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Abstract—Cooperation between the primary and secondary
systems can improve the spectrum efficiency in cognitive rad

networks. The key idea is that the secondary system helps to

boost the primary system’s performance by relaying and in
return the primary system provides more opportunities for the

CCRN have many advantages over existing non-cooperative
CR schemes. It is a win-win strategy for both systems in
the sense that the secondary transmitter (ST) helps retay th
traffic from the primary transmitter (PT) to the primary user

secondary system to access the spectrum. In contrast to most(PU), and in return can utilize the primary spectrum to serve

of existing works that only consider information cooperaton,
this paper studies joint information and energy cooperatim
between the two systems, i.e., the primary transmitter sersl
information for relaying and feeds the secondary system wit
energy as well. This is particularly useful when the seconds
transmitter has good channel quality to the primary receive
but is energy constrained. We propose and study three scheme
that enable this cooperation. Firstly, we assume there exs an
ideal backhaul between the two systems for information and
energy transfer. We then consider two wireless informationand
energy transfer schemes from the primary transmitter to the
secondary transmitter using power splitting and time spliting
energy harvesting techniques, respectively. For each same, the
optimal and zero-forcing solutions are derived. Simulatim results
demonstrate promising performance gain for both systems de
to the additional energy cooperation. It is also revealed tht the
power splitting scheme can achieve larger rate region thanhe
time splitting scheme when the efficiency of the energy trarisr
is sufficiently large.

Index Terms—Cognitive radio, cognitive relaying, information
and energy cooperation, energy harvesting, wireless engrgrans-
fer.

I. INTRODUCTION
A. Motivation

its own secondary user (SU). This is especially preferred by
the primary system when the PU’s quality-of-service (QoS)
cannot be met by the primary system itself. Compared to
the conventional interweave CR technigli¢ [1] which is an
opportunistic access scheme, the cooperation scheme does
not require the ST to wait and sense the spectrum holes for
transmission; unlike the underlay techniglié [2] which sets
limit on the interference to the primary system, the coofp@na
scheme focuses on the end performance, e.g., the PU rate or
the signal to interference plus noise ratio (SINR), thusShe

is no longer restricted to transmit with low power.

However, most existing CCRN assume that the cooperation
is only at the information level. One problem is that even
when the ST has good channel quality to help serve the PU
but is energy constrained, the cooperation is still not ibbess
This is a commonly seen situation when the ST is a low-
power relay node rather than a powerful base station (BS$. Th
motivates us to propose the cooperation between the primary
and secondary systems at both information and energy |evels
i.e., the PT will transmit both information and energy to the
ST, in exchange for the ST to relay the primary information.
Compared to the existing CCRN with only information coop-
eration, this scheme creates even stronger incentivesotr b

Cooperative cognitive radio networks (CCRN) have beensgstems to cooperate and substantially improves the system

new paradigm to improve the spectrum efficiency of a cogriverall spectrum efficiency. It can be seen as an enhanced
tive radio (CR) system where the primary and secondary sygin-win strategy. The energy cooperation can be enabled by
tems actively seek opportunities to cooperate with eachroththe recently proposed energy harvesting or wireless energy
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transfer technique$§ [25]. In the sequel, we will briefly esvi
the literature about CCRN and energy cooperation.

B. Related Works

1) CCRN: Early works about CCRN are mainly from the
viewpoint of information theory[[3]E[6] assuming non-caiis
primary message available at the ST, where the ST employs
dirty paper coding (DPC) to remove interference from the SU

dresden.de. This work has been performed in the framework of the Eunopeadue to the primary signal. Using multiple antennas and non-
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causal primary message at the ST, the optimal beamforming
is studied for both cases using DPC [7] and linear precoding
[8]. However, these schemes require non-causal primary in-
formation at the ST, therefore they are hard to implement in
practice and only provide an outer bound on the achievable
primary-secondary rate region.
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As to more practical CCRN, three-phase cooperation proteith a discrete-level battery at the RF-EH relay node.
cols between primary and cognitive systems are proposed t&Vhen the wireless terminals have RF EH capabilities,
exploit primary resources in time and frequency domain,[108nergy cooperation provides more performance gain in ad-
[11]. The ST uses the first two phases to listen and forward tHgional to the usual information cooperation in coopesmti
primary traffic; in return, the last phase is exclusivelyer@ed communications. Energy cooperation is considered[in [28]
for the ST to transmit its own signal to the SU. The use dbr several basic multi-user network structures includieigy
multiple antennas and beamforming at the ST provides addrannel, two-way channel and multiple access channel. The
tional degree of freedom for the concurrent primary-cagait optimal energy management policies that maximize the syste
cooperation. The zero-forcing (ZF) beamforming techniquroughput within a given duration is studied. A more retgva
and the optimal beamforming solution have been studied éme to our work is[[20], where an energy constrained relay
[12][13] and [14], respectively. Different from the single node harvests energy from the received RF signal and uses
antenna case, the ST with multiple antennas requires omly ttihat harvested energy to forward the source information to
phases: Phase | is the same as that in the single-antenna tasedestination, therefore the relay does not need external
while in Phase I, the ST can both relay the primary signal aqbwer supply. Both time switching and power switching
transmit its own signal due to its ability of signal separati relaying protocols are proposed to enable EH and informatio
in the spatial domain. Recently full-duplex radio has begwocessing at the relay. Outage capacity and ergodic dgpaci
investigated in[[16] for CCRN which requires only one phasare also derived.
and it can efficiently enlarge the achievable rate regionthBo
the uncoordinated underlay cognitive radio scenario ard th o
coordinated overlay cognitive radio scenario that cossista C- Contribution
message-learning phase followed by a communication phasén this paper, we propose two-level cooperation between the
are studied in[]9]. primary and the secondary systems to achieve better use of th

