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Energy-Efficient SWIPT: From Fully Digital to
Hybrid Analog—Digital Beamforming

Ang Li

Abstract—Simultaneous wireless information and power trans-
fer (SWIPT) enables the transmission of information symbols and
energy simultaneously. In this paper, we study the multiple-input-
multiple-output SWIPT systems with limited RF chains at the base
station. We focus on the scenario where there is one information
decoder with a target signal-to-interference-plus-noise-ratio and
several separate energy-harvesting receivers with harvested en-
ergy thresholds. To motivate our energy-efficient hybrid analog—
digital beamforming strategy, the fully digital power minimization
problem is first analyzed, where we mathematically show that the
optimal beamformer consists of only the information beamformer,
and derive closed-form beamformers for a number of special cases.
Based on this result, we further consider hybrid beamforming and
propose an iterative scheme where the analog and digital beam-
formers are alternately updated. For the proposed scheme, in each
iteration we design the analog beamformer by minimizing the
difference between the fully digital beamformer and the hybrid
beamformer. Based on our above-mentioned analysis for fully dig-
ital case, the optimal solution for the analog beamformer can be
obtained via a geometrical interpretation. We further design the
robust beamformers for the proposed schemes, when only imper-
fect channel state information is available. The numerical results
show that the proposed iterative designs achieve a close-to-optimal
performance with significant gains in the total power consumption
over fully digital SWIPT.

Index Terms—MIMO, SWIPT, hybrid beamforming, optimiza-
tion, Lagrangian, geometrical approach.

I. INTRODUCTION

ITH the increasing traffic demand and number of user
W equipments (UEs) in the wireless environment, the
power consumption of both the base stations (BSs) and UEs
in the wireless communication systems has increased dramat-
ically [1], [2]. However, most UEs only have limited power
supplies (batteries) currently, which has become a bottleneck
when the power consumption is high, and the development of
battery techniques cannot satisfy the current energy requirement
[3]. Towards this direction, energy harvesting (EH) techniques
have been proposed to exploit the natural energy such as solar,
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tide and wind to prolong the battery life of UEs [4]. However,
such techniques usually depend on the environmental conditions
and the natural energy may not always be available, especially
for the indoor environments. Recent advances have shown that
electromagnetic (EM) radiation can be exploited as a potential
energy source, based on the fact that EM waves convey en-
ergy that can be converted to direct current (DC) voltage with
rectenna circuits [5], [6]. A step further has been obtained by the
wireless power transfer technique, which has been extensively
studied for wireless sensor networks [7]-[9].

Similarly for wireless communications, the energy harvest-
ing techniques and wireless power transfer enable the UEs to
harvest energy from the EM waves in the communication links,
and therefore have become particularly appealing [10]-[13].
For wireless communication systems, the RF signals carry both
the information and energy at the same time, and there exists a
fundamental tradeoff between information decoding and energy
harvesting, which has been studied in [12] for flat fading and [13]
for selective fading, respectively. Nevertheless, in [12], [13] an
ideal receiver that can simultaneously decode information and
harvest energy with the same received signal is assumed, which
is not applicable currently. Therefore, a more practical approach
termed as simultaneously wireless information and power trans-
fer (SWIPT) is considered in [14], where three different types
of receivers are proposed, i.e. separate, time-switching and
power-splitting. SWIPT with multiple-input-multiple-output
(MIMO) techniques has subsequently attracted a lot of attention
[15]-[19], where the SWIPT techniques for cellular networks
are considered in [16], [17]. In [18], a robust precoder for MIMO
SWIPT systems for stochastic Rician fading is proposed. [19]
employs the zero-forcing (ZF) method for MIMO SWIPT sys-
tems, where it is shown that the harvested energy obtained by
the EH receivers can be increased at the cost of a signal-to-
interference-plus-noise-ratio (SINR) loss of the information de-
coders (IDs). A harvested energy maximization beamforming
for EH receivers while guaranteeing the SINR target of the IDs
is considered in [20]. A data-aided transmit beamforming that
exploits the constructive interference is proposed in [21], which
further improves the performance of MIMO SWIPT systems. In
[22]-[25], the joint information and energy beamforming meth-
ods are investigated for MIMO interference channels, while the
applications of SWIPT techniques have been considered for in-
terference alignment networks in [26]-[28]. By considering the
broadcast nature of the wireless communications, SWIPT tech-
niques have also been combined with physical layer security in
[29]-[32].
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In addition to the SWIPT techniques, energy-efficient trans-
mission is another way to manage the increasing power con-
sumption of the wireless industry. The above existing designs
for MIMO SWIPT systems [15]-[32] all assume a fully-digital
beamformer, which requires a dedicated radio frequency (RF)
chain for each antenna element. Such fully-digital designs will
result in a high power consumption at the BS. Even with mod-
erate numbers of antennas, the power consumption of the RF
chains is dominant, and techniques that allow a reduction in the
RF chains are desirable. To address this and achieve an energy-
efficient transmission, hybrid beamforming schemes have been
proposed for MIMO systems, which provide a key solution by
allowing a reduced number of RF chains, and the beamform-
ing is divided into the analog and digital domain [33]-[37].
In the analog domain, phase shifters are applied to provide
high-dimensional phase-only controls, while a low-dimensional
fully-digital beamformer is applied in the digital domain. Ac-
cordingly, the required number of RF chains is greatly reduced,
which leads to a significant reduction in the total power con-
sumption at the BS. It has been shown that the hybrid beam-
forming approaches can achieve a performance close to the
fully-digital scheme, for both single-user case [33] and multi-
user case [34]. However, the close-to-optimal performance is
achieved by assuming a fully-connected structure for the an-
tenna array, where each antenna element is connected to all RF
chains. This structure requires a large number of combiners and
phase shifters, which will introduce significant insertion losses
in practice [38]-[40]. The hybrid beamforming techniques that
take the specific practical losses into consideration have been
studied in [38], [39], where it is shown that a partially-connected
structure is more preferable in practical implementation [40].
For the partially-connected structures, each antenna element is
only connected to one RF chain. While the hybrid beamforming
is initially proposed for massive MIMO systems, what has been
neglected in the existing literature is that the hybrid structure is
a promising candidate for energy-efficient transmission, which
meets the requirement for the future wireless communication
systems. Moreover, the reduction in the hardware complexity
and power consumption directly applies to small-scale MIMO
systems. Indeed, small access points (APs) for the future inter-
net of things (IoTs) or small BSs (for example femtocells or
picocells that are widely deployed for heterogeneous networks)
usually have limited power supply, which can benefit from the
hybrid structures. Interestingly, such power-efficient approaches
by hybrid beamforming have yet to be explored for SWIPT.

Accordingly, in this paper we investigate the SWIPT
techniques for small-scale MIMO systems with limited RF
chains, where we study the scenario where the BS serves one
ID and several EH receivers simultaneously. Specifically, we
focus on the minimization of the required transmit power at
the BS, while meeting the SINR requirement of the ID and the
harvested energy requirement of each EH receiver. We firstly
mathematically analyze the fully-digital beamforming problem
with Lagrangian and Karush-Kuhn-Tucker (KKT) conditions,
where we analytically show that the optimality is achieved by
employing the information beamformer only. Particularly, for
the case where there is only one EH receiver, we obtain the
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closed-form expressions of the optimal beamforming vectors.
We extend our study to the hybrid case, where we firstly propose
a low-complexity hybrid scheme as a performance benchmark.
In the low-complexity method, the analog beamformers are
obtained based on the singular value decomposition (SVD) of
the channel, and the low-dimensional digital beamformer is
subsequently optimized based on the effective analog channel.
To improve upon the above hybrid approach, the design of an
iterative scheme is further introduced, where in each iteration
we design the analog beamformer by minimizing the Euclidean
distance between the fully-digital beamformer and the hybrid
beamformer. Based on our analyses for the fully-digital case,
the optimal analog beamformer can be efficiently solved via a
geometrical interpretation. The extension to partially-connected
structures at the BS is also introduced. Moreover, with the
consideration that only imperfect channel state information
(CSD) is available in practical systems, we further propose
the robust hybrid beamforming scheme, where the channel
uncertainties are addressed in the digital domain. The numerical
results show that the proposed iterative scheme achieves a
near-optimal performance for fully-connected structures, and
the performance gains over the hybrid scheme based on SVD
are more significant for partially-connected structures. It is
also observed that the hybrid structures require a much less
total power at the BS to achieve the same performance as the
fully-digital structure, which verifies that the hybrid structures
are more favourable for the future energy-efficient transmission.

For reasons of clarity, we summarize the contributions of this
paper as:

1) We mathematically prove in Section III that it is optimal
to employ only an information beamformer for the con-
sidered MIMO SWIPT systems. Specifically, we obtain
the closed-form expressions for the special case of one ID
and one EH receiver.

2) We extend our study to the hybrid structures with a limited
number of RF chains. Two hybrid beamforming methods
are proposed, where a low-complexity hybrid approach
based on SVD is first presented in Section IV.

3) We further propose an iterative hybrid scheme in
Section V, where the analog beamformer is designed by
minimizing the Euclidean distance between the hybrid
beamformer and the optimal fully-digital beamformer.
Within each iteration, the optimal analog beamformer is
obtained via a geometrical approach.

4) We investigate the case when only imperfect CSI is avail-
able in Section VI. We propose the robust hybrid scheme
based on S-procedure by considering the channel uncer-
tainty in the digital domain.

