9]. Typically, EH and ID circuits operate with rather different receiver power sensitivities,

i.e., −60 dBm for information receivers and−10 dBm for energy receivers [10], [11]. Since

the EH circuit is designed to maximize the EH efficiency whilethe ID circuit typically aims

for maximum information rate, a fundamentalrate-energy tradeoffexists for SWIPT systems

[7]–[9], [12]. Various resource allocation and beamforming schemes were designed to achieve

different tradeoffs between rate and energy in SWIPT systems. In particular, the optimum power

allocation maximizing the information rate subject to EH constraint was studied for broadband

systems with perfect instantaneous channel state information (CSI) [13]. The optimum resource

allocation with service differentiation between low- and high-priority data was studied for EH

networks in [14]. In [15], a joint optimization and game-theoretic framework was developed to

optimize the packet delivery policy and cooperation strategy for delay tolerant networks with EH.

Moreover, beamforming schemes which maximize the information rate subject to EH constraint

or maximize the harvested energy subject to rate constraintwere studied under imperfect CSI

in [16] and [17], respectively.

Recently, SWIPT has also been applied in wireless relay systems which allows energy-
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constrained relay nodes to harvest energy from the source RFsignals and consequently brings in

substantial benefits in wireless networks [18]. Various theoretical analysis and practical design

have been conducted for EH relay systems in the literature. Specifically, for dual-hop amplify-

and-forward (AF) networks, a greedy switching protocol between data relaying and EH was

proposed in [19], and the joint relay selection and power allocation scheme was developed in

[20]. Moreover, the outage probability and ergodic capacity for EH AF relaying were derived for

delay-limited and delay-tolerant applications, respectively, in [21]. Besides AF relay systems, the

EH has also been considered for decode-and-forward (DF) networks. In particular, the outage

probability of EH DF relaying was studied, taking into account the spatial randomness of the

source-destination pairs, for various network topologiesin [22]–[25].

The aforementioned studies on EH relay systems have either implicitly or explicitly assumed

the instantaneous CSI availability to allow forcoherent information decoding. However, the

coherent SWIPT requires the source to periodically send training symbols, which incurs an

increased signaling overhead and processing burden. Moreover, the relays may need to relay

the training symbols and/or estimate the source-relay channels [26], which results in additional

energy consumptions and poses serious issues especially for energy-constrained relay nodes. As a

remedy, thenoncoherentSWIPT eliminating the need for the instantaneous CSI was first studied

for the EH DF relay systems [27], where two EH relaying protocols, namely, the power splitting

noncoherent DF (PS-NcDF) and time switching noncoherent DF(TS-NcDF) were proposed,

and the corresponding maximum-likelihood detectors (MLDs) facilitating noncoherent SWIPT

were obtained. However, these protocols and the detectors are applicable only for the DF relay

systems. It is still unknown about how the noncoherent AF relaying can benefit from EH, and

how the noncoherent AF relaying performs as compared to the noncoherent DF relaying in

EH relay systems. In addition, for EH AF relay systems, the noncoherent MLD minimizing

the symbol-error rate (SER) in noncoherent SWIPT is still unknown. Realizing that none of

the previous works have tackled the design challenges of noncoherent SWIPT in EH AF relay

systems, we aim to fill the gap.

In this paper, we study thenoncoherentEH relay systems consisting of multiple AF relays,

which can harvest energy from the ambient source signals andutilize the harvested energy to

assist the communication. The main contributions of this paper are summarized as follows:

• For arbitraryM-ary noncoherent frequency-shift keying (FSK) or differential phase-shift
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keying (DPSK) signalings, we propose a unifiednoncoherentSWIPT framework embracing

two EH relaying protocols, namely, the power splitting noncoherent AF (PS-NcAF) and time

switching noncoherent AF (TS-NcAF).

• Following the proposed SWIPT framework, we develop noncoherent MLDs for PS-NcAF

and TS-NcAF in aunified form, which involves integral evaluations yet serves as theopti-

mum performance benchmark for noncoherent SWIPT. To avoid integral computations, we

also develop aclosed-formGauss-Legendre approximation based detector, which achieves

almost identical SER to the MLD at substantially lower complexity. It is demonstrated

that the proposed EH-based noncoherent detectors achieve full diversity in Rayleigh fading.

In terms of the error performance, the proposed PS-NcAF and TS-NcAF may outperform

conventional grid-powered noncoherent relay systems under the same total power constraint.

• The choice of the time switching or power splitting parameters represents a tradeoff between

EH and information transmission, and there exist unique optimum values of these parameters

which minimize the SER.

• The number of EH relay nodes is a key factor on the performanceof the noncoherent EH

relay systems: PS-NcAF outperforms TS-NcAF in the single-relay case, whereas TS-NcAF

outperforms PS-NcAF in the multi-relay case.

• The optimum relay position is closer to the source than to thedestination, regardless of the

EH relaying protocols (This is in contrast to the conventional self-powered relay systems

where the optimum relay position is closer to the destination for AF and is closer to the

source for DF). Furthermore, as the path-loss exponent increases, the optimum relay position

shifts slightly towards the destination, but is still closer to the source.

• TheM-FSK signaling withM ≥ 8 is a more suitable solution for EH relay systems due to

its higher energy efficiency compared toM-DPSK, regardless of the EH relaying protocols.

• Comparison of the AF- and DF-based EH relaying protocols demonstrates that the SER

performance of AF and DF relaying is almost the same in noncoherent EH relay systems,

irrespective of the SWIPT architecture (e.g., power splitting or time switching). This is

in contrast to the conventional self-powered relay systemswhere either AF or DF may

outperform each other depending on the relay locations.

The remainder of the paper is organized as follows. Section II describes the system model and
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develops noncoherent EH relaying protocols. Section III obtains a unified noncoherent SWIPT

framework for EH AF relay system. Section IV derives the noncoherent detectors achieving

SWIPT. Section V gains useful insights into the noncoherentSWIPT through simulations and

Section VI concludes the paper.

Notation: We use(·)∗, (·)T , (·)H , ℜ(·), E(·), ‖·‖, andln(·) to denote the conjugate, transpose,

conjugate transpose, expectation, real part, 2-norm, and natural logarithm, respectively. Also,0,

In, andin denote an all-zero column vector, ann×n identity matrix, and a column vector with

1 at itsn-th entry and 0 elsewhere, respectively. Moreover,A
∆
= B denotes thatA is defined by

B. Finally, x ∼ CN (µ,Σ) means thatx is a circularly symmetric complex Gaussian (CSCG)

random vector with meanµ and covarianceΣ.

II. SYSTEM DESCRIPTION ANDNONCOHERENTEH RELAYING PROTOCOLS

Consider an EH relay network where the source terminalT0 communicates with the destination

terminalTd through the help of a set of potential relay candidates, where the selected relays can

harvest energy from the source RF signals and forward the source information. Suppose that a

total of K EH relays,Tr, r = 1, 2, · · · , K, are predetermined.1 The source may communicate

directly with the destination through the source-destination link h0d or indirectly via the two-

hop relay channelsh0r (first hop) andhrd (second hop). The relays, which do not have fixed

power supplies, can only harvest energy from the RF signals radiated by the source and utilize

that harvested energy to assist the source-destination communication through the noncoherent AF

relaying, thus enabling SWIPT in the EH relay networks. We consider a composite fading model

comprising the large-scale path lossLij as well as the small-scale fadinghij , ij ∈ {0d, 0r, rd}Kr=1.