2) Energy CooperationEnergy cooperation is a promisingspectrum. The first one is information cooperation, wheee th
solution to prolong the network lifetime despite the polesibPT broadcasts the primary signal and after receiving itShe
loss during the process of energy transfer. In case of powetransmits it to the PU; the second one is energy cooperatio
line systems, joint communication and energy cooperasonwhere the PT transmits power to the ST via either cable or
investigated in [[19] for the coordinated multi-point downwireless medium, such that the ST can obtain extra power
link cellular networks. The base stations (BSs) powered by help the PT, as well as serve its own SU. The ST may
renewable energy are connected by a power line to enahkve good channel condition to the PU, but lacks spectrum
simultaneous data and energy sharing. The proposed jaand energy, therefore, the two-level cooperation subisignt
communication and energy cooperation solution are showrtreases the chance that the ST can assist the primary
to substantially improve the downlink throughput for energtransmission and use the primary spectrum. We assume the
harvesting (EH) systems, as compared to the case with@it is equipped with multiple antennas, and deals with the
energy cooperation. In a similar scenario, the optimal ggnerbeamforming design to characterize the achievable primary
cooperation algorithms are designed in][20] for both casescondary rate region. In particular, we study the problem
where the renewable energy profile and energy demand profifemaximizing the SU rate subject to the PU rate and ST
are deterministic and stochastic. power (including harvested power) constraints by optingzi

As to wireless energy transfer, recently the radio frequenthe beamforming design at the ST for EH and relay processing.
(RF) EH technology has emerged as a new solution where thé&\le propose three schemes that enable information as well
electromagnetic radiation in the environmentis captusethb as energy cooperation: i) ideal cooperation where we assume
receiver antennas and converted into useful energy. Thankshe primary information is non-causally known at the ST and
recent advances in antenna and rectenna circuit desigm, thtee transmit power can be shared between the PT and the
has been great progress towards improving the efficiency $T; ii) power splitting scheme where the ST uses part of re-
wireless energy transfer, for instance, Powerharvesteivers ceived signal for information decoding and the rest for gper
provided by Powercast can achieve conversion efficiency lasrvesting; and iii) time splitting scheme where a fractidn
high as 70% in some scenarids][21]. A sensor node powet@de is reserved for wireless energy transfer from the PT¢o t
by a cellular Base Transceiver Station (BTS) at a distan&T and the rest of time is used for information listening and
of 200m from the BTS was implemented ih[22]. RF-EHorwarding. For each scheme, we propose efficient algogthm
technique also enables simultaneous transfer of infoomatito optimally solve the above mentioned optimization prahle
and energy using RF signals [23][24]. Two practical receivén addition, we derive low-complexity solutions based on ZF
structures to decode information and EH called “time switcleriterion, which provide some insights on the impacts of
ing” and “power splitting”, are proposed iri_[25]. “Powersystem parameters.
splitting” divides the received signal into two parts, orog f
harvesting energy and the other for information decoding. i
“Time switching” uses dedicated time slots for harvestin@' Notations
energy and the rest for data transmission. Dynamic swigchin Throughout this paper, the following notations will be
between information decoding and RF EH is proposedin [26Hopted. Vectors and matrices are represented by boldface
then further studied i [27] for a cooperative relaying stém lowercase and uppercase letters, respectiyielyy.denotes the



Frobenius norm(-)" denotes the Hermitian operation of a vecether is due to RF to baseband conversion, both are modeled
tor or matrix. A = 0 means thatA is positive semi-definite. as zero-mean additive white Gaussian noise (AWGN) with
I denotes an identity matrix of appropriate dimensi@h] variances of N, and N¢ respectively. Assuming that they
denotes the expectatior. ~ CN'(m, ®) denotes a vectox are independentwe may consider both types of noise if
of complex Gaussian elements with a mean vectanaind a possible and define the combined received noise power as
covariance matrix 0®. IIx denotes the orthogonal projectionNo = Ny + Ng¢.
onto the column space & while Iy denotes the orthogonal There are different approaches that facilitate the infdiona
projection onto the orthogonal complement of the columand energy transfer from the PT to the ST. In the sequel, we
space ofX. We further definelz]} £ min(1, max(0,z)). will introduce three specific cooperation schemes and figit th
diag(v) denotes a diagonal matrix with diagonal elements aptimal as well as low-complexity solutions. For fairnebs
the elements of. same amount of energy (for both the PT and the ST) is used
in all schemes.

Il. GENERAL SYSTEM SETTING

II1. I DEAL PRIMARY-COGNITIVE COOPERATION

A. System Model and Problem Formulation

Y We first look into the ideal cooperation between the PT and
the ST for information and energy transfer, where the ST has
non-causal information about the primary signal and olstain
energy from the PT via reliable backhaulling, for instance,
cable. Note that although in practice, this cooperatioresth
is either too difficult or too costly to implement, it provisla
performance upper bound for practical cooperation prdsoco
Since the primary message, (E[|sp/?] = 1) is non-
causally known at the ST, it can employ the DPC technique to
encode the primary signal and superimpose its own secondary
%nalss (E[|ss|?] = 1) such that no primary interference is
oduced at the SB. The received signal at the PU is

Fig. 1. Energy and information cooperation in cognitiveioad

We consider cooperation between a primary system an(frll
secondary system in cognitive radio networks, as depicted i
Fig.[d. The primary system consists of a primary transmitter /1 _ t t
(PT) and a primary user (PU), while the secondary system vp = ( (1= B Fphy +hipwp)sp + By Woss +mp, - (1)
has a secondary transmitter (ST) who serves a secondary y@gérew,, is the beamforming vector used by the ST to forward
(SU). All terminals have a single antenna except that the $ffe primary signal, andi, € CA(0, Ny) is the combined
has N antennas. The PT intends to sesdto the PU while received noise at the PB.P,(0 < 8 < 1) denotes the amount
the ST transmits signal, to the SU with appropriate power.of energy transferred to the ST and received;a#),, where
We consider a scenario that the primary link is in outageistat, is the efficiency of energy transfer. The ST then has the total
when its rate demand cannot be met via the direct links it power of Py, + 3P, to serve both the PU and the SU.
becomes necessary for the PT to cooperate with the ST in ordepye to the use of DPC, the SU receives
to meet the PU’s QoS requirement. Without loss of generality
we assume the communication duratibris normalized to be Ys = hlwsss + ns, (2)
unity. -
S)c/)me common system parameters are introduced as folloWgere n. € CN(0, No) is the combined received noise at
hyp, hs, hy, and h,, are used to denote the PT-PU, ST—SL},he SU. Then the primary and secondary received signal to