The remainder of this paper is organized as follows.
Section II presents the system model and conventional fully-
digital SWIPT, followed by the analyses in Section III. The
low-complexity hybrid scheme and iterative hybrid scheme are
introduced in Sections IV and V, respectively. In Section VI,
we propose the robust hybrid beamforming for imperfect CSI.
The numerical results are presented in Section VII where the
power consumption model is included. This paper is concluded
in Section VIII.
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Fig. 1. Block diagram of the system model.

Notations: a, a, and A denote scalar, vector and matrix, re-
spectively. E {-}, ()7, (-)#, rank(-), and tr {-} denote expec-
tation, transposition, conjugate transposition, rank and trace of
a matrix respectively. || and ||| denote the modulus and the
Frobenius norm respectively, and I is the identity matrix. We
denote O as a zero matrix or vector. C"*" represents an n. X n
matrix in the complex set, and diag (-) denotes the conversion
of a vector into a diagonal matrix. [R],, , denotes the element
of the mth row and nth column in R, and R = 0 means that R
is a Hermitian positive semidefinite matrix. & {a} denotes the
imaginary part of a complex variable a.

II. SYSTEM MODEL AND FULLY-DIGITAL SWIPT

We consider a downlink MIMO system as shown in Fig. 1,
where a BS with NV; antennas and N}, RF chains serves one
single-antenna ID and K single-antenna EH receivers simulta-
neously. Perfect CSI is first assumed, while we investigate the
case with imperfect CSI in Section VI. A spatially-uncorrelated
flat-fading Rayleigh MIMO channel is assumed, and we denote
h; € VNt and hf, € CNt as the channel from the BS to the
ID and EH receiver k, respectively. Each entry of h; and h% is
modelled as [41]

lhy],, =\/aoD,"Cs - [g1],, ,m € M,

[th‘v}m = aO(Dllg)ﬂgC}% : [ng‘]m M€ M’ (1)

where we denote M = {1,2,...,N;}. In (1), o is a con-
stant determined by the wireless propagation environment, D;
is the distance between the BS and the ID, 3 represents the
pathloss coefficient, and C7 denotes the shadow fading. Each
element of g is independent and follows the standard complex
Gaussian distribution, which forms the Rayleigh component of
the channel. The denotation is similar for each h¥, of the EH
receiver k.

When a conventional fully-digital beamforming scheme is
applied, Nj,- = N; and we denote the corresponding fully-
digital beamforming matrix as W = [wy, w,,..., wh |. Sub-
sequently, we can express the received symbol at the ID as

K
rr :h[W]S[—Fh]ZW%S%-FTL], (2)

i=1

where s; and each s, denote the data symbol. n; represents the
additive circular symmetric Gaussian noise with zero mean and
variance o2. Following the existing literature [20], [22]-[25],
we assume Gaussian signalling and express the received SINR
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for the ID as

lhyw,|®

B E?:l ’h[W% ’2 + 0'2.

ol 3)

For the EH receivers, we assume the noise power at each re-
ceiver is the same as that of ID. For simplicity, a linear energy
harvesting model as in [20]-[25], [42] is considered, and we
express the harvested energy for the k-th EH receiver as

)
B <|h%wf|2 £3° +"2> W

i=1

where 7 is a constant that represents the efficiency of converting
the received radio signals into electrical energy. In (4),0 < n <
1 and for simplicity we have assumed that each EH receiver k
has an identical energy transformation efficiency 7.

We consider the optimization problem where the transmit
power is minimized while meeting the SINR requirement of the
ID and the harvested energy requirement of each EH receiver,
which can be formulated as [21]

Pi: min p
Wi,Wh
ol 2
st.p > [wrl’+ Y wh| )
i=1
Y1 Z Yo

E, > Ey,Vk € K

where K = {1,2,..., K}, and 7 is the SINR requirement of
the ID. For simplicity we have assumed an identical harvested
energy requirement for each EH receiver, which is denoted
as Fy.

III. ANALYSIS OF THE FULLY-DIGITAL BEAMFORMING
PROBLEM AND CLOSED-FORM SOLUTIONS

To introduce the rationale behind the proposed hybrid it-
erative scheme in Section V, we firstly perform mathemati-
cal analyses on the fully-digital beamforming problem P; with
Lagrangian and KKT conditions, where we show that the op-
timality is achieved by employing the information beamformer
only. While the KKT conditions are only necessary conditions
for non-convex optimization problems, for the considered prob-
lems we can verify that the obtained solutions are also sufficient.
Similar conclusions can be drawn for the hybrid scheme, and
these two observations motivate the design of the proposed it-
erative scheme in Section V.

A. A Special Case: Only One EH Receiver

We first consider a special case where there is one ID and one
EH receiver in the system, which motivates the analyses for the
case of K > 1 EH receivers and further the proposition of the
optimal analog beamformer design in Section V. In this case P;
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can be simplified as

P, : min WFWI +wgwE
Wi W

1
s.t. h]WEwghfI +0%— —h;ijfh? <0
Y0

E
?0 — o - haEwghg — hawafhg <0 (6)

Accordingly, we express the Lagrangian of P, as [43]

L(wi,wp, A, Ap) = Wi Wi +wiwp
1
+ Ar (hIwEwghfl +0%— h[ij}th[>
Yo

E
+ )"E (0 — 0‘2 — haEwghg — hEW[thf%r) 5
n

)

where A; and Ap denote the dual variables with respect to the
SINR and harvested energy constraint, respectively. The KKT
conditions for optimality are then obtained as

oL H_ M _HyH Hy H

- — - = hi'h; — A hyzhg =0 (8
ow; Wi 'YOWI R EWr nphp (8a)
aaﬁ =whi +awihi'h; — Apwlhilhy =0 (8b)
WE

1
Ar (hlewgh? + o — h[W[W?h?) =0 (8¢c)
70

A (?70 —0? —hpwpwihi — hafw?hg!) =0 (8d)

Dependent on whether the SINR and energy constraint are ac-
tive or not, in the following we discuss the optimality condition
of the optimization problem and obtain the optimal beamform-
ing vectors and the optimal transmit power Pry .

1) Only SINR Constraint is Active: When only the SINR
constraint is strictly met, this indicates that the SINR target is
high and more demanding compared to the harvested energy
requirement, which leads to the following proposition.

Proposition 1: When only the SINR constraint is active, the
optimal beamforming vectors are given by

2
P = b wi =0, ©)

W = ——~

(h/hi)
the energy target Fy of the EH receiver should satisfy

B, < 2017 (brhihphi)

+no”, (10)
(hrhf)*
and the optimal transmit power is
2
* Yoo
Pry = ——~. 11

TX (hI hl]q) ( )
Proof: See Appendix A. |

2) Only Energy Constraint is Active: When only the en-
ergy constraint is active, this indicates that the harvested energy

3393

requirement is more demanding, which leads to the following
proposition.

Proposition 2: When only the energy constraint is active, the
optimal beamforming vectors are given by

Eo—no?

wt = n(1+c?)

I' = " hH)

(hE hj; )

where ¢ > 0 and satisfies (73) which is shown in Appendix B.
The harvested energy requirement E should satisfy

12)

H * *
~hp,wp =c-wy,

2 H\?2
wono? (hphf)”™
Ey> F—F—— 5 + , 13
"= (hmingnty 7 (1)
and the obtained optimal transmit power is

E() — 7702
Py = ————. (14)

= n(hehi)
Proof: See Appendix B. |

We observe in (14) that the required transmit power is inde-
pendent of c. This can be inferred from the optimization prob-
lem, as the EH receiver harvests the energy from both the infor-
mation beamformer and the energy beamformer. As long as the
value of c¢ satisfies (73) (this guarantees that the SINR target of
the ID is met), how the power is distributed between w; and w
according to (71) will not have an impact on the total amount of
energy harvested by the EH receiver. We note that by choosing
¢ = 0, the optimality is equivalent to employing the information
beamformer only. we note that if Ap = 0, the optimal solution
will be the same as (9), which corresponds to the extreme point
before which the energy constraint is not active and the optimal
solution is to employ information beamformer only. If A = 0,
the optimal solution will be (12). Therefore in this section,

3) Both Constraints are Active: When both the SINR con-
straint and energy constraint are active, we focus on the case
where A; > 0 and Ag > 0, as in this case Ar = 0 leads to (9)
and Ap = 0 leads to (12). Subsequently, in the case of A; > 0
and A > 0, the following proposition is obtained.

Proposition 3: When both the SINR constraint and energy
constraint are active, the optimal beamforming vectors can be

expressed as
wi=a-hif + 3.0 wj =0, (15)

hph? h;
(hsni")
The energy requirement for the EH receiver should satisfy
2
yono? (hehi)
(h/hihphil)

whereh|, = hp —

,and «, 3 are the weighting factors.

Yono? (hlhghEh?)

+ 02,
(h/hf)? !