The path loss componentLij is a distance-dependent constant and will be specified later. The

small-scale fading coefficients are modeled ashij ∼ CN (0, 1), which corresponds to the Rayleigh

fading scenario. We assume that the instantaneous CSIs,hij, ij ∈ {0d, 0r, rd}Kr=1, are unavailable

to any terminals in the network, and thus,noncoherentsignalings such asM-FSK andM-DPSK

are considered. Note that the quadrature amplitude modulation (QAM) is inconsistent with the

1Any potential relay selection protocols may be adopted. Forexample, a natural method is to choose the relays whose harvested

energy is above certain threshold. Note that our proposed EHrelaying protocols are valid for any specific relay selection schemes,

and a detailed treatment of the relay selection scheme is beyond the scope of this paper.
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Fig. 1. EHK-relay systems with simultaneous wireless information andpower transfer, where IDk denotes the information

delivery (or data relaying) fromTk, k = 0, · · · .K. (a) PS-NcAF where each relay splits its received RF power into two portions:

the ρ portion is for EH and the remaining1− ρ portion is for ID. (b) TS-NcAF where the total block time is divided into the

EH phase of lengthαT and the ID phase of length(1− α)T ..

noncoherent SWIPT framework considered here as it typically requires the instantaneous CSI at

the receiver for coherent information delivery.

A. PS-NcAF Relaying Protocol

In the PS-NcAF protocol, each EH relay node splits its received RF signal into two streams,

which are fed to the EH and ID circuits at the same time. Suppose that the total communication

block timeT (sec) is divided intoK+1 sub-blocks for PS-NcAF, each of lengthT
K+1

is allocated

to one of the transmitters (including the source and relays), as illustrated in Fig. 1(a). In the

first sub-block, the source broadcasts the RF signal with power P0 (Watts). At each EH relay

node, theρ portion of the received RF signal is used for EH, and the harvested energy is used

for relaying the source signal in one of the followingK sub-blocks; thus, the average harvested

powerPr available for data relaying atTr is

Pr = ηρP0L0r, (1)

r = 1, · · · , K, where0 < ρ < 1 is the power splitting factor (PSF) and0 < η < 1 is the EH

efficiency [12]. The remaining1− ρ portion of the received RF signal is fed to the ID circuit at
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each relay node, where the signal is amplified using the harvested powerPr in (1) and forwarded

to the destination in one of the followingK sub-blocks.

1) PS-NcAF withM-DPSK: ForM-DPSK transmission, each source messagem ∈ {0, · · · ,M−
1} is differentially encoded into two consecutive information-bearing symbolss(l) ands(l− 1)

according tos(l) = s(l − 1)ej2πm/M , where s(0) = 1 is the initial reference signal. Since

the detection of each source messagem is based on two consecutive received symbols at the

destination, it is convenient to represent the signals as2 × 1 vectors. Lets
∆
= [s(l − 1), s(l)]T

denote the source transmitted signal. Then, the received signal,y0r
∆
= [y0r(l− 1), y0r(l)]

T , at the

relay nodeTr, r = 1, · · · , K, which is the intended for ID, can be expressed as

y0r =
√

(1− ρ)P0TsL0rh0rs+
√

1− ρu0r + v0r, (2)

whereTs (sec) is the symbol time and the power-scaling factor1−ρ is due to the power splitting

at Tr. The additive white Gaussian noise (AWGN) atTr (whenT0 serves as the transmitter) is

made up of two components: the AWGN due to the receive antenna(which is introduced before

the power splitter), modeled asu0r ∼ CN (0, σ2
0r,1I2), and the AWGN due to the ID circuit

(which is introduced after the power splitter), modeled asv0r ∼ CN (0, σ2
0r,2I2) [9], [12], [13].

At the destination, no power splitting is needed as the received signal is only used for ID. Thus,

the received sinal at the destination can be written as

y0d =
√

P0TsL0dh0ds+ u0d + v0d, (3)

where u0d ∼ CN (0, σ2
0d,1I2) and v0d ∼ CN (0, σ2

0d,2I2) are the AWGNs due to the receive

antenna and ID circuit, respectively.

Each relay amplifies its received signaly0r with an amplifying gainGr and forwards that

signal to the destination. Thus, the received signal at the destination is given by

yrd =
√

(1− ρ)P0TsL0rLrdGrh0rhrds+Gr

√

Lrdhrd
(
√

1− ρu0r + v0r

)

+ urd + vrd, (4)

whereurd ∼ CN (0, σ2
rd,1I2) andvrd ∼ CN (0, σ2

rd,2I2) are the AWGNs due to the receive antenna

and ID circuit, respectively. The amplifying gainGr ensures that the average transmission power

for data relaying atTr is fixed toPr in (1) [28]. For PS-NcAF withM-DPSK, the amplifying

gainGr is given by

Gr =

√

PrTs
E{|y0r(l)|2}

=

√

ηρP0TsL0r

(1− ρ)P0TsL0r + (1− ρ)σ2
0r,1 + σ2

0r,2

. (5)
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2) PS-NcAF withM-FSK: For M-FSK transmission, the messagem ∈ {0, · · · ,M − 1}
is transmitted over one of theM orthogonal carriers. The baseband equivalent received signal

intended for ID at the receiving terminalTj which is transmitted fromTi is denoted as anM×1

vectoryij
∆
= [yij(1), · · · , yij(M)]T , ij ∈ {0d, 0r, rd}Nr=1. Then, the signal model for PS-NcAF

employing noncoherentM-FSK can be represented as

y0d =
√

P0TsL0dh0dim+1 + u0d + v0d, (6a)

y0r =
√

(1− ρ)P0TsL0rh0rim+1 +
√

1− ρu0r + v0r, (6b)

yrd =
√

(1− ρ)P0TsL0rLrdGrh0rhrdim+1 +Gr

√

Lrdhrd
(
√

1− ρu0r + v0r

)

+ urd + vrd,

(6c)

whereuij ∼ CN (0, σ2
ij,1IM) andvij ∼ CN (0, σ2

ij,2IM), ij ∈ {0d, 0r, rd}Nr=1, are the AWGNs

due to the receive antenna and the ID circuit atTj , respectively. For PS-NcAF withM-FSK,

the amplifying gainGr, which ensures that the average transmission power for datarelaying at

Tr is fixed toPr in (1), is given by [28]

Gr =

√

PrTs
E{‖y0r‖2}

=

√

ηρP0TsL0r

(1− ρ)P0TsL0r +M
[

(1− ρ)σ2
0r,1 + σ2

0r,2

] . (7)

B. TS-NcAF Relaying Protocol

In the TS-NcAF protocol, the total communication block timeT (sec) is divided into two

consecutive phases: the EH phase of lengthαT and the ID phase of length(1−α)T , as illustrated

in Fig. 1(b), where0 < α < 1 is the time switching coefficient (TSC). In the EH phase, the

source sends RF energy flow to the relays with powerP0. Each EH relay can harvest energy

from the received RF signal and utilize that harvested energy for data relaying in the subsequent