ST-PU and PT-SU channels, respectively. The PT is connectBiprference-plus-noise ratios (SINRs), are, respelgtive

to the ST either via cable or wireless changel The PT’s 2

. /(1 = B)P,h, +hi tw, |2
total energy (or average transmit power)Rs and the PU's T, = VA f) P ;’ - pWsl , and 'y = M 3)
rate requirement is, bps/Hz. The ST itself has an initial lhipws|? + No 0

total energy ofP,, and furthgr receives/harvests energy from |; is easy to see that the optimai, admits the formw,, =
the_P'_I'.AII ghannels and noise elements are assumed to % hfp ¢/, whered is chosen for coherent reception and
statistically independent of each other. We assume thaggloV ™, 1P=rIl - _ .
perfect channel state information (CSl) is available at$fie % — Iwy||*. As a result, the achievable PU rate is
After the ST receives both information and energy from the 1 P 2
PT, it processes the primary signal, harvests energy thes ug, = log,(1+7,) = log, (1 + (v ﬂ)TPphp i \/?_thSp”) ) )
the harvested energy together with its oenergy to serve lhipws|* + No

the SU and relay the signal to the PU. Amplify-and-forward

AF) relaying protocol is employed by the ST.
( ) ying p ploy y 1 Note that the ST can also pre-cancel the interference atltheaBsed by

We eXplI_CItly cons@er two components in the nofse rece'vqg own secondary signal, however, this could lead to peréorce degradation
at a terminal: one is the received thermal noise and thecause the SU will receive interference from both the PTthadST.

(4)
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The problem of maximizing the SU rate subject to PU ratgoint assumption. Then if the first constraint is not active,

and ST power constraints is written as one can decrease the valuegfand increase the value of
i such that the first constraint is active but the power coimgtra
we g [hiws| (52) s not active. This leads us back to the previous case and
RN R 2 a contradiction of the optimality assumption results. Heat
s.t. (VA = A Fplhyl + @Hhsz’”) > 2™ — 1, the optimality point, the two constraints are always actiee
|hlpw5|2 + No main result of the simplified optimization problem is given i
(5b) Proposition 2and its proof is provided in Appendix]C.
Wl + qp < Poo + BnP,p, (5¢)  Proposition 2: Problem[[5) is equivalent to the problefd (8)
0<B<1,g,>0. (5d) at the top of next page.
Problem [(B) is not convex in general, so we propose to find
B. Feasibility its optimal solution via 2-D search.

Before solving [(b), in Proposition 1 we first give thewr:/:ree ”lu?gr?;img]e ct]:?)zzlr?mt)éharr?r?el(l)n relglizzla:tli%l:sd] azr'ld
dition under which it is feasible antthe proof is given . .

con . P 9 system settings are given byh, = [-0.0823 +

n ﬁppe”‘.j'.xm'l_P o < feasible if and only if the pu 34275 ~06438  —  0.4291i,04338 —  0.2197i)7,
roposition 1: Pro em||135) IS heas' eifandonlyitthe PUy " 10.5345-0.87161,0.2872—0.40434, 0.0951—0.3264i],

rate requirement, is not largerthan hy — —0.4692 + 0.8665i, o — 5, Py — P,y — 10, 7 — 0.8

(/Polhp|+vPao|hepl)? and N = 3. The feasibility region of two target SINR values
log, (1 T No ’ are shown. Each blue ring circle is composed of tuples of
R a it P,n?|hsyl|? < Peolhpl?; (|hip_ws|,|h1ws ?) and is obtained by varyingv, and
prmax PyntPoo  (Ihpl?+nlhap[1?)? keeping ¢, and g fixed. Wheng, increases angs fixed,
logy | 1+ s, e, 2 Mo ) ’ constraint[(5b) orh!, w, is more relaxed. This is illustrated
otherwise by the red lines, each line corresponding to a given gaip.

(6) When g, increases, the red line moves up. Similarly, when
According to Proposition 1, whei®,n?|h,,||? < Psl|hp|* ¢, increases ang fixed, [5¢) becomes more strict and thus
which means that the transferred power from the PT to the $fe blue region shrinks. Similar behavior can be observed if
cannot bring sufficient performance gain, no energy trarisfe 5 varies andy, is kept constant. The feasibility region is the
needed. This may happen when primary power is limited, tidue region under the corresponding red line. Hence, trere i
secondary power is abundant, or the efficiency of the powarconflict between constrainfs {5b) afd](5c). In Fiddre 2, the

transfer is too low, etc. black cross marker shows the optimal point for each given
tuple of (g,, 3). The optimal point is the black cross with
C. SimplifiedCharacterization of(5) the largest x-coordinate. In Figuié 3, we collect the optima

points (shown in black crosses in both Figure 2 and 3) for
Meach paired value ofg,, 3). Out of these optimal points of
each realization of(¢,, 3), we mark the optimal point of

Problem [[(b) is equivalent to the following convex proble

max Re (hT WS) (7a) the whole set as a red square. If the zero-forcing scheme is
W,V ° implemented, the achievable points by definition are always
s.t. (gT V)2 > (277 — 1) (|hlp w, |2 +No), (7b) on the x-axis and the optimal point is marked as a blue
5 7 triangle in FigurdB.
||Ws|| +v DVSPSO+77PP7 (70)
v>0,[v]; <1. (7d)
where g7 _ [VPlhyl, | hsp ], D _ D. ZF Solution

. A L .
diag(nPp,1),v = [V1 = F,,/gp].  Optimization  problem o6 \ye study a suboptimal yet closed-form solution with
in (7) is a second order cone problem (SOCP) and is conV&X: ¢onstraint on the interference power from the ST to the

It can be solved very efficiently. The steps of recastiig ) by je hi w. — 0. To satisfy this, the beamforming vector
. . 1 1 isp S [l
the convex problen{{7) are given in Appenfik B. w. is chosen as
Although problem [(b) can be manipulated as a convex

problem, it does not offer much insight into the structure of h.,ht

the solution. In the following, from the characterizatiditioe (I - ﬁ) h

optimal solution structure, we identify very efficient stxduns. W zF = /s — ; 9)
To this end, we first show that at the optimality point, the [ (I - ||ff;pﬁ3) h||

two constraints in[{5) are active. If the power constraimas

active at the optimality point, one can update the beamfiogmiand the resulting SU channel gain is

vector w, to w, = wy 4—7—Hﬁ8p h, with 7 being a very . ,

small scalar, which increases the objective value whil@keg |Wl,ZFh5|2 — g||ha|2(1 — 52), 62 2 |hl b (10)

the first constraint unchanged. This contradicts the opitina byl 2|/ hs |2
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Fig. 2. The channel power region ! w |2 against|hl, w 2. ()7

represents Hermitian operation in the figure and is dencﬁeéo)bin the main
text. The red lines show the constraint moving up whgnincreases ang

fixed. At the same time, the channel power region, shown im,bélnrinks.
The feasibility region is the blue region under the corresfiog red line.
Within the feasibility regions, the point with the maximumcaordinate is
marked with a black cross.
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Fig. 3. The optimal point for each pair of values @f,, 3) is collected

and shown in black crosses. The optimal point that attaieslailgest value
of \hsp ws |2, is marked as a red square. When the zero-forcing scheme in

Section IlI-D is used, the optimal point is marked as a bligngle.

