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Security and Energy Harvesting
for MIMO-OFDM Networks

Tiep M. Hoang, Ahmed El Shafie, Daniel B. da Costa, Trung Q. Duong, Hoang Duong Tuan, and Alan Marshall

Abstract—We consider a multiple-input multiple-output
(MIMO) orthogonal frequency-division multiplexing (OFDM)
network in which a source node, Alice, communicates with an
energy-harvesting destination node, Bob, in the presence of a
passive eavesdropper. To secure the wireless transmission, Alice
generates a hybrid artificial noise (AN) in both frequency and
time domains. Moreover, in order to collect more energy, Bob
splits the received signal power of the cyclic prefix of each OFDM
block. We then propose two non-convex optimization problems
to balance both the need for security and the need for harvesting
energy at Bob. While one considers maximizing the secrecy rate,
the other approach aims at maximizing the harvested energy.
Path-following algorithms of low computational complexity are
developed and evaluated. Our numerical results show the gain
of our proposed scheme and the effectiveness of our proposed
algorithms.

Index terms—MIMO, OFDM, SWIPT, security, energy
harvesting, hybrid artificial noise, path-following algorithms

I. INTRODUCTION

Over the past decade, wireless security has been widely
investigated since wireless networks are vulnerable to passive
eavesdropping [2]-[5]. Harvesting energy in secure wireless
networks has also drawn the research community’s attention
recently [6]-[8]. Obviously, considering wireless security and
energy-harvesting is generally more challenging than consid-
ering each problem separately [7], [9], [10].

Many works have examined the impact of secrecy pa-
rameters on the harvested energy and clarified the role of
energy-harvesting parameters on the physical-layer security
performance. For example, [11] considered a relaying network
and then designed beamforming vector and time-switching
(TS) coefficient to maximize secrecy rate subject to energy-
related constraints. Moreover, [12] focused on minimizing the
transmit power subject to rate-related constraints and con-
sidered power-splitting (PS) protocol instead of TS protocol.
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Using the TS protocol for energy-harvesting and using game
theory to cope with jamming attacks, the authors of [13]
evaluated the secure performance of a wireless secret key
generation system. The results in [14] indicated that the secure
performance of a relaying network would be improved by us-
ing a TS-based relaying protocol (instead of merely processing
information). Both the TS and PS protocols were discussed
in [15] with the emphasis on protecting a relaying network.
Furthermore, security and energy-harvesting for orthogonal
frequency-division multiplexing (OFDM) systems were also
simultaneously studied in previous works [16]-[18]. However,
the proposed systems in [16] and [18] were single-input single-
output (SISO) systems, while [17] had to invoke a jammer to
cope with information leakage. Moreover, the methodologies
used in these works might not be extended to more general
cases such as multiple-input multiple-output (MIMO). Having
said that, the idea of using OFDM to simultaneously im-
prove security level and received energy in these works is
worth our consideration. For instance, [18] took advantage
of cyclic prefix, which is one of the most characteristics of
the OFDM technique, to improve the energy harvested at the
intended energy-harvesting user. Apart from the linear energy-
harvesting (EH) model, several non-linear EH models are
studied in [19]-[21]. In [19], the authors maximize the sum
throughput and the minimum individual throughput based on
the constraints of time and power allocation. From a hardware
design perspective, the authors in [20] and [21] consider
power conversion/transmission efficiency in connection with
EH circuits. Especially, the EH model in [21] includes the
sensitivity and saturation threshold of EH circuits. Such non-
linear EH models are relatively practical, but applying them to
secure wireless systems is really challenging. To simplify the
analysis, we choose to use a linear EH model as in most of
the existing works. Hence, the topic of non-linear EH models
is out of the scope of our paper.

Among the aforementioned works, our paper is closely
related to [18]. In [18], the authors considered a SISO-
OFDM simultaneous wireless information and power transfer
(SWIPT) in the presence of a passive eavesdropper. As an
extension of [18] to the MIMO case, this work considers
a MIMO-OFDM SWPIT system. Noticeably, [18] suggests
a non-convex problem for the trade-off between information
security and energy-harvesting, but cannot solve it through
any analytical methodology. In other words, the approach in
[18] is unable to apply to similar works. In contrast, this
paper provides a computational framework for resolving non-
convex problems relating to the trade-off between security and
energy-harvesting. Following that, we face the challenges in



transforming non-convex problems into convex approxima-
tion ones'. More specifically, to address these non-convex
optimization problems, we develop path-following iterative
algorithms, which iteratively improve feasible points for the
original non-convex problems. Thereby, we obtain at least
a sub-optimal solution to each of the proposed problems. It
should also be noted that this paper simultaneously discusses
the frequency-domain artificial noise (freq. AN) design and
the time-domain artificial noise (temporal AN) design. This
type of hybrid AN was out of the scope of [11], [12], [14],
[16]-[18], [22]. Although the hybrid AN design was proposed
in [23], the topic of energy-harvesting was not considered.
On the contrary, we take into account security and energy-
harvesting, then resolving the trade-off problem between these
two aspects. Our contributions can be summarized as follows:

o We propose a secure MIMO-OFDM SWIPT scheme in
which the source node, Alice, employs a hybrid AN
strategy to guarantee secure transmissions. In addition,
a legitimate destination employs energy-harvesting cir-
cuitry to gather energy (see Fig. 1). We turn the process
of removing the cyclic prefix into the process of harvest-
ing energy, thereby improving the amount of achievable
energy at the intended user.

o We consider two different optimization approaches. First,
we maximize the secrecy rate of the system subject
to the constraints of energy. Second, we maximize the
harvested-energy rate at the legitimate energy-harvesting
receiver subject to security constraints. As previously
mentioned, we handle non-convex optimization problems
by developing path-following algorithms to reach at least
sub-optimal solutions.

« We quantitatively evaluate the system performance in
terms of security and energy-harvesting, respectively.
Through numerical results, the impact of system param-
eters is evaluated.

The remainder of this paper is organized as follows: Sec-
tion II presents the system model and the specific setups at
transceivers. Section III presents achievable secrecy rate and
its lower bound. In Section IV, the total amount of harvested
energy and its lower bound are derived. The two different max-
imization problems (i.e., maximizing the achievable secrecy
rate and maximizing the harvested energy) are suggested in
Section V. The numerical results and conclusions are provided
in Sections VI and VII, respectively.

