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much interest from academia and industry. In the past few years, wireless energy harvesting (EH)
has emerged as an important method to achieve green wireless communications [2]]. In EH, the
energy collected from the ambient environment can be utilized as a power supply for self-
sustained wireless nodes [3], [4]]. Since radio frequency (RF) signals carry energy, these signals
can act as a new source for EH. Wireless power transfer (WPT) is becoming an important
segment in future wireless communications. The experimental results in [S]] show that a few
microwatts of RF power can be harvested from broadcasting signals of TV stations, which
are even located at several kms away. Thus, wireless EH system can be employed for energy
constrained devices, implantable sensors, and smart wearables [[6]. On the other hand, since RF
signals also carry information in wireless networks, simultaneous information and power transfer
(SWIPT) technology have attracted great research interests [7]-[11]. Some pioneering works
on SWIPT have been done in [12], [13], where the rate-energy region has been characterized
for single antenna point-to-point system. In [14], for multiple-input-multiple-output (MIMO)
broadcast network, dedicated EH and information decoding (ID) receivers are used. The time
switching duration (in time-division access) or power splitting (PS) ratio (in frequency-division
access) 1s computed using iterative convexified algorithm in [15]. [16]] proposes the quantized
CSI feedback to improve EH, and derives the trade-off between EH duration and ID.

Further, for interference channels (ICs), interference is one of the most fundamental and
challenging aspects. Regarding interference cancellation, from the last decade, interference align-
ment (IA) has emerged as a promising solution for MIMO wireless networks. Under certain
conditions, IA has been shown to be degree of freedom (DoF) optimal for ICs [17]. In IA, the
precoders at the sources and the decoders at the destinations are employed to align and cancel
the interfering signal from other users [17]]. To design these IA precoders and decoders, several
iterative algorithms have been investigated in the literature, such as signal-to-interference-plus-
noise-ratio (SINR) maximization, leakage minimization [[18]], [19], mean squared error (MSE)
minimization [20], [21], alternating minimization [22], etc. These IA algorithms assume channel
state information (CSI) available at the sources to compute the IA precoders. In frequency
division duplexed (FDD) systems, this information is obtained at the sources using CSI feedback
either in quantized or in analog form [23]—[27]. In quantized CSI feedback, the linear rate
scaling is maintained at a given signal-to-noise-ratio (SNR), only if the number of bits are
scaled proportional to SNR [26]], [28]—[30]. For analog feedback, a constant rate-loss has been

observed at medium-to-high SNR regime, i.e., without any loss of DoFs.
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Next, for IA networks, the interference component is canceled at each receiver to separate out
the desired signal. However, before interference nulling, the received signal can be split, and the
interference power can be utilized for harvesting energy. A review of SWIPT schemes is given
as follows. In [31] with 2-users IC, different possible transmission strategies are defined for
time-switching (TS) receivers. [32]] collaboratively obtains the optimal TS duration for 2-user
IC, which is further extended to K -users via introducing user-groups. In [33] for multiple-
input-single-output (MISO) IC, PS ratio and power allocation is obtained to show that maximal
ratio transmission (MRT) based precoding outperforms zero-forcing (ZF) in terms of EH. [34]
improves harvested energy and its consumption problem via power allocation, while keeping
fairness among users. In [35]], [36], antenna selection is used for EH improvements. In [37], an
upper bound on EH is derived. In [11], [38], semi-definite relaxation technique is leveraged to
obtain suboptimal solutions via convexifying the joint transceiver design problem. In [1]], power
splitting algorithm is proposed to maximize a linear-sum of rate and energy objectives, where

the coefficient of the linear-sum decides the weight of these objectives.

A. Contributions

In this paper, a systematic precoding approach for SWIPT maximization is investigated for the
K-user MIMO-IC. From the above review, it can be noted that in IA-SWIPT literature, authors
have posed the optimization problem as a linear sum of sum rate and harvested energy, and sub-
optimum solution have been computed convex relaxation tools [[11]], [38]. In this work, using
chordal distance (CD) decomposition, a systematic method is presented to obtain the balanced
precoding, which improves the trade-off between sum rate and harvested energy. The proposed
precoder, which is the key for the rate-energy trade-off, can be obtained for the maximum
harvested energy, or to get the maximum sum rate via tuning the value of chordal distance. EH
analysis shows the guaranteed improvement of energy for the proposed formulation. Simulation
results for different IA methods have been compared. These results show that the IA methods
utilizing direct channels, such as MMSE and max-SINR algorithms, provide the better harvested
power than that of the IA methods, which does not utilize direct channels in the precoder design
including subspace method or leakage minimization algorithm. Analog feedback automatically
chooses the chordal distance, which provides better EH and linear sum rate scaling at high SNR.

On the other hand, with quantized feedback, increasing the size of codebook increases harvested
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energy, while suffering DoF losses. In summary, the contribution of this paper can be listed as
follows:

1) Rate energy balanced precoding: First, the maximum harvested energy achievable is
obtained using the precoders VEZ  which defines the upper limit achievable on EH. Then,
we systematically derive the balanced precoding scheme to improve SWIPT trade-off using CD
decomposition. Beyond the upper limit i.e., when the CD value between IA and the proposed
precoder is chosen greater than the CD value between the IA precoder and V¥, the precoder
VEH provides the better sum rates. It is also worth noting that the proposed method is much
computationally efficient, as compared to semi-definite programming.

