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Space-Time Signal Optimization for SWIPT: Linear Versus
Nonlinear Energy Harvesting Model

Shuai Wang , Minghua Xia , and Yik-Chung Wu

Abstract— In simultaneous wireless information and power
transfer systems, optimization of transmit signals is critical to
system performance. Although the optimization problem can
be efficiently solved under a linear energy harvesting model,
the obtained solution may not work well in practice, since the
energy harvester contains nonlinear elements, such as diodes.
On the other hand, while a nonlinear model can be used to
capture the dynamics of energy harvesting circuits, it introduces
additional complexity at the optimization stage. Specifically,
under a nonlinear model, traditional convex optimization is not
applicable, since the energy harvesting function is fractional.
To address this challenge, this letter first derives an optimal
solution for static channels by introducing pseudo-inverse of the
nonlinear model. Then, an iterative algorithm that converges to a
sub-optimal solution is proposed for time varying channels. With
the developed methods, the performance-complexity tradeoff
between linear and nonlinear models is illustrated.

Index Terms— SWIPT, nonlinear energy harvesting model,
signal optimization, Internet of Things.

I. INTRODUCTION

S IMULTANEOUS wireless information and power trans-
fer (SWIPT) is widely accepted as a promising technique

to prolong the lifetime of low-power consumption nodes in
wireless sensor networks and Internet of Things [1]. However,
a major difficulty to implement SWIPT systems in practice
is the path-loss during power transfer. To combat the path-
loss, transmit signal optimization becomes imperative, and
the optimal signal design for SWIPT systems was extensively
studied under a linear energy harvesting model [2] (i.e., by
modelling the harvested direct-current (DC) power as a linear
function of the incident radio frequency (RF) power).

Unfortunately, since the energy harvester contains non-
linear elements, such as diodes [3], linear energy harvesting
model cannot accurately reflect the energy conversion process.
To capture the dynamics of energy harvesting circuits, nonlin-
ear models were recently proposed [4]–[6]. If the nonlinear
model is concave (i.e., the constraint would be convex),
the signal design can be handled by convex optimization [6].
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Nonetheless, if the nonlinear model is not concave (which is
true for most energy harvesting circuits), the method in [6]
fails to work. To deal with this non-concave issue, sum of
ratios programming was proposed in [5] for the signal design
problem with one energy harvesting requirement. In the more
general case with multiple energy harvesting requirements,
however, the sum of ratios programming in [5] also becomes
inapplicable.

To address the challenge brought by multiple non-convex
constraints during signal optimization, this letter firstly derives
an optimal solution for static channels by introducing pseudo-
inverse of the nonlinear model. Then, a joint space-time signal
design is created for time varying channels using an iterative
algorithm, which is guaranteed to converge. Furthermore,
a lower bound to the performance of the optimal signal
design is derived based on a piece-wise linear function. With
the newly developed algorithms, the power consumptions of
SWIPT systems (based on the popular Powercast energy har-
vesting product P2110) under both linear and nonlinear models
are simulated and compared. Our results show that the linear
and nonlinear models perform similarly if the received powers
are stable, whereas the nonlinear model is more preferable to
the linear one if the received powers vary in a wide range.
This results would provide insightful guidance on when we
should use nonlinear models for signal optimization.

Notation: Italic letters, simple bold letters, and capital bold
letters represent scalars, vectors, and matrices, respectively.
The operators Tr(·), (·)T , (·)H take the trace, transpose, and
Hermitian of a matrix, respectively. The operator [x]+ =
max(x, 0). Finally, E(·) represents the expectation of a random
variable and e(·) represents the exponential function of a scalar.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a SWIPT system consisting of an access point
with N antennas, K single-antenna energy harvesters (EHs),
and L single-antenna information decoders (IDs).1 During the
downlink transmission, the access point delivers power to EHs
and information to IDs within time duration T . To model the
time varying feature of wireless channels, each time duration is
further divided into M slots, and the channels are independent
in different slots. At the mth time slot (1 ≤ m ≤ M), the access
point transmits a symbol xm ∈ C

N×1 with covariance Xm =
E

(
xmxH

m

) ∈ C
N×N and power Tr (Xm).