Notation: C™*"™ denotes the set of all complex matrices of
size m-by-n. R{-} and I{-} denote the real and imaginary
parts of a complex number. ], . denotes the (m,n)th entry
of a matrix. (-)*, ()7 and (-)7 denote the conjugate, trans-
pose and Hermitian operators, respectively. trace {-} denotes
the sum of the diagonal entries of a matrix. (A)* is an
orthonormal basis for the null space of some matrix A, i.e.,
A(A)Lt = 0. ||.|| denotes the Euclidean norm of a vector.
The expectation is denoted by IE {-}. z ~ CN,, (0, X) denotes
a complex Gaussian random vector z € C™*! with mean O

' As aforementioned, the SISO-OFDM in [18] does not provide any frame-
work to transform non-convex problems into convex programming problems
and thus, its approach fails to deal with the MIMO-OFDM case.

and covariance matrix X € C"*". Moreover, z ~ CN (0, 0?)
denotes a complex Gaussian random variable with zero-mean
and covariance o?. blkdiag{-} denotes a block diagonal
matrix with its diagonal elements being matrices. The operator
r(ﬁ%]z_e {a} resizes the vector a = [a1,...,Qi,...,qj,..., 0]

to the vector a’ = [a;, ..., a;].

II. SYSTEM MODEL

In this section, we respectively present the system model
and the specific setups at all nodes. The considered system
consists of one source node (Alice), one energy-harvesting
node (Bob), and one eavesdropper (Eve). Alice first converts
the frequency-domain signals into the time-domain signals
using an N-point inverse fast Fourier transform (IFFT), and
then inserts a cyclic prefix (CP) of N, length into the
beginning of each OFDM block. Let N, Ng and Ng be the
number of antennas at Alice, Bob and Eve, respectively.

A. The Injection of Freq. AN and Temporal AN at Alice

Let a,, € CNa*! and B,, be, respectively, the beamforming
vector of subcarrier n and the frequency-domain AN precoding
matrix of subcarrier n. The frequency-domain symbol vector,
corresponding to the nth subcarrier, can be written as

Sn = an®y, + Brd,,

where z,, € C is the frequency-domain symbol and d,, is the
injected freq. AN vector. To maximize the interference at Eve,
d,, is generated to be independent of d,,, if n # m. Moreover,
each entry in d,, is a complex Gaussian random variable with
zero mean and covariance 2. The size of B,, and that of d,,
will be determined later in Section II-D; however, the product
B,.d,, must be a vector, which lies in CNa*1,

As such, the frequency-domain symbol vector over all
subcarriers can be written as

sé[sf,s;,...,smT:XaJrBd (D)
where
X = blkdiag {In,z1,In,Z2,. .., In 2N},
a=la],a),...,ay]"
B = blkdiag {B1,Bs,..., By}, )
d=[d],d],....,d}y]" . 3)

Remark 1. The covariance matrix of s can be calculated as:
E{ss'} = E {Xaa'X'} + E {Bdd'B'}
= o2blkdiag {W1, Ws,..., Wy} + BB (4)

+ A
n> Wn =

where W,, & w,wl Psa,, and p, £ FE {|:cn|2}.
0

Note that o3 is a constant, which is used to adjust the range
of the ratio (p/cd).

In order to convert the array {s,}n=1,.. .~ into the
time-domain signal, Alice uses the IFFT matrix FL =

(FI®1Iy,) € CMNXNN with F € CY*N. Note that
the (p,q)th element of F € CN*V takes the value of

[F],, = V(1/N)exp(—j2npq/N). After the conversion,
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Fig. 1. System model.

Alice inserts a CP of N, samples into the beginning of that
IFFT signal by using the following CP insertion matrix:
op T T
Ty = [[ONANCFXNA(N—NCP)7INANCP] aINAN} .

As such, the transmitted signal in the time domain can be
expressed as:

3 = TFis. (5)
Let d be the injected temporal AN vector, and let Q be the

temporal AN precoding matrix. By adding s and Qd, we
obtain the transmitted signal in the time domain, i.e.,

§=5%+Qd=TPFis + Qd. ©6)

Note that the size of Q and the size of d will be determined
later in Section II-D. However, each entry of the vector d will
be assumed to obey CN (0,52).

Remark 2. The covariance matrix of the time-domain signal
S can be calculated as:

E (55"} = T?F} (o2ww! + o?BBY) Fo(T?)' +5°QQf
= oF | TYF ww!Fy (T)1 + A 7

where

A = (0%/32) TYFIBBTFA(T?) + (52 /02) QQT
and

w2 [wl,... wh]'.

Then, the average power of the time-domain signal s is

E {|s]*} = trace {IE {ss'}}

= of trace {TZPFI‘WWTFA (1) + A}

2
=a {HTZPFZWH + trace {A}] . ®)

Denote P4 as the power budget of Alice. A power constraint
is imposed on the signal's as follows:

i et |2 Pa
E {Hs|| } <Py& HTAPFAWH < —5 —trace{A}. (9)
99

B. Information Processing at Eve

Eve first removes the CP from her received time-domain
OFDM signal by multiplying by the following CP removal
matrix:

cp_
Ry = [OnnxNeNg TN ] -

Then, a FFT algorithm is applied to convert the time-domain
signals to the frequency-domain signals. This FFT algorithm is
performed by multiplying the FFT matrix Fg = (F® Iy,) €
CNeNxNeN - Ag such, the frequency-domain received signal at
Eve can be given by

ve = FeRY ( ﬁEAﬁE}) S+ Frzp
= /BeaFeRPHY TEF s

+ VBeaFeRPHA QA + Fezp  (10)

where [ga represents the impact of the large-scale fading,
H, € CAE(N+N°P)XNA(N+N°P) represents the small-scale
fading, and Hi!, represents the time-domain channel impulse
response (CIR) matrix of the Eve-Alice link. Meanwhile,
zp € CNeNX1 is the additive white Gaussian noise (AWGN)
vector with each element distributed as CN (0, 02).

We assume that there are Lgy = L paths between Eve and
Alice. Note that the multi-path delay spread is equal to (L—1).
In order to avoid inter-block interference at a legitimate user,
it is required that the CP length is larger or equal to the multi-
path delay spread, i.e., No, > L—1. Also note that Alice is not
aware of the Eve’s presence; thus, the setting No, > L — 1 is
not originally intended for Eve, but rather for Bob. In practice,
N, is often assigned some fairly large number so that it will
be able to cover most channels.