2) Simple parameter design for constant rate loss: We analyze the upper and lower bounds
on the harvested energy. Tuning CD and PS ratio, the trade-off between sum rate and harvested
energy for IA networks can be observed. Further, the cases of analog and quantized feedback
are analyzed, where the CD value is automatically set based on the feedback transmission power
in the analog feedback, and based on the size of codebook in the quantized feedback. In both
cases, harvested energy is shown to improve than that in the case of IA precoder. Moreover, it
is shown that it is possible to obtain constant rate loss (i.e., linear sum rate scaling with respect
to SNR), while achieving the desired harvested energy threshold.

3) Which is the best IA scheme for harvesting? : Simulation results verify the improvements
and limits of balanced precoder via the plots for rate-energy regions, and show that MSE based TA
schemes are better suited for SWIPT trade-offs than subspace or leakage minimization schemes.
Both analog and quantized feedback improves the harvested energy, while achieving a constant
rate loss in the former case, and getting the rate loss proportional to codebook size in the latter
case.

Organization: The interference channel model is given in section [lIl The next sections
and [[V] present energy optimized precoding and the proposed balanced precoding, followed by
the the cases of analog and quantized feedback in section [V} Simulation results are presented in
Section [VIl Section [VIIl concludes the work.

Notations: Scalars, vectors and matrices are represented by the lower case (a), lower case
bold face (a) and upper case bold face (A) letters respectively. Conjugate, transpose, Hermitian
transpose and Kronecker product of matrices are denoted by (-)*, ()7, ()7 and ® respectively.
CN (i, R) represents a circularly symmetric complex Gaussian random vector with mean

and covariance matrix R. The notations || - || and || - || denote the I norm and Frobenious
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norm. vec(X) denotes the column-wise vector representation of matrix X. D(A;) denotes a
block diagonal matrix with matrices A; as its block diagonal components. Q(X) denotes the
orthonormal part of the QR decomposition of X [20]. X is unitary means XX = XTX = I.
Amax (A), Vmax(A), v1.4(A) denote the maximum eigenvalue, the corresponding eigenvector of
A, and the matrix with columns being the eigenvectors corresponding to d-largest eigenvalues.

0;; is Kronecker delta, which takes value 1 when 7 = j and 0 otherwise.

II. SYSTEM MODEL

Consider an [A-feasible MIMO interference channel [39]-[41] with K users. Each user pair has
M transmit antennas, N receive antennas and d independent data streams to be communicated.
This system is represented by the notation (M x N,d)X [39]. Let x; of size d x 1 denote
the transmit vector of the k' user, distributed as CA(0,piI;) with power p, = %, where
P, =tr <E {x;pc}i}) ,Vk. The MIMO channel matrix between the j* transmitter and k" receiver

is denoted by Hy; € CV*M. The received signal at the k'™ user is given as

yi = HuVixi + > Hi Vix; + 1y, (1)
J#k
where the precoder V}, = Vi1, Vi, - .., Via| € CM*? is an orthonormal matrix employed at the

transmitter and satisfies the constraint vLivkj = 0;;, Vk, 1, j. The quantity n;, denotes zero mean
additive white Gaussian noise (AWGN), distributed as CN(0, 0?1 y). The first term in the above
equation represents the desired signal component, while the second and third terms correspond

to the interference and noise components respectively.

A. Information Decoding

Each receiver adaptively splits the received signal into two flows, i.e., one part goes to the
RF-EH circuits for energy storage, while the other part is converted to a baseband signal for
information decoding. The received signal y; is fed into a power splitting device with a power
splitting ratio p, € [0, 1], which denotes the portion of the received signal power assigned for
ID, and the remaining (1 — pj,) portion allocated for harvesting energy. Before ID, the split signal

is further corrupted by additional circuit noise wy, due to the non-ideal splitters, non-ideal RF-
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to-baseband signal conversion, and thermal noise [11]. Therefore, after splitting, the signal for

ID can be expressed as

Vi = VORYk + Wi, )
= Pk (Hkkvkxk +) HVix; + nk> + Wi, 3)
J#k

where wy, ~ CN(0, 61 y) represents the power splitting circuit noise vector at receiver k. It can

be noted that the above equation results in the effective noise of nj + \‘;’—pﬁk ~ CN (0,0%,1Iy),
52

where o7, = o° (1 + pk02>. Further, the signal is processed via a linear receiver Uy, where

Uy = [, e, - .., Ugg| € CV*d denotes an orthonormal decoding matrix, and can be obtained
from minimizing MSE [20], [27].

1) IA feasibility: In the above equation, to cancel the interference component and preserve the
desired signal, the precoders {Vy,Vk} and the decoders {Uy, Vk} should be chosen to satisfy

the following equations
UlH,V, = 0,V) # kvk, 4)
rank(UlH Vy) = dy, Vk. (5)

In order to find possible solutions for {Vy,Vk} and {Uy, Vk}, the system must be IA-feasible.
Characterizations of [A-feasible systems are given in [39]-[41]. [39]], and others [42]-[44]] have
demonstrated that feasible systems must necessarily be proper, which requires the number of
equations in (4)) to be lower than the number of variables, i.e., M + N — (K +1)d > 0. In addition
to the proper condition, [40]] has shown that feasibility can be verified by testing the surjectivity of
the mapping proposed therein. More specifically, [41] and [42]] have shown that a proper system is
feasible when either M or N is divisible by d, or the system is symmetric, i.e., M = N. Further,
[45] presents a uniqueness condition and ensures the [A-feasibility and the global maximum sum
rate (or minimum MSE). Thus, we utilize the condition M + N — (K +2)d > 0 along with the
IA algorithm from [45] to get the IA-solution.