+no* < Fy <

(16)

and the corresponding transmit power required is
E
PZtX Z)L]O'Z—‘r)LE (O —0’2> .
Ui

Proof: See Appendix C. |

We then summarize the optimal information beamformer,
energy beamformer and the required transmit power for the
case of one ID and one EH receiver in Table I.

a7)
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TABLE I
OPTIMAL BEAMFORMERS AND THE CORRESPONDING TRANSMIT POWER REQUIRED FOR THE CASE OF ONE ID AND ONE EH RECEIVER

Condition of Fy wj W Pry
By < Jona’(hyhif hfhf’) + no? \/"/o(;z ‘nl 0 W’OU;
(nrny) (mrnf') (mrnf')
ono (b hynt yono2(hphi)?
—NW(I L f I)+7702<E0<7'0M(b i) + no? a-h'}{+ﬂ~hf 0 }L[cerr)LF(%fcrz)
(hzh?) (h,hghEhﬁ)
) Eg-no?
o2 H 2
Ey > Yono (hEhn) +7]0_2 "(H ) hg C~W; Eg—na?
(h,hghEh?’) (hEhg) " hEhg)
180 1) Only SINR Constraint is Active: This case is similar to
160 B 11 the case where there is only one EH receiver, and the optimal
140 \3} 0.9999 beamforming scheme will be to employ the information beam-
Z120 2 0-9998 former only, which is obtained in (9). The harvested energy
E A 0.9997 B . hould satisf
= 100 F A requirement should satisfy
0 g o 09996
_ig | 0.9995 Ey < min [nh%ijf[ (h]]f;) + naz}
2 0.9994 k
© 40}
= 0.9993 2 ENT ko H
= ol ' Yono |:h[(hE) hh; } )
— 0.9992 = Fy < min + no (19)
——Fully-digital ; H\2
0r —SIN}!-I constraint only 0.9991 k (h[h )
Energy constraint only 17X 1
20 5 10 15 20 25 0995 10 15 20 25
Energy target E | (mW) Energy target E | (mW) 2) Only Harvested Energy Constraints are Active: This cor-
(a) (b) responds to the case where the harvested energy requirement is
high, and we can obtain A; = 0 since the SINR constraint is not
Fig.2.~ Ny = 12, 0neID, K = 1 EHreceiver, 70 = 16dB. (a) Transmit power  active, Subsequently, it is easy to observe from the stationarity

(mW). (b) Value of p

To validate our above analyses, in Fig. 2(a) and (b) we depict
the transmit power and the power ratio p with respect to the
harvested energy requirement E respectively, where p repre-
sents the percentage that the information beamformer accounts
for the total transmit power, defined as

W?W[

P (18)
In Fig. 2, the point ‘A’ denotes the extreme point before which
the harvested energy constraint is not active, and Ej' = El,.
The point ‘B’ is the extreme point after which the energy beam-
former can be introduced, and EF = E?,. When E, < E/, ,
there is only information beamformer and only the SINR con-
straint is active, in which case the required transmit power re-
mains constant; When Etlh < Ey < th, both of the constraints
are active; When Ey > Etzh, the energy beamformer can be in-
troduced, as validated in Fig. 2(b), and the required transmit
power is linearly increasing with the increasing harvested energy
requirement Fy, as given by (79).

B. The Case of K EH Receivers

For a more general case of ' > 1 EH receivers in the system,
the optimal solution is not unique and it is generally difficult to
derive the closed-form solutions of the optimization problem,
and we only discuss the optimality condition of the problem,
which is detailed in the following.

conditions that each ng is parallel to w, and therefore we can
express each wi, as

wh =c¢; -wp, Vi€ K. (20)

With the SrlNR constraint being over-satisfied, we can further
obtain Zf‘zl < wio by following a similar approach in (73).
Accordingly, the power ratio p defined in (18) for the case of
K > 1 EH receivers can be further obtained as

o= W?W[ o 1
whwr + 38 Swliw,  1+28 &
1 Yo
p I+ 147 ey

Note that by setting each ¢; = 0,Vi € K, we obtain p = 1, which
means that the optimality can still achieved by employing the
information beamformer only.

3) Both Constraints are Active: In this case, based on the
derivation in (77)—(79), we can similarly obtain the total transmit

power as
E

(5-7)
Ui

By following a similar approach in Appendix C, it is shown by
contradiction that the optimality is achieved by employing only
the information beamformer, and (WlE)* =0,V: e K.

To summarize, for both the special case of one EH receiver
and the case of multiple EH receivers, the optimal transmit

K
Pry = Ajo + ng (22)

k=1
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TABLE II
AVERAGE RANK, MAXIMUM RANK AND RANK-1 PERCENTAGE OF W FOR P,
Ny = 12,11 =0.35, By = 5mW, 7y = 10dB

Number of Users (1 + K) 1 2 3 4 5
Average rank of W7 1 1 1 1.0528 1.1736
Maximum rank of W7 1 1 1 2 2
Rank-1 percentage of W; ~ 100%  100%  100%  94.72%  82.64%

power can be obtained by employing the information beam-
former w; only. This can also be observed based on the fact that
EH receivers do not need to decode the symbols, and therefore
energy beamforming is indeed not necessary. Our contribution
here is that we mathematically prove the above observation and
obtain the closed-form expressions for the special case of K = 1
EH receiver with the above analysis.

C. Semi-Definite Relaxation (SDR) Approach to Solve P,
By introducing W; = wyw#, D; =hi'h; and D% =

(h%) n h%, P can be simplified and further transformed into a
semi-definite programming (SDP), given by

Ps rrv%]ilntr {W;}
1 2
s.t. —tr {D]W[} >0
Yo

E
tr {DEW,} + 0 > ?O,Vk €K

W; = 0,rank {W;} =1 (23)

By dropping the rank-1 constraint for Wy in P, the re-
laxed optimization problem becomes convex, and can be ef-
ficiently solved by convex optimization tools such as CVX.
When rank {W7} = 1, the solution to P; can be obtained by
employing the eigenvalue decomposition of W7, given by

wi=Ux!? (24)

where U and X correspond to the eigenvectors and eigenvalues
of W7 respectively, and we have W7 = UXSU?. Tt has been
shown in [44] [45] that the solution for the relaxed version of
P5 satisfies

rank (W7) < vK + L. (25)

Therefore, when there are no more than 2 EH receivers in the
system (K < 2), explicitly we have /K + 1 < 2 and the ob-
tained solution is guaranteed to be rank-1, which means that
in this case SDR is not a relaxation but an optimal solution to
the original problem. When K > 2, while the obtained solution
cannot be guaranteed to be rank-1, we show below in Table II
that in most cases the obtained solutions still satisfy the rank-1
constraint and are therefore optimal when the number of EH
receivers K is small. The results in Table II are obtained based
on 5000 channel realizations with N, = 12, n = 0.35, Ey =
5 mW and -y = 10 dB. When the obtained rank of W7 is larger
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than 1, we can obtain a feasible close-to-optimal solution as

w; =7-wj=71-UX"? (26)
where 7 > 1 and can be obtained as
T = max 70° Er — no?
b, U2\ ynLusyz)P
EK — 770'2
TREUS [ @7
77|hE U |

which guarantees that all the constraints in P, are met. There-
fore, for the small-scale system considered in this paper, the
SDR approach can be effectively applied to obtain the solution
of P and the optimization problems in the following sections.

IV. A Low-COMPLEXITY HYBRID BEAMFORMING SCHEME
BASED ON SVD

The fully-digital MIMO SWIPT system discussed in
Section III requires a dedicated RF chain for each antenna el-
ement, which is inefficient in both the hardware complexity
and power consumption. Towards energy-efficient SWIPT, we
proceed to study the hybrid structure, and we firstly consider
a low-complexity hybrid beamforming for SWIPT in this sec-
tion as a performance benchmark, where the BS employs N},
(1 < Nky < N;) RF chains and the beamforming is divided
into the analog domain and the digital domain. Then, we can
express the transmit signal vector as

x = FrrFpps, (28)

T,
wheres = [sy, s, s%,...,s5 ] is the data symbol vector, and

s e CHDX1 Fpp e N *(K+1) represents the digital beam-
former and can be decomposed as

Fpp = [f1.£5, 55, ... £F]. (29)

Frp € CV*Nir denotes the analog beamformer implemented
with phase shifters. When a fully-connected structure is con-
sidered, as shown in Fig. 3(a), each entry of Fpr satisfies the
constant modulus constraint, which can be expressed as

[Frrl,,, = (30)
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For partially-connected structures, as shown in Fig. 3(b), Frp
becomes a block-diagonal matrix and can be expressed as

fi

€19}

FRF .. )

where each ) € CY*! and M = N, / N denotes the number
of antennas connected to each RF chain. In this case, each entry
of f] satisfies

[f]{j] — el Pm .k

v dm (32)
In this section, a low-complexity hybrid beamforming scheme
for MIMO SWIPT is proposed based on SVD, which serves as
a benchmark to be compared with the proposed iterative scheme
in Section V. When the hybrid beamforming scheme is applied,
it is generally difficult to directly solve the joint optimization
problem due to the non-convex constant modulus constraint of
the analog beamformer, which is in the form of (30). Therefore,
to remove the non-convex constant modulus constraint in the
optimization problem, it is intuitive that we firstly design the
analog beamformer F rr, followed by the design of the low-
dimensional digital beamformer F g5 with convex optimization.
To be specific, we firstly express the SVD of the channel as
H=UxV, (33)
where U and V = [vy,vy,...,vy,] are the left- and right-
singular vectors. Then, each phase ¢, ,, of the analog beam-
former F pp is selected as

Pmn = am,,nam €EM,ne N7 (34
where N' = {1,2,..., N}, } and 6,,, ,, is the phase of the m-th
element in v,,. While we employ an analog beamforming design
based on SVD, other channel-dependent analog designs can also
be applied. With Frr obtained, the optimization problem to
obtain F' pp can be formulated as

K
: i 12
Py fr,mf? IFrefr | + Z | Frp £ ||

i=1
sty =

Er > Fy,Vk e K (35)
While the analysis in Section III is conducted only for the fully-
digital beamforming schemes, similar analysis can be performed
for P, of the hybrid beamforming, since in such case the analog
beamformer Fprr can be regarded as a fixed matrix. A sim-
ilar conclusion can be drawn that the optimality for Py is to
employ the low-dimensional information beamformer only, and
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therefore the SDP form of P4 can be simplified into

Ps: mintr {FprF Fip}
s.t. tr {DIFRFFIFEF} > ’}/()0'2
E,
tr {DEFpp F P > 70 —o?Vkek

F; = 0, rank {F;} = 1 (36)

where F; = f;f1. By dropping the rank-1 constraint, Ps can
also be effectively solved. As the rank of the obtained F'; is
only related to the number of users (1 4+ K), the rank result and
approach in Section III-C can be trivially extended to the hybrid
case of Ps.