For the Ith (I € {0,2,...,L — 1}) path between Eve and
Alice, we denote Gga, € CNexNa be the time-domain fading
channel matrix. According to [24], [25], Hf, is a block



circulant matrix and takes the following form:

[GEa, Oepa  Oga GEa, |
Gga, Gea; Oga Oga
Oga Gga, Gea, Oka

| Oga Opa Oga Gega, |

where Opp 2 ONLx N, -

Defining Hea 2 FgRPHY, TPF and using the property
of a circulant matrix,> we can express Hga € CNeNXNAN 4q
a block-diagonal matrix, i.e.,

HEA = blkdlag {HEA1 g <y HEAN}

where Hgy,, = EZL:1 Gga, e /2™ =D/N represents the fre-
quency response of the Eve-Alice link at the nth subcarrier.
Finally, (10) is rewritten as:

YE = v/ BeaHgas + Fg {\/ BEAREPPNIES\QH + iE}
=V ﬁEAHEA diag(a) [ T1yenn
—_———

(11

-7HEAn7--

T
,xl,...,xN,...,xN]

N4 elements N4 elements

+ v/ PeaHeaBd + Fg [\/ BEAREPITI]?Z\Q& + ZE} . (12)

Let yg,, be the nth subcarrier received signal. The elements
in yg, are also the entries in yg, beginning at index (n —
1)Ng + 1 and ending at index nNg. We have

{ye}

= [Onpx(n—1)Ne INg ONgx(N—n)Ne| Y E

resize
(n—1)Ng+1—nNg

YE, =

écEn
=/ BeaCg, Hga (Xa + Bd)
+ Cg,, Fg {\/ ﬂEAREPPNIE‘LQa + EE}

= v/ BeaHga,, a,zn + v/ BeaHea, Brd,

+ \/BeaCr, FERPHY, Qd + Cg, Fezg (13)

where the last equality is obtained by using block matrix
multiplication to shorten the first term Cg,, HpaXa and the
second term Cg, HpaBd.

C. Information Processing and Energy Harvesting at Bob

Similar to the previous sub-section, the channel between
Alice and Bob is a MIMO frequency selective fading channel
with Lga paths. For simplicity, we also assume Lga = L. For
the /th path between Bob and Alice, Gpa, € CNexNa i the
time-domain fading channel matrix.

The employment of OFDM at Alice leads to the fact that
each MIMO-OFDM transmission block can be viewed as [NV
parallel frequency-domain MIMO channels. If Bob does not

2If a square matrix C is circulant, then it can be diagonalized by the FFT
matrix F and the IFFT matrix FT, i.e., FCFT is a diagonal matrix [25].

adopt any energy-harvesting scheme, the received frequency-
domain signal at Bob (say y g &) would be formulated exactly
the same way we attained (10)—(12), i.e.,

vo.o = FsRy (VB HE, ) TOFLs
+Fs [Rﬁp (\/ BBAITIEZQ Qa + 53,@}
=+/BeaHpas + Fp [\/ 5BARCBpﬁ1C3€\Qa + EB,@} (14)

where [pa represents the impact of the large-scale fading,
HY, ¢ CNs(N+Ng)xNalN+No) represents the small-scale
fading, and HY, represents the time-domain CIR matrix of
the Bob-Alice link. In (14), Zp & € CMeN*1 is the AWGN
vector with each element distributed as €N (0,03), the CP
removal matrix at Bob is Ry = [On,nxngn,,, Ingv ], and
Hpgy is defined as

Hgs £ FgRPHD, TPF

_ blkdiag{HBAl, .. Hpa,... ,HBAN} (15)
with HBAn = Zlel GBAleijQﬂ-n(lil)/N.

Bob is assumed to adopt the PS SWIPT scheme, the
received signal yg will be derived in a slightly different way.
Obviously, we have yg # yB,»z. A detailed description of
information processing and energy-harvesting at Bob will be
presented below.’

e The time duration of an OFDM block is divided into
three smaller portions: the first portion is from 0 to
TP = N¢pTs, the second portion is from 7P to 7P + K,
(with K € {1,...,N}), and the remaining part is from
7P 4+ K7, to the end of the OFDM block duration
(i.e., NTs). Herein, 7, represents the sampling time (the
sampling rate is thus equal to 1/75).

e The first portion is to remove the CP from the received
time-domain OFDM signal at Bob. In~0ther words, the
first NgN, elements of the vector H,S are not be
treated as information elements and will not go through
any information processing. Instead, these elements are
employed for the purpose of harvesting energy. Thus, the
energy harvested by Bob can be calculated as follows:

2
ecp:nTcpE{ 1%5%{ BBAHg;g} } (16)
where n € [0,1] is the energy conversion effi-

ciency of the energy-harvester circuit, and C® £

[Ing ., Ong Ny x No N |

¢ During the second portion, Bob uses the PS SWIPT
scheme to decode information and harvest energy si-
multaneously. More specifically, the obtained signal is
divided into two streams based on a PS coefficient
p € (0, 1]. For information processing, the received power
of one stream will be multiplied by the coefficient p.
Given that the multiplication of the received power by p
is equivalent to the multiplication of noise by 1/p, we

3In [18], only SISO channels and temporal AN were discussed. In contrast,
our work extends SISO channels to MIMO channels and yet, the injection of
additional frequency-domain AN is also taken into account.



can express the received signal in the frequency domain
(after the FFT operation) as follows:

¥B,1
1

= resizg {FoRY (VAna B ) S+ ——Fuga. |

~ 1 -
=C; {\/ BeaFs Ry H, S + FBZB,1:|
N
=V BeaC1Hgas

o1
+ C,Fp {\/ BeaRpy Hy, Qd + \/ﬁZB,l] (17

where C; = [INBK ONBKXNB(N—K)] and 23’1 S
CNeNx1 is the AWGN vector with each element dis-
tributed as CN (0, 03). In parallel, for energy-harvesting,
the remaining stream will be transformed into energy. The
harvested energy during this portion is given by

X ]E{ resize{R%p( BBAI?I%};)'SV} ’2} (18)

1—-NpK
Different from yg; in (17), the term
lre%ifzg{Rgp (\/BBAIE%};) 5} in (18) is the signal
whigh does not go through information processing (thus,
there is no noise term) as well as FFT operation.

o During the third/last portion, Bob processes the signal in
the same way as Eve does. Given that there are Ng(N —
K) samples left for this portion, the received signal from
time 75 + K7, to time N7, can be written as:

N{ v/ BeaHgas

Eps = (K75) (1 - p)

VB2 = resize
’ Np(K+1)—Ng

+Fp (Rlcgp (@ﬁéi) Qd +EB,2) }
V/BeaC2Hgas

+ CoFg |V RPHRQd + 75| (19)

where CQ & [ONB(NfK)XNBK INB(NfK)] and 21372 S
CNeNx1 js the AWGN vector with each element dis-
tributed as €N (0, 03).