2) Sum rate: At the k' destination, the resulting sum rate can be expressed as

~1
Ry = log, I, + p.Hyu HY, (U%DId + Z ijijL]) ; (6)
Vit

IEEE Transactions on Green Communications and Networking

Page 6 of 29



Page 7 of 29

oNOYTULT D WN =

Under review for possible publication in

where Hj; = ULijVj. If the interference components are perfectly canceled ie. Hy; =

0,Vy # k, we have

P,
Rk,per = 10g2 Id+d . Hkka;k (7)
o7p
P,
= Zlogz <1+ ramr) ®)

where 03,,;Vi = 1,...,d are the singular values of Hy,.

B. Harvested Energy

The second part of the splitted received signal for energy storage at receiver k£ can be written

as

with pr = 1 — pi. The corresponding average harvested energy that can be stored at receiver &

can be expressed as
Qr = CE {llyEHH?} (10)
R CPkZ L V17, (11)

where 0 < ¢ < 1 represents the power conversion efficiency for EH, which is assumed to be
equal for all receivers in the paper. Note that the noise power (1 — p;)No? is negligible and

hence, is omitted in the above equation.

III. ENERGY OPTIMIZED PRECODING METHOD

In this section, we first derive the precoders achieving the maximum harvested energy. Sub-

sequently, the rate-loss is analyzed via chordal distance.

A. Precoding for the maximum EH

The problem of maximizing the total harvested energy with respect to precoders, subject to

orthogonality constraint on the precoders can be written as

{VEH Vj} = argmaxZCka HHkJV I (12a)

subject to ||V,||% < d,Vj. (12b)
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The above problem can be decoupled and the solution of the j precoder V; can be obtained

by the dominant eigenvectors of the ), ﬁkHL ;Hy; corresponding to d maximum eigenvalues

1.e.,
EH _ Tt
Vi =arg ”\gﬁxgdtr <VjHjHjVj> (13)
= 11 [HIH]} —wit
where H? = [5,HT.. ... pxHZ ] denotes a stack of the channel matrices, and W' is computed
J p1Hy; PKHK; j p

via the eigenvalue decomposition (EVD) i.e.,

HH; =Y pH[ Hy; = WA W (14)
k

with W; = W1, W] and A; = D (\jii = 1., M) such that Ajy > ... > Ajuy being in
the descending order. Note that ng] and WJ[.Q] are orthonormal matrices of size M x d and
M x M — d, respectively. To analyze the effect of the precoding scheme, we utilize chordal

distance and its decomposition, which are defined in the following.

B. Chordal Distance

Definition 1. Let V, V € CM*d be two orthonormal matrices such that VIV = VIV = I,. The

chordal distance between these matrices can be defined as
. 1 R .
eV, V) = SIVVI=VVIL =d - |[VIV]. (15)

Note that the matrices V and V represent d dimensional subspaces of M dimensional space,
1.e., V and V lie on a Grassmannian manifold Gu,q,» which is a collection of all such d
dimensional subspaces. The chordal distance represents the distance between the subspaces
spanned by these matrices. Thus, two orthonormal matrices who represent the same column
space, will have zero CD between them. CD between two unit-norm vectors (say vi, vy € Gar1),
is equivalent to computing the inner-product between them, i.e. 1 — ‘V]ILVQ‘z. Further, given two
matrices in Gys 4, one matrix can be expressed into the other one using the CD decomposition
lemma from [24, Lemma 1]. The following lemma states the modified CD decomposition, where
the modification comes from splitting the null space of dimension M — d into a product of two

variables.
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Lemma 2. The two matrices V and V (such that VIV = VIV = 1;) admits the following
decomposition [24, Lem 1]
V = VXY + V™ISZ, (16)

where V., V e CMxd, V;“” — null(V;) € CM=4xd X € C¥4 and S € CM~%*4 gre orthonormal

matrices, Y, Z. € C*™? are upper triangular matrices with positive diagonal elements satisfying
tr(Z7Z) = d*(V,V) (17)
Y'Y = 1I,-Z'Z, (18)

Moreover, X and Y are distributed independent of each other, as is the pair S and Z.

Proof: A short proof is included in Appendix-A] [24]]. [ |
Note that this decomposition requires M > 2d, which is the case in interference alignment,
wherein at least 2d dimensions are required i.e., at least d dimensions for the desired signal and

the remaining for the interference.

Corollary 3. For IC, if two sets of precoders have zero chordal distances, then the resulting

rate and the harvested energy are same.

Proof: Let V; and Vj be two set of precoders such that d? (Vj,vj> = 0,Vy, i.e., from
Lemma(2 V; = VijYj with XjX} = YjY;L- = 1I,4,Vj. The sum rate and the harvested energy
will be same due to the fact that the matrices with the zero chordal distances are related by a
unitary matrix, which cannot change the value of the product VjV;r- = VjV},Vj , the product
flkjﬁ};j,Vj, k and the norm ||Hy;V,||%, V7, k. |

Note that the two different orthogonal matrices with zero chordal distance will be termed as

equivalent matrices; however, they cannot be considered as the same matrix.