Based on the above system model, the received signal at the
l th ID (1 ≤ l ≤ L) is given by rl,m = hH

l,m xm + nl,m , where
hH

l,m ∈ C
1×N is the downlink channel vector from the access

point to the l th ID and nl,m is the noise at the l th ID. Based

1The energy harvesters and information decoders are separately located
as in [2] and [5]. Furthermore, the derivations in this paper can be readily
extended to multi-antenna users.
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on the expression of rl,m , the data-rate achievable at the l th

ID is log2

(
1 + Tr

(
hl,mhH

l,mXm

)
/σ 2

)
, with σ 2 = E

(|nl,m |2)
being the noise power.

On the other hand, the received power at the kth EH (1 ≤
k ≤ K ) is E

(
|gH

k,mxm|2
)

= Tr
(

gk,mgH
k,mXm

)
provided that

the thermal noise at the kth EH is negligible compared with
that of xm , where gH

k,m ∈ C
1×N is the downlink channel vector

from access point to the kth EH. Accordingly, the harvested
power is denoted by ϒ

(
Tr

(
gk,mgH

k,mXm

) )
, where ϒ is the

function representing the RF-DC energy conversion process.
In SWIPT systems, a main task is to guarantee sufficient

harvested power at EHs and provide reliable communications
for the IDs. Having the energy harvesting and data-rate
requirements satisfied, it is then crucial to minimize the power
consumption at the access point, and an optimization problem
can be formulated as:

P1 min{Xm�0}
1

M

M∑

m=1

Tr(Xm)

s.t.
1

M

M∑

m=1

ϒ
(

Tr
(

gk,mgH
k,mXm

) )
≥ γk, ∀k (1a)

1

M

M∑

m=1

log2

(
1+ 1

σ 2 Tr
(

hl,mhH
l,mXm

))
≥ θl , ∀l. (1b)

III. ENERGY HARVESTING MODELS

Before we solve P1, we need to specify the energy conver-
sion function ϒ , which unfortunately does not have a closed-
form expression and can only be obtained numerically, e.g.,
using look-up tables [7]. To address this issue, we need a
tractable model to approximate ϒ . Since Pout = ϒ(Pin) is a
monotonic increasing function of input power Pin, a straight-
forward way is to adopt a linear model ϒlinear(Pin) = ηPin [2],
where η is a constant representing the energy harvesting
efficiency.

On the other hand, as the energy harvester contains non-
linear elements, the efficiency η is not a constant in practice.
In fact, as the input power Pin rises, η should increase to a
maximum value and then decrease [7], which indicates that
the function ϒ should behave like an “S” curve. To represent
this curve, a logistic model was proposed in [5] as

ϒnl(Pin) =
[

Pmax

e−τ P0+ν

(
1 + e−τ P0+ν

1 + e−τ Pin+ν
− 1

) ]+
,

where the parameter P0 denotes the harvester’s sensitivity
threshold (which was set to zero in [5]) and Pmax refers to
the maximum harvested power when the energy harvesting
circuit is saturated [5]. Moreover, the parameters τ and ν are
used to capture the nonlinear dynamics of energy harvesting
circuits.

IV. SPACE-TIME SIGNAL OPTIMIZATION

If ϒ is approximated as ϒlinear, the constraint defined in
(1a) becomes 1

M

∑M
m=1 ηTr

(
gk,mgH

k,mXm

)
≥ γk . Based on

the above procedure, P1 becomes a convex problem which
can be solved by CVX MOSEK, a popular software package

for solving convex problems [8]. Since {Xm} are involved in
M semidefinite constraints of dimension N × N , K linear
constraints, and M L linear terms, the complexity for solving
P1 under the linear model is O

[
(M N)0.5(K + M L)

(
(K +

M L)2 + (K + M L)M N2 + M N3
)]

[9].
On the other hand, if ϒ is approximated as ϒnl, multiple

fractional constraints are involved in (1a). In such a case,
traditional methods like convex optimization in [2] and sum-
of-ratios programming in [5] are not applicable. To tackle
this challenge, in the following, we first provide an optimal
solution in the case of M = 1, and then provide an iterative
solution for the general case of M ≥ 2.