In short, the received signal yg = [yg 1, Y5, Q}T at Bob can
be given by

yB = [gj v/ BeaHgpa (Xa + Bd)
+ [gj FRY (\/BBAﬁ;‘g) Qd

[ C,Fp

ONg K x NN ﬁ%ﬂ
ONy(N—K)x Ny N

CQFB FZVB’Q

@ v/ BeaHpa (Xa + Bd)

+ v/ ﬂBAFBREPITI(];P;\Qa + Cgazg (20)

where (a) is obtained by defining

Cpx 2 [ C.Fp ONBKXNBN:|
ONg (N—K)x Ny N CyFpg |’
L»—v
7y 2 [@Z‘“] ~ CNay, v (0, )
ZB 2
with J — (1/p)ogIngn gNBN ’
Ony N ool v
. C, . .
and using the fact that C = Iy, n. The covariance matrix
2
of Cgazg can be calculated as follows:
1/p)o2C,FFLC! 0
CenJCI = ( 0 B™1
BATBA [ 0 02C,FpFlCl
2
= |:(1/p)00-OINBK 021 0 :| (21)
0N (N—K)

where the last equality follows that FBFIT3 =In,nN, Clci =
INBK and Cgcg = INB(N—K)~
Let yg,, be the nth subcarrier received signal. We have

resize
(n—1)Ng+1—nNjg

yB, = {ys}

= [ONyx(n—1)N5 INg ONyx(N—n)Ns | YB

écBn

D. AN Design at Alice to Cancel Interference at Bob

As seen in (20), the presence of AN terms d and d causes
interference at Bob. To cancel the interference, Alice can
design B and Q subject to

{ Hz,B =0
RPHAQ =0
Using (2) and (15), we can find out the solution B to the
equation HgsB = 0 as follows:

(23)

HzppB=0< blkdlag {HBA1B17 - 7HBANBN} =0
B, =Hg, , ne{l,...,N} (24)
Now it is obvious that B = blkdiag{B;,...,By} =

blkdiag {HﬁAl, . 7H§AN} is a matrix with NoN rows and
(No — Ng)N columns due to B, € CNy*(Na=Ns) The
existence of B, in general, depends on the existence of all
elements {B,,}»_,. Each B,, exists if and only if its second
dimension is positive, i.e.,

Np — Ng >0 N < Na. (25)

Likewise, we deduce Q € CNA(N+Nep)x(Na(N+Nep)=7) with
r = rank (Rg"ﬁg‘;) — min{NgN, Na(N + Ngp)}. For the
existence of Q, it is required to have the condition N (N +
Ngp) — > 0, which leads to

r=NgN & NgN < NA(N+NCP) (26)

Note that once (25) has been satisfied, (26) will be satisfied as
well. Thus, the case of N5 > N is taken into account in this
paper. Then, we will be able to design B,, € CNAx(Na—Ns),



TABLE I
A TABLE OF FREQUENTLY-USED SYMBOLS.

Parameters

Physical Meanings

GBAlB c (CNBXNA

GEAZE € CNexNa

Lga —j2m
Hpa, = 32,20 Gea, € N
Lga 7j27rnfl
Hea,, = 2,50 Geaje 7" N
Nep
T

R%’ and R

F/TA = (FT ® INA)
Fj = (F o Ly,)

Fi = (Foly,)

a, € (CNAXI

B, = H,
d, € (C(NA NB) x1
Q= (ryEY)"

d € C(Na(N+Ngp)—NpN)x1

The time-domain fading channel matrix corresponding to the /gth path between Bob and Alice, for given lg €
{1,...,Lpa}-

The time-domain fading channel matrix corresponding to the lth path between Eve and Alice, for given lg €
{1,...,Lga}.

The frequency response of the Bob-Alice link at the nth subcarrier, for given n € {1,..., N}.

The frequency response of the Eve-Alice link at the nth subcarrier, for given n € {1,...,N}.

The CP length. To prevent Bob from being affected by inter-block interference, it is required to have N¢p >
LBA — 1.

The CP insertion matrix at Alice.

The CP removal matrices at Bob and at Eve, respectively.

The N-point IFFT matrix at Alice.

The N-point FFT matrix at Bob.

The N-point FFT matrix at Eve.

The beamforming vector corresponding to subcarrier n.

The frequency-domain AN precoding matrix corresponding to subcarrier n.

The injected frequency-domain AN vector corresponding to subcarrier n. Each entry obeys CN (O, 02).

The temporal AN precoding matrix.

The temporal AN vector. Each entry obeys CN (O7 52).

d'n, c (C(NAfNB)Xl’ Q c (CNA(N+Ncp)X(NA(N‘i’Ncp)*NBN) and
d € CNa(N+Nep)—NpN)x1.

Substituting (23) into (20) and (22), we can rewrite

ve = V/FOeaHpaXa + Cgazp

= VBBAHBA dlag(a) [zl,...,:cl,...,xN,...,xN ]T
———
Ny elements Ny elements
+ Cgazp (27)
and

= v/ BaCg,, HgaXa + Cg,, Cpazp

(a) ~

= /BsaHga, a 7, + Cg,, CpaZs (28)

where (a) is obtained by using block matrix multiplication to
calculate the product Cp,, HgaXa. The covariance matrix of
Csg,, Cpazp can be calculated as:

= (1/0n)o51n,

fl<n<K
fK+1<n<N"

Cs,, (CuadC}, ) €,

where p,, = { T (29)

For readability, we present a table of symbols, Table I, at
the top of the next page.

III. ACHIEVABLE SECRECY RATE

In this section, we formulate the achievable secrecy rate,
which is the lower-bound of the capacity difference between
the Bob-Alice link and the Eve-Alice link.