Corollary 4. Given the chordal distance z and an orthogonal matrix V. Then, in obtaining the
displacement precoder (with respect to V) via the CD decomposition, the matrices Y and Z

can be relaxed to diagonal matrices as
Vp = VXZy + V™ISY, (19)

where Yy and X7 are diagonal matrices such that Y3 = 1, — Y22,
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Proof: From the CD decomposition, the desired displacement matrix can be computed as
VXY +V™ISZ, where X,Y,S,Z will be computed to satisfy the constraint in Lemma [2| The

chordal distance between this matrix and V can be written as

z=d; (VXY + V"ISZ, V) (20a)
@ g2 (VXUYEYVTY +VISU,Y, VL, V) (20b)
Q2 (VXSy + VMISY, VVy) (20c)
9 2 (VXy + VISY, V) (20d)
=d2(Vp,V), (20¢)

where in (a), the SVD of Z = UZEZVI, and Y = UyEyV;r/ with the same right singular
vectors due to the constraint YIY = I, — Z'Z, and S = SU,, X = XUy are substituted; in
(b), the unitary matrix Vy is multiplied into both arguments, since the resulting chordal distance
is unchanged for unitary multiplication, as in (c). The above shows that Z and Y can be relaxed

to a diagonal matrices. [ ]

C. Rate loss upper bound for EH based precoding

With the maximum EH based precoding in (13), the resultant maximum harvested energy
can be written as the sum of the first d dominant eigenvalues of ), ﬁkszij. Note that the
precoding in (I3) is an independent precoding scheme, which does not consider the effect of
interference on information decoding. However, the obtained precoders may partially align the
interference. This partial alignment can be measured using the chordal distance between the

ideal IA precoders and EH precoders as
ZjEH = dz(vﬁ V]'EH)vvj7

where V;,V;j stands for IA-precoders. It can be noted that the above chordal distance represents
the displacement of VJEH with respect to V;, and it does not depend on SNR values. The more
the distance, the more will be interference. Therefore, in the rate-energy trade-off, it is essential
to specify the allowable interference in the system, which can be characterized in the following

result from our analysis in [27].
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Lemma 5. (Rate Loss Upper Bound (RLUB)) In an interference channel (M x N, d)X, the usage
of imperfect precoder instead of IA precoder at the sources incurs the rate loss ARy, whose

expected value can be upper bounded for the k' receiver as

P (K —1)M
E{ARk} < d10g2 (1 + ;mz) s 21)

with z = Edg(Vk,vk) being the average chordal distance between the IA precoder and the

imperfect one.

Proof: Proof is given in our previous work [27, Lemma 4]. Note that the expectation is

with respect to the channel matrices Hy;, V7. [ ]

D. Problem Formulation

For the SWIPT precoding in literature [6], [46]], authors have formulated an optimization
problem in which a linear sum of the sum rate and sum harvested energy is maximized subjected

to the desired harvested energy (), and precoder constraints as

max ; Ry, (V;,Vj[H;) +v@Q (V;, Vi|H;) (22a)
subject to Q, > Q, Vk, | V;||% < d,V, (22b)

where v is the weight controlling the preferred objective. Note that the above two are opposing
objectives, i.e. if the sum rate is maximized, the harvested energy is reduced, and if the sum
harvested energy is maximized, the sum rate degrades. To provide a balanced precoder, we start
with the sum rate optimal precoder i.e. IA precoder V;, and degrade this precoder in such a
way that the degraded precoder satisfies the required harvested energy constraint.

In general, if we degrade the IA precoder, it will result in severe rate loss, causing the loss in
degrees of freedom. Thus, to degrade the IA precoder in a systematic manner, we employ the
chordal distance decomposition, in which the value of chordal distance decides the degradation
in the precoder. Therefore, given the chordal distance and IA precoder, the balanced precoder is

obtained in the following section.

IV. PROPOSED BALANCED PRECODING METHOD
A. Optimization Problem

Given the IA precoders {V, Vj} and the value of chordal distance {z;, Vj}, we can now focus

on maximizing the harvested energy, since the sum rate obtained with a given chordal distance
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is fixed and will be systematically degraded from the sum rate with the perfect IA precoder.

Thus, the j** balanced precoder can be expressed using CD decomposition in Corollary [4] as
A nu
VAL = VXY + VIS Z;, (23)

where Y; and Z; are diagonal matrices from corollary {4 the matrices X; and Z; are obtained
in the following to maximize the energy; and V;?”“ represents the left null space of V;, ie.,
Vil = null(V;) € Gaar—q and VIV, = 0.

The optimization problem to find the balanced precoding to maximize the total harvested

energy can be cast as

Sj,zj%??%(j i Zk: q2 zj: % ||ijV§3AL 112 (24a)
subject to VP4 = V;X,Y; + VI'S;Z;,Vj, (24b)
r (Z,2) = tr <I = Yﬂ}) < 2,V (24c)

Z;,Y; are diagonal matrices, V7, (244d)

XIX; =X, X! =1,vj, (24e)

SIS; =1,V (24f)

Note that the above problem can be decoupled for each ;™ precoder as

o [ H VI (250)

subject to VP =V, X, Y, + V'S, Z;, (25b)
w (2,2) =t (1= Y,Y]) < 2, (25¢)

Z;,Y; are diagonal matrices, (25d)

XIX; =X, Xl =1, (25¢)

sis; =1 (25f)

The solution of the above problem is obtained as follows. First, S; is computed, followed by the

computation of Z; and X;, which are derived using both iterative and non-iterative approaches.
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B. Getting S;

Using the triangle inequality, the objective function in (25a) can be upper bounded as
[H; (VXY + ViS,Z;) |

< |H; VXY, + || H V'S, Z (26)

J HF ’
where the equality occurs when both H;V;X;Y; and HjV;?““Sj Z; are in the same direction or
proportional to each other. Since both the precoder V; and its null space V?“” are present in
the above norm expression, the equality cannot be achieved for z; > 0 or Z; # 0. Best efforts

can be done to align these matrices using the following optimization problem as

Sj’zlil’%gﬁfjdz (0(H;V,;X,Y;),0 (H;VIMS;Z))) (27a)
= mind; (O (H;V;), 0 (H;V3"s;)) , (27b)
2 max tr [Dy; VIHIH; V'S, Dy, | 27¢)

sfs;=I

where in (a), the orthogonalization property is used, since both matrices represent the same basis

of the column space; in (b), the definition of chordal distance, O (A) = A (ATA)_I/ 2 Dy; =
—1/2 —-1/2