ID phase. The ID phase is further divided intoK + 1 sub-blocks of length(1−α)T
K+1

each, where

the first sub-block is assigned to the source for new information transmission and each of the

remainingK sub-blocks is assigned to one of the relays for data relaying. Then, the average

harvested powerPr for data relaying atTr is given by

Pr =
(K + 1)ηP0L0rα

1− α
, (8)

r = 1, · · · , K, where0 < η ≤ 1 is the energy conversion efficiency [12].
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1) TS-NcAF withM-DPSK: In the TS-NcAF protocol, the received signal during the ID phase

at each node is solely used for information processing, i.e., no power splitting is involved. Thus,

the baseband equivalent signal model for TS-NcAF withM-DPSK is represented in (2×1)-vector

form as follows:

y0d =
√

P0TsL0dh0ds+ u0d + v0d, (9a)

y0r =
√

P0TsL0rh0rs+ u0r + v0r, (9b)

yrd =
√

P0TsL0rLrdGrh0rhrds+Gr

√

Lrd(u0r + v0r) + urd + vrd. (9c)

r = 1, · · · , K, whereuij ∼ CN (0, σ2
ij,1I2) andvij ∼ CN (0, σ2

ij,2I2), ij ∈ {0d, 0r, rd}Kr=1, are

the AWGNs due to the receive antenna and the ID circuit, respectively. For TS-NcAF withM-

DPSK, the amplifying gainGr, which ensures that the average transmission power atTr is fixed

to Pr in (8), is given by [28]

Gr =

√

(K + 1)ηP0TsL0rα

(1− α)(P0TsL0r + σ2
0r,1 + σ2

0r,2)
. (10)

2) TS-NcAF withM-FSK: The baseband equivalent signal model for TS-NcAF employing

noncoherentM-FSK can be represented as

y0d =
√

P0TsL0dh0dim+1 + u0d + v0d, (11a)

y0r =
√

P0TsL0rh0rim+1 + u0r + v0r, (11b)

yrd =
√

P0TsL0rLrdGrh0rhrdim+1 +Gr

√

Lrdhrd(u0r + v0r) + urd + vrd, (11c)

for r = 1, · · · , K, whereuij ∼ CN (0, σ2
ij,1IM) andvij ∼ CN (0, σ2

ij,2IM), ij ∈ {0d, 0r, rd}Kr=1,

are the AWGNs due to the receive antenna and ID circuit atTj , respectively. For TS-NcAF with

M-FSK, the amplifying gainGr, which ensures that the average transmission power atTr is

fixed toPr in (8), is given by [28]

Gr =

√

(K + 1)ηP0TsL0rα

(1− α)
[

P0TsL0r +M(σ2
0r,1 + σ2

0r,2)
] . (12)

III. A U NIFIED NONCOHERENTSWIPT FRAMEWORK

In the last section, we developedtwo EH relaying protocols, namely, PS-NcAF and TS-NcAF,

which can be easily applied in conjunction withtwo widely adopted noncoherent signalings such

as noncoherentM-FSK andM-DPSK, thus resulting in a total offour different noncoherent
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SWIPT schemes for EH relay systems. From Section II, we see that each scheme has a different

system model with a set of different parameters. In particular, the amplifying gain expressions

Gr corresponding to the four possible schemes in (5), (7), (10), and (12) are all different. These

distinct system models and inconsistent parameters make itrather cumbersome for further design

and analysis. To resolve this problem, in this section, we will develop a unified SWIPT framework

embracing both PS-NcAF and TS-NcAF, which enables unified further development.

The key to the unifying process is to unify the definitions of all different system parameters.

First of all, we introduce theeffective noise variancefor each receiving terminal as follows:

σ2
0d

∆
= σ2

0d,1 + σ2
0d,2 (13a)

σ2
rd

∆
= σ2

rd,1 + σ2
rd,2 (13b)

σ2
0r

∆
=







(1− ρ)σ2
0r,1 + σ2

0r,2, PS-NcAF,

σ2
0r,1 + σ2

0r,2, TS-NcAF.
(13c)

Furthermore, let us introduce the information rate,R
∆
= Ns log2 M

T
(bps), which is the total

transmitted information bits normalized by the total communication block timeT (sec), where

Ns is the total number of transmitted information-bearing symbols. For PS-NcAF, theNs new

symbols are sent over the first sub-block of lengthT
K+1

. For TS-NcAF, due to the time switching

effect, theNs new symbols are transmitted over the first sub-block of length (1−α)T
K+1

. By definition

of R, we have

R =







log2 M
(K+1)Ts

, PS-NcAF,
(1−α) log2 M
(K+1)Ts

, TS-NcAF.
(14)

whereTs depends onT throughNs as follows:

Ts =







T
(K+1)Ns

, PS-NcAF,
(1−α)T
(K+1)Ns

, TS-NcAF,

For the purpose of performance comparison of PS-NcAF and TS-NcAF, one must ensure that

the information rateR is the same for both schemes, which is accomplished by choosing the

common parametersT (total communication block time),Ns (total number of symbols), andM

(modulation alphabet size) for both schemes. This implies that PS-NcAF and TS-NcAF must

have different symbol durationTs, in order to keep the same information rateR.
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With the above definitions, the average signal-to-noise ratios (SNRs) of the direct source-

destination link, the source-relay link, and relay-destination link can be expressed, respectively,

as2

γ0d
∆
=







P0L0d log2 M

(K+1)(σ2
0d,1+σ2

0d,2)R
, PS-NcAF,

(1−α)P0L0d log2 M

(K+1)(σ2
0d,1+σ2

0d,2)R
, TS-NcAF,

(15a)

γ0r
∆
=











(1−ρ)P0L0r log2 M

(K+1)
[

(1−ρ)σ2
0r,1+σ2

0r,2

]

R
, PS-NcAF,

(1−α)P0L0r log2 M

(K+1)(σ2
0r,1+σ2

0r,2)R
, TS-NcAF,

(15b)

γrd
∆
=











ρηP0L0rLrd log2 M
[

(1−ρ)P0L0r log2 M+(K+1)
(

(1−ρ)σ2
0r,1+σ2

0r,2

)

Rξ
]

(σ2
rd,1+σ2

rd,2)
, PS-NcAF,

(K+1)αηP0L0rLrd log2 M
[

(1−α)P0L0r log2 M+(K+1)(σ2
0r,1+σ2

0r,2)Rξ
]

(σ2
rd,1+σ2

rd,2)
, TS-NcAF,

(15c)

for r = 1, · · · , K, whereξ = 1 for M-DPSK andξ =M for M-FSK.

A. Unified PS/TS-NcAF Framework forM-DPSK

Following the parameter definitions in (13)–(15), the signal models for PS-NcAF and TS-

NcAF employingM-DPSK can be expressed in a unified form as follows:

y0r = σ0r
(√

γ0rh0rs+ n0r

)

, (16a)

y0d = σ0d
(√

γ0dh0ds+ n0d

)

, (16b)

yrd = σ0rσrd
√
γ0rγrdh0rhrdsr + σ0rσrd

√
γrdhrdn0r + σrdnrd, (16c)

wherenij ∼ CN (0, I2) for ij ∈ {0d, 0r, rd}Kr=1. Note that the unified model in (16) can represent

either PS-NcAF or TS-NcAF by appropriately choosing the parameters according to (13)–(15).