As a result, the optimization problem is formulated as

max qs (11)
quqpv/B
1- hy| + hs
ot (V/( Pylhy| + /@ lhspl)? 112
NO
qs + qp < Pso + 0Py, (13)

0<p<1,4s=>0,g >0.

qs = Pso + 8NPy — qp (14)
h 2

— Pu+ 8P, <n+ ) 2)— (15)
[hsp]|

(277 — 1) No + Pplhy|> — 24/ (277 — 1)No\/(1 — B) Pp|hy |

(b |2

By setting the first-order derivative df {(116) to be zero, we
can derive the optimab as

(27 — 1) Ny

(|h |+ 77”h.sp|H ) .

The expression (16) verifies the intuition that the optimal
B is an increasing function of,, ||hs,||* andn. If the PT
has abundant power, then it is more likely to transfer energy
to the ST. On the other hand, if the ST-PU link is weak
or the efficiency of energy transfer is low, it is not worth
transferring too much energy to the ST. There is an intergsti
observation abouith,|. If |k, is close to zeroj approaches
1, which means that the primary system relies on the ST to
forward its signal, therefore transfers all its energy te 8T.

As the primary channel becomes better|lps| increases but

is below the threshold/7|/h,,|, # is a decreasing function

of |h,|; once|h,| exceeds the thresholgh| h,, ||, 3 becomes

an increasing function df:,| and this is because the primary
channel is good enough therefore the primary system can help
the secondary transmission.

The channel power values achieved by the ZF solution
achieves are shown in Figuké 3. The corresponding optimal
solution is marked blue. The ZF solution is simple and we
observe that its performance is quite gdodhis example.

The implementation of the ideal cooperation requires cable
and common energy source, as well as signal processing and
coding capabilities for DPCIn the following two sections,
we consider two practical energy and information cooperati
schemes. We assume that the ST adopts the AF relaying
protocol to forward the primary signals instead of proaassi
non-causal primary information.

g = |1 (16)

IV. POWERSPLITTING COOPERATION— SYSTEM MODEL
AND OPTIMIZATION

A. System Model and Problem Setting

In this section, we assume the ST first listens to the primary
transmission via the channegl then forwards it to the PU,
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N with average power

T . —é—é—> bt g | PR = El6]* = [lw [P+ 2Pypllgl*+ollg]* Notlgl* No) | w1
: r ‘P(‘)wgr 1-p (22)
Y Splitting g C The received signal at the SU is
nergy

Harvesting t
ys = hlt+n,

= hlwsss + \/ﬁthpHg”QSp + \/ﬁhlwpngR
+hiw,g'ig +n,, (23)

Fig. 4. The power splitting EH technique at the ST.

therefore two channel phases are required to complete W@erens € CA'(0, No) is the combined noise at the SU. The
communications. In Phase I, the PT broadcasts itsgatdth ~ "eceived SINR at SU is then expressed as

power2 P, where the factor 2 is because the PT only transmits Ihfw,|?

during the first half duration, then the received signalshatt I's = , 5 > 5 T

PU and the ST are, respectively, (2Pppl gll* + plligll*No + [glI*Ne) hiwp|* + N%24)

Yp1 = \/2P,hps, +np1, and r = /2P,gs, + ng, (17) and the achievable SU rate i = ;log,(1+I's) where the

- ) . factor% arises due to the two orthogonal channel uses. The
wheren;, € CN(0,Ny) is the combined noise at the PU o aived signal at the PU is

while np € CA(0, NyI) is the thermal noise received at ST,

respectively. Yp2 = hipt + Npa
To forward primary information as well as harvest RF

energy at the ST, the practical power splitting technidué [1

is used, which is depicted in Figl 4 and works as follows. The +hi,wogTiig + 1y, (25)

ST splits the RF signal into two portions: one for forwardin

to the PU after AF processing and the other for harvesti%@.

energy, with relative power g and1 — p, respectively. The ring Phase II.

signal for AF processing will be converted from the RF to the APPIYing the MRC strategy ta/,1 and ., the received
baseband, and this results in the received signal SINR of the PU is the sum of two channel uses, and conse-

guently, the achievable PU rate is

= hlpWSSS + phlpWP”gHQSP + pthwpngR

erenyy € CN(O,NO) is the combined noise at the PU

T = /pr+ng, (18) , 2Pl P
wherenir ~ CN(0, NcI) is the complex AWGN during the Ry = 5 log, (1 + % + (26)
RF to baseband conversion. The ST processes the received sig 2P |(\)4|hT 2
nal and produceg(r) = Ar. Without loss of optimality, it has pPUIBI MspW _ )
been shown that the optimal has the structure oA = w,,g' Ihl,w.|? + (pl|gl[>No + [|g]>Ne) hl,w, | + No

according to[[1K], wherav; is a new transmit beamforming Next we can formulate the problem of maximizing the SU

vec.tor to b(_a optimized. This is also intuitive bgcause there (5ie R, subject to the PU’s rate constrain and the ST's
a single primary data stream, the best reception strategy feansmit power constrair Py + Pr ), by jointly optimizing
the ST is to use maximal ratio combining (MRC). the power splitting parameter, the cognitive beamforming
The signal for EH is simply vectorw,, and the forwarding beamforming vectet,. Using
the monotonicity between the received SINR and the achiev-
F=\1-pr=+1-p (g 2P,s, + HR) ) (19) able rate, the optimization problem can be written as

Assuming the energy transfer efficiency mfthe amount of [hiw,|? 27)
the harvested energy is wawpe  (2Ppplgl* + pllgl*No + [lgl|> Ne) hlw,|? + No
1 - p)(2P,||g|? + N |, w|* o
s p (200 Y R wp e R - el = elel?N T TelPNe)

Therefore, the ST will have a total transmit power2dt,, + Iwsll* + (2Pppligl* + pllgll* No + llgll* No) [wy|* <
n(1—p)(2P, gl + No) where the factor 2 is due to the fact 2Ps0 + n(1 = p)(2P;|Ig]l* + No),
that the ST only transmits signals in the second half of the 0<p<,
communication time. s g |m?