<V;’H}L'vaj> ; and Dy, = (S;VEUHTH}HjV?““Sj> are used. From (b), the solution

is obtained by choosing the columns in the same directions as V?“”TH}HJ»VJ- to maximize the

trace-value as
S; = 0 (V}""HIH;V,Dy,Dy,, ) (28)
=0 (V;““*H}vaj> , (29)

where the equivalence can be considered due to the fact that X;, Y; and Z; are unknown,
and thus, S; can be independently and equivalently computed first. Further, letting A; =

V;”HTH;H]-V]-, the cross-term below can be simplified as

1/2
IxIvIET null _ It (AT
w (YIXIVIHIH, VIS, 7, ) = (ijij (ala;) )

C. Getting Z; and X;: an iterative approach

Further, from (26)), squaring the terms on both sides yields the Cauchy Schwarz’s inequality
R (YIXIVIHTH, VIS 7 ) (30a)

< [ H; VXY, || H VIS, Z (30b)

jHF’
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which suggests that equivalently, the above cross-term can be maximized to get the maximum
harvested energy.
Since the matrices Y, and Z; can be relaxed to be diagonal as in Corollary @4 the matrix

Y, = D (y;1,---Y;qa) can be obtained from Z; = D (z;1,... zj4) using the constraint in (24c)

and (18) as
Yo = +y/1— 22, ¥i=1,...,4, 31)

satisfying the constraint in (24c]). The remaining components of the CD decomposition can be
computed as the solution of the following optimization problem as
ID'SAVAR = L null
i R (YiIXIViHIE; VIS, Z,))
which is a non-convex problem due to the product of Z; and X;. The efficient way to solve the
problem is via an iterative method, where X; and Z; are solved alternately.

Given Z; and Y, the optimization problem above can be reduced to a convex problem as as
mas i (YixiviEiH; Vs, Z;)) (32a)
subject to || X;]| <1, (32b)

where the spectral norm constraint above leads to the same constraint in (25¢]). The solution for

X can be obtaining by choosing the same column directions as of V}H;HjV?“HSijY;, ie.,
X, =0 (V}H}vagullsjijD . (33)

Note that the above X; cannot be equivalently set to O <V;H}HjV;?““Sj), since the above
particular directions are important. Further, substituting X; in the trace yields the following

result.

Proposition 6. With the above selection of X, the trace-value is non-negative

VTR LV g.)""
o (YIXIVIRE,VIS,7,) —ir | (BIB;) | >0,

1/2
where B, = V}H;HjV;-’””SijY;- = <A}AJ~> ZjY;f, and the equality occurs when z; = 0.
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Next, given Y;, X; and z; < zJEH , the diagonal matrix Z; can be updated as

ma it (YiIxiviaH,Vs,7;) (34a)
subject to ||Z;||r < /7, (34b)
Z; is a diagonal matrix, (34¢)
0=<27Z; =1, (34d)

which is also a convex problem. We can equivalently recast the problem for z;r = (21, - - - Zjd]

as
max chzj (35a)
subject to ||z;]]2 < /7, (35b)
0<z2,;<1,Vi=1,...,d, (35c¢)

where the vector ¢; = [¢j1,...,cq] and ¢j; = {Y}X}V}H}HjV;?““SjLi,W =1,...,d. The
values c;;, Vi are real and non-negative from the proposition 6| The solution of the above problem
is given by choosing z; equal to c¢; and scaling it to satisfy the norm constraint. Thus, we write
zj; = min <\/z_] HZJT’ 1), and normalize the resulting entries to satisfy > . ; 25 = z; — (d — |Z]),

ji
where 7 = {Z 125 < 1}, ie., Zji < X:ZJ;ZQ\/Z]' — (d— |I|),\V/Z el
ieT #ji

D. Algorithm

Now, with all components obtained, the resulting balanced precoder can be computed via
(25b). The summary of this procedure is given in Algorithm |1} If z; > =", we choose energy
optimized precoder as the balanced precoder V4% = VF#. Regarding the convergence, it can
be seen that since both Z; and X; maximize the same linear objective, thus convergence is
guaranteed with a global optimum value. Regarding the number of iterations, we observe via

simulations that it takes only a few (4-8) iterations to converge.

E. Getting Z; and X;: a non-iterative approach

Here, we present a suboptimal non-iterative method to compute X; and Z;. This method is

based on upper bound in the equation (26)). In (26), applying the max-operator on both sides
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Algorithm 1 Iterative CD decomposition procedure.
Input: H;, V; and z;.

Output: V54~
1 if z; > sz then

2: Return VfAL = VI,

3: else

Compute S; = O (VI""HIH,V;).
5: Initialize Z; = \/gI and Y; by (3I).
6: Solve (32a) to get X;.

7: Solve to get Z;.

8  GetY; by (3I).

9: Go to step [6] until convergence.

10 Return VPAL via (25D).

11: end if

yields

max ||H; (V,X;Y; + V3"'S;Z;)

8,2, X;,Y; E

< max |[H;V; XY+ nax |H,V''S;Z (36)

. jHF’
Jr =7

Thus, for a lower complexity solution, we solve the right hand side get the components for the

balanced precoding.

Given z; < z'", the matrix Z; can be obtained to maximize the harvested power as
Z; =arg max ||HjV;}ullSj Al 37)
J

subject to (34b), (34c), (B4d).

