670

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 64, NO. 6, JUNE 2017

Maximum Energy Efficiency Tracking Circuits for
Converter-Less Energy Harvesting Sensor Nodes
Y. Sun, Member, IEEE, Zhe Yuan, Yongpan Liu, Senior Member, IEEE, X. Li, Member, IEEE, Y. Wang, Q. Wei,
Yiqun Wang, Senior Member, IEEE, V. Narayanan, Fellow, IEEE, and H. Yang, Senior Member, IEEE

Abstract—Converter-less supply architecture is promising for
energy harvesting sensor nodes, due to their high conversion
efficiency, low cost, and easy integration. However, lack of a
dc-dc converter precludes the electronic load operating under
the voltage for optimal energy efficiency, since the output voltage of the energy harvester is set as the maximum power point
tracking (MPPT) voltage. To mitigate efficiency loss of workload, we propose an architecture to achieve maximum energy
efficiency tracking for the overall sensor node. A theoretical
analysis is given for the architecture and an efficiency-driven
frequency controller is fabricated to validate the design methodology. Measured results demonstrate that up to 162% performance
gain of the overall sensor node is achieved compared with the
existing systems with MPPT.
Index Terms—Converter-less, energy efficiency, energy harvesting (EH), sensor node.
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I. I NTRODUCTION

NERGY harvesting (EH) technology has been widely
investigated for ultralow power systems and self-powered
sensor nodes, which can work for a couple of years. By removing the battery, EH sensor nodes achieve significant reduction of maintenance cost and environment pollution [1], [2].
Related works had existed in many aspects, such as postCMOS devices, EH circuits, processing architectures, and
high-level task scheduling [3]–[9]. Fig. 1 shows a typical
architecture of an EH system with maximum power point
tracking (MPPT) [10]. The EH module, such as a photovoltaic
(PV) cell, harvests energy from the ambient environment, and
the MPPT power converter extracts maximum power from the
energy harvester. After that, the dc-dc converter generates a
proper voltage for the sensor node to operate efficiently.
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Fig. 1.

Traditional architecture of EH sensor nodes.

There were plenty of works to improve the efficiency
of above EH sensor nodes. A task-scheduling algorithm is
proposed [11] to regulate tasks at the lowest possible speed for
better energy efficiency. Furthermore, a power-management
mechanism that is compliant with indoor irradiance is introduced [12]. Later, a system on chip (SoC) is fabricated [13],
in which a multioutput energy efficient dc-dc converter is
adopted. However, most of previous systems suffer from
the energy loss of power converters. Even worse, the
area and cost overheads of dc-dc converters become critical bottleneck for emerging applications, such as implanted
devices.
Recently, converter-less sensor nodes raise more and more
attentions. A fully integrated power-management system for
micro-power solar EH applications is implemented [14].
Furthermore, a converter-less and storage-less EH system
with MPPT is proposed [15], which improves the energy
efficiency by 20%. However, the removal of dc-dc converters sacrifices the voltage adaption of sensor nodes. Even if
the output voltage of energy harvester is set as the MPPT
value to collect the maximum energy, the energy efficiency
of the workload may be poor under the optimal MPPT
voltage.
As shown in Fig. 2, the solid curve indicates the energy
efficiency of electronic load under different operating voltages.
When the voltage goes down, the circuits become slow but
their energy efficiency increases. The energy efficiency reaches
a peak when the supply voltage locates in the near-threshold
range of the transistors [16]. Obviously, the MPPT voltage for
the energy harvester is inconsistent with the optimal supply
voltage of electronic load. From the system-level point of view,
the overall energy efficiency is determined by the product of
that of the energy harvester and the electronic load, implying
a tradeoff to be made.
Inspired by the observation, an EH architecture is proposed
to support optimal energy efficiency tracking by voltage
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Frequency-voltage constraints and feasible operation of workload.

Energy efficient as a function of supply voltage.