A. Optimal Solution for the Case of M = 1

In the case of M = 1, the subscript m can be dropped
to simplify the notation and the constraint (1a) reduces to
ϒnl

(
Tr

(
gkgH

k X
) )

≥ γk . From this equivalent constraint,
we consider two cases as follows.

(i) If γk ≥ Pmax, the constraint (1a) would always be
infeasible, since the function value of ϒnl is upper
bounded by Pmax. In such a case, we simply write (1a)
as Tr(gkgH

k X) → ∞.
(ii) If 0 < γk < Pmax, the operator [·]+ in (1a) can be

dropped. By further solving for Tr(gkgH
k X), we get

Tr(gkgH
k X) ≥ ν

τ
− 1

τ
ln

( 1 + e−τ P0+ν

1 + P−1
maxe−τ P0+νγk

− 1
)

︸ ︷︷ ︸
:=A(γk )

.

Combining (i)-(ii), problem P1 can be reformulated as

P2 min{X�0} Tr(X)

s.t. Tr(gkgH
k X) ≥ ϒ†

nl(γk), ∀k

Tr(hlhH
l X) ≥ (

2θl − 1
)
σ 2, ∀l,

where ϒ†
nl(γk) = +∞ if γk ≥ Pmax and ϒ†

nl(γk) = A(γk) if
0 < γk < Pmax, and the second constraint of P2 is obtained
from (1b). Now P2 is a semi-definite programming problem
and can be optimally solved using CVX with a complexity of
O

[
N0.5

(
(K + L)3 + (K + L)2 N2 + (K + L)3 N3

)]
[9].

B. Joint Space-Time Signal Design for the Case of M ≥ 2

If M ≥ 2, solving P1 is difficult due to the sum of fractional
functions. However, by observing that the denominator of
ϒnl involves exponential functions, we may introduce slack

variables {λk,m } such that λk,m = e
τTr

(
gk,m gH

k,m Xm

)

for all k, m.
With the above slack variables, the constraint (1a) can be re-
written as

1

M

M∑

m=1

[
Pmax

e−τ P0+ν

(
1 + e−τ P0+ν

1 + eν/λk,m
− 1

)

︸ ︷︷ ︸
:=
(λk,m )

]+
≥ γk, (2)
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and 
(λk,m ) can be reformulated as


(λk,m) = Pmax(1 + e−τ P0+ν)

e−τ P0+ν
− Pmax

e−τ P0+ν

− Pmax(1 + e−τ P0+ν)

e−τ P0+ν
× eν

λk,m + eν
. (3)

Since the term eν

λk,m+eν is convex, − eν

λk,m+eν is concave. As a
consequence, 
(λk,m ) is concave. On the other hand, we can

relax λk,m = e
τTr

(
gk,m gH

k,m Xm

)

into

λk,m ≤ e
τTr

(
gk,m gH

k,m Xm

)

. (4)

As proved in Appendix A, the solution of the relaxed problem
is optimal to the original problem, and thus the relaxation can
be safely applied.

After the above procedure, the remaining obstacle in (2) is
the operators [·]+. Fortunately, since [x]+ = max(x, 0) ≥ x ,
dropping the operators [·]+ would make the feasible set of (2)
smaller and the solution of such a problem would be feasible
for P1. To this end, P1 becomes

P3 min{Xm�0,λk,m≥1}
1

M

M∑

m=1

Tr(Xm)

s.t. τTr(gk,mgH
k,mXm) ≥ ln(λk,m), ∀k, m (5a)

1

M

M∑

m=1


(λk,m ) ≥ γk, ∀k (5b)

1

M

M∑

m=1

log2

(

1+ Tr(hl,mhH
l,mXm)

σ 2

)