The above problem can be simplified as

2 .o
oggvlfg,w : Zilii (382)
subject to Z z?z < zj, (38b)
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where the values fj; = [S;VEUIITH;HjV;uHSj] ~,Vi=1,...,d are real and non-negative. For
1,0

the solution of the above optimization, we write

zzi:min(z- L ,1),W:17-~~7d7 (39)
! JZisz’

and normalize the resulting entries (Z = {i : zj; < 1}) to satisfy >, 22 = z; — (d — |Z|).

Next, the matrix Y; can be computed using (3I). Further, the matrix X; can be chosen as

X; = H, VX, Y| 40
j argu)r?jﬂ}g(l" iViX;YllE (40)
_o (Vi 1
-0 (VIHIH,V,Y; ). 1)

The resulting ;" precoder VP4 can be given via (25b).

FE. Computational complexity

The product H}H]— and its EVD need O (M?*NK) and O (M?) operations. For S;, the
product and O(-) need O (NK - M(M —d)+ NKd-M + NK(M —d)- M) = O (NKM?)
and O (d*- (M — d) + d®) = O (Md?). The rest of operations are below O (Md?) or O (M?3).

Thus, if M = N, Algorithm [I|has O (M3K + Md*N;) ~ O (M?K) computational complexity,
KM?
d2

where the number of iterations N; for convergence are few (4-8), i.e. Ny < . Similarly,

non-iterative process has the same complexity.

G. Bounds on the harvesting Energy

Note that not any trivial balanced precoding can guarantee the better harvested energy. For

the balanced precoding, the following bounds can be obtained.

Lemma 7. Given balanced precoding {VkBAL ,‘v’k} for the channel {Hy;,Vk,j} with IA pre-

coders {Vy,Vk}, the total harvested energy can be bounded as

K
cg% I,V 3 (1= 2) + v )3 ()] “20)
K K
<D Qu(pn VE) <Y P (42b)
k=1 j=1
Proof: Proof is given in Appendix-B| [ ]

The above result shows an improvement over (I1), i.e., the balanced precoding promises the
better harvested energy than that achieved using just perfect IA precoders. With the balanced

precoding, the resultant rate loss can be obtained from the upper bound in the Lemma [5
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With g, = p, Vk and with CN (0, 1) entries in Hy;, performing the exception on both the sides

in the above equation gives

K
CPENY Py~ E{Qx(p)} (43a)
i k=1
i KN +d 2/3 K
< (PN (m) 21 P, (43b)

where the left approximation is obtained assuming E HHijALHQF ~ pKNd, and the right

inequality is given by E{\;1} = pKNd (Ilg]{,\fﬁ%)wg [47].

V. ENERGY HARVESTING WITH FEEDBACK

In the above formulation for EH, perfect IA precoder has been employed, which is not the
case in practice. In practice, to avail the precoder at the transmitter side, either CSI or precoder
is fed back in quantized or analog form. In this section, considering precoder feedback, the
sum rate and energy harvesting terms are analyzed. Recall that the trade off between these is
characterized by the chordal distance. In literature, it has been demonstrated that chordal distance
is an integral part of the feedback systems. Therefore, in the following analog precoder feedback

scheme is provided, followed by limited precoder feedback.

A. Analog Feedback

In analog feedback, after the estimation of the reverse links, full (M X d) precoder is sent
back using analog transmission [27]]. In orthogonal transmission case, destinations transmit
simultaneously in Kd time slots respectively. After receiving the noisy precoder information
at the sources, the orthogonalization of the MMSE estimate is performed to obtain the final
precoder estimate.

From the results in [27]], it can be observed that for lower feedback SNR, the chordal distance
remains constant and so, the sum rate loss increases with SNR (see Lemma [5). On the other
hand, for medium to high SNR case, the chordal distance decreases inversely proportional to
SNR, which keeps the rate loss constant for this SNR range. In IA scenarios, the medium to
high SNR regime is of more importance. In conjunction with energy harvesting, one can note
that the chordal distance dynamically changes according to the feedback SNR selected at the

destinations. The conclusion of this result is that analog feedback also helps in increasing energy
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1
2
3 efficiency while maintaining linear sum rate scaling. To get the desired energy in harvesting,
g only the splitting factor needs to be selected using the results in the previous section.
6 For perfect CSI, given the RLUB (AR,,..), CD value can be obtained as
% —1

d M - d P max
8 Lo dM—d) (P (2’”7—1), (44)
9 (K —1)M \ 02
1(1) from Lemma [3
12
13 B. Quantized Feedback
14
15 Let the vector b = [by, bs, ..., bx|T denote the number of feedback bits allocated for each user.
16
17 The corresponding precoder quantization codebook of size 2% is given as C(by) = {C1(by.), . .., Cou, (br) }
18 . .
19 where each entry C;(by) is an M x d orthogonal matrix such that C;(b)'C;(by) = I;. The
;? codebook C(by) for each by is considered to be known to all the transmitters and receivers. The
22 precoder matrix index (PMI) vector is denoted as q = [q1, ..., qx]’ with each g, representing
23
24 an index from the codebook C(by), i.e. 1 < g, < 2%, VEk.
;2 In the conventional method, when the perfect IA precoders are available, each of the precoders
;é is quantized using the chordal distance metric. Let qcop denote the PMI vector obtained using
29 quantization based on chordal distance. The k" index of qcp is obtained as
30
31 qop = arg min d-(Vy, C;), (45)
32 C;eC
2431 where gcp i, 18 the index of the closest codebook entry. This technique incurs a low computational
35 complexity. Improved precoder feedback schemes can be seen in [28]], [29] which suggest that
36
37 the sum rate can be improved for the same number of quantization bits. The main point is
gg to observe that the limited feedback can increase the harvested energy since chordal distance
40 is non-zero. Note that the resultant chordal distance of quantized precoders varies inversely
41
42 proportional to the codebook size, i.e., as codebook size increases EH decreases and sum rate
43
44 increases. Therefore, given the codebook, the chordal distance can be fixed as
45 2 -
46 z = Edc(Vk, Ci) < 2 dM-d) (46)
47
48 and splitting ratio can be varied to get the desired harvested energy.
4 . " . .
53 Remark (SNR shift): For z = 0, the splitting causes the noise variance to change from o2 to
31 o7, which causes the (‘7?—5> = (1 + 522> shift in SNR without loosing linear sum rate
52 °° /dB PrI"J 4B
53 scaling. It shows that the splitting factor can be obtained to maintain linear rate scaling with a
54
55 given SNR shift or a given constant rate loss. For example, to get only 3 dB loss in sum rates,
56 2 _ 2
p 1+p502:20rpk:1—pk:(%.
58
59
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VI. SIMULATION RESULTS
A. Simulation settings