A. Extension to Partially-Connected Structures

When partially-connected structures are considered, the ana-
log beamformer F pr becomes block-diagonal as shown in (31),
where each f] € CM>1 Similar to the design for the fully-
connected structures, each entry of f for the partially-connected
structures can be obtained as

[£¢]

— bk , (37)

m

where 0,, . denotes the phase of the k-th entry in v,, , and we have
k= (n — 1) M + m. As can be seen, the analog beamformer
for the partially-connected structures can only exploit part of the
channel, which will lead to an increased transmit power Pry
to achieve the same performance requirements compared to the
fully-connected structures. We further note however, that due to
the reduced number of RF chains and phase shifters required, the
total power consumption Pgg for partially-connected structures
will in fact be much lower than the fully-digital case and fully-
connected structures. We shall quantify this tradeoff in terms of
the total power consumption at the BS in Section VII.

V. ITERATIVE HYBRID BEAMFORMING BASED ON A
GEOMETRICAL APPROACH

Based on the results given in Table I and the analysis in
Section III, it is observed that the optimal beamforming scheme
is to employ the information beamformer w; only (by noting
that each ¢; can be set to 0), and the resulting beamforming
matrix for the fully-digital case is therefore obtained as

W = [w, 0V K], (38)

Similarly, by considering the effective channel expression, the
optimal low-dimensional digital beamformer for the hybrid
scheme in the optimization problem P, will be

Fpup — {ff,()(“')“ﬂ . (39)

Then, based on these two observations, we propose an iterative
scheme where we alternately update the analog beamformer
and the digital beamformer. To be specific, for the design of the
analog beamformer Fpp, instead of employing the SVD, we
propose to minimize the difference between the optimal fully-
digital beamformer and the hybrid beamformer, which can be
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Geometric interpretation of Pé and the solution for the example of one ID and K" = 2 EH receivers. (a) Step 1: Rotate [f7]5 to the opposite side of [w];.

(b) Step 2: Rotate [f;], to the opposite side of [w];. (c) Step 3: Rotate [f;]; to the same side of [w];.

formulated as
Pﬁ : min ||W — FRFFBB ||2
Frp
s.t. Frr € F (40)

where we denote F as the set that consists of the matrices that
satisfy the constant modulus constraint for each of their entries.
Based on the analysis in Section III that the optimality can
be achieved by the information beamformer only, the objective
function of Pg can be further decomposed as

W — FrpFpg |’
_ H [WDON,,XK] — Fpur [fI,O(K + 1)xK] H2

= |w; — Frefr|

N, _ )
= > |wil; — forfr|,

i=1

(41)

where we note that each [w;]; is a scalar. £, € C'*(K+1D
is the i-th row of Fprr and we decompose Frp =
[(f}w)T7 (flziF)T7 A (flj?\})T]T. As can be observed in (41),
the objective function is decomposed into /N; independent sub-
functions by row, and therefore the optimization problem Pg
is equivalent to minimizing each of the /V; independent sub-
problems. We formulate the ¢-th sub-problem as

P min |[w1]i — fhpfr
for

st. flyp € G (42)

where G denotes the set of row vectors that satisfy the constant
modulus constraint for each of their entries. For simplicity we
introduce

[t}m = [fIZ?F]m [ff]m N (43)

Then, the optimization problem can be further transformed into

Pl min |u
|

RF
K+1
s.t. u; = [WI], - Z [t]m
m=1
by € G )

A. Optimal Analog Beamformer Solution via a Geometrical
Representation

As each entry of £}, is of constant modulus, therefore the
multiplication of each [f}m]m to the corresponding [f7],, in
(43) can be regarded as the effect of an angle rotation in the
complex plane. Moreover, since [w;], in Pi is a scalar, we
can therefore employ a geometric representation to arrive at an
optimal solution efficiently. An explanatory geometrical repre-
sentation for the case of one ID and K = 2 EH receivers is
shown in Fig. 4, where the dashed brown arrow represents the
optimal fully-digital solution [w],, the solid brown arrow de-
notes v; (m) that is to be introduced in (46), and the solid blue
arrows denote each entry in f;. We denote 6y as the phase of
[wr];, 0y, asthe phase of [f;], , and we assume 6, 0,, € [0,27),
as shown in Fig. 4, where it can be observed geometrically that
the optimal solution for f},. that minimizes |u; | in P} is to rotate
each [f7]  such that each resulting [t],, is collinear to [w;],.
Then, we introduce the algorithm employed to solve the sub-
problem P} based on successive phase rotation. To be specific,
to achieve collinearity for each resulting [t], , the phase of the

corresponding [f}zﬂ ,, can be obtained based on Fig. 4 as

©Om = 00 - em» or @y, = 00 +m— gma (45)

which is dependent on whether [f;], is rotated to the same
direction of [wy], or the opposite direction of [w;];. Define
a function v; with respect to m that represents the difference
between the optimal fully-digital beamformer and the sum of
the previously rotated components of f; as

m—1

vi (m) = [wil; = Y [t];,

j=1

(46)
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Algorithm 1: Optimal Analog Beamformer Solution for Pj.

input : [w/],, f;; output : f},,.
0o = arg {[w;],}, f1 = sort (f;,d).
form=1: NEF do
me = find { [f‘,} - f,}, then 6,,, = arg {[£],,, }:
Calculate v; (m).
if arg {v; (m)} = arg {[w;],} then
©my = Op +m — 0m0.

end if
if arg {v; (m)} = 7w + arg {[wy], } then
Pmy = 0o — Hmo-
end if
I:fép]mo = ej%mo'
end for

and we further define v; (1) = [wy];.v; (m) therefore represents
the residual portion of [w;]; to be cancelled. It is then observed
that the value of each ¢,, is dependent on the residual portion
v; (m). Moreover, to guarantee optimum and that the resulting
objective function |u;| in P} is minimized, one should sort the
elements in f; in the descending order of amplitude, and the
elements with larger amplitudes should be rotated first. For
example, in Fig. 4, [f;]; has the largest amplitude compared to
[f7], and [f;],, and therefore we firstly rotate [f7], to the opposite
side of [w;]; and 3 = 6y + 7 — 63, which is shown in Fig. 4(a)
and leads to Fig. 4(b); Then, in Fig. 4(b), since [f7], has a
larger amplitude compared to [f;], and the phase of v; (2) is the
same as that of [wy],, therefore [f;], is rotated to the opposite
side of [w;], and ¢, = 6y + m — 6>, which leads to Fig. 4(c); In
Fig. 4(c), since the phase of v; (3) is the opposite of [w;];, then
[f7], is rotated to the same direction of [w],, and ¢; = 6y — 6.
In fact, for each [f}ép]m, it should be rotated to the opposite
side of v; (m), which can also be observed from the definition
of v; (m). We then summarize the above algorithm to obtain
£/, in Algorithm 1.

In Algorithm 1, & = sort (a, d) denotes the function that sorts
the elements of a in a descending order of amplitude, and the re-
ordered vector is denoted as &. The function z = find {a = b}
means that [b], = a, and we denote arg {a} as the phase of a.
With the above algorithm, the optimal f}, can be efficiently
obtained and the resulting |u; | is guaranteed to be the minimal.
We perform Algorithm 1 to calculate each . for N; times, and
then the optimal analog beamformer F zr can be obtained.

B. Iterative Design

It is observed that the above design of each f},. requires the
knowledge of the digital beamformer f;, we then propose an it-
erative design where we alternately update F pr and Fpp until
convergence or a maximum number of iterations is reached. The
proposed algorithm is then summarized in Algorithm 2, where
w7 is the optimal fully-digital beamformer for P; in Section III,
F% p is the initial low-dimensional digital beamformer of the hy-
brid scheme obtained from Ps in Section IV, and N,,,, denotes
the maximum iteration number. We introduce A as a variable

Algorithm 2: The Iterative Hybrid Beamforming Design.

input : wy, F%B. output : Frp, F5p.
n=0w =o.
while n < N .« and A > A, do
Obtain fI(775 from Fgg based on (51)
Obtain F';."") by Algorithm 1 with £\
Obtain F'."") by solving P with {2
W§L71,+l) _ F(Rn;rl)Fggl), A — HWELHJrl) - Wgzn)
n=n+1
end while
Fir ~ P, Fyy = P

that represents the convergence accuracy, and A, denotes the
accuracy threshold.

Convergence: It has been shown in Table II that for the con-
sidered small-scale system, in most cases the SDR approach can
obtain the optimal rank-1 solution. In this case, since the sub-
problems to obtain Frr and Fpp in each iteration are solved
optimally, the iterative design in Algorithm 2 is guaranteed to
converge [46], [47]. Nevertheless, when the rank of the ob-
tained solution is larger than 1, while the convergence cannot
be explicitly proven, a feasible close-to-optimal solution can be
obtained based on (26)—(27), and it is observed in our simula-
tions that the proposed scheme is also shown to be convergent.
Furthermore, our scheme also includes a maximum number of
iterations [V, .« to terminate the iterations and return a solution.