≥ θl , ∀l. (5c)

where the first constraint is obtained from (4). Now the only
nonconvex part in P3 is �(λk,m ) := ln(λk,m ) in (5a). Since
ln(λk,m) is concave, we can apply the inner approximation
method [10] to replace �(λk,m ) with its first-order approxi-
mation around a feasible point. In particular, given any feasible
point {λ�

k,m} of P3, we define a surrogate function �̃ as

�̃(λk,m |λ�
k,m) = ln(λ�

k,m ) + λk,m
λ�

k,m
− 1. Due to the concave

property of �(λk,m ), we immediately have �̃(λk,m |λ�
k,m ) ≥

�(λk,m ). Therefore, if we replace the function � by �̃
expanded around {λ�

k,m}, the solution of the surrogate problem
is also feasible for P3. By treating the obtained solution as
another feasible point and continue to construct the next round
surrogate functions, we can improve the solution iteratively.
In particular, assuming that the solution at the nth iteration is
given by {X[n]

m , λ[n]
k,m }, the following problem is considered at

the (n + 1)th iteration:

P3[n + 1] min{Xm�0,λk,m≥1}
1

M

M∑

m=1

Tr(Xm)

s.t. τTr(gk,mgH
k,mXm) ≥ �̃(λk,m |λ[n]

k,m), ∀k, m

(5b) − (5c).

Problem P3[n + 1] is a convex problem and can be optimally
solved. Denoting its optimal solution as

{
X∗

m, λ∗
k,m

}
, then

we can set
{

X[n+1]
m = X∗

m, λ[n+1]
k,m = λ∗

k,m

}
, and the process

repeats with solving the problem P3[n + 2]. The entire
procedure is summarized as Algorithm 1 and the following
property (proved in Appendix B) can be established.

Property 1: Algorithm 1 converges to a Karush-Kuhn-
Tucker solution of P3.

While Property 1 indicates that the converged point {X

m}

generated by Algorithm 1 is a Karush-Kuhn-Tucker (KKT)
solution of P3, {X


m} is not necessarily a KKT solution of P1.
As a result, the proposed Algorithm 1 is a sub-optimal method
for solving P1. However, as shown later in the simulations,
the performance of Algorithm 1 is very close to the lower
bound of P1, showing that Algorithm 1 provides a good
solution in practice. In terms of computational complexity,
Algorithm 1 requires a complexity of O

[
Q(M N)0.5(K +

M L)
(
(K + M L)2 + (K + M L)M N2 + M N3

)]
, where Q

is the number of iterations for the algorithm to converge.

Algorithm 1 Joint Space-Time Signal Design

1: Initialize a feasible
{

X[0]
m , λ

[0]
k,m

}
of P3 and set n = 0.

2: Repeat
3: Solve P3[n + 1] and update

{
X[n+1]

m , λ[n+1]
k,m

}
.

4: Set n = n + 1.
5: Until convergence. The converged point is

{
X


m, λ

k,m

}
.

C. Performance Lower Bound

To evaluate the optimization performance brought by adopt-
ing ϒlinear and ϒnl, we need a performance lower bound
for P1. Accordingly, we propose to use a piecewise linear
function min(βx, Pmax) to bound ϒ from above. To choose β
such that min(βx, Pmax) is as tight as possible, the following
problem is considered:

min
β

β s.t. min(βx, Pmax) ≥ ϒ(x), ∀x ≥ 0. (6)

Due to Pout ≥ 0 and Pout ≤ Pin, β is bounded within
0 ≤ β ≤ 1. Moreover, it can be seen that the above prob-
lem only has one scalar variable β. Therefore, a bisec-
tion search algorithm can be applied within the interval
[0, 1], and the optimal solution is denoted as β∗. Replac-
ing ϒ

(
Tr

(
gk,mgH

k,mXm

) )
with min

(
β∗gk,mgH

k,mXm , Pmax

)

in P1, the modified problem is convex and can be optimally
solved by CVX MOSEK.