In Phase II, the ST superimposes the relaying sigita) ~ Where we have defineg, = <5z— — N
with its own datas, using the cognitive beamforming vector
w,, then transmits it to both the PU and the S\bte that B. Feasibility Check
DPC is not used at the STh this phase, the PT remains idle.”"

The ST’s transmit signal is Before solving probleni{27), we first investigate its fedsib
ity, and this can be achieved by finding the maximum PU rate
t = wyss+ wpng (21) Rp or equivalentlyy,. To achieve the maximumy,, we set

. _ 2 _ 2Putn(1-p)2P,lel*+ No)
= Wiss +/2pBw,llgl*s, + ViWig ng + wyglhr, W = 0 then we have|w,||* = 35 lr e R, e




and reach an optimization problem abgubelow: D. Closed-form ZF Solutions

A ) rlgl* In order to gain more insight into the system parameters,
3 No(@Pppllel*+rlel*Notlgl*Ne) (41412 N, + [|g]|2 No)We study the ZF solution which allows a closed-form solution
Ihsp 12 (2Pso+n(1—p) (2P g2+ No)) . o .
ccording to the ZF criterion, there should be no interferen
st. 0<p<l. (28

etween the primary and the secondary transmission, which

The unique optimal p* can be computed in closed form requires thahliw, = hlpws = 0. The ZF solution tow, has
despite its complicated expression. For details, pleagse $een given in[(9) and similarly, the ZF solution g, can be
Appendix[D. While p* corresponds to a maximum PU ratederived as
R?,, we can choose any rate smaller thap in solving [27).

(33)

C. The Optimal Solution W, 28 = \/%” (I ~ huhl ) hy,||
Assuming problem[(37) is feasible, we study how to find o '

its optimal solution.

i 1 i 2 _
By change of variable  w, . with the resulting channel gain to the PU belndp,ZFhsp| =

2 2
V2P0l + pllglPNo + [gPNow,, we wite 2 %Il (1 =0
in an equivalent but more compact form as Therefore problem{29) reduces to
+ 2
ma M (29) max s (34)
W WP |hlwp|2 + Ny Ap+Qs P
two|2 21— 62 "
sit. M > fy;/, s.t. qp||hSpH~(1 ) > Yy
|h];'pw5|2 + NO n NO
[wsll® + lwp > < 2P0 +n(1 — p)(2P[|g]1* + No), gs + gp < 2Pso + (1 = p)(2P,[g]|* + No),
0<p<l, 0<p<1lg 20,920
" & @Poollgl®+pNot+No), - - _ -
Whel’67 é p“pg||277 P]\;)0+NC;7) 2. We f|nd the fO||0WIng The Optlmalpzf is glven by
lemma useful to soIvdeQ
L ) S 1
| L.emma 1:Considera generalmaximization problem be \/vacNo N (gl No) N
ow: . o \ 1 T ek R e T Ve -
T 2 P = 7 .
max el 0 gl =76 Ne
N 0
T 2 S . . . . .
St [hywi > v Derivation of the solution and its feasible range are given i
o2+ |hiw,|2 ~ AppendixF.
[wil|? + [|w2||® < Pe, We can draw some insights frof{35) opt ;:

- 2 .
whereh;, h, are N x 1 vectors andy,, P, o2 are positive o It increases With}/;) = 222;1;;1 — % or decreases with
scalars. Defing? £ % Suppose[(30) is feasible P, and|h,|?, which means when the primary channel is
and its optimal objective value iss, then o is uniquely good or power is abundant, PU rate is easy to satisfy, and
determined by the following equation set: thus the PT can transfer more energy to the ST.

« It decreases with; and |h,||?, which means if the
A _ v10%(0® + A2 |h2 ) - ;
1 T2 (o2 F X Tha 2 (1)) efficiency of energy transfer is low or the ST-PU channel
Ao — th\\w((:r;i;\\ﬁl”u 1(”1 )<2)), (31) is weak, more received signal is used for information
M+ A = Po, decoding. This is different from the ideal cooperation case

. wherethe primary signal is non-causally known at the ST.
where A, A, are dual variables. _ ) _ )
Proof: See Appendix A in[[16]. m To illustrate the solutions, the achievable SU rates agains

Givenp, using Lemmd&lL, the dual variablel, (\») of Z3) the power splitting parameter for the optimal solution and

are identified. Then the optimat,, w, can be expressed as ZF solution are compared in Figl 5 for a specific chan-
nel realizationN = 3,|h,|*> = 0.0127,g = [0.8113 —

_ o (PTashohl) Ty 1.5579i 0.4228 — 0.4039i — 0.9060 + 0.1513i]” h, =

Wi b1 2 1 )
(o2T+Azhabl) ” (32) [0.6664 + 0.2165 0.0663 — 0.8290i — 0.7936 — 0.6795i]”
(*THAahihi) by andh,, = [—0.4623 — 0.6364i — 0.8693 — 0.2020i — 0.1916 —

Wwo = \/]9_2 —1 )
I{e?T+Ashah]) ™ he| 0.3270i]”. The primary power is set t&’, = 10 dB and the

where the downlink powep;,ps can be found using the ST's own power isP,; = 0 dB. The PU’s target rate is 2.6
uplink-downlink duality [30]. Then the optimal solution tobps/Hz. All noise variance is normalized to one. It is chearl
(29) can be derived by performing 1-D optimization©fTo seen that the feasible range of the optimal solution include
efficiently find the optimap, we characterize its feasible rangehat of the ZF solution as a subset. The optimal SU rate is
in Appendix(E. higher than double of the ZF SU rate.
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Optimal Solution wheren,; € CN(0, Ny) and achieves a rate of

—— ZF Solution

2
Rp1 = alog, (1 + M) . (39)
No

In Phase Il, the PT sends signals (E[|sy2|%] = 1) with
average poweP,, to the ST, then the received signals at the
PU and the ST are, respectively,

7 Yp2 = \/PPthSpg—i—an, and ry = \/Pp2g5p2+nR2, (40)

wheren,; € CN(0, No) andng, € CA(0, NoI) are the com-
A bined noise received at the PU and the ST, respectively. The
ST adopts the same strategy as the power splitting protocol
to process the received primary signal, i.e., it applies &rs
° o o3 oz o5 os o7 o5 o 1 MRC receiverg then forwards it using a new beamforming
Power splitting parameter p VeCtOI’Wp.