B. Unified PS/TS-NcAF Framework for NoncoherentM-FSK

Following the definitions in (13)–(15), the signal models for PS-NcAF and TS-NcAF employ-

ing noncoherentM-FSK can be unified as follows:

y0r = σ0r
(√

γ0rh0rim+1 + n0r

)

, (17a)

2The parametersγ0d and γ0r are defined as the actual link SNRs associated with the directlink and the first-hop link,

respectively; butγrd is defined as the average SNR of the second-hop when the received signal from the first-hop is of unit

energy, i.e.,γrd
∆
=

G2

rLrd

σ2

rd

.
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y0d = σ0d
(√

γ0dh0dim+1 + n0d

)

, (17b)

yrd = σ0rσrd
√
γ0rγrdh0rhrdim+1 + σ0rσrd

√
γrdhrdn0r + σrdnrd, (17c)

wherenij ∼ CN (0, IM) for ij ∈ {0d, 0r, rd} andr = 1, · · · , K.

Remark 1:The main benefit of the unified noncoherent SWIPT frameworks in (16) and (17)

lies in the fact that it enables unified design and analysis for the PS-NcAF and TS-NcAF

protocols. For example, following these proposed unified noncoherent SWIPT frameworks, the

noncoherent detectors for both PS-NcAF and TS-NcAF can be obtained in a unified form, which

is treated in more detail in the next section.

IV. NONCOHERENTDETECTORS FOREH AF NETWORKS

In this section, the main objective is to develop the noncoherent detection schemes for EH

AF relay systems. To proceed, we first tackle the mathematical challenges involved in the

development of the noncoherent detectors. Then, the (exact) MLDs for PS-NcAF and TS-

NcAF are derived in a unified form, which characterizes the optimum performance benchmark

for noncoherent SWIPT in EH AF networks. Finally, low-complexity noncoherent detectors

are derived, which achieves almost identical performance to the MLDs at dramatically lower

complexity.

A. Mathematical Preliminary

The unified signal models in (16) and (17) involve complicated transformations of the CSCG

random variables/vectors. To facilitate the development of the ML detection schemes, it is useful

to study the probability density functions (PDFs) of those Gaussian transformations.

Lemma 1:Consider random variablesXi ∼ CN (0,Ωi), 2×1 random vectorsxi ∼ CN (0, σ2
i I2),

andM × 1 random vectorsyi ∼ CN (0, σ2
i IM), i = 1, 2, all of which are mutually independent.

Let

X0
∆
= X1X2c +X2x1 + x2, (18)

Y0
∆
= X1X2ip +X2y1 + y2, (19)

wherep is any integer number between 1 andM , c
∆
= [1, c]T , and c is any complex number.

The PDFs ofX0, fX0(x), andY0, fY0(y), are given by

fX0(x) =
1

(πσ2
2)

2
I

(

Ω2σ
2
1

σ2
2

,
[

1 +
Ω1

σ2
1

(

1 + |c|2
)

]Ω2σ
2
1

σ2
2

,
|x2 − cx1|2
(1 + |c|2)σ2

2

,
|x1 + c∗x2|2
(1 + |c|2)σ2

2

, 1

)

, (20)
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fY0(y) =
1

(πσ2
2)

M
I

(

Ω2σ
2
1

σ2
2

,
(

1 +
Ω1

σ2
1

)Ω2σ
2
1

σ2
2

,
‖y‖2 − |yp|2

σ2
2

,
|yp|2
σ2
2

,M − 1

)

, (21)

wherex
∆
= [x1, x2]

T , y
∆
= [y1, · · · , yM ]T , andI(ǫ1, ǫ2, β1, β2, λ) is defined as

I(ǫ1, ǫ2, β1, β2, λ)
∆
=

∫ ∞

0

e
−
(

x+
β1

1+ǫ1x
+

β2
1+ǫ2x

)

(1 + ǫ2x)λ(1 + ǫ2x)
dx, (22)

for any ǫ1 > 0, ǫ2 > 0, β1 > 0, β2 > 0, λ > 0.

Proof: See Appendix A.

The PDF analysis in Lemma 1 is very useful for finding the MLDs for EH AF relay systems,

which will be addressed in the next subsection. Furthermore, the generic analytical results

obtained in Lemma 1 may be useful for other different applications involving the same Gaussian

transformations as considered here.

B. Unified Noncoherent MLDs

Following the unified noncoherent SWIPT frameworks in (16) and (17) and the generic PDF

analysis in Lemma 1, in this subsection, the MLDs for PS-NcAFand TS-NcAF are obtained in

a unified form.

Theorem 1:The MLDs for both PS-NcAF and TS-NcAF employingM-DPSK can be ex-

pressed in a unified form as

m̂ =arg max
m=0,··· ,M−1

{

2γ0d
1 + 2γ0d

ℜ{y0d(l − 1)y∗0d(l)e
j2πm/M}

σ2
0d

+

K
∑

r=1

ln I

(

σ2
0rγrd, (1 + 2γ0r)σ

2
0rγrd,

|yrd(l)− yrd(l − 1)ej2πm/M |2
2σ2

rd

,
|yrd(l) + yrd(l − 1)ej2πm/M |2

2σ2
rd

, 1

)

}

. (23)

Similarly, the MLDs for both PS-NcAF and TS-NcAF employingM-FSK are given in a unified

form as

m̂ =arg max
m=0,··· ,M−1

{

γ0d
1 + γ0d

|y0d(m+ 1)|2
σ2
0d

+

K
∑

r=1

ln I

(

σ2
0rγrd, (1 + γ0r)σ

2
0rγrd,

‖yrd‖2 − |yrd(m+ 1)|2
σ2
rd

,
|yrd(m+ 1)|2

σ2
rd

,M − 1

)

}

. (24)

Proof: See Appendix B.

The MLDs in (23) and (24) involve the computations of the integral I(ǫ1, ǫ2, β1, β2, λ) in

(22), which results in a high computational complexity. Nevertheless, the MLDs are very useful
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as they characterize the optimum performance benchmark fornoncoherent SWIPT in EH AF

networks. For example, one may use the MLDs as a theoretical performance upper bound to

test the performance of any suboptimum detectors, if developed in the literature.

C. Unified Noncoherent GLDs

In this subsection, to avoid integral evaluations and make the MLDs suitable for practical

implementation, we adopt the Gauss-Legendre (GL) quadrature to approximate the integral,

resulting in the so-called Gauss-Legendre detectors (GLDs) in closed-form.