A. Mutual Information between Bob and Alice

Let Zpa,, (¥B,,; Zn) (or simply Zpa,,) be the mutual infor-
mation of the nth MIMO-OFDM subcarrier between Bob and

Alice. From (28), Zga,, (¥B,,; Tn) (in nats/fOFDM block) can
be expressed as [26]:

Tga,, (YBn;Tn) = Ipa,

=Indet| In, + (\/ﬁEHBA,«J a, & {lxn‘Q} a;rz

X (\/ﬁEHBAn)Jr (Z%INB> )

H\/ﬁBAI‘IBAanH2
(1/0n)

EA |z,
where w,, = \/ {lo”l a, = /U a,,.
0 0

Let Zpa (yB; {Zn}n=1,..~) (or simply Zga) be the total
mutual information of the MIMO OFDM subcarriers between
Bob and Alice. From (27), we have [27]

—In{1+ (30)

TIga = Indet (INBN + 1/ BeaHga diag (a)

Xdiag(pla"' 7pN)
—_——

N4 elements

y D1, -

N4 elements
i T -1
X (\/ BeaHga diag (a)) (CBAJCLA) )
(@ .
2 10 det (INBN + blkdiag (gl BaaHpa, WiHgs, T,

., onPeaHpay WnHpa T))

yPNy - -

€29

N
E Iga,

where (a) is obtained by using (21) and the substitu-
tions of Hps — blkdiag{HBAp... and W, —

(pn/o—(Q))anaIL-

7HBAN



B. Mutual Information between Eve and Alice

From (13), the mutual information (in nats/OFDM block)
of the nth MIMO-OFDM subcarrier between Eve and Alice
can be expressed as follows:

Tearn (YE,: n) = Tga,

=1In det(INE + (\/@HEAR) a, [k {|xn|2} aj,
X (\/ﬁEHEAn)T (JgEn)_l )
- ln(l + BeawhHl, =7 Hga, wn)
where
=, 2 (JQ/US)BEAHEAanBILHIZAn
+ Cg, [(3%/03)BeaEE" + In,n] Cf .
E 2 FgRPHS,

(32)

Note that =,, is a positive definite matrix we can make singular
value decomposition =, = VnDanL with a nonegative
diagonal matrix D,, and unitary matrix V,,. Then

=-1-v,D; /2 (VnD;1/2)T
and Zga,, in (32) is expressed as
Tea, = 1n(1 + BeawlHf, V,D; /2
X (D;1/2VLHEAnwn))

2
—In (1+H\/5EAD7—11/2V;HEAHWH ) 33)

Meanwhile, the total mutual information Zga (in nat-
s/OFDM block) of all MIMO-OFDM subcarriers between Eve
and Alice can be deduced from (12) as follows:

Tea = Indet (INEN + \/@HEA diag(a)
x diag ( p1, ...
N———

apla"'apN7"'7pN)

N4 elements N4 elements

1 _
x (V/BerHa diag(a))' (032) ")
@1 det (INEN n blkdiag{b’EAHEAIWlH};Al =1,

o BeaHea WaHL, Z31))

= Tea, (34)
n=1
where
o? 72
E= ﬁﬁEAHEABBTHgA + —5BeaBE" + Iy,
%0 90
= (0/02) ﬂEAblkdiag{HEAl B,BIH], .
o ,HEANBNBEVH;AN}
+ (52/0'(2))ﬁEAEET + INEN
= blkdiag {Z1,...,En}.

The equality (a) is obtained by using the fact that 2= =

blkdiag {Z7,...,E5

IV. HARVESTED ENERGY

In this section, we present the total energy that Bob harvests
during the first and second portions.

Firstly, the harvested energy during the first portion can be
calculated from (16) as follows:

= RN
Eep = N7 Ppa trace {CCPHfa‘; E {s5'} (CCPH]C;; ) }

= o [Ty
+ trace {TCP (BeaA) (TCP)T} } (35)

where Y = CPHP, . Secondly, from (18) we can also
calculate the harvested energy during the second portion as

follows:
2 }

. PP ~
resizes Ry H s}
1~>NBK{ B “7BA

Eps =1 (K75) (1 — p)Bpa E {
=nKTs(1— p)Bea
X trace {clR;Pﬁg; E {sst) (clR;"ﬁ%&)T}
=n(K7s)(1—p)
x o2 [ H\/QETPSTQ’FLW‘
+ trace { X (Bpan) (X)) | 36)

:

where YPS = C;RPH,. Then, the total harvested energy
can be given by

Eotal (P, W) = Ep + Eps
=op [ —p&E1 + &+ H\/@F1WH2
+ (1) VEalow| |

[ || o Vo]

= 0‘0
(37)
where
& = nkrtrace { X (Bpan) (X7)'}, (38a)
£y = &1 + nrPtrace {TCP (BsaA) (TCP)T} . (38b)
Iy = Vir® YPTYFL, (38¢)
Ty = /nK7, YSTEFL, (38d)
1/2

M =M = (1] + i) (38¢)

V. TRADE-OFF PROBLEM FORMULATION

This section tackles the trade-off problems between the
secure performance and the total harvested energy. Such trade-
off problems will be presented in terms of optimization prob-
lems. For the purpose of comparing the performance of the
system, we propose the following two maximization problems:

e Maximizing the difference

N N
A(p,w) =Tsn—Ten = Y Toa, — »_Tea, (39)

n=1 n=1



subject to E-based and power-based constraints.
Herein, it must be noted that the achievable secrecy rate

Re. will be calculated as
Rsee = max{0,A (p,w)}. (40)

Due to this relation, we only need to focus on A (p, w)
rather than Rj. In short, our first problem is to

maximize A (p,w) (41a)
pywW
subject o Eyoral (p, W) > Eo, (41b)
and (9). (41c)
o Maximizing the total harvested energy o (p, W) sub-

ject to A-based and power-based constraints. In particu-
lar, our second problem is to

maximize Eora (P, W) (42a)

pYW
subject to A (p,w) > Ay, (42b)
and (9). (42¢)

Note that & in (41b) and A in (42b) are the desired energy
and the desired secrecy rate, respectively. These two quantities
reflect the quality-of-service of our secure scheme, and their
values are pre-determined.