The value of essential variables are given as follows: p, = ( = 0.5,Vk, P, = P and z; = z.
We consider two [A-feasible systems (a) (4 x 4,2)% and (b) (5 x 5,2)3. Each entry of Hy; is
assumed to be distributed as CN (0, 1). For balanced precoding, the iterative process (ICD) is
run for a maximum of 6 iterations. We assume for all j, z; = 2 < min; Z]EH . In the following
figures, we compare different precoding strategies given below.

o (RAND) Random full rank precoder with orthogonal columns;

« (MAX-EH) Harvested energy maximizing precoder;

o (SSIA) Balanced Precoders from subspace IA method with z = 0,0.1,0.8;

o (MMSEIA) Balanced precoder from MMSE based IA algorithm [45] with z = 0,0.1,0.8;

o (PQFB) Precoder obtained from quantized feedback from a given codebook of size 6 bits

[451;
« Precoder acquired via analog precoder feedback (PAFB) [27] , and via analog CSI feedback

(CSIAFB) [48] with similar feedback transmission power as the forward one, Py = P.

B. Rate-energy region plots

Given the precoders {Vy,Vk}, the rate-energy region can be written as [49], [50], C =

K K
U{(RaQ)3RSZRk(vak)aQSZQk(Pk,VQ}7 47

p k=1 k=1
where p = [p1, ..., px| is a vector of K splitting factors. For a splitting noise variance 6% = 0.1,

assuming py = p, Vk varying p from 0 to 1, the parametric plots are drawn to illustrate rate-energy
regions [49], [S0].

Figure [T| shows the sum rate versus the total harvested energy plot for three types of precoders,
viz., MSE-IA, MAX-EH and MSE-IA with balanced precoding. It can be seen that MSE-IA
region has higher sum rates and lower energies, while the region for MAX-EH precoders has
less sum rates and higher energies. These plots represent two extreme ends of rate and energy

achievabililty. Next, for the balanced precoding with iterative method, it can be observed that as

ZEH

z increases, the rate decreases and energy increases, when 2 < min; 2EH Fa

;7. When z > min;
both rate and energy achieved are lower. Therefore, for the case of z > min; z]EH , it is better to

employ MAX-EH precoder than IA-precoder.
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22 Figure 1. Rate-energy plot for (5 x 5, 2)3 system for iterative CD decomposition.
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Figure 2. Rate-energy plot for (5 x 5, 2)3 system for different precoding methods.

Figure [2] compares the same rate-energy region for different precoding schemes. The following

50 points can be concluded from the figure.

52 e Cranp C Cumax.en and Cranp C Cusgraacp: Random precoders have worst rates.
54 e Cssia C Cmseia: Among IA-methods, MSE based methods are better suited for both rate

and energy optimization.
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Figure 3. Sum rates versus SNR with (4 x 4,2)3system.

o Ccsiars C Cparp and Cpors C Cpaps: Analog precoder feedback is better than both analog
CSI feedback and precoder quantizated feedback.

e Cmseia-cp C Cuseraqicp: Iterative balanced precoding method provides better rate and energy
than that via non-iterative one. Therefore, in the following, iterative method based precoding

is considered for comparison.

C. Sum Rate and harvested energy versus SNRs

Figure illustrate the sum rates with respect to SNR for (4 x 4,2)3 and (5 x 5, 2)? systems,
respectively. It can be observed that both SSIA and MSEIA (z = 0) achieve linear sum rate
scaling with SNR, while with z > 0, saturating sum rates are obtained at high SNR. As compared
to (4 x 4,2)3 system, the saturation in sum rates starts at higher SNR for (5 x 5,2)% system,
since more spatial dimensions are available in (5 x 5,2)3 to grant diversity gains. For limited
feedback with 8 quantization bits per precoder, similar rate losses can be seen due to saturation,
because to keep the rate loss constant number of bits need to be scaled proportional to SNR [45].
For analog feedback (AFB) schemes (CSIAFB and PAFB), a constant rate loss can be observed
at high SNR regime, yielding the better performance than quantization schemes. Figure [] plots
the similar trend for (5 x 5,2)3 system, except that higher sum rates are achieved due to more

spatial dimensions.
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Figure 4. Sum rates versus SNR with (5 x 5,2)% system.
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Figure 5. Figure illustrates both the sum rate and sum harvested power variations versus chordal distance for (5 x 5,2) at 25

dB SNR.