Theorem 2:The GLDs for both PS-NcAF and TS-NcAF employingM-DPSK are given in the

same form as (23), except that the multivariate functionI(·, ·, ·, ·, ·) is replaced bỹI(·, ·, ·, ·, ·),
which is given by

Ĩ(ǫ1, ǫ2, β1, β2, λ)
∆
=

1

2

5
∑

i=1

wiψ

(

1 + zi
2

)

. (25)

The parameterswi andzi are, respectively, the weights and nodes of the GL quadrature of order

5, wherew1 = 128/225, w2 = w3 = 322+13
√
70

900
, w4 = w5 = 322−13

√
70

900
, z1 = 0, z2 = −z3 =

1
3

√

5− 2
√

10/7, z4 = −z5 = 1
3

√

5 + 2
√

10/7, andψ(z) is defined as follows:

ψ(z)
∆
=

e
−
(

β1
1−ǫ1 ln z

+
β2

1−ǫ2 ln z

)

(1− ǫ1 ln z)λ(1− ǫ2 ln z)
. (26)

Similarly, The GLDs for PS-NcAF and TS-NcAF employingM-FSK are given in (24), where

I(·, ·, ·, ·, ·) is replaced bỹI(·, ·, ·, ·, ·).
Proof: See Appendix C.

The MLDs in Theorem 2 require the computation ofM integrals for detecting one information-

bearing symbol, whereas the proposed GLDs avoid the integral computations and involve no

special functions. Thus, the GLDs can be easily implementedin practice. Furthermore, we will

demonstrate in the next section that the GLDs achieve almostthe same error performance as the

MLDs. Thus, the GLDs constitute practical solutions for EH noncoherent relaying systems.

V. NUMERICAL RESULTS

In this section, we evaluate the performance of the proposednoncoherent SWIPT schemes

from various aspects through Monte Carlo simulations.
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Fig. 2. SER versus PSF (ρ) or TSC (α) for PS-NcAF and TS-NcAF employing BDPSK and BFSK at information rateR = 1

bps andSNR = 35 dB in a single-relay network (K = 1) with D0r = 2.

A K-relay line network model is considered, where the relays are distributed over the straight

line between the source and destination. Given the source-destination distanceD0d, the source-

relay distanceD0r and the relay-destination distanceDrd may vary arbitrarily while guaranteeing

D0r + Drd = D0d, for r = 1, · · · , K. The EH efficiency is set toη = 0.6 as in [12]. For ease

of simulations, the antenna noise and ID circuit noise are assumed to have equal variances,

i.e., σ2
ij,1 = σ2

ij,2
∆
= σ2

0/2, ij ∈ {0d, 0r, rd}Kr=1, which ensures that each receiving node has a

total noise variance ofσ2
0 . Since the transmit powerP0 applied to the source is the only energy

supply to the whole network, the error performance of the whole system is parameterized by

SNR
∆
= P0/σ

2
0 . Unless otherwise stated, the communication distance is set to D0d = 3 (m) and

the bounded path-loss model [24] is adopted, i.e.,Lij =
1

1+D̺
ij

, where the path loss exponent is

̺ = 4 as in [25]. We will evaluate the SER performance of the MLDs and GLDs for the proposed

PS/TS-NcAF framework. In addition, the PS/TS-NcDF framework and the corresponding MLDs

developed in [27] will be considered as a benchmark for the purpose of comparison.

A. Comparison of PS-NcAF and TS-NcAF

In this subsection, we compare the error performance of PS-NcAF and TS-NcAF by investi-

gating the impacts of the PSFρ, the TSCα, and the number of relaysK. The comparisons will

be carried out for binary DPSK (BDPSK) and binary FSK (BFSK).
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Fig. 3. SERs of PS/TS-NcAF and PS/TS-NcDF for multi-relay networks employing binary modulations. (a) 2-relay case (K = 2)

with {D0r}
2
r=1 = {1, 1.5}, R = 0.5 bps, andSNR = 30 dB. (b) 3-relay case (K = 3) with {D0r}

3
r=1 = {0.75, 1.5, 2.25},

R = 1 bps, andSNR = 35 dB.

1) Impacts of the PSF and TSC:The SER performance of the proposed EH relaying protocols

is evaluated by varying the PSFρ for PS-NcAF and the TSCα for TS-NcAF while fixing the

SNR asSNR = 35 dB for binary (M = 2) noncoherent signalings at the information rateR = 1

bps. Fig. 2 illustrates the SERs versus the PSFρ or TSCα for the single-relay(K = 1) case

where the relay is located atD0r = 1. We see that there exist (unique) optimum values of the

PSF (i.e.,ρ = 0.8) and the TSC (i.e.,α = 0.4) which minimize the SERs of PS-NcAF and
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Fig. 4. Grid-powered relay system with powerP0/(K+1) allocated to each terminal versus EH relay system withP0 supplied

to the source only for binary noncoherent signalings withR = 1 bps, whereK = 3, {D0r}
3
r=1 = {0.75, 1.5, 2.25}, ρ = 0.8,

andα = 0.55.

TS-NcAF, respectively. This is because the choices of the PSF or TSC result in some tradeoff

between EH and ID in EH relay systems. Specifically, for larger ρ (or α), more energy can be

harvested and utilized for data relaying, whereas less signal energy (or time) can be used for

ID. For smallerρ (or α), more signal energy (or time) is available for ID; but less energy can

be harvested and used for data relaying. Due to this tradeoff, the optimum values ofρ andα

always lie between 0 and 1, which balances the operation of EHand ID such that the overall

SER is minimized.

2) Impact of the number of relays:For the single-relay network as illustrated in Fig. 2, the

minimum SER of PS-NcAF (achieved aroundρ = 0.8) is lower than the minimum SER of

TS-NcAF (achieved aroundα = 0.4). However, this relationship is reversed in themulti-relay

case. Specifically, for the 2-relay case (K = 2) employing binary noncoherent signalings where

{D0r}3r=1 = {1, 1.5} andR = 0.5 bps, Fig. 3(a) shows that the minimum SER of TS-NcAF

achieved aroundα = 0.6 is slightly smaller than the minimum SER of PS-NcAF achieved

aroundρ = 0.85, for both BDPSK and BFSK. In addition, for the 3-relay (K = 3) case where

{D0r}3r=1 = {0.75, 1.5, 2.25} andR = 1 bps, as shown in Fig. 3(b), we can clearly see that the

minimum SER of TS-NcAF achieved aroundα = 0.55 is much smaller than the minimum SER
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of PS-NcAF achieved aroundρ = 0.8. These comparisons indicate that the number of relaysK

is a key factor which dictates to the superior EH protocol. Specifically, PS-NcAF outperforms

TS-NcAF in the single-relay case (K = 1), while TS-NcAF outperforms PS-NcAF in the multi-

relay case (K ≥ 2). The reason for this is explained as follows. For PS-NcAF, since the EH

time and the ID time are equal (both equal toT
K+1

), the harvested power in (1) for data relaying

at each relay is independent ofK, which makes the second-hop SNRγrd independent ofK

as well, as illustrated in (15c). In contrast, for TS-NcAF, due to the time switching operation,

the EH time,αT , is generally unequal to the ID time,(1−α)T
K+1

, at each relay. Thus, for fixed

harvested energy, the harvested power for data relaying at each relay becomes proportional to

K + 1, and consequently, the second-hop SNRγrd is a monotonically increasing function of

K, as illustrated in (15c). Hence, asK increases, the second-hop link for TS-NcAF becomes

increasingly more reliable as compared to that for PS-NcAF,which results in extra performance

improvement over PS-NcAF forK ≥ 2.