In Phase lll, the ST superimposes the processed primary
signal with its own datas, using the cognitive beamforming
vector w,, then transmits it to both the PU and the SU. In

ngy this phase, the PT remains idle. The ST'’s transmit signal is

=
o
T

SU Rate (bps/Hz)
T

0.5~

Fig. 5. SU rate vy for power splitting.

|

v written as
oT _1> HEnergty
arvesting 2
Time / ng2 t = wass +/ Prawpllgl|"sp2 + ngTnRQa (41)

Splittin .
7 p & ro P with average power
— l—amp | Processing ~
’ pr = E[[[t]%] = [ wl* + [[wpl|? (Pp2|\g||4 + IIgI\QNo) :
(42)
Fig. 6. The time splitting EH technique at the ST. The received signal at the SU is
Ys = hit—i—nS :hiwssS
V. TIME SPLITTING COOPERATION— SYSTEM MODEL +v/Ppehiw,|gl?spe + hiw,gings + n.,(43)

AND OPTIMIZATION ~
wheren, € CN(0, Ny) is the combined noise received at the

SU. The received SINR at SU is then expressed as

In this section, we study the optimization of a three-phase
time-splitting cooperation protocol where the time-gpig r. — |hiw,|? (44)
EH is illustrated in Fig[16. The PT first uses a dedicated time ~ ° Pyahiw,?|lgl* + hiw,2g2No + No’
slot with a duration ofa (0 < o < 1) to transfer energy to ) )
the ST. In the remaining two equal-time phases with durati@d the achievable rate & = 15 log,(1+T',). The received
of 152, the PT transmits data to the ST then the ST forwardgnal at the PU is

A. System Model and Problem Setting

the primary signal to the PU and serves its own SU. The PT ot ot 5t 2
can adjust its transmit power in the two phases as long as it~ hs”: * n”;’ = hiywsss + v/ Fpabs, w8l "sp2
does not exceed the peak power constréipt,.. The signal +h,wyg'ngs + npo. (45)

model is described below. . .
In Phase I, the PT sends signg), with average power Plfppmng MRCf tto Yp2 hand y’i?” the recglved S.IdNR of the
P, to both the ST for energy harvesting and the PU fq Is the sum of two channel uses, and considefigg in

information decoding. The received signal at the ST is t|:1e first phase, the total PU rate is

Py |hy? -« Pyohy|?
I‘~1 = 85p1 +1npi, (36) Rp = a10g2 <1 + pNOp + 5 1Og2 (1 4 PNOP
whereng; € CN(0, NoI) is the AWGN received at the ST. Pp2|hlpwp|2”g|‘4 )
The amount of the harvested energy is + = = )
v Bl 2 + [, w, 282N + No

Epn = on(Pp |gl* + No), G The problem of maximizing the SU rate with PU rate and

ST power constraint is formulated ds§47) at the top of next
page, where we have imposed the peak power consfaint

on the PT’s transmit power in both Phase | and Phase I, to
Yp1 = hpsSp1 + Np1, (38) prevent extremely high transmit power.

wheren is the efficiency of EH.
The PU receives



1-—« |hiw,|?

max
o, Pp1,ws,wp

log, <1 +
2 Pyo|hlw,[?|g]*

Pp1|hp|2

)+
No

Ppl < PmazaPpQ = max (Pmama2

11—«

s.t.
2

alog, <1 +

Iwsll? + w1 (Prellgl” + llgl*Ro ) <2

0<a<l.

+ [hlw, [2gl2No + N

log, <1 +

Pp — aPpl

1 -«

(47)

Pyo|hl,w,|?||g|*
Ihi,w|2 + [hi,w,[2]g]2No + No

Pp2|hp|2
No

).

an(Pp1[Ig]* + No) + Pso
(1-a) ’

)Z"’pv

Following a similar procedure to obtaih {29), probldml(47¢omputer simulation. We assume that the ST Bas= 4

can be written more compactly as

_ Tw. |2
max 1—a log, | 14 % (48)
a,Ppl,ws,wp 2 |hSWp|2 +N()
miw, 2 (Pelsl®+No)
s.t. : P _— > _
Ihiyws|? + No lgll* =5 No
Ppl S P’HL(LJL‘7P])2 = max <P77L(LJE72%) 5
2 2 _ o0n(Ppillgl* + No) + Pro
s <2 )
Iwall? + fjw I < e
0<a<l,
2(7‘pfalog2 (1+%ﬁ:p‘2))
—a 2 .
where ~/, £ 2 ) -1 _ %I Given o

PP o
and Py, the optimalw,, w, 2can be found usf’ng Lemnid 1
Therefore [4B) can be solved by performing 2-D search o

(CY, Ppl)-

B. ZF Solution

Similar to the case of power splitting, we study the Z

solution for time splitting which require thatfw, = hiw, =
0. The simplified problem(48) becomes

—« gs|[hs]*(1 — 52))
log, (1+ = ——— 49
o Pt gt 083 ( T (49)
2 N7 ’
o Gelbul(—6%) (Prellel® + No) v,
No lell® — 75 No

Pp—OéPpl
11—«
(Pp1Hg||2 + No) + Pso
(1-a) ’
O§a§17q8207q]320-

Ppl SPmacv7Pp2:maX<Pma:m2

).