(a)

(b)

Fig. 3. (a) Converter-less MPPT architecture [15]. (b) Proposed architecture.

adaption. Different from MPPT, it optimizes the overall energy
efficiency of sensor nodes, instead of the energy harvester
only. Section II proposes the theoretical analysis of energy
efficiency for the converter-less EH architecture and the optimal conditions to achieve the best overall energy efficiency,
based on which efficiency-driven frequency controller circuits are designed in Section III. A proof-of-concept circuit
is silicon fabricated to prove the methodology and measured
results demonstrate 162% improvement over the state-of-theart method in Section IV.
II. S YSTEM A RCHITECTURE
In this section, we first show the proposed architecture
and its advantages compared with existing systems. After
that, we define the system-level energy efficiency for the
converter-less architecture and prove a theorem about the optimal efficiency. Finally, a case study is provided to guide the
design exploration of the control circuit.
A. Architecture Overview
Previous converter-less EH works [15] maximize the energy
efficiency of the harvester. However, the system-level energy
efficiency may not reach the highest level due to the lack
of dc-dc converters, which makes the supply voltage of the
workload stay at a suboptimal level. In order to make the
system work at the supply voltage with the highest energy
efficiency, an adaptive voltage-controlled clock frequency controller (CFC) is proposed. As shown in Fig. 3(b), the proposed
architecture has three main parts: 1) EH; 2) CFC; and 3) electronic workload (EL). The electronic load is composed of
digital processors, analog and radio-frequency circuits. The
supply voltage of the digital processor can be tuned in a range,
while the analog and radio-frequency circuits can be switched
off and on. In typical sensing cases, the digital processor and

ultralow power sensors of electronic load are activated for
power savings.
Different from the conventional power track architecture
shown in Fig. 1, the supply voltage of the workload is automatically adjusted by the feedback loop of EH, CFC, and EL
shown in Fig. 3. When more energy is harvested, the supply voltage VDD rises ↑ and the output frequency of CFC f
increases ↑, which makes the EL running faster and drawing
more current IEH ↑ from the EH. It will lower the supply
voltage VDD ↓ in the opposite direction. When a proper supply voltage is reached, the equilibrium of the system can be
achieved and vice versa.
The CFC can generate the optimal supply voltage and clock
frequency to EL through the feedback loop. The adaptive capability avoids two disadvantages in traditional converter-less
systems.
1) When the gathered energy is insufficient, the supply
voltage will drop below the critical voltage in previous
system and lead to power failures.
2) When the incoming energy is larger than the present
energy consumption of EL, there will be energy overflow
and thus energy wastes if the system can not rise the
operating frequency of EL.
B. Theoretical Analysis
Before designing the CFC circuit,
! t we first define the optimal
energy efficiency metric. EEnv = t01 φ(t)dt denotes the input
energy to the harvester in a period [t0 , t1 ], where φ(t) is the
environment power fed into the harvester. EEH represents the
output energy generated by the harvester. EEL is the energy
consumption of the EL. The work
! teffort is characterized by the
completed clock cycles (#Op = t01 f (t)dt) by the digital circuit
in the same period [t0 , t1 ], where f (t) is the clock frequency
of the digital circuit. The system-level energy efficiency η is
defined as
η=

#Op
EEH EEL #Op
=
∗
∗
.
EEnv
EEnv EEH EEL

(1)

The overall energy efficiency is the product of three parts:
The first part is the energy efficiency of EH; the second one is
approximately equal to one in the converter-less architecture.
The last one is the energy efficiency of EL. The CFC can
balance these factors to achieve the optimal η.
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As there is no energy buffer, the clock frequency f (t) of the
EL at time t is limited by two factors: 1) the fastest frequency
that the EL can run and 2) the maximal current that the EH
can provide. Given a digital circuit, its maximal operating
frequency can be adjusted in a range by tuning the supply
voltage (VDD )
f ≤ h(VDD ).

(2)

Fig. 4 shows the maximal operating frequency of the EL under
different supply voltages by the dotted line.
The other constraint on the current balance is illustrated as
follows. The supply voltage VDD of an EH is determined by
the environment power φ (e.g., solar irradiance power for PV
cells) and the output current IEH
VDD = VEH (φ, IEH ).

(3)

Based on the Kirchhoff’s circuit laws, we have
IEH (φ, VDD ) = IL ( f , VDD ) + IFC (VDD )

(4)

where the current of the EL IL is determined by the supply
voltage VDD , the clock frequency f , and the current of the CFC
IFC (refer to the Appendix for details). Base on (3) and (4), we
have the constraint between the clock frequency f of the EL
and the supply voltage VDD under different solar irradiance φ
f = g(VDD , φ)

(5)

shown by the solid curves in Fig. 4. The lemma in the
Appendix proves that those curves are monotonically decreasing, which implies that a higher frequency f of the EL will
lead to a lower supply voltage VDD .
It is intuitively to conclude that the maximal energy efficiency of overall system can be achieved when the system
works at the interaction points by the solid and dotted curves
in Fig. 4. A theorem is proposed as below.
Theorem: The optimal ηmax can be reached in the converterless architecture, when the EL can satisfy both its maximal
clock frequency constraint h(VDD ) and the frequency-voltage
constraint of the EH
η = ηmax when f = h(VDD ) = g(VDD , φ).
Proof: The peak operating frequency of EL h(VDD )
increases monotonously with the supply voltage VDD
dh(VDD )/dVDD > 0.