For the multi-relay case, we are also interesting in comparing TS-NcAF and PS-NcAF at

different SNRs, such that the performance gain of TS-NcAF over PS-NcAF can be quantified at

any target SERs. Fig. 4 shows the SERs versus the SNR for the 3-relay network employing the

optimum EH parameters, i.e.,ρ = 0.8 for PS-NcAF andα = 0.55 for TS-NcAF according to

Fig. 3(b), where{D0r}3r=1 = {0.75, 1.5, 2.25} andR = 1 bps. For the target SER of10−3, we

see that TS-NcAF outperforms PS-NcAF by about 1.5 dB, for both BDPSK and BFSK. This

significant gain is very attractive as the energy efficiency is of major concern in EH systems.

Furthermore, the conventional grid-powered relay system is evaluated as a benchmark. For a fair

comparison in terms of the total power consumption, the powers allocated to the source and all

relays are equal toP0

K+1
, ensuring the same total power ofP0 as for the EH relay system. We

observe that both EH protocols, namely PS-NcAF and TS-NcAF,outperform the grid-powered

AF relaying protocol, for the same noncoherent modulation.This is because given the same total

power, the EH ability allows the relays to obtain extra powers from the ambient RF signals, thus

boosting the overall performance over the grid-powered relay system with no EH.

B. Impacts of Relay Positions and the Path Loss Exponent

1) Impact of the relay positionD0r: For conventional self-powered relay systems where the

EH capability is disabled [29]–[34], the impact of the relayposition on the error performance
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Fig. 5. SER versus the relative relay position (D0r/D0d) for PS/TS-NcAF and PS/TS-NcDF in the single-relay case with PSF

ρ = 0.8, TSCα = 0.4, and information rateR = 1 bps. (a)̺ = 2.7 andSNR = 26 dB. (b) ̺ = 4 andSNR = 35 dB.

is well understood. Specifically, the optimum relay position minimizing the SER incoherent

relay systems is at the midpoint between the source and destination, for both AF and DF [29],

[30]. For noncoherentrelay systems, however, the optimum relay positions differfor AF and

DF. For DF relaying, the optimum relay position is closer to the source than to the destination
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[31], [32], whereas the optimum relay position for AF relaying is closer to the destination than

to the source [33], [34].

Fig. 5 illustrates the SER versus the relative relay positionD0r/D0d for noncoherent EH relay

systems. For both AF-based PS/TS-NcAF proposed in this paper and the DF-based PS/TS-NcDF

in [27], the optimum relay positions areD0r = 0.2D0d when the path loss exponent is̺ = 2.7,

as shown in Fig. 5(a), andD0r = 0.3D0d when the path loss exponent is̺= 4, as shown

in Fig. 5(b). That is, unlike the conventional noncoherent relay networks where the optimum

relay positions depend on the relaying protocols (AF or DF),the optimum relay positions for

noncoherent EH relay systems are invariant with respect to AF and DF, and are always closer

to the source than to the destination. This major differenceis due to the fact that EH relays are

solely powered by the source, and thus, the dominant performance limiting factor in EH relay

networks is the harvested energy at the relays, which is invariant with respect to AF and DF.

Moreover, the overall performance is affected by the path loss, which is a distance-dependent

constant. Since both the EH operation and the path loss effect are irrelevant to the relaying

protocols, the optimum relay positions are the same with respect to AF and DF in EH relay

systems. We note that the EH operation and the path loss have different impacts on the relay

position. On one hand, the relays must be sufficiently close to the source in order to harvest

enough energy. On the other hand, the relays must not be infinitely close to the source (e.g.,

located at the source) because otherwise the relay-to-destination path loss would become very

significant, which degrades the overall performance. Considering both the EH and path-loss

effects, the optimum relay position for EH relay systems is relatively closer to the source than

to the destination.

2) Impact of the path loss exponent̺: As illustrated in Fig. 5, the optimum relay position,

which is always closer to the source than to the destination,shifts slightly towards the destination

as the path loss exponent̺ increases from 2.7 to 4. This is because a larger path loss exponent

corresponds to a larger relay-to-destination path loss, which can degrade the overall error perfor-

mance. As such, the relay should step towards the destination a little bit to diminish the effect

of the increased path loss. Nevertheless, the prerequisiteof EH operation cannot be obviated,

and thus, the relays must always be deployed closer to the source than to the destination, with

some slight movements towards the destination as the path loss exponent increases.
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Fig. 6. SERs of PS/TS-NcAF and PS/TS-NcDF for higher-order constellations in the single-relay case (K = 1) with D0r = 1.

(a) M = 4, SNR = 38 dB, andR = 2 bps. (b)M = 8, SNR = 40 dB, andR = 3 bps.

C. Impact of Higher Constellations

So far, we have only considered noncoherent binary signalings with M = 2, and a 3 dB

performance gain of BDPSK over BFSK can be observed in Fig. 4.In this subsection, we
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Fig. 7. SER versus SNR for PS-NcAF and PS-NcDF employing BDPSK and BFSK: 1) single-relay (K = 1) case with

D0r = 2, ρ = 0.8, andR = 1 bps and 2) two-relay (K = 2) case with{D0r}
2
r=1 = {1, 1.5}, ρ = 0.85, andR = 0.5 bps.

will evaluate the performance of higher order noncoherent signalings forM > 2. Specifically,

for a single-relay network withD0r = 1, the SER ofM = 4 at SNR = 38 dB andR = 2

bps is illustrated in Fig. 6(a), where 4-DPSK slightly outperforms 4-FSK, irrespective of the

EH relaying protocols (e.g., PS/TS-NcAF or PS/TS-NcDF). Moreover, the SER forM = 8 at

SNR = 40 dB andR = 3 bps is illustrated in Fig. 6(b), which shows that 8-FSK substantially

outperforms 8-DPSK, irrespective of the EH relaying protocols. Observing the trend fromM = 2

to 4 and 8, we conclude thatM-FSK is more efficient in terms of energy consumption thanM-

DPSK, which results in significant performance gain forM ≥ 8. In particular, the performance

gain of 8-FSK over 8-DPSK is about 4 dB in the target SER of10−2, as demonstrated in [27].

D. Comparison of PS/TS-NcAF with PS/TS-NcDF [27]

Since both AF and DF relaying protocols are useful candidates for achieving SWIPT in

EH relay systems, it is meaningful to compare the performance of the AF-based PS/TS-NcAF

proposed in this paper with that of the DF-based PS/TS-NcDF developed in [27]. The SER

performance of the EH relaying protocols generally depend on the relay positions, the EH

parameters (such as PSF and TSC), and SNRs. Thus, performance comparisons can be carried

out from various angles. In particular, Fig. 5 illustrates the comparison of PS/TS-NcAF and
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Fig. 8. SER versus SNR for TS-NcAF and TS-NcDF employing BDPSK and BFSK: 1) single-relay (K = 1) case with

D0r = 2, α = 0.4, andR = 1 bps and 2) two-relay (K = 2) case with{D0r}
2
r=1 = {1, 1.5}, α = 0.6, andR = 0.5 bps.