A. Inner Convex Approximations for Non-convex Problems

The optimization problems (41) and (42) are non-convex
because both the objective function A (p, w) in (39) and the
objective function o (p, w) in (37) are not concave, while
both constraint (41b) and constraint (42b) are not convex. To
address (41) and (42) we will employ inner convex approxi-
mation at each iteration. Let (p(*), w(*)) be a feasible point
for (41) or (42), which is found at the (k — 1)th iteration. At
the sth iteration, we will

o Approximate A ( p,

cave function Alower (p,
at (p("")’ (k )) ie.

w) in (39) by a lower bounding con-
w), which matches with A (p, w)

Alp,w) = A (p,w) ¥ (p,w) (43)
and
A, w) = AR (p"), W) (44

w) in (37) by a lower bound-
w), which matches with

o Approximate E(p,
ing concave function Elow)er (p,

gt()[dl (pv ) ( (K) w(n ) le

5[0[211 (p7 ) > gli)wer( W) v (p’ W)’ (45)
and

Eaa (P, W) = E00, (0", W) 46)

« Innerly approximate the nonconvex constraints (41b) and
(42b) by the convex constraint

X (p,w) > &, 47)

and

AL (p,w) > Ao, (48)

respectively. Indeed, it follows from (43) and (45) that
any feasible point for the convex constraint (47) ((48),
resp.) is also feasible for the nonconvex constraint (41b)
((42b), resp.).

Proposition 1. Let v € C, 2 € C, y > 0 and §j > 0. The
inequality

2 —12 —12
1n(1+x|>21n<1+|x>|x|
Y Y Y

R{z*x} |z|? 9
2 — + 49
y vy +|z)?) (y i ) @9

holds true [9]. The RHS of (49) is a concave function [28].

Proposition 2. For x > 0 and & > 0, the inequality
T x
Tiz 1tz
always holds true. The RHS of (50) is a convex function of x.

In(1+2) <Iln(l+z)— (50)

Note that (50) holds true because its RHS is the first-order
Taylor approximation of its left hand side (LHS), which is a
concave function [28}

1) Obtaining Al(mm (p,w) :
Iga,, in (30) yields

Applying Proposition 1 to

H\/BEXI{BAn‘Véé)‘Q
Ipa, >In | 1+ 1/955{)
\/@HBA"W;K) ‘2
a 1 / o)
VBeaHga, Wi ‘2 (Qi + H\/EHBATLWnH?)

1/ng) (1/Q£f) + H\/ﬁBAHBAnW’ELK

2 ) (wp, 0n)

_ Y (W, p)
f(ﬁ) (W’I’L7 1)
At the same time, applying Proposition 2 yields

Tga,, <In (1 + H\/ BeaD; AV Hea, wi

)‘2)
fl<n<K

fK+1<n<N b

)

2
HVBEAD’r_Ll/QVILHEAnW(H)

1+ H\/BEADn /2 VILHEAn ()

2
H vV 5EAD7_11/ VI Hga, Wp

1+H\/5ED

(r+1) (

_|_
*ViHga, w

2y W) (52)
Using (39), (51) and (52), the concave function

K N

Z f(K; Wn,p Z f(m) (WTL7 1)

n=1 n=K+1

lower p ’

(53)



satisfies (43) and (44) and thus is qualified as a lower bounding
approximation of Ajgyer(p, W
2) Obtaining Slowser (p, ) Let M =
[my,mo,...,my,y] with m; being the ith column of
M. One can derive the following inequality:
NAN

IMwl? = [Miw|? = Z1m w|’

NAN

222{

i) - s

2 (1/Bpa) 3" (w) (54)

over the trust region
2§R{(mgw(“))*(miw)} - \mjw(”)|2 >0,i=1,..., NalV.
(55)

Substituting (54) into (37), we can obtain
gtotal (P, W)
> o2 [pé'l + & + 0D (w

Nz

e

(56)

=02 | & + 3D (w

H [\/B-TA F2W}

= g]g\i/)er (1/pinVa W)
where

1
Pinv é - Z 17 (57)
p
verifying (45) and (46), making SIE)'?N)er (1/pinv, W) qualified as
a lower bounding approximation of &y (p, W).
3) Algorithms and convergence: At the k-th the iteration
we solve the following convex optimization problems to
generate the next feasible point (p(“Jrl), w("““)) for (41) and

(42), respectively:

maximize Al(:‘ger(l/pinv,w) (58a)

Pinv , W
subject to EX)(1/ piny, W) > Eo, (58b)
9), (55),(57) (58¢)

and

maximize 51((,“,)er(1/pinww) (59a)

Pinv , W
subject to - AU (1/piny, w) > Ay, (59b)
), (55), (57). (59¢)

Note that the convex constraints (58b) and (59b) correspond
to the convex constraints (47) and (48), respectively. Further-
more, we have

/1+1 K K K K
Al (1o w0 > AL (1) )
where (1/p(”+1) w(““)) is the optimal solution of (58) and

(1/ p(”) w()) is a feasible point for (58), which together with

mv ?

(43) and (44) yield
Alower(]-/pl(ri/—i_l) W(NJrl))

(60)

> A (1 piny ) wmD)
> A]()wer(l/pl(rlllf/% W(K))

(61)

Algorithm 1 Path-following algorithm for (41)
1: Initialization: Set x =

{oi.w

2: repeat

0 with an initial feasible point
(0)} for (41) (see Appendix A).

3: At the (k 4 1)th iteration, solve the inner convex ap-
proximation problem (58) to obtain the optimal values
P and w+ 1) of variables piy and w, respectively.

inv
1
1 W(n))
Piny

6: return (p* (1/;)1(5“) wlntD) ) as the desired
feasible pomt for 41).

4.  Reset k:=r+ 1.

5: until iAl(fwtrl) ((,}maw(’ﬁq)) - Al(c:irzer (
2

converges. "

Algorithm 2 Path-following algorithm for (42)
1: Initialization: Set x = 0 with an initial feasible point
{pl(r?v)[h, (O)Lh} for (42) (see Appendix B).

2: repeat

3: At the (k + 1)th iteration, solve the inner convex ap-
proximation problem (59) to obtain the optimal values
i(fvﬂ) and w(#+1) of variables pi,, and w, respectively.

4. Reset k:= K+ 1.
5: until Jé’(““ (Idﬂ),w(wl)) —el (p(lﬁ)7w(ﬁ))‘

lower
w*) = (1/p(ﬂ+1) W(“+1)) as the desired

mnv

converges

6: return (p*
feasible point for (42).

ie. (1/p1(£,+1), (v+1)) is a better feasible point than

(1/ pi(:v),w(N ) for (41). Therefore, Algorithm 1, which gen-
erates the sequence {(1/ pl(ri),w("))}, at least converges to a
locally optimal solution of (41) [9, Proposition 2]).