(6)

However, the operating frequency f of EL should be less than
h(VDD ) to avoid timing violation
f ≤ h(VDD ).

(7)

A lemma in the Appendix proved that the higher clock
frequency the EL operates at, the lower supply voltage the
EH module can supply
df /dVDD = dg(VDD , φ)/dVDD < 0.

(8)

Fig. 5.

Resistor-based CFC diagram.

Thus, there exists one and only one VDD to satisfy
f = h(VDD ) = g(VDD , φ).

(9)

When the supply voltage of EL is VDD , the clock frequency
of EL should satisfy both h(VDD ) and g(VDD , φ) to achieve
the optimal energy efficiency. Theorem is proved.
The theorem illustrates that the optimal supply voltage and
frequency of the EL is dynamically determined by the environment input power φ. As shown in Fig. 3(b), the CFC is used
to track and generate the optimal clock frequency of the EL.
According to theorem, it should approximate the intersection
points of h(VDD ) = g(VDD , φ) to achieve ηmax .
III. CFC C IRCUIT A NALYSIS AND I MPLEMENTATION
This section shows the circuit design of CFC to achieve the
optimal system-level energy efficiency. After that, a parameter
optimizing methodology is provided.
A. Resistor-Based CFC Implementation
To illustrate the effectiveness of the proposed methodology,
we propose a resistor-based CFC implementation, which is a
proof-of-concept of the proposed architecture. More advanced
structures can provide better performance at the cost of area
overheads and design efforts. However, Section IV demonstrates that the resistor-based implementation has a rather good
approximation.
As shown in Fig. 5, the controller consists of a fivestage voltage-controlled ring oscillator to generate the optimal
frequency and a control circuit is used to generate the control
voltage Vctrl for the oscillator. The control circuit is composed
by resistors and transistors with different threshold voltages to
generate a nonlinear relationship between Vctrl and VDD . The
function between the output frequency f and VDD is decided
by the values of resistors Ri , i = 1, . . . , 5
f = fRi (VDD ).

(10)

As (10) has shown, different configurations of Ri , i =
1, . . . , 5, result in a different frequency-voltage constraint of
the EL.
B. Parameter Optimizing Methodology
Given the environment input power φ(t), fRi (φ) is generated by CFC configured by the resistor value Ri . Since
the optimal frequency with the highest overall efficiency is
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Fig. 6.

Die photos of the SoC workload and CFC.

f (φ) specified by theorem, the parameter optimization is to
minimize the difference between f (φ) and fRi (φ) by selecting proper values of resistors. Furthermore, the optimization
should be weighted by the occurrence probability of different power levels. Assuming that the cyclostationary process
φ(t) in [t0 , t1 ] follows a distribution pdf(φ), the optimization
problem is formulated as
" ∞
#
$
obj.: min
f (φ) − fRi (φ) pdf(φ)dφ
(11)
0

s.t.: f (φ) − fRi (φ) > 0.

(12)

The constraint (12) is used to avoid timing violations, as
the operating frequency under any environment power input
should be smaller than the maximal frequency of the EL. This
optimization can be solved by sequential quadratic programming. We implement a solver in MATLAB to determine values
of resistors. The source code and circuit netlist are available
via e-mail.
IV. E XPERIMENTAL R ESULTS
A. Experimental Setup
The prototype consists of a low-power SoC for wireless
body area network [17] and the proposed frequency controller
(CFC). Both chips are fabricated in 0.13 µm technology and
their configurations and die photos are shown in Fig. 6. The
active area of CFC is less than 0.001 mm2 , which is negligible compared with the SoC. We adopt two serial connected
15 mm2 equivalent size PV cells to power the SoC. The environment power inputs are extracted from the measured solar
irradiance data [18] for the optimization method in Section III.
The power consumption is measured by a data acquisition
board.
B. Energy Aware Frequency Tracking
The optimal frequency tracking curve can be extracted from
the simulations or measurement results of SoC. In Fig. 7, the
solid blue line represents the optimal frequency under different
power inputs, which lead to different supply voltages. Based
on (12), we can design a CFC circuit to track the curve by
tuning the resistance values. The red dotted line shows the
frequency tracking results with the proposed CFC by simulations, where R1 = 32 k#, R4 = 297 k#, and R5 = 150 k#,

Fig. 7.