(0%
ge + qp < 221

Given (a, P ), the solution to(gs,qp) is easily derived.

transmit antennas. We consider a scenario where the déstanc
from the ST to all the other terminals are 1m, while the
distance from the PT to the PU is 2m, therefore assistance
from the ST is usually preferred by the PT. The potential
application scenarios include wireless sensor networkber
indoor environment where WiFi and ZigBee coexist both
operating at 2.4 GHz which leads to significant interference
[31]. WiFi is the primary system and ZigBee is the secondary
system. Zigbee wants to share the spectrum occupied by WiFi
but it has very limited energy supply or even no battery. The
channel between a transmit-receive antenna pair is modeled
ash = (A)~zei*, where A is the distance/ is the path
loss exponent, chosen 8s5, andw is uniformly distributed
over|[0, 27). The variance of noise components are normalized

to unity, i.e., No = N¢ = 1. The primary energy is set
Vvig P = 20 dB,

the peak power i, = 30 dB, and

the PU rate requirement is, = 3 bps/Hz, unless otherwise
specified. Outage occurs when the required PU rate is not
supported. We will evaluate the performance of the proposed
schemes including the ideal cooperation (labeled as ’ldeal
I_Cooperation’), the power splitting scheme (labeled as ‘&ow
Splitting EH") and the time splitting scheme with both fixed
equal power (labeled as ‘Time Splitting EH’ ) and adaptive
power allocation (labeled as ‘Time Splitting EH with Power
Allocation’) during the energy and information transfeher
case of information cooperation only |14] between the prima
and secondary systems without energy cooperation is used as
the benchmark (labeled as 'No Energy Cooperatiodbless
otherwise specified, the results are averaged over 100(ehan
realizations.

In Fig.[d, we plot the rate regions for different schemes
for a specific randomly chosen channel realizatjbp|?
0.0002,g = [—0.9472 — 0.6334: — 0.9090 — 1.22667 —
1.1855 + 0.3370i 0.5345 — 0.17964]7, h, [—0.9215 —
0.43144 0.2052—0.2503i 0.3109—0.3055i 0.3560+0.11637]7

However, this leads to a complicated objective functionubo, 4y, — 0.3610 — 0.1248i 1.1616 + 0.8211i — 0.4350 —
(e, Pp1) which does not admit a closed-form solution, therqj_2818sf — 0.4445 + 0.6564i]7. ST's own energy iy = 10
fore the optimal solution can be found by performing 2-RQg  The efficiency of energy transfer is assumed to be

search ovefa, Pp1).

VI. SIMULATION RESULTS

n = 0.5. It is seen that the achievable rate regions are greatly
enlarged due to the energy cooperation. It is observed that
the power splitting scheme for energy cooperation outperfo

In this sectionthe performance results of the proposethe time splitting scheme. Due to the non-causal infornmatio
primary-secondary cooperation schemes are presentagytinrotransfer, the ideal information and energy cooperationipies
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an outer bound for both practical cooperation schemes.
Next we investigate the impact of the ST's self energy ¢
the achievable average SU rate in fih. 8 when the efficien
of energy transfery, takes values 0.1, 0.5 and 1. Substanti
rate gain is achieved using the proposed schemes compz
with the case without energy cooperation, especially in lo
to medium ST energy region even when the efficiency
n = 0.1. While in the high energy region angl = 0.1, the
performance of the information only cooperation scheme
close to that of the power splitting and time splitting scleem
This is because the ST has sufficient energy and the efficier
of energy transfer is low, there is no need to harvest ener
from the primary transmission. It is also observed that tt
power splitting scheme achieves higher SU rate than the ti
splitting scheme when the efficiengy= 0.5 and 1 while when
n = 0.1, the time splitting scheme outperforms the powe
splitting scheme in the low to medium energy region.

o

-0 le—e

P,

Q-0 -0--0--0--0 T ] g
- o-o--

5

g_ e —— No Energy Cooperation

2 .l —©— Power Splitting EH |

% ’ —B&— Time Splitting EH Lz

@ ‘H’

3 S o 1
R 1 S-S c ke |
G--OrIe
1t A% i

n=0.1
051 4

8 10 12 14 16 18 20
ST Energy (dB)

We then compare the PU rate outage performance of dify. 8. su rate vs SU power,, = 3 bps/Hz.
ferent schemes when the ST energy varies from 0 to 20 dB

in Fig. [@. We assume the SU rate requirementis= 3

bps/Hz. It is first noted that without any primary-secondar

cooperation, the PU experiences rate outage with a hi
probability of over 80% due to the weak primary channel.
only information cooperation but no energy transfer isvaéld,

the outage probability can be reduced only in the high ener

region. Wheny > 0.5, the power splitting and time splitting
schemes achieve outage probabilities of beddi and35%,
respectively, which is a substantial improvement.

55 Ideal Cooperation

IN
T

Power Splitting EH 7

—
N
T
B 35f il
Q.
=2
o 3r §
§ Time Splitting EH
S 25 8
o
P il
15 8
No Energy
1- Cooperation b

3 4
SU Rate (bps/Hz)

Fig. 7. PU-SU rate region??, = 20 dB, Pso = 10 dB.

VII. CONCLUSIONS
This paper has investigated energy cooperation between

0.9
0
i
0
2
% 06
Q2
o
% 05
2 —¥—No Cooperation
g 04 — No Energy Cooperation
© —©— Power Splitting EH
& os —B— Time Splitting EH
=}
o
0,{ it o Wbl ¢ S b = i - SETuR - IR

o
o

8 10 12 14 16 18 20
ST Energy (dB)

Fig. 9. PU rate outage vs SU powet, = 3 bps/Hz andrs = 4 bps/Hz.

secondary systems to cooperate and overall the spectrum is
better utilized. We have studied three protocols that exsbl
both energy and information cooperation. The first one is the
ideal cooperation assuming non-causal primary informatio
available at the secondary transmitter; the other two pa$o
employ practical power splitting and time splitting for ege

and information transfer. For each scheme, the optimal dls we
as low-complexity solutions are derived, based on whichesom
insights are drawn on system parameters. It is found that
the power splitting scheme usually can support a larger rate

primary and secondary system in cognitive radio networksgion than the time splitting scheme when the efficiency of

in addition to existing information cooperation. The ratie

energy transfer is sufficiently high. Substantial perfonoce

behind is that the primary system provides spectrum as wghin has been shown using the proposed additional energy
energy to the secondary system, and in return the secondawgperation than the existing information cooperatiory @R
system is more willing and able to assist the primary transeheme, therefore energy and information cooperationdcoul
mission. This creates more incentives for the primary aré a promising solution for the future CR networks.
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APPENDIXA
PROOF OFPROPOSITIONT]

The maximum PU rate is achieved when SU rate is zero

andw, = 0. In this caseg, = Pso + 1P, and the optimal
[ that maximizes the PU rate is given by

5 =gy s (VA= DBl + VP T B ).