C. Computational Complexity Analysis

For both of the proposed schemes, it is observed that the dom-
inant complexity arises from solving the optimization problems
by CVX. For each optimization problem, CVX firstly trans-
forms the original problem into the dual problem, which is then
solved by the interior-point algorithms. Based on [22], [48],
the complexity of the interior-point algorithm for solving the
dual problem of an M-dimensional optimization with N vari-

ables requires O {\/ NM (N*M? + N*M?) } operations. For

the fully-digital scheme based on the optimization problem Ps,
‘W7 and each W}E are IN;-dimensional, and there is one ID and
K EH receivers in the system, which leads to M = N;, and
N = K + 1. For the proposed hybrid scheme based on SVD,
we can similarly obtain that M = K + l,and N = K + 1, and
the complexity of the proposed iterative scheme will be Ny,
times higher than that of the hybrid scheme based on SVD,
since CVX needs to be performed Ny, times, as observed in
Algorithm 2. We can then obtain the complexity of each scheme,
which can be expressed as

Cruy
:O{ (K + )N, [(K + 1’ N2+ (K + I)ZNEH,

PC
CHybrid

:(’){\/(K + (K + 1) {Z(K + 1)3(K + 1)2]}
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TABLE III
COMPUTATIONAL COMPLEXITY OF THE FULLY-DIGITAL SCHEME AND THE
HYBRID SCHEMES FOR Ny = 12, Njpax = 4

Schemes Number of UEs

11D, 3 EHs 11D, 4 EHs 11D, 5 EHs
Fully-digital 0(26x10°) 0O (47x10° 0 (7.9 x10°
Hybrid PC O (8.1 x 10° O (3.1 x 10* 0 (9.3 x 10*
Hybrid Iterative O (3.2 x 10*) O (1.2x10°) O (3.7 x 10°

Algorithm 3: Analog Beamformer of the Iterative Scheme
for Partially-Connected Structures.

input : wy, f;; output : Frp.
fori=1:N; do
f}l{F — 01><(K+1)
Obtain [wy];, then 0y = arg {[w]; }
Calculate mg = {ﬁw
O, = arg {[ff]mo}, me = 6o + 7 — Oy
£he],0, = %0
end for

P = | (0he) ()" (fg;)Tr.

- O{Z(K + 1)6},

Clterative

ferats :O{Nmax (K + 1) [2([( LK + 1)2”

- 0{2Nmax(K + 1)6}. 47)

It is then observed that the complexity of both the hybrid
schemes is irrelevant to the number of transmit antennas /N,
at the BS, and the complexity-reduction gain will be higher
when N, increases. A representative MIMO SWIPT scenario is
explored in Table III below, where the number of transmit an-
tennas at the BS is V; = 12, and the complexity of each scheme
is compared with the increasing number of EH receivers.

It is also observed that compared to the fully-digital case,
both of the proposed hybrid schemes require less computational
complexity, and the hybrid scheme based on SVD is the most
computationally efficient one.

D. Extension to Partially-Connected Structures

When partially-connected structures are considered for the
proposed iterative design, each iy in (42) only has one non-
zero element, and we only need to rotate this entry to the oppo-
site side of [w],, which greatly simplifies the design. We then
summarize the Algorithm to obtain F gy for partially-connected
structures in Algorithm 3, where the function [z] denotes the
minimum integer that is not smaller than .

VI. ROBUST HYBRID DESIGN FOR IMPERFECT CSI

In practical wireless communication scenarios, there exist
errors in obtaining the CSI and the perfect CSI assumption is
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no longer valid. The channel estimation techniques for hybrid
structures are still an ongoing topic, where some results and
approaches can be found in [49]-[51]. To study the robust hybrid
beamforming design for the proposed scheme, in this section we
employ a generic additive CSI error model, given by [52]

h; =h; +e;, bk =hl +eb vk e K. (48)

The channel uncertainty is considered as bounded by a spherical
region, which can be expressed as

Dy = {fll +erlller] < 50}7

Dy = {Bf +efllleb| <d} vkek,  @49)
where §y denotes the channel inaccuracy coefficient which de-
fines the radius of the spherical region.

We then proceed to investigate the robust power minimiza-
tion for imperfect CSI, where we propose to consider the
channel uncertainty for the design of the digital beamformer
while retaining the design of the analog beamformer as for
perfect CSI in Sections IV and V, where in the case of imper-
fect CSI the analog beamformer is obtained based on h; and
fl% Then, the optimization problem to obtain the robust low-
dimensional digital beamformers of the hybrid schemes can be
formulated as

Py : minp

fr

“ ~ 112
s.t. p> HFRFf[

o
‘hIFBFfI’ > 0%, Vhr € Dy

Y L 2 k k
BpFarfi| > S0 —o? vk KV € DY (50)

where we note that the problem Py contains infinite number of
constraints and it is difficult to directly solve it. To guarantee
that the constraints are met, we then consider the worst-case
SINR for the ID, expressed as
L2
— ‘hIFRF fl‘
SINR = min ———

51
h[GD[ g ( )

2

Then, the SINR constraint in Py is further transformed into

SINRZ’}/(),VI’I] € Dy. (52)
By defining a complex Hermitian matrix
1 ~ &+ap=a

Uy = —Fpefit] Fp, (53)

Yo
(52) is equivalent to: Ve;el < &2,

h;U;hf — 62 >0
~ ~ H )
= (h] +e]>U[(h[+e[) —0°>0
~ ~ H ~
= e;Urel! +e; (Ufhﬁ) + (Ufhff) el +hyU/h!

—2>0 (54)
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Lemma: S-procedure [43]: For a complex Hermitian matrix
Ue VNt beNiex! ascalar ¢ and a vector v € >NV,
the following condition

vUv7 +vb+blIvi 4> 0V|v|* < (55)

is true if and only if there exists a non-negative variable ¢ such

that
U+t-I b
[ N (56)

R o

c—tr?

Subsequently, by employing the S-procedure into (54), the
worst-case SINR constraint can be transformed into a positive
semi-definite (PSD) form as

Ur+tr-1
h, U

U;h?
ﬁ]U]flfI — 0'2 — t[6(2)

] = 0. 57

The worst-case energy constraint for the EH receiver k can be
similarly transformed into a PSD form, given by

N H
YU+t - T 20U ()
- 0.
RS 0k e\ Eo 2 gks2|
~ohk UL %hEU,<hE) SR T
(58)

In(57)and (58),t; > Oandeacht¥, > 0,Vk € K are introduced
auxiliary variables. Then, by defining Fr = fjf'IH , Py can be
transformed into an SDP as

Pio : minp
F;

st.tp >0,th >0,Vke K

p Z tr {FRFFIFgF}

I R
U = — FppB FE By - O,rank{FI} —1
0
-U] +tr-1 U[flf
X . =0
h]UIIq h[U[hIIq — o2 — t;ég
-  \NH
YU+t - 1 20U; (B )
) ) w7 B = 0,k
whbUE Rk U, (h%) SR
(59)

Then, with Fpr obtained by the SVD in Section IV or
Algorithm 1 in Section V, Py can then be efficiently solved
by dropping the rank-1 constraints. The robust solution for the
hybrid iterative scheme can then be obtained by substituting P
with Ps in Algorithm 2.

VII. NUMERICAL RESULTS

A. Power Consumption Model at the BS

Before presenting the numerical results, to demonstrate the
significant power savings introduced by the hybrid analog-
digital architectures, we first introduce the power consumption
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TABLE IV
SIMULATION PARAMETERS

Simulation parameters Values

Antenna Number at the BS, V; 12
Number of ID 1
Number of EH receivers, K 3
Number of RF chains, N ;? P 4
Propagation constant, avg 1
Pathloss coefficient, (3 2
Shadow fading, Cy, C'% 1
Distance of ID and BS, D; (m) 10
Distance of EH receivers and BS, Dg (m) 5

Channel noise power, o2 (mW) 0.1
Energy transfer efficiency, n 0.35
Power amplifier efficiency, 7 0.5
Power of phase shifters, Ppg (mW) 30
Power of RF chains, Prpc (mW) 40
Power of DAC, Pp4c (mW) 200
Power of baseband processing, Ppp (mW) 5

Channel uncertainty coefficient, dg

model employed in the simulations. For the fully-digital case,
the analog phase shifters are not needed. Then, based on [53],
[54], the power consumption model at the BS is given by

PRy = N; (N; + 1) Ppa + Pgp + N; (Prec + Ppac),
Phg = Ny (N + 1) Ppa + N, Npyp Pps + Ppp
+ Npp (Prec + Ppac) .

Pl = N;Ppa + NiPps + Ppp + Npp (Prec + Ppac),
(60)

where PRy, Plg, and PLy denote the total power consump-
tion at the BS for fully-digital case, hybrid fully-connected
and hybrid partially-connected structures, respectively. In (60),
Pps = (1/n0) Prx is the power consumed at the power am-
plifier to generate the transmit power Pry, with 79 being the
power amplifier efficiency. Ppg represents the power consump-
tion for phase shifters, Prrc the power consumption for the RF
chains, Pp4c the power consumption for the digital-to-analog
converters, and Ppp the power consumption for the baseband
processing. The value of the power consumption for each hard-
ware component follows [53], which employs practical power
values. This means that the power compensation for the losses
existing in practical hardware components has already been
taken into account. The simulation parameters are summarized
in Table IV, and remain constant throughout the simulations
unless otherwise stated. We further note that for the considered
power minimization problem, the improved energy efficiency is
obtained by requiring a lower total power consumption at the
BS for a given performance.