Analogously, Algorithm 2 at least converges to a locally
optimal solution of (42). Once initialized from an initial
feasible point, both algorithms converge after a few iterations
for a given error tolerance.

Convergence: The problem (58) includes two variables p
and w. Given that w is a vector of NN complex elements,
the total number of scalar variables is equal to 2Na N + 1.
Herein, the real part and the imaginary part of each complex
element in w are considered as independent variables. The
number of quadratic constraints is equal to €; = 2. Thus,
the per-iteration computational complexity of Algorithm 1 is
O ((2NAN +1)%€3° + €}°) [29, Ch. 10]. Likewise, Algo-
rithm 2 is also 1nv0ked to resolve (59). With 2N, N +1 distinct
variables and €5 = 2 quadratic constraints, the per-iteration
cost is O ((2NAN + 1)2€3° + €55).

VI. NUMERICAL RESULTS

In this section, we provide numerical results to evaluate
the performance of proposed maximization problems. More



particularly, we draw the average curves of the achievable
secrecy rate Rgec (p, w) = max{0,A (p,w)} and the total
harvested energy Eior (p, W) over numerous realizations of
Bea, Bea, {GBa, }iv, and {Gga, }iv .

While the realization of {fga,{Gga,}i~,} implies the
instantaneous observation of the channel between Alice and
Bob, the realization of {BEA,{GEAZ}f\Ll} corresponds to
instantaneous observation of the Alice-Eve channel at the
time of measurement. Note that Algorithm 1 and Algorithm
2 are conducted in the case that Sga, Bra, {GBAZ}{\L , and
{Gga, }Y, are given. Let {p*,w*} be one of the feasible
solutions after running Algorithm 1 (or Algorithm 2). Then,
our goals are to evaluate

R = By, 11, (G 1, e (07, W)}
5&;& = ]E{GBAl}zA;v{GEAl }{\Ll {5total (p*a W*)} .

In short, the use of Algorithm 1 (or Algorithm 2, respectively)
to solve (58) (or (59), respectively) yields a certain point
{p*,w*}. Then, the substitution p = p*,w = w* into the
expressions of Ry, and £ will yield the instantaneous values at
the time of measurement. Generating sufficiently large number
of realizations of ﬁBA,ﬂEA,{GBAl}l]\Ll and {GEAl}f\Ll, we
can calculate the average values for the secrecy rate and
harvested energy.

In simulation, the time-domain fading channel matrices
Gpa, and Gga, can be assumed to be symmetric complex
Gaussian random variables. More particularly, we assume
GBAL ~ CN (O, 1) and GEAl ~ CN (0, 1) for VI € {1, . ,L}.
The values of [ga and [ga rely on the rule of power
degradation and the shadowing fading effect. For instance,
if the distance between two transceivers is below 50 meters,
the path loss can be around —90 dB. That may lead to
Ba = 10(-90+58)/10 “and Bp, = 10(—90+5e4)/10 where Sgu
and Sga represent the shadowing. For simplicity, let us set
Sga = Sga = 10. Other simulation parameters are as follows:
Nep =3, NAa =6, Ng =3, Ng =4, L =3, 0§ = —80 dBm,
7, = 0.1, 7 =280%, Ag =0, and & = 20 o32.

Fig. 2 illustrates the convergence rate for each of the
proposed algorithms. It is not surprising that Algorithm 1
and Algorithm 2 converge within only 2 iterations because
of the fact that (58) and (59) contain only quadratic and linear
constraints.

Fig. 3 shows the relation between R and N. The largest

sec

value of R is obtained at N = 11 in the case of Algorithm 1.

Meanwhile, R%? takes the largest value at N = 9 subcarriers
in the case of Algorithm 2. The curve of Algorithm 1 shows an
uptrend with N € {5,...,11} but start a strong downtrend at
N = 12. While the curve of Algorithm 2 is in an uptrend
with N € {5,...,9}, then slightly reducing at N = 10,
increasing at N = 11 before reducing again at N = 12.
Lastly, on average, Algorithm 1 provides higher secrecy rate
than Algorithm 2.

In Fig. 4, the relation between &5y, and N is illustrated. We
can see that Algorithm 1 is better than Algorithm 2 in terms

of energy-harvesting. In fact, £3, in Algorithm 1 is higher

than EY') in Algorithm 2 by the amount of above 3007 at each

total
value of IV; however, the values of £2" in both algorithms are

total
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Fig. 2. The convergence rate of the proposed algorithms. Other parameters:
N =10, K =2, and {P4,02,5%} = {30,10,10} dBm.
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Fig. 3.
subcarriers N. Other system parameters: K =
{30,10,10} dBm.

The achievable secrecy rate Rsc as a function of the number of
2 and {P4,02%,5%} =

nearly the same at N = 12. For Algorithm 1, £4 increases
with N € {5,6,7} and decreases with N € {8,...,12}. As
for Algorithm 2, 2T reaches a peak of X = 38402 when
N =09.

In order to achieve the balance between RZ and E&v,
we observe Figs. 3-4 and suggest using either N = 8 for
Algorithm 1 or N =9 for Algorithm 2. Note that the system
parameters used in these two figures are the same. Also in
Figs. 34, the gap between the two algorithms tends to become
closer when N increases. The curves are not increasing/de-
creasing monotonic, but they fluctuate with respect with V.

In Fig. 5, the relation between R3; and K is shown. Ri7
in Algorithm 1 reaches the highest peak at K = 2 and
then steadily goes down; while R%. in Algorithm 2 always
decreases with all values of K. When compared with each
other, the first proposed algorithm shows its superiority over
the other at K = {1,...,4}, and both of algorithms reduce to
zero at K = {7,8}. The curves in Fig. 5 suggest choosing a
small value of K to gain a satisfactory amount of the average
secrecy rate.

In Fig. 6, the relation between &%, and K is depicted.

Once again, Algorithm 1 is superior to Algorithm 2 at all
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Fig. 4. The ratio of total harvested energy &5
of the number of subcarriers IN. Other system parameters: K =
{P4, 02,52} = {30,10,10} dBm.

to 0(2) as a function
2 and

integer values of K, although the formulation of Algorithm 2
is inherently intended for maximizing the harvested energy. In
reality, Algorithm 2 sometimes results in the instantaneously
harvested energy better than Algorithm 1 at some realization of
channels; however, on average, &3, in Algorithm 2 is much
lower than &£y, in Algorithm 1. Noticeably, even when we

tota
make use of the PS SWIPT scheme for all Ng/N informative
samples by setting X' = N = 8, the amount of harvested
energy is not really among the highest ones, e.g. £&y7, at K =8
is worse than at K = {2, 3,4}.