V. SIMULATION RESULTS AND DISCUSSIONS

This section provides simulation results to compare the
linear and nonlinear energy harvesting models. In particular,
the number of antennas is set to N = 16 and the noise
powers are σ 2 = −50 dBm (corresponding to power spectral
density −120 dBm/Hz with 10 MHz bandwidth). The data-
rate requirements are set to θ1 = · · · = θL = 5 in
bps/Hz, and the look-up table function ϒ is obtained from
Powercast data sheet of energy harvester P2110 [3]. Based
on ϒ , the parameters in the nonlinear model are obtained by
fitting the experimental data of ϒ to the model, and they
are given by τ = 274, ν = 0.29, Pmax = 4.927 mW
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Fig. 1. Power consumption versus energy harvesting requirement in the case
of (a) M = 1 and K = L = 2; (b) M = 10 and K = L = 2. The vertical
lines indicate the 95% confidence intervals.

and P0 = 0.064 mW. Since the received powers at EHs
are not known a prior, the energy harvesting efficiency η in
the linear model is also not known, and in this letter we
choose η ∈ {0.3, 0.5, 0.7}. Furthermore, using the method
in Section IV-C, we can compute the lower bound parameter
β∗ = 0.5518. Notice that a feasible solution under the model
ϒlinear or ϒnl may not be feasible under the real conversion
process ϒ [3]. As a result, the obtained solutions need to be
scaled such that all the EH requirements are satisfied under
the function ϒ .

On the other hand, the path-loss model ρk = ρ0 · ( du
d0

)−α is
adopted, where dk is the distance from the kth EH to the access
point, ρ0 = 10−3, d0 = 1 m, and α is the path-loss exponent
set to 2.7 [1]. The distances are set to dk ∼ U(1, 5) in the unit
of meters for EHs, where U denotes the uniform distribution.
Based on the path-loss model, gk,m is generated according
to CN (0, ρkI). Following a similar procedure and by setting
the distances as U(10, 50) for IDs, channels {hl,m} can be
generated. Each point in the figures is obtained by averaging
over 100 simulation runs, with independent channels between
consecutive runs.

With the energy harvesting and path-loss models, we first
consider the case of M = 1 with K = L = 2. It can be
observed from Fig. 1a that with η properly chosen for the
linear model, the power consumptions based on linear and
nonlinear models are similar. This is because the received
powers at EHs are stable and the linear model can be locally
accurate. However, since the appropriate η may vary under
different system setups, we need to try different values of η for
the linear model and this searching procedure would increase
the complexity of signal optimization. In contrast, the signal
designs under the nonlinear model can automatically adjust
the efficiency and do not require such a searching procedure.

Next, we consider the case of M = 10 with K = L = 2.
It can be observed from Fig. 1b that the nonlinear model
achieves a transmit power close to the lower bound and brings
significant performance gain compared to the linear model.
This is because the received powers at EHs vary in a wide
range during different time slots and a constant η in the linear
model cannot represent the time-varying energy harvesting
efficiency. Moreover, it can be seen from Fig. 1b that the
variances of transmit powers based on nonlinear models are
significantly smaller, which indicates that the nonlinear models
lead to more stable performance in time-varying channels.
Therefore, a nonlinear model is necessary when the fluctuation
of received power is significant.

VI. CONCLUSIONS

This letter studied the signal optimization in SWIPT sys-
tems under linear and nonlinear energy harvesting models.
In particular, efficient algorithms were proposed under both
models. Adopting the developed algorithms, it was found that
the linear and nonlinear models lead to similar performance
if the received powers are stable and the parameter in the
linear model is properly tuned. However, the nonlinear model
results in a significantly lower power consumption than the
linear model if the received powers vary in a wide range.

APPENDIX A

To prove that the relaxation would not change the solution,
we first compute

∇
(λk,m ) = Pmax(1 + e−τ P0+ν)

e−τ P0+ν
· eν

(λk,m + eν)2 ≥ 0.

It can be seen from the above equation that 
(λk,m ) is a
monotonically increasing function. Therefore, we can always
increase λk,m to activate the constraint (4) without violating
the constraint (2). This indicates that there always exist an
optimal λ∗

k,m of the relaxed problem that activates the con-
straint (4), which completes the proof.

APPENDIX B

To prove the property, we first compute

�̃(λ

k,m |λ


k,m) = ln(λ

k,m ) = �(λ


k,m ),

∂�̃(λk,m |λ

k,m)

∂λk,m

∣
∣
∣
λk,m =λ


k,m

= 1

λ

k,m

= ∂�(λk,m )

∂λk,m
|λk,m=λ


k,m
.

Using the above results and based on [10, Th. 1],
Algorithm 1 must converge to a KKT solution of P3.
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