B. Results

In this section, we conduct Monte Carlo simulations to eval-
uate the performance of the proposed hybrid schemes. We com-
pare our proposed schemes with the fully-digital scheme, and we
further include a result for hybrid beamforming where analog



LI AND MASOUROS: ENERGY-EFFICIENT SWIPT: FROM FULLY DIGITAL TO HYBRID ANALOG-DIGITAL BEAMFORMING

55.2 60

—a-lterative, Fully
—Fully-digital " ||

—e—lterative, Fully

Transmit power (mW)
o o o o
L ]
N > (2] [ee] (5]

o
B

53'812345678 1 2 3 4 5 6 7 8
Iteration number n Iteration number n
(@) (b)
Fig. 5. Convergence of the iterative scheme for V; = 12, one ID, K = 3 EH

receivers, Fy = 5 mW, 79 = 10 dB. (a) Transmit power Prx (mW). (b) Value
of A.

450

70
— Fully-digital — Fully-digital
400 {—E-SVD, Fully 60 =B SVD, Fully
SVD, Partially SVD, Partially

£ 350 |- Iterative, Fully

—b—lterative, Partially
Random, Fully

—¥—Random, Partially

9]
2
250
a
= $
200 Random phases

—6— lterative, Fully
——lterative, Partially
Random, Fully
—¥—Random, Partially

a
=}

IS
o

W
<)

Total power consumption at BS (W)

£
(7]
IS 20
= 150 |
100 10
g 1
50 0
10 12 14 16 18 20 10 12 14 16 18 20
SINR target Yo (dB) SINR target Y (dB)
(a) (b
Fig. 6. Transmit power Pry and total power at the BS Ppg required for

N; = 12, one ID, K = 3 EH receivers, £y = 5 mW, Ny, .x = 4. (a) Transmit
power Pry (mW). (b) Total power at BS Ppg (W).

beamformer employs random phases. The following abbrevia-
tions are applied for clarity:

1) “Fully-digital”: conventional fully-digital scheme at the
BS, Py;

2) “SVD, Fully/Partially”: the proposed hybrid scheme
based on the SVD in Section IV for the fully- and partially-
connected structures respectively;

3) “Iterative, Fully/Partially”: the proposed iterative hybrid
design by Algorithm 2 in Section V for the fully- and
partially-connected structures respectively;

4) “Random, Fully/Partially”: the hybrid beamforming with
an analog beamforming where the phase shifters employ
random phases.

In Fig. 5, we evaluate the convergence of the proposed iter-
ative scheme by plotting the value of the transmit power and
the value of A with respect to the iteration number n. We select
FY,, as the digital beamformer obtained by Ps in Section IV.
It can be observed that the proposed iterative scheme is conver-
gent within n = 4 iterations. Furthermore, the performance gap
compared to the fully-digital case is marginal.

Fig. 6 presents the required transmit power Pry and total
power consumption at the BS Ppg of each scheme with respect
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to the increasing SINR target of the ID, where the harvested en-
ergy requirement for each EH receiver is £y = 5 mW. Among
hybrid structures, as expected the hybrid beamforming with
random phases achieves the worst performance, as the analog
beamformer does not exploit the channel. In terms of the re-
quired transmit power, the fully-digital case is the optimal and
requires the lowest transmit power because of the full-RF struc-
ture, while the hybrid structures are sub-optimal and require a
higher transmit power due to the reduced hardware components
and the consequent reduced capability. More importantly, when
we consider the total power required at the BS, on the contrary,
the hybrid structures are indeed more advantageous. Thanks
to the reduced number of RF chains, both hybrid structures
are shown to significantly reduce the total power consumption
required at the BS, which reveals that the hybrid structures
are more energy efficient. In particular, the partially-connected
structures are the most power efficient because of the reduced
number of phase shifters, compared to the fully-connected
structures.

In Fig. 7, we compare the required transmit power and the
total power at the BS with an increasing harvested energy re-
quirement for each EH receiver, where the SINR target for the
ID is 79 = 10 dB. It can be observed that both the transmit
power and the total power consumption at the BS keep increas-
ing with the increase in the harvested energy requirement Fj.
In both figures, the proposed iterative scheme outperforms the
hybrid scheme based on SVD, and the performance gain is more
significant for the partially-connected structures due to the op-
timal analog beamforming design. In Fig. 7(b), it is shown that
the iterative hybrid scheme with partially-connected structures
requires the lowest total power consumption at the BS.

In Fig. 8, we compare the performance of the hybrid schemes
with respect to the number of RF chains. With a reduced number
of RF chains, the performance gap between the fully-digital case
and hybrid structures is larger, and the proposed iterative hybrid
scheme is shown to be less sensitive to the reduction in the
number of RF chains. It is also observed that the performance
gains of the proposed iterative scheme over the low-complexity
hybrid scheme are more significant with a smaller number of RF
chains. In Fig. 8(b), we note that the total power consumption at
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the BS is jointly decided by the transmit power in Fig. 8(a) and
the number of RF chains, where the proposed iterative scheme
still outperforms the low-complexity hybrid scheme based on
SVD.

In Fig. 9, the required transmit power for the robust beam-
forming schemes for imperfect CSI is shown with the increasing
SINR target of the ID, where the harvested energy requirement
for each EH receiver is Ep = 5 mW. It can be observed that
compared to the perfect CSI case, the robust schemes require
a higher transmit power to ensure that the SINR target and
the energy requirements are met by considering the worst-case
received SINR of the ID and harvested energy of each EH re-
ceiver. While the schemes for perfect CSI consume less power,
they cannot guarantee that all the constraints are satisfied under
the scenarios with imperfect CSI.

VIII. CONCLUSION

In this paper, the energy-efficient SWIPT techniques for
MIMO systems with limited RF chains are studied, where we
consider the scenario of one ID and several separate EH re-
ceivers. By analytically proving that in the scenario under study
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only an information beamformer is required, we propose a hy-
brid beamforming scheme based on SVD, followed by an it-
erative hybrid scheme that exploits this observation. We fur-
ther propose the robust hybrid beamforming for imperfect CSI
scenarios. It is shown that the hybrid structures require much
less power to achieve the same performance as the fully-digital
case, which makes the hybrid structures promising for the future
energy-efficient transmission.

APPENDIX A
PROOF OF PROPOSITION 1

In this case, the harvested energy by the information beam-
former can already meet the energy requirement for the EH
receiver, and therefore we have

n (hpwwi'hy +0%) > Ey, (61)

and w7 = 0 because in this case the presence of the energy
beamformer will only degrade the received SINR performance
of the ID. Based on the complementary slackness condition in
(8d), we further obtain A; > 0 and Ap = 0. Accordingly, the
KKT conditions can be simplified into

A 1
wll = Ml — 0,02 — Lyl 0. (62

70 Y0

We note that the optimal w; is not unique and is invariant to a
phase rotation, and therefore in (62) we can assume there exists
an optimal w; such that S {h;w;} =< {Wfl hfl} = 0, which
leads to

hyw; = W}{h? = /0?2

, which leads to the final

(63)

1 — 70
We can further obtain A; = A
expression of the optimal w;, given by

\Y Yoo

* H
wi = -hy . (64)
(hshi’)
Subsequently, we obtain the optimal transmit power as
2
Yoo
Piy = (W) wj = ——, (65)
TX ( I ) I (hI h ;] )

which is only relevant to the SINR target of the ID and not
relevant to L. Based on (61), the harvested energy requirement
should satisty

E
= — ¢ <hpw;wi hf
n
2 (hyhZhphH
ﬁ%SWW(IEff%m#éEM (66)
(h/hi")
APPENDIX B

PROOF OF PROPOSITION 2
In this case, the SINR requirement for the ID is over-satisfied,

and we have

1
,th]W]W?h? > h[WEwgh? + a2, 67)
0
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Based on the complementary slackness condition in (8c), we
then have .; = O and L > 0, and the stationarity conditions in
(8a) and (8b) can be further transformed into

wi —apwihihp =w] (I-Aghffhp) =0 (68a)

wi —Apwphiihp =wj (I-Aghffhp) =0 (68b)

It is observed that the optimal w; and wp are parallel, and

without loss of generality we can assume
Wg =Wy, (69)

where ¢ > 0. Furthermore, as the energy constraint is active, we
substitute (23) into (8d), which yields

E
(l—i—c)hEW[thg—?O— 2
Ey — no?
pwr =Wy hy T+ ) (70)

By substituting (70) into (68a), the optimal information beam-
former and energy beamformer can be obtained as

Ey—no? Eo—no?
" n(1+c?) H « n(14¢?) H
_ b wh = V) (g

By further incorporating the expressions of the optimal beam-
forming vectors into (67), we can obtain

Ey—no? Ey—no?
(”;"(:;2;2 (hrhfhphfl) > 2 (ﬁ(l;Z ))2 (hrhfhphf)+ 0%,
ENg ELR

(72)

With some further transformations based on (72), we obtain that
c should satisfy

2
1o, (x)noi(hehi)
Yo (E() — 770'2) (h[hE hEh] )
, 1 (Ey—no?) (hhfhphl) — qono? (hphll)®

=c < — 5
70 (E() — 770'2) (h[hghEh?) +’l70'2(hEhg)
(73)

Since ¢ > 0, based on (73) we can obtain the requirement for
Ey, which is given by

Yono* (hghi) :

A 2
+n0° = E},
(hhfhynf) 77 T

Ey > (714)
and we further note that £, obtained in (74) is guaranteed to
be larger than E/, in (66) based on the inner-product property,

where we have
h;hhph# > h;hfhph!’ (75)

In (75), the equality holds only when h; and hp are parallel.
Subsequently, we obtain the optimal transmit power as

Ey — no?
P%‘X _ (1 +02) (W?)H w = 0 n

e el iy 76
" n(hphll) 7o

which is independent of c.
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APPENDIX C
PROOF OF PROPOSITION 3

We firstly derive the expression of the total transmit power,
based on which we prove that w}, = 0 by contradiction. We then
obtain the expression of the optimal information beamformer
w7. To be specific, we multiply w; and wg to the right-hand
side of (8a) and (8b) respectively, and we can further obtain
Al

—h]ijf]h? + /\Ehajwfhfg
Yo

W?W[

(77a)

WgWE = — )»]h[WEwghIIq +)»EhEWEW§Ihg (77b)

The sum of (77a) and (77b) yields
1
W?W[ + wgwE =As (,Yh]wlwflh? — hlewghg>
0

(78)

It is observed in (78) that the left-hand side is the total transmit
power. Since both the SINR constraint and the energy constraint
are active, the right-hand side can be further simplified and the
total transmit power is obtained as

Piy = Ajo* + Ap (?}O — 02) , (79)
which means that the optimal transmit power is only related to
the dual variables.