Tracking the maximum frequency of the electronic load.

Fig. 8.

Efficiency improvement compared with [15].
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and both R2 and R3 are open (∞). The size of transistors in
CFC is also provided in Fig. 5.
The measured results of the CFC chip are plotted as star
points, which are well matched with the target red dotted
points. We can conclude that the proposed design methodology
and CFC circuits can approximate the optimal frequencyvoltage curve well. The next section shows that CFC can
achieve significant performance improvements with trivial area
overhead, which implies that the design realizes a proper tradeoff between area overhead and performance. More complex
tracking circuits may achieve better results but at the cost of
larger area.
C. Energy Efficiency Comparison
We demonstrate that the energy efficiency of overall system
[defined in (1)] can be maximized under the proposed CFC
compared with the traditional MPPT circuit in a converter-less
EH sensor node. The converter-less architecture [15] is used as
the baseline. The energy efficiency of the proposed CFC-based
sensor node is normalized to the baseline. Several different
power traces are used as the inputs to measure the effectiveness of the proposed architecture under different cases. No
timing errors or control loop instability is observed in the
experiments.
Fig. 8 compares the normalized efficiency of the overall
sensor node, the EH and the EL under different ambient
energy levels. The overall energy efficiency can be improved
by 162%. The improvement comes from the energy efficiency
tradeoff between workload and energy harvester. In the MPPT
approach, it maximizes the efficiency of the EH, while the
efficiency of the EL is quite low. The proposed approach
makes a better tradeoff and automatically chooses the best
voltage and frequency to achieve the optimal energy efficiency.
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Furthermore, it is shown that the proposed method is more
effective when the ambient power level is low. It is because
that the optimal supply voltage will be low when the input
power level is low, but the energy efficiency of the EL is
much higher under the low supply voltage.
V. C ONCLUSION

A PPENDIX
P ROOF OF THE L EMMA
In the proposed architecture, the higher clock frequency f
the workload operates, the lower voltage (VDD ) the EH module
can supply at any fixed environment input power
df /dVDD < 0.
Proof: Without losing generality, we will prove this lemma
holds for PV cells. Similarly, it also holds for other energy
harvesters. The output current IEH of PV cells can be modeled as
% VDD +Rs IEH
&
VDD + Rs IEH
IEH = IP (φ) − I0 e nVT
−1 −
(13)
Rp
where n, I0 , φ, VT = kT/q, Rs , Rp indicate the number of
PV cells, current coefficient of diode, solar irradiance, thermal
voltage, equivalent series, and parallel resistors, respectively.
In (4), the current of the digital circuit load includes dynamic
part and leakage part
IL ( f , VDD ) = Idyn + Ilkg (VDD )
≈ αCVDD f + Ilkg (VDD )

(14)
(15)

where α is average switching activity, and C is the equivalent
capacitor of the circuit. According to (4), we have
∂IL
∂IFC
∂IEH
∂IL
∂IFC
df +
df +
dVDD =
dVDD +
dVDD .
∂VDD
∂f
∂VDD
∂f
∂VDD
(16)
That is
∂IEH
∂VDD

∂IFC
∂IL
∂VDD − ∂VDD
∂IFC
∂IL
∂f + ∂f

−

(19)
(20)
(21)

Hence, we have

This brief presents an architecture without energy storage elements or dc/dc converters for low power EH systems.
Different from traditional converter-less work, we consider the
overall system energy efficiency instead of that of the EH only.
We prove a theorem to show the optimal frequency-voltage
curve to achieve overall system energy efficiency under different ambient power inputs, based on which a CFC circuit is
proposed to validate its effectiveness. A prototype is fabricated
to test the proposed architecture. Up to 162% performance
gain is observed compared with the existing storage-less and
converter-less work. Our future work is to integrate the architecture into SoC and adopt low voltage nonvolatile memory
for transient powered devices.

df
=
dVDD

∂Ilkg (VDD )
∂IL
= αCf +
>0
∂VDD
∂VDD
∂IL
= αCVDD > 0
∂f
∂IFC
∂IFC
> 0.
> 0,
∂VDD
∂f

.

(17)

Note IEH is a function of ϕ and VDD , while IL and IFC are
functions of f and VDD . According to (13) and (14), we have
∂IEH (φ, VDD )/∂VDD < 0

(18)

df /dVDD < 0.

(22)
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