PS/TS-NcDF by varying the relay positions for fixed EH parameters and fixed SNR. In addition,

Fig. 6 illustrates the SERs for a variety of EH parameter settings (PSF or TSC), where the relay

position and SNR are fixed. The remaining possible comparison is therefore to fix the relay

position and EH parameters, while varying the SNRs. To this end, we compare PS-NcAF with

PS-NcDF, and TS-NcAF with TS-NcDF at different SNRs in Figs.7 and 8, respectively, where

two typical network geometries are considered: 1) single-relay (K = 1) case withD0r = 2,

α = 0.4, ρ = 0.8, andR = 1 bps and 2) two-relay (K = 2) case with{D0r}2r=1 = {1, 1.5},

α = 0.6, ρ = 0.85, andR = 0.5 bps. Note that the PSFρ and TSCα employed in the comparisons

of Figs. 7 and 8 are optimum values determined in Figs. 2 and 3(a). For all the comparisons

carried out from various angles in Figs. 5–8, we observe thatthe SER curves associated with

PS-NcAF and PS-NcDF almost overlap, so do the SER curves associated with TS-NcAF and

TS-NcDF. These observations reveal that the noncoherent AFand DF relaying protocols yield

almost the same error performance in EH relay networks, regardless of the SWIPT architectures

(e.g., power splitting and time switching), the modulationtypes (e.g., DPSK and FSK), and

system parameters (e.g., information rateR, number of relaysK, relay positions, and SNRs).

This is in contrast to the conventional self-powered relay networks, where either AF or DF may
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outperform each other depending on the relay positions. In particular, for self-powered relay

networks, DF might outperform AF when the relay is much closer to the source than to the

destination, because the noise amplification due to AF substantially degrades the performance.

On the other hand, AF might outperform DF when the relay is much closer to the destination, due

to the high relay decoding error probabilities in DF. However, both effects of noise amplification

(associated with AF) and error propagation (associated with DF) are significantly weakened and

become less important in EH relay systems, because the dominant performance limiting factor

is the harvested energy at the relay, which is invariant withrespect to the AF and DF relaying

protocols. Hence, for EH relay systems, there is almost no difference between the noncoherent

AF and DF relaying in terms of the error performance.

In Figs. 7 and 8, we also observe that the proposed noncoherent detectors achieve full diversity

orders of 2 and 3 for the single- and two-relay networks, respectively, with the direct link.

Furthermore, we would like to note that the SER performance of the GLD is in excellent

agreement with the SER performance of the MLD, as demonstrated in all Figs. 2–8. Moreover,

the GLD is given in closed-form, involving no integrals or special functions at all. This suggests

that the closed-form GLD is an appealing practical solutionfor noncoherent SWIPT in EH

AF relay systems. Finally, this also indicates thatĨ(ǫ1, ǫ2, β1, β2, λ) of (25) is a very accurate

approximation for the integralI(ǫ1, ǫ2, β1, β2, λ) in (22).

E. Performance Evaluation for Practical Indoor Communications Scenario

We now evaluate the performance of the proposed detectors under a practical indoor communi-

cation scenario operating at 900 MHz, where the typical communication distance ofD0d = 10 (m)

is considered. Note that according to the current state-of-the-art of RF energy harvesting/transfer,

the maximum line-of-sight (LOS) operating distance for some RF energy harvesting chips is 12–

14 meters [35], [36]. In this paper, we consider Rayleigh fading with blocked LOS due to a

double plasterboard wall; thus, the communication distance of 10 meters is a very reasonable

and practical choice. According to empirical measurementscarried out at 900 MHz,, we set

the path loss exponent as̺= 1.6, which corresponds to the communication inside the typical

office building [37, Table 2.2]. The partition loss is set to 3.4 dB assuming that the transmit and

receive terminals are separated by the double plasterboardwall [37, Table 2.1]. Also, we assume

that the communication occurs on the same floor; thus, the floor loss can be ignored. According
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Fig. 9. SER performance for typical indoor communications with path lossLij (dB) = 10 log10
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−3.4, whereD0d = 10

(m), D0r = 0.1D0r for r = 1, 2, 3, α = 0.55, ρ = 0.8, andR = 1 bps.

to the indoor path loss model featuring at 900 MHz [37, eq. (2.38)], we set the path loss as

Lij (dB) = 10 log10
1

1+D1.6
ij

−3.4 in this subsection. Fig. 9 shows the SER performance for an EH

relay system withK = 3 relays, all located atD0r = 0.1D0d, r = 1, 2, 3. Note that we choose

this relay position because the optimum relay position is much closer to the source than to the

destination, as indicated in Fig. 5. Also, the EH parametersare chosen asα = 0.55 andρ = 0.8,

which are optimum values forK = 3 relays according to Fig. 3(b). Our simulation in Fig. 9

demonstrates that for binary modulations withR = 1 bps, the diversity order of 4 is achieved

for K = 3 EH relays (with the direct link), which confirms the full diversity performance.

VI. CONCLUSIONS

In this paper, we have developed a noncoherent SWIPT framework for EH AF relay systems,

which embraces both PS-NcAF and TS-NcAF in a unified form and supports arbitraryM-ary

noncoherent signalings includingM-FSK andM-DPSK. The main advantage of the proposed

SWIPT scheme is that it eliminates the need for the instantaneous CSI, which alleviates the

system overhead and reduces the energy consumption. Following this framework, we developed

noncoherent MLDs for PS-NcAF and TS-NcAF in aunified form, which involved integral

evaluations yet served as the optimum performance benchmark for noncoherent SWIPT. To avoid
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integral computations, we also proposedclosed-formGLDs, which achieved almost identical SER

performance to the MLDs at substantially lower computational complexity. It was demonstrated

that these noncoherent detectors achieve full spatial diversity in Rayleigh fading. Moreover, in

terms of the error performance, the proposed SWIPT relayingschemes may outperform con-

ventional grid-powered relay systems under the same total power constraint. Finally, numerical

results led to useful design insights into the noncoherent SWIPT in various aspects, including

the effects of the time switching or power splitting parameters, relaying protocols, the number

of relays, relay positions, and the modulation alphabet size, which are summarized as follows:

• The choice of the power slitting factor or time switching coefficient represents some tradeoff

between energy harvesting and information delivery. Unique optimal values of the PSF or

TSC minimizing the SER exist between 0 and 1.

• The number of EH relays is a key factor on the performance of noncoherent SWIPT:

PS-NcAF outperforms TS-NcAF in the single-relay case, whereas TS-NcAF outperforms

PS-NcAF in the multi-relay case.

• The optimum relay position is closer to the source than to thedestination, with some slight

movements towards the destination as the path loss exponentincreases.

• The noncoherentM-FSK with M ≥ 8 is more energy-efficient and thus might be more

suitable thanM-DPSK for EH relay systems, regardless of the EH relaying protocols.

• The noncoherent AF and DF relaying protocols yield almost the same error performance

in EH relay networks, regardless of the SWIPT architectures, the modulation types, and

system parameters.