Based on (79), we proceed to prove that wy, = 0 by contra-
diction. We firstly assume one case where the optimal solution
is an information beamformer w9 only that satisfies both of
the constraints, and the corresponding power consumption is
obtained as

Ey
Pl = 2902 + 29 <77 - 02) . (80)
In addition, we consider another case where we need an informa-
tion beamformer w; and an energy beamformer wp to satisfy
both of the constraints with the same total transmit power. The
total power consumption in this case is expressed as
E
Pry = 1o+ Ap (0 —02>. (81)
]
Ascanbe observed, tohave Pry = P2y, wecanobtainA; = A9

and Az = A%. Then, we express the stationarity condition for
w9 and w; as

(w9)" M pin, 30 R, ) — 0 (82a)
I . 7 I rplip E — Y

s
whi (I . V—Ihf,{h[ - AEhghE) =0. (82b)
0

With A; = )f} and Ap = A%, it is then observed that w? and
w are parallel, and without loss of generality we assume

w; =a-wY, (83)
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where a is real and a # 0. As the SINR constraint is active for
both cases, we can obtain

1 H
—hwo(w0) ' h = 02,
o 1 1( 1) 1
aj 0/ 0NHyH _ Hy H 2
5 h;wy(w})" hi =hywgwphi +0°. (84)
()
(84) can be further transformed into
a2 —1 H
uhp;v‘}(w(}) hi = hywepwihi. (85

0

Since wg # 0, we have a?® > 1. On the other hand, by con-
sidering the active energy constraint, similarly we will obtain
a® < 1 to satisfy the energy constraint, which causes contradic-
tion. Therefore, the optimal case is to employ the information
beamformer only.

When both of the SINR and harvested energy constraints are
active, it is difficult to compute the exact closed-form expres-
sion of wj. Nevertheless, based on the observation that both
of the SINR and energy constraints are active with the increas-
ing Ey when Ey € [E},, E}, |, we can obtain that the optimal

beamforming vector w is in the form of [55]
wr =a-hi +4-hf, (86)

where h | is orthogonal to h; and can be expressed as h; =

hp — % In (86), « can be chosen as o = (hivjh";z) This

structure ensures that the SINR constraint is met, and the value
of the complex weighting factor 3 dependent on Ej can be
obtained with the active energy harvesting constraint.

REFERENCES

[1] D. W. K. Ng, E. S. Lo, and R. Schober, “Wireless information and
power transfer: Energy efficiency optimization in OFDMA systems,” IEEE
Trans. Wireless Commun., vol. 12, no. 2, pp. 6352-6370, Dec. 2013.

[2] T. Chen, Y. Yang, H. Zhang, H. Kim, and K. Horneman, “Network energy
saving technologies for green wireless access networks,” IEEE Trans.
Wireless Commun., vol. 18, no. 5, pp. 30-38, Oct. 2011.

[3] K. Pentikousis, “In search of energy-efficient mobile networking,” IEEE
Commun. Mag., vol. 48, no. 1, pp. 95-103, Jan. 2010.

[4] S.Sudevalayam and P. Kulkarni, “Energy harvesting sensor nodes: Survey
and implications,” IEEE Commun. Surveys Tuts., vol. 13, no. 3, pp. 443—
461, 3rd Quarter 2011.

[5] G.Monti, L. Corchia, and L. Tarricone, “UHF wearable rectenna on textile
materials,” IEEE Trans. Antennas Propag., vol. 61, no. 7, pp. 3869-3873,
Jul. 2013.

[6] U. Olgun, C.-C. Chen, and J. L. Volakis, “Investigation of rectenna ar-
ray configurations for enhanced RF power harvesting,” IEEE Antntennas
Wireless Propag. Lett., vol. 10, pp. 262-265, 2011.

[71 W. Ejaz, M. Naeem, M. Basharat, A. Anpalagan, and S. Kandeepan,
“Efficient wireless power transfer in software-defined wireless sensor net-
works,” IEEE Sensors J., vol. 16, no. 20, pp. 7409-7420, Oct. 2016.

[8] Z. Wang, L. Duan, and R. Zhang, “Adaptively directional wireless power
transfer for large-scale sensor networks,” IEEE J. Sel. Areas Commun.,
vol. 34, no. 5, pp. 1785-1800, May 2016.

[9] Y.-W.P. Hong, T.-C. Hsu, and P. Chennakesavula, “Wireless power trans-
fer for distributed estimation in wireless passive sensor networks,” IEEE
Trans. Signal Process., vol. 64, no. 20, pp. 5382-5395, Oct. 2016.

[10] S. Bi, Y. Zeng, and R. Zhang, “Wireless powered communication net-
works: An overview,” IEEE Wireless Commun., vol. 23, no. 2, pp. 10-18,
May 2016.

[11] V.Chawla and D. S. Ha, “An overview of passive RFID,” IEEE Commun.
Mag., vol. 45, no. 9, pp. 11-17, Sep. 2007.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 4, APRIL 2018

[12] L. Varshney, “Transporting information and energy simultaneously,” in
Proc. 2008 IEEE Int. Symp. Inf. Theory, Toronto, ON, USA, 2008,
pp. 1612-1616.

[13] P. Grover and A. Sahai, “Shannon meets Tesla: Wireless information and
power transfer,” in Proc. 2010 IEEE Int. Symp. Inf. Theory, Austin, TX,
USA, 2010, pp. 2363-2367.

[14] R. Zhang and C. K. Ho, “MIMO broadcasting for simultaneous wireless
information and power transfer,” IEEE Trans. Wireless Commun., vol. 12,
no. 5, pp. 1989-2001, May 2013.

[15] Z.Ding et al., “Application of smart antenna technologies in simultaneous
wireless information and power transfer,” IEEE Commun. Mag., vol. 53,
no. 4, pp. 86-93, Apr. 2015.

[16] T.L. Thanh, M. D. Renzo, and J. P. Coon, “MIMO cellular networks with
simultaneous wireless information and power transfer,” in Proc. IEEE
17th Int. Workshop Signal Process. Adv. Wireless Commun., Edinburgh,
U.K., 2016, pp. 1-5.

[17] M. Sheng, L. Wang, X. Wang, Y. Zhang, C. Xu, and J. Li, “Energy
efficient beamforming in MISO heterogeneous cellular networks with
wireless information and power transfer,” IEEE J. Sel. Areas Commun.,
vol. 34, no. 4, pp. 954-968, Apr. 2016.

[18] A. Ozcelikkale, T. McKelvey, and M. Viberg, “Wireless information and
power transfer in MIMO Channels under Rician fading,” in Proc. IEEE
Int. Conf. Acoust., Speech, Signal Process., South Brisbane, QLD, USA,
2015, pp. 3187-3191.

[19] H. Son and B. Clerckx, “Joint beamforming design for multi-user wireless
information and power transfer,” IEEE Trans. Wireless Commun., vol. 13,
no. 11, pp. 6397-6409, Aug. 2014.

[20] J. Xu, L. Liu, and R. Zhang, “Multiuser MISO beamforming for simul-
taneous wireless information and power transfer,” IEEE Trans. Signal
Process., vol. 62, no. 18, pp. 4798-4810, Sep. 2014.

[21] S. Timotheou, G. Zheng, C. Masouros, and I. Krikidis, “Exploiting con-
structive interference for simultaneous wireless information and power
transfer in multiuser downlink systems,” IEEE J. Sel. Areas Commun.,
vol. 34, no. 5, pp. 1772-1784, May 2016.

[22] Z. Zong, H. Feng, F. R. Yu, N. Zhao, T. Yang, and B. Hu, “Optimal
transceiver design for SWIPT in K-user MIMO interference channels,”
IEEE Trans. Wireless Commun., vol. 15, no. 1, pp. 430-445, Jan. 2016.

[23] S. Lee, L. Liu, and R. Zhang, “Collaborative wireless energy and infor-
mation transfer in interference channel,” IEEE Trans. Wireless Commun.,
vol. 14, no. 1, pp. 545-557, Sep. 2015.

[24] J. Park and B. Clerckx, “Joint wireless information and energy transfer in
a K-user MIMO interference channel,” IEEE Trans. Wireless Commun.,
vol. 13, no. 10, pp. 5781-5796, Oct. 2014.

[25] J. Xiao, C. Xu, X. Huang, and J. Qin, “Robust transceiver design for two-
user MIMO interference channel with simultaneous wireless information
and power transfer,” IEEE Trans. Veh. Technol., vol. 65, no. 5, pp. 3823—
3828, May 2016.