D. Rate-Energy performance versus chordal distance

Figure [5] plots the sum rate (left-axis) and the harvested energy (right-axis) versus the squared
chordal distance z = d? (V;, VBAL) |V required for the balanced precoding with MSE-IA and
SS-TA. It can be seen that the sum rate decreases in a logarithmic manner as z increases. This
behavior has been analyzed in the Lemma [21] for rate-loss upper bound. On the other hand,

harvested energy is increased, if z is increased. Upto a certain value of z (say z;,), MSE-IA
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Figure 6. Figure showing the sum harvested power scaling for different precoding methods for (4 x 4,2)% and (5 x 5,2)*
systems at 25 dB SNR.

provides higher energies than that with SS-IA. When 2z > z;,, SS-IA yields better energy output.
Regarding the sum rate intersection between MAX-EH and MSE-IA (or SS-IA), it is the point
when z = min; 2"/, When z > min; /"7, both rate and energy are lower than that of MAX-EH.
Thus, it is better to consider MAX-EH precoder beyond this intersection. Note that the earlier
intersection of SS-TA than MSE-IA is due to the fact that MSE-IA provides better sum rates

than SS-IA in general.

E. Energy scaling with SNRs

The respective harvested energy scaling (with respect to transmit power (P)) is illustrated
in Figure [6] for different precoding strategies. Max-EH precoding provides maximum scaling.
MSE-IA methods provide better scaling than SS-IA based ones. Also, for rate-energy balanced
precoding, increasing the chordal distance shows increase in scaling. This result is also depicted
in Figure [5] which shows the sum rate and EH scaling variations with respect to chordal distance.
It can be seen that the energy scales linearly with chordal distance. The most efficient method
is PAFB, where the chordal distance is selected automatically inversely proportional to feedback
SNR. It suggests to choose the chordal distance carefully based on SNR and the required

harvested energy constraint.

IEEE Transactions on Green Communications and Networking

Page 24 of 29



Page 25 of 29

oNOYTULT D WN =

Under review for possible publication in

25

>
m
1%}
& RAND
5 [ |—*—MAXEH )l
Z107E 4 _ssIA (2 =0)
—+—SSIA (2 =0.1)
—6—SSIA (2 =0.8)
107 F |— & —MSEIA (2 =0) 1
—8— MSEIA (2 = 0.1)
— % MSEIA (2 = 0.8)
106 £ |— % —PQFB J
—A—PAFB
————— CSIAFB
10’7 | | | | | |
0 5 10 15 20 25 30 35

SNR (dB)

Figure 7. Figure depicts the average QPSK symbol error rate (SER) with respect to SNR for (5 x 5,2)3.

F. SER plots

Figure [7| depicts the average SER plots with QPSK modulation for (5 x 5,2)3. It can be
seen that perfect IA precoders (z = 0) achieve the minimum SER, while with z = 0.1, 0.8, the
SER saturates. For quantization based methods, the SER can be seen to be higher. Among the
feedback schemes, APFB methods can be seen to provide a significantly better SER, close to
perfect MSE-IA scheme. More importantly, APFB methods also yield linear sum rate scaling
and EH scaling approximately to MSE-IA (z = 0.1), which shows the effectiveness of APFB

schemes.

VII. CONCLUSION

In this paper, we have provided a low-complexity systematic balanced precoding method
towards getting the improved trade-off between sum rate and harvested energy. First, the pre-
coder that achieves maximum harvested energy has been computed. Thereafter, utilizing the
CD decomposition, we have systematically derived and analyzed the proposed precoder for
SWIPT trade-off. The lower and upper bounds on harvested energy for this construction have
been obtained. Due to the dependence on CD, the relations to the analog and limited feedback
schemes have been discussed. Simulation results show that MSE based methods are better for

SWIPT than subspace alignment method or leakage minimization algorithm. Among feedback
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schemes, APFB provides improved sum rates without loosing the linear scaling (with SNR) as

well as improved harvested energy.

APPENDICES
A. Proof of CD decomposition

Consider two M x d orthonormal matrices V,V such that VIV = ViV = I,. Its left null

space of size M x M — d can be represented as V;”“ = null(vj). Then, we can write

V=VVIV 4 (L - V)V (48)
= VViv pymul yity (49)
—— ——
=XY =SZ

where the last equation is obtained by the QR-decomposition such that X and S are d x d
and M — d x d orthonormal matrices respectively. It verifies d2(V,V) = d — |[VIV|% =
d — tr(Y'Y) = tr(Z!Z). Note that XY € C% is independent of V € CM*?, since XY is
a projection to a lower dimension space. Also, the factors X and Y are independent, since X
represents the basis of VIV and the basis are not unique. Using similar facts, the matrices S

and Z are also independent. For more details, visit [24].

B. Proof of Lemma 7]
. o d 2
Proof: The inequality in the upper bound comes from (13) as %> 7, ||[H; VAL <
éZle Aji < Aj1,Vj, where the equality occurs when z; = Z]EH , V7, and the second inequality
is due to the fact that the average of d-values is less than the the maximum of them.
The inequality of the lower bound can be derived from the CD decomposition, where the

equality occurs, when z; = 0, V. For the proposed balanced precoder with the optimum values

of X7,Y7,S} and Z7, we can write
2
LV

= |H;V,X]Y;

2

J 7 JINF
(a) . }
> Hvajx;, f1-2 1 Hvis;, 2

®)

2

F

JE Vx| (1= 5) + [ vesiil (5)

v

2 m,v, I3 (1=2) vl ().

IEEE Transactions on Green Communications and Networking

Page 26 of 29



Page 27 of 29

oNOYTULT D WN =

Under review for possible publication in

27

where in (a), the maximum value of norm is upper bounded by trivial selection Z; =1I,/1 — %;

in (b), we employ the fact that the trace value in the above norm-expansion is non-negative for

the proposed scheme, as mentioned in the proposition @; and in (c), the specific d-dimensional

null space (V1"!S*) can be replaced with any other d-dimensional null space V? € Gy 4 of V.
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(3]
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