An interesting extension of this work is to analyze the SER ofthe MLD or GLD, and using

the obtained SER expression toanalyticallydetermine the optimum time switching coefficient or

power splitting factor. In addition, more sophisticated and intelligent coordination of the source

and relays’ transmissions (such as relay selection) may also be considered in order to further

boost the performance.

APPENDIX A

PROOF OFLEMMA 1

In this proof, we will first study the distribution ofX0, followed by a brief derivation of the

PDF ofY0.



28 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

It is not hard to show that the conditional distribution ofX0 given |X2|2 = z is X0||X2|2=z ∼
CN (0,Σ0), where

Σ0 =





(Ω1 + σ2
1)z + σ2

2 , Ω1c
∗z

Ω1cz, (Ω1|c|2 + σ2
1)z + σ2

2



 . (A.1)

We denote bydet(Σ0) the determinant ofΣ0, and it can be shown that

det(Σ0) = (σ2
1z + σ2

2)
(

[Ω1(1 + |c|2) + σ2
1]z + σ2

2

)

, (A.2)
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It follows that the conditional PDF ofX0 given|X2|2 = z is f
X0

∣

∣|X2|2=z
(x) = 1

π2 det(Σ0)
e−xH

Σ
−1
0 x.

Substituting in the expressions of (A.2) and (A.3), we can show that
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where (A.6) follows by the partial fraction expansion. It can be shown that
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The unconditional PDF ofX0 can be computed as follows:

fX0(x) =
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0

f
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Applying the change of variablez
Ω2

→ t in (A.10) and taking some algebraic manipulations, we

can show that
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where

B1
∆
=
A1
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Finally, following the definition ofI(ǫ1, ǫ2, β1, β2, λ) in (22), we can simplify (A.11) into (20).

The derivation of the PDF ofY0 follows similar lines as the derivation offX0(x), which is

summarized in two main steps. In the first step, the conditional PDF ofY0 given |X2|2 = z is

obtained as
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In the second step, the unconditional PDF ofY0 is obtained as

fY0(y) =

∫ ∞
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which simplifies to (21) following the definition ofI(ǫ1, ǫ2, β1, β2, λ) in (22).

APPENDIX B

PROOF OFTHEOREM 1

In this proof, we will start with the derivation of the MLD forM-DPSK. Then the MLD for

M-FSK will be derived in a similar procedure.

Recall the unified signal model in (16) for both PS-NcAF and TS-NcAF employingM-DPSK.

It is not hard to see thaty0d|m ∼ CN (0,Σ0d), where

Σ0d = σ2
0d





1 + γ0d γ0de
−j2πm/M

γ0de
j2πm/M 1 + γ0d



 . (B.1)

Thus, the conditional PDF ofy0d givenm can be expressed as
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Using some algebraic manipulations, the signal model foryrd in (16c) can be rewritten in the

desired form asX0 in (18)

yrd = X̃1X̃2c̃+ X̃2x̃1 + x̃2, (B.3)

where

c̃
∆
= [1, c(l)]T (B.4a)
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= σ0r

√
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X̃2
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rdγrd) (B.4c)

x̃1
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0rI2) (B.4d)

x̃2
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rdI2). (B.4e)

Applying Lemma 1, the conditional PDF ofyrd givenm can be written as
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1

(πσ2
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2
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Following the definition of the MLD, we have

m̂ = arg max
m=0,··· ,M−1

f(y0d, {yrd}Kr=1|m) (B.6)

= arg max
m=0,··· ,M−1

{

ln f(y0d|m) +
K
∑

r=1

ln f(yrd|m)

}

, (B.7)

wheref(y0d, {yrd}Kr=1|m) is the likelihood function whenm is transmitted, and (B.7) follows

by the independence among all different signal branches. Substituting (B.2) and (B.5) into (B.7)

yields the MLD in (23) forM-DPSK.

The MLD for M-FSK can be derived with similar steps as in the derivation ofthe MLD for

M-DPSK. Specifically, we first obtain the PDF ofy0d in (17b), conditioned on the transmitted

messagem, as

f(y0d|m) =
e
− ‖y0d‖

2

σ2
0d

(πσ2
0d)

M(1 + γ0d)
e
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Then,yrd in (17c) can be rewritten in the desired form asY0 asyrd = X̆1X̆2im+1 + X̆2y̆1 + y̆2,

whereX̆1
∆
= σ0r

√
γ0rh0r ∼ CN (0, σ2

0rγ0r), X̆2
∆
= σrd

√
γrdhrd ∼ CN (0, σ2

rdγrd), y̆1
∆
= σ0rn0r ∼



LIU et al.: NONCOHERENT RELAYING IN ENERGY HARVESTING COMMUNICATIONSYSTEMS 31

CN (0, σ2
0rIM), and y̆2

∆
= σrdnrd ∼ CN (0, σ2

rdIM). Then, applying Lemma 1, the conditional

PDF ofyrd givenm can be expressed as

f(yrd|m) =
1

(πσ2
rd)

M
I

(

σ2
0rγrd, (1 + γ0r)σ

2
0rγrd,
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σ2
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,
|yrd(m+ 1)|2

σ2
rd

,M − 1

)

.

Finally, following the definition of MLD, we can show that theMLD for M-FSK is given by

(24).

APPENDIX C

PROOF OFTHEOREM 2

The main difficulty involved in the MLD is the integral computation of I(ǫ1, ǫ2, β1, β2, λ) in

(22). Thus, we will develop a tight closed-form approximation for this integral. To that end, we

first transform the original integral into a desired form which is easy to approximate. Specifically,

we carry out the following algebraic operations:

I(ǫ1, ǫ2, β1, β2, λ) =

∫ ∞

0

e
−
(

x+
β1

1+ǫ1x
+

β2
1+ǫ2x

)

(1 + ǫ2x)λ(1 + ǫ2x)
dx (C.1)

=

∫ 1

0

e
−
(

β1
1−ǫ1 ln z

+
β2

1−ǫ2 ln z

)

(1− ǫ1 ln z)λ(1− ǫ2 ln z)
dz (C.2)

=

∫ 1

0

ψ(z)dz, (C.3)

where (C.2) follows by the change of variablee−x → z and ψ(z) is defined in (26). The

integrandψ(z) is a well-behaved function: first, it is a bounded positive function with 0 <

ψ(z) < 1; second, it is a smooth function with continuous derivatives with respect toz of any

order. Furthermore, the integral limits are finite. These elegant properties enable very accurate

approximation of the integral using the GL quadrature with afinite order. Indeed, the choice of

the approximation order must always compromise between theaccuracy and computational cost

[38]. The higher order, the more accurate the GL quadrature is. On the other hand, however,

higher order requires the computation of more terms which involves higher computational cost.

Considering both the accuracy and computational cost, we choose the fifth order GL quadrature

for our purpose [38], which results inI(ǫ1, ǫ2, β1, β2, λ) ≈ Ĩ(ǫ1, ǫ2, β1, β2, λ), whereĨ(·, ·, ·, ·, ·)
is given in closed-form in (25). Finally, using̃I(·, ·, ·, ·, ·) in place ofI(·, ·, ·, ·, ·) in the MLDs
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yields the corresponding GLDs.3
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