[26] N. Zhao, F. R. Yu, and V. C. M. Leung, “Opportunistic communications
in interference alignment networks with wireless power transfer,” IEEE
Wireless Commun., vol. 22, no. 1, pp. 88-95, Feb. 2015.

[27] N. Zhao, F. R. Yu, and V. C. M. Leung, “Wireless energy harvesting in
interference alignment networks,” IEEE Commun. Mag., vol. 53, no. 6,
pp. 7278, Jun. 2015.

[28] J. Guo, N. Zhao, F. R. Yu, X. Liu, and V. C. M. Leung, “Exploiting ad-
versarial jamming signals for energy harvesting in interference networks,”
IEEE Trans. Wireless Commun., vol. 16, no. 2, pp. 1267-1280, Feb. 2017.

[29] X.Chen,D. W. K. Ng, and H.-H. Chen, “Secrecy wireless information and
power transfer: Challenges and opportunities,” IEEE Wireless Commun.,
vol. 23, no. 2, pp. 54-61, May 2016.

[30] Q. Shi, W. Xu, J. Wu, E. Song, and Y. Wang, “Secure beamforming for
MIMO broadcasting with wireless information and power transfer,” IEEE
Trans. Wireless Commun., vol. 14, no. 5, pp. 2841-2853, Jan. 2015.

[31] X. Chen, J. Chen, and T. Liu, “Secure transmission in wireless powered
massive MIMO relaying systems: Performance analysis and optimiza-
tion,” IEEE Trans. Veh. Technol., vol. 65, no. 10, pp. 8025-8035, Oct.
2016.

[32] S. Wang and B. Wang, “Robust secure transmit design in MIMO channels
with simultaneous wireless information and power transfer,” IEEE Signal
Process. Lett., vol. 22, no. 11, pp. 2147-2151, Nov. 2015.

[33] O. E. Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. W. Heath, “Spa-
tially sparse precoding in millimeter wave MIMO systems,” IEEE Trans.
Wireless Commun., vol. 13, no. 3, pp. 1499-1513, Jan. 2014.

[34] L. Liang, W. Xu, and X. Dong, “Low-complexity hybrid precoding in
massive multiuser MIMO systems,” IEEE Wireless Commun. Lett., vol. 3,
no. 6, pp. 653-656, Oct. 2014.



LI AND MASOUROS: ENERGY-EFFICIENT SWIPT: FROM FULLY DIGITAL TO HYBRID ANALOG-DIGITAL BEAMFORMING

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

A. Li and C. Masouros, “Hybrid analog-digital mmWave MU-MIMO
transmission with virtual path selection,” IEEE Commun. Lett., vol. 21,
no. 2, pp. 438-441, Feb. 2017.

A. Garcia-Rodriguez, C. Masouros, and P. Rulikowski, “Reduced switch-
ing connectivity for large scale antenna selection,” IEEE Trans. Commun.,
vol. 65, no. 5, pp. 2250-2263, May 2017.

W. Ni and X. Dong, “Hybrid block diagonalization for massive multiuser
MIMO systems,” IEEE Trans. Commun., vol. 64, no. 1, pp. 201-211, Jan.
2016.

V. Venkateswaran, F. Pivit, and L. Guan, “Hybrid RF and digital beam-
former for cellular networks: Algorithms, microwave architectures, and
measurements,” [EEE Trans. Microw. Theory Techn., vol. 64, no. 7,
pp. 2226-2243, Jul. 2016.

A. Garcia-Rodriguez, V. Venkateswaran, P. Rulikowski, and C. Masouros,
“Hybrid analog—digital precoding revisited under realistic RF modeling,”
IEEE Wireless Commun. Lett., vol. 5, no. 5, pp. 528-531, Oct. 2016.

S. Han, C.-I. I, Z. Xu, and C. Rowell, “Large-scale antenna systems with
hybrid analog and digital beamforming for millimeter wave 5G,” I[EEE
Commun. Mag., vol. 53, no. 1, pp. 186—194, Jan. 2015.

K. Yang, Q. Yu, S. Leng, B. Fan, and F. Wu, “Data and energy integrated
communication networks for wireless big data,” IEEE Access, vol. 4,
pp. 713-723, Feb. 2016.

Y. Zeng, B. Clerckx, and R. Zhang, “Communications and signals design
for wireless power transmission,” IEEE Trans. Commun., vol. 65, no. 5,
pp. 2264-2290, May 2017.

S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge, U.K.:
Cambridge Univ. Press, 2004.

Y. Huang and D. Palomar, “Rank-constrained separable semidefinite pro-
gramming with applications to optimal beamforming,” IEEE Trans. Signal
Process., vol. 58, no. 2, pp. 664-678, Feb. 2010.

Z.-Q. Luo, W.-K. Ma, A. M.-C. So, Y. Ye, and S. Zhang, “Semidefinite
relaxation of quadratic optimization problems: From its practical deploy-
ments and scope of applicability to key theoretical results,” IEEE Signal
Process. Mag., vol. 27, no. 3, pp. 20-34, May 2010.

M. Razaviyayn, M. Hong, and Z.-Q. Luo, “A unified covergence analysis
of block successive minimization methods for nonsmooth optimization,”
SIAM J. Optim., vol. 23, no. 2, pp. 1126-1153, 2013.

Q. Zhang, C. He, and L. Jiang, “Per-stream MSE based linear transceiver
design for MIMO interference channels with CSI error,” IEEE Trans.
Commun., vol. 63, no. 5, pp. 1676-1689, May 2015.

A.Ben-Tal and A. Nemirovski, Lectures on Modern Convex Optimization:
Analysis, Algorithms, and Engineering Applications. Philadelphia, PA,
USA: Soc. Ind. Appl. Math., 2001.

A. Alkhateeb, O. E. Ayach, G. Leus, and R. W. Heath, “Channel estimation
and hybrid precoding for millimeter wave cellular systems,” IEEE J. Sel.
Topics Signal Process., vol. 8, no. 5, pp. 831-846, Oct. 2014.

Z. Gao, C. Hu, L. Dai, and Z. Wang, “Channel estimation for millimeter-
wave massive MIMO with hybrid precoding over frequency-selective fad-
ing channels,” IEEE Commun. Lett., vol. 20, no. 6, pp. 1259-1262, Jun.
2016.

L. Zhao, D. W. K. Ng, and J. Yuan, “Multi-user precoding and chan-
nel estimation for hybrid millimeter wave systems,” IEEE J. Sel. Areas
Commun., vol. 35, no. 7, pp. 1576-1590, Jul. 2017.

3405

[52] J. Wang and D. Palomar, “Worst-case robust MIMO transmission with
imperfect channel knowledge,” IEEE Trans. Signal Process., vol.57,no. 8,
pp. 3086-3100, Aug. 2009.

R. Mendez-Rial, C. Rusu, N. Gonzalez-Prelcic, A. Alkhateeb, and R. W.
Heath Jr., “Hybrid MIMO architectures for millimeter wave communi-
cations: Phase shifters or swithes?” IEEE Access, vol. 4, pp. 247-267,
Jan. 2016.

C. Masouros, M. Sellathurai, and T. Ratnarajah, “Maximizing energy
efficiency in the vector precoded MU-MISO downlink by selective per-
turbation,” IEEE Trans. Wireless Commun., vol. 13, no. 9, pp. 4974-4984,
Sep. 2014.

R. Zhang and Y.-C. Liang, “Exploiting multi-antennas for opportunistic
spectrum sharing in cognitive radio networks,” IEEE J. Sel. Areas Com-
mun., vol. 2, no. 1, pp. 88-102, Feb. 2008.

[53]

[54]

[55]

Ang Li (S’ 14) received the Bachelor’s and Master’s
degrees in electronic and information engineering
from Xi’an Jiaotong University, Xi’an, China, in2011
and 2014, respectively. He is currently working to-
ward the Ph.D. degree in the Communications and
Information Systems Research Group, Department
of Electrical and Electronic Engineering, University
College London, London, U.K. His research interests
include the field of wireless communications with fo-
cus on beamforming designs for MIMO systems and
mmWave communications.

Christos Masouros (M’06-SM’14) received the
Diploma degree in electrical and computer engineer-
ing from the University of Patras, Patras, Greece, in
2004, and the M.Sc. degree by research and the Ph.D.
degree in electrical and electronic engineering from
the University of Manchester, Manchester, U.K., in
2006 and 2009, respectively.

In 2008, he was a research intern with Philips Re-
search Labs, U.K. Between 2009 and 2010, he was
a Research Associate with the University of Manch-
ester, and between 2010 and 2012, a Research Fellow
with Queen’s University Belfast. He has held a Royal Academy of Engineer-
ing Research Fellowship between 2011 and 2016. He is currently a Senior
Lecturer with the Communications and Information Systems Research Group,
Department of Electrical & Electronic Engineering, University College London,
London, U.K. His research interests include the field of wireless communica-
tions and signal processing with particular focus on green communications,
large-scale antenna systems, cognitive radio, interference mitigation techniques
for MIMO, and multicarrier communications. He was the recipient of the Best
Paper Award in the IEEE GLOBECOM Conference 2015, and has been recog-
nized as an Exemplary Editor for the IEEE COMMUNICATIONS LETTERS, and as
an Exemplary Reviewer for the IEEE TRANSACTIONS ON COMMUNICATIONS. He
is an Associate Editor for the IEEE COMMUNICATIONS LETTERS, and a Guest
Editor for the IEEE JOURNAL ON SELECTED TOPICS IN SIGNAL PROCESSING
issue Exploiting Interference Towards Energy Efficient and Secure Wireless
Communications.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