(50)

Setting the derivative to zero leads to the unique criticahp

3= Pp772|‘h8p|‘2 — P80|hp|2 '

Bon?|hp |2 + 0P|y |?

Then the optimal3 is 8* = [3]§. Accordingly, the maximum
PU rate in[(6) can be derived.

(51)

APPENDIX B
RECASTING (B) TO THE CONVEX PROGRAM(7)

APPENDIXC
PrROOF OFPROPOSITIONZ|

Define ¢, 2 ||w,||?. First notice that the PU rate and ST
power constraints i {5) should be satisfied with equalittes
we have
qs = (Pso + BnPp) — gp- (54)

According to Proposition 1 in[]8], the optimai, can be
parametrized as

1_[h hs Hﬁ hs

W= | VA—2 2 4 VT Xx—=2 ] 0<A<1.
< ([Tn,, |l [T, ]|

(55)

We then haveh{,w,|> = g, | hy,||>. Substituting it into the
PU rate constraint if{5), we can solweas:
‘\/ (I_B)Pp‘th'\/@”hsz)”‘2 N
2P —1 No
((Pso + AnPy) — ap)[Ihspl?
Substituting [(GY)-£(86) into the objective function [3 (5yes
the formulation [(B).

A=

(56)

We begin by realizing that the optimization problem relates
to w; only in quadratic forms and we can multiply a complex APPENDIXD

phase to the optimization objective so that the complex @haseasigiLITY RANGE IN POWER-SPLITTING COOPERATION
is offset. Hence, we replace the optimization objective by

> Definea; £ 2P,|g||> + No, b1 2 2Py, c1 = ||hg,|?
Re (hs Ws)- then [ZB) is equivalent to
max Re (hJr WS) R No(ay + <) Ne
W Wy, ? min = L + (No + —)(57
) ) P file) c1lbr +ain(1 = p)] (Mo P 67)
s. t. |\/ (1 = B)Pylhp| + i, wy | st. 0<p<Ll

> (| hi, w,|?+ 1\70) : The first-order derivative of; (p) is given by

[ws |12+ [l wp [|> < Poo + BnPp, 01(p) (58)
wherew, = 2% — 1 is the target SINR. The optimal direction Op . N
of w, = /Ty EZ r¢/ &) can be determined and what is _ NoNc No(aip + NeJain N
left for optimizing is the power ofv,, ¢,. Thus we have cilbr +ain(l —p)lp?  albr +an(l—p)Pp  p?
max Re (hT w ) and setting it to zero leads to
Ws,qp.f3 58
! , f2(p) & A1p* + Bip — C1 =0, (59)
s. t. ( (1_ﬁ)Pp|hP|+\/%HhspH)

: where for convenience, we have defindd £ a%n]]g—g —
2 Yp (| hlp w | + NO) ) (a1m)?c1, B1 £ 2a1mNo + 2(by + ain)ainer, C1 = No(by +
2 ain) + c1 (b1 + ain)?,
ws ||+ gp < Pso + BnPp. . .
Iws I+ g o+ b Observe thatfo(p) has the same sign a%g(—”) in order

R =~ . . . P
Now, we letf = 1 -5 andg, = /g, and the ranges of {5 fing the optimalp*. Next we discuss the roots gh(p).
the parameters remain the safie< 3 <1 andg, > 0. The Bgacause

optimization problem becomes
B% +4A.C1 = (2&177N0 + 2(b1 + am)amcl)2

max _ Re (hl ws) I
Ws,qp,0
X 3 _ 9 i 9 = +4 (a%WN—O - (0177)201> (No(b1 + a1n) + c1(by + a1n)?)
st (BYPilhyl + Gl by 1)? = 5 (10E, we 2+ Ro), c

(2a1nNg + 2(by + a1n)ainecy)?
—4(a1n)?c1(No(br + a1n) + c1(b1 + a1n)?)
4(1%172 (Ng + c1No(b1 + am)) > 0,

| ws ||2+QZ§P50+(1_BQ)77PP7 -
0<pB<1, g >0.

(52) (60)
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_ 2
there are always two distinct real rogig = —2- "V P1H44¢ W APPENDIXF
B, —\/B?14AC _ ) OPTIMALITY OF p*, IN POWER SPLITTING COOPERATION
andp, = W. Depending on the sign ofy, there _pzf i )
are three possiblé cases for the optimal Because the first two constraints [n}34) should hold with
. J equality, we can derive
) Ar > 0 or 4= > n|h|* BecauseC; > 0, p1 > qualtty

0, p2 < 0, thereforep™ = min(py, 1). ap+ Nc¢

) ) gs(p) = 2P ta—ap—cip—— i (64)
i) A1 < 0or {2 < nllhy? In this caseps > p1 > 0. (e) fbp—’Y;Nc
Due to the fact thatl; + Cy > 0 or =2 = pipy > 1, we e L (vp5 + D Ncews
know thatp, > 1 and it cannot be the optimal solution. - 50 P bp — v, Nc '
Therefore,p* = min(py, 1). .
i) A1 = 0. In this case,p* = min (%, 1) = wherec,; = ”h:ﬁ% Maximizing ¢; is equivalent to
3 7135 1 a
min (2<2Ppugu3+zvo>n +t2.1). 0 oy (8 T DNoCs (65)
After finding p*, the maximum achievable PU rate can be 0oy P bp — v, No
calculated and compared with the PU rate requirement to . _ ) _
check the feasibility. whose minimum is achieved by (35). To compare with the
optimal solution, we also study the feasible range ébr the
APPENDIX E ZF scheme. A given is feasible requires thagt (p) > 0 or
FEASIBILITY RANGE OF p IN POWER SPLITTING
r frs—zr(p) & Ap® + Bp+ C.y <0, (66)

COOPERATION

A given p can result in a feasible solution only if the STWhere Cs; 2 Ne(7,(2Pso + a) + c.5). Similar results as

can satisfy the PU’s rate requirement even without senieg tthe optimal case[(66) can be obtained, except replacing
SU. In this extreme casey, = 0 andw, = V2P0 Pouhs, with C.y. SinceC,; > C due to the fact that.; > ¢, the
. s = b=

The PU's rate constraint then amounts to spll " optimal scheme has a larger feasibility region fothan the
) ) ZF solution.
(2P0 +n(1 = p)(25, |8l + No))l[hsp|l
(2P,pllgll* + pNo + Neo)v, No 61) REFERENCES
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