It can be seen from Figs. 5-6 that Algorithm 1 brings about
much better system performance than Algorithm 2 in terms of
both security and energy. Thus, we suggest using Algorithm
1 with the used parameters. Once Algorithm 1 has been used,
the best value of K is K = 2 because this value can lead to
a good balance between highly achievable RY! and £2Y, i.e.,

sec total
{Rjggg, 5;;1} ~ {14.7 nats/OFDM block, 407.8} at K = 2.

Fig. 7 shows that Algorithm 1 is superior to Algorithm 2 in
terms of security in both considered sub-cases of. Regarding
Algorithm 1, the changes in values are quite significant with
P4 € (21,28) dBm. Meanwhile, Algorithm 2 shows the
slight difference between two sub-cases. When considering
the first sub-case, one can see that the secure performance
of Algorithm 1 is only slightly lower than Algorithm 2 at
moderate P4 € (23,25) dBm, but it is much higher than
Algorithm 2 at high P4. For the second sub-case, Algorithm
1 is almost better than Algorithm 2 at all values of Pj4.

Fig. 8 shows that £, increases with P4. Besides, the

total
achieved values of €' in case 1 (with 6> = 0 dBm) are

total
lower than those in case 2 (with 2 = 3 dBm). Interestingly,
we can see that the larger 2 (i.e., the more power we spend
on generating the temporal AN d), the more energy Bob can
harvest. From Figs. 7-8, one can see that the difference in
performance between Algorithm 1 and Algorithm 2 expands
when P4 increases.
Both Fig. 9 and Fig. 10 confirm the superiority of Algorithm
1 over Algorithm 2 in terms of security and harvested energy,
especially at high P4. Moreover, Fig. 9 shows that the
secure performance is not proportional to o2. This means that
assigning more power to the frequency-domain AN may not
help improve security level. While the energy efficiency seems

—o— (Algorithm 1)
-% - (Algorithm 2)
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Fig. 5. The achievable secrecy rate Rsec as a function of the parameter K.
Other system parameters: N = 8 and {P4, 02,52} = {30,10,10} dBm.
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Fig. 6. The ratio of total harvested energy £ to o'g as a function of

the parameter K. Other system parameters: N = 8 and {Pa, 02,52} =
{30,10,10} dBm.

to be proportional to the increase in o2 as shown in Fig. 10.

When comparing Figs. 8 and 10, it is observed that in terms of
energy, the power allocation for o2 (see Fig. 10) brings about
worse performance than the power allocation for 52 (see Fig.
8) does. This observation implies that instead of increasing o2
by the amount of 4 dBm, it is preferable to increase o> by the
amount of 3 dBm.

VII. CONCLUSIONS

In this paper, we have analyzed a MIMO-OFDM SWIPT
network and proposed two types of maximization problems
to improve secrecy rate and harvested energy, respectively.
Two path-following iterative algorithms of low computational
complexity have been also provided to solve two different non-
convex problems, whereby the sub-optimal solutions (p*, w™*)
have been given. The impact of other key parameters, related
to the aspects of security and energy-harvesting, have been also
evaluated through numerical results. Overall, we observed that
the system performance is not proportional to N, K, o2 and
&2; thus the choice of these parameters will pose challenges
to designers. In contrast, the system performance is enhanced
with the increase in the power budget P4. Moreover, it will
be the responsibility of designers to choose the most suitable
algorithm, because each algorithm results in a different per-
formance. With the used parameters in this paper, we suggest
using Algorithm 1 because it is superior to Algorithm 2 in
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Fig. 8. The ratio of total harvested energy £iY, to 08 as a function of

the parameter P4. Two sub-cases are considered. In the first sub-case, we
set {02,572} = {—2,0} dBm. The second sub-case, we set {02,572} =
{—2, 3} dBm. Other system parameters: N = 7 and K = 3.

resolving the trade-off problem between security and energy-
harvesting. In the future, it is worth considering the impact of
non-linear EH models on the secure performance of MIMO-
OFDM SWIPT networks since such models reflect better the
practical utility of EH circuits/receivers. Borrowing the idea of
using machine learning and EH history to predict renewable
energy generation trends [30], we can also consider making
predictions about the amount of information leakage for future
work.

APPENDIX

A. Locating an initial feasible point for (41)

A feasible point for (41) must satisfy (41b) and (41c).
Due to the non-convexity of (41b), we invoke once again
the inner convex approximation by replacing o (p, W) with
Slgi,;l) (1/piny, W) at the (¢ + 1)th iteration. In parallel, the
accompanying constraint (55) (in which x must be replaced
with ) are needed. In short, a feasible point for (41) can be

found by solving the following inner convex approximation

—(Alg. 1) case 1

35[ |—e—(Alg. 1) case 2
(

(

Alg. 2) case 1
. 2) case 2

(nats/OFDM block)

avr
sec

R
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P4 (dBm)

Fig. 9. The ratio of total harvested energy £fy, to O’g as a function of
the parameter Py. Two sub-cases are considered. In the first sub-case, we
set {02,572} = {—2,0} dBm. The second sub-case, we set {02,572} =
{2,0} dBm. Other system parameters: N = 7 and K = 3.

20 . . . .
20 22 24 26 28 30
P4 (dBm)

Fig. 10. The ratio of total harvested energy EXT to 02 as a function of
the parameter P4. Two sub-cases are considered. In the first sub-case, we
set {02,5%2} = {—2,0} dBm. The second sub-case, we set {02,552} =

{2,0} dBm. Other system parameters: N = 7 and K = 3.

problem:
maximize 1 (62a)
Pinvs W
subject to Slgi':rl) (1/ piny, W) > &o, (62b)
9),(55),(57) (62¢)

at the (¢ 4 1)th iteration. The above-proposed problem is to
find an initial feasible point for Algorithm 1, but this problem
itself requires an initial point to run. To find its own initial
point, we simply find (piny, W) satisfying (9), (55) and (57).

B. Locating an initial feasible point for (42)

Similar to Appendix A, at the (¢ + 1)th iteration, we need
to solve the following inner convex approximation problem to
find an initial feasible of (42):

maximize 1 (63a)

Piny , W

subject to AP (1/pi, w) > Ay, (63b)
9), (57). (63c)
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