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Abstract 

A piezoelectric energy harvesting (PEH) system can harvest electrical energy from 
ambient vibration energy. In a PEH system, the interface rectifier circuit is critical 
because it converts AC from the output of piezoelectric harvester to DC that can power 
the load. Hence, improving the efficiency of the interface circuit can directly increase 
the efficiency of the entire PEH system; consequently, more power can be harvested. 
Commonly used interface circuits in PEH systems, such as full-bridge and voltage-
doubler rectifiers,lead to relatively simple circuit implementations but they show serious 
limitations in energy-harvesting efficiency. Several innovative solutions have been 
reported to improve the efficiency of the interface rectifiers, such as ‘switch-only’ and 
‘bias-flip’ techniques [7]. Such solutions utilize additional switches or switched 
inductors to speed up and even quickly reverse (flip) the voltage on the rectifier input to 
the desired voltage-level and condition for energy transfer, ultimately improving the 
overall efficiency of the energy harvesting. However, such techniques rely on accurate 
timing and synchronization of the pulsed switches every time the current produced by 
the piezoelectric harvester changes polarity. This thesis studies and investigates the 
impact of the non-ideal switching effects on the energy efficiency of the switch-only and 
bias-flip interface rectifiers in a PEH system, by theoretical derivation and experimental 
simulation. 

Sammanfattning 

Piezoelektrisk energiskördning (PEH) är en teknik för att utvinna elektrisk energi från 
omgivande vibrationer. I ett PEH-system är gränssnittet till transducern viktigt eftersom 
den omvandlar växelspänningen som uppstår från vibrationerna till likspänning som kan 
användas för att driva en last. Därför är en förbättring av effektiviteten hos detta 
gränssnitt viktigt då det ökar effektiviteten i hela PEH-systemet och gör det möjligt att 
skörda mer energi. Vanliga kretsar för detta gränssnitt är helvågslikriktare samt 
spänningsdubblare. Flera innovativa lösningar har presenteras för att öka effiktiviteten 
som ’switch-only’ och ’bias-flip’ [7]. Dessa tekniker använder ytterligare switchar och 
switchade induktanser för att snabba upp och även ändra polariteten av spänningen över 
transducern för att öka effektiviteten. Dock kräver dessa tekniker exakt timing och 
synkronisering av styrsignalerna för att få maximal effektöverföring. Denna uppsats 
undersöker effekten av icke-ideala switchar på energieffektiviteten av både ’switch-only’ 
och ’bias-flip’ gränssnitt i ett PEH-system med hjälp av teoretiska härledningar och 
experimentella simuleringar. 
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1  
Introduction 
1.1  Motivation 

With the rising need for wireless systems in industrial applications and portable 
electronicdevices, the efficient powering of these devices becomes significant. 
Harvesting power from the environment is an attractive alternative to battery operated 
systems because in certain situations,changing the batteries is either expensive, as in 
micro power sensor nodes [1], or risky, as in medical applications [2]. 

There are several techniques for harvesting power from the surrounding environment 
such as solar cells that can convert sunlight and thermoelectric generators that can 
transform thermal power. The piezoelectric energy harvesting technique is one of the 
energy harvesting techniques that convertmechanical vibration energy to electrical 
energy. 

One of the popular structuresfor piezoelectric harvester utilize a cantilever., which is 
fixed on a vibration source and bends when vibrations occur. By applying a piezoelectric 
film on the cantilever, a charge is generated under mechanical stress, transforming the 
vibration energy into electrical energy [3]. The structure of this system and its 
correspondingmechanical and electrical circuits are depicted in Figs. 1-1 (a) and (b). 
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(a) 

(b) 

 

Fig.1-1 (a) Vibration piezoelectric cantilevers.[8] (b)Equivalent mechanical and electrical sides 
of the piezoelectric energy harvester system. 

 

As shown in Fig. 1-1 (b), the equivalent circuit of the piezoelectric harvester can be 
considered as a mechanical spring-mass system coupled to an electrical field. From Fig. 
1-1 (b), 𝐿𝐿𝑚𝑚 and 𝐶𝐶𝑚𝑚 represent the mechanical mass and stiffness, whereas 𝑅𝑅𝑚𝑚 represents 
the mechanical loss. The mechanical field is coupled to the electrical field by converting 
the strain to an electric current. The electrical part of the PEH is towards the right of Fig. 
1-1 (b), where, 𝐶𝐶𝑃𝑃 can be considered to be the capacitance of the piezoelectric material. 

As mentioned in several studies, the interface circuit is crucial for increasing the 
coupling coefficient of the PEH system; an efficient interface circuit also leads to 
increased power harvesting, under the same mechanical vibrations [4] [5]. The main 
function of the interface circuit is to convert AC to DC. This flow is shown in Fig. 1-2, 
in which the interface circuit is in the center [6]. The left is a simplified model of a 
generator consisting of an ideal current source and a capacitor that models the parasitic 
between the electrodes; towards the right is the load, which in an actual system could 
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consist of a DC-DC voltage converter toachieve a desired DC voltage level. The 
piezoelectric film requires a relatively large area [7]. This results in a large parasitic 
capacitance, 𝐶𝐶𝑃𝑃 ; consequently, in each harvesting cycle, a considerable portion of the 
available charge is consumed between the two electrodes. 

Fig. 1–2.  Overview of the PEH system consisting of a generator model, interface circuit, and 

load[10]. 

The most commonly used interface circuit is usually referred to a full-bridge rectifier, 
which consists of four diodes. Several innovative solutions have been reported to 
improve the efficiency of the interface rectifiers, such as ‘switch-only’ and ‘bias-flip’ 
techniques [8]. Such solutions utilize additional switches or switched inductors to speed 
up and even quickly reverse (flip) the voltage on the rectifier’s input to the desired 
voltage-level and condition for energy transfer, ultimately improving the overall 
efficiency of the energy harvesting. However, such techniques rely on accurate timing 
and synchronization of the pulsed switches every time the current produced by the 
piezoelectric harvester changes polarity. This thesis studies and investigates the impact 
of the non-ideal switching effects on the energy efficiency of the switch-only and bias-
flip interface rectifiers in a PEH system, by theoretical derivation and experimental 
simulation. 

1.2  Thesis organization 

This thesis focuses on the study of the effect of this interface-circuit switch and on the 
verification of its influence on the energy harvesting efficiency of the interface circuit, 
under various switch parasitic resistances and switch time conditions. 
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Chapter 2 consists of the study of four interface circuits, namely, the full-bridge, the 
voltage-doubler, the switch-only, and the bias-flip interface circuits. Chapter 3 is a study 
on the efficiency of the interface circuit, under different switch parasitic resistances and 
timing conditions. Chapter 4 describes the simulation results, based on the study in 
Chapter 3. Finally, the summary of this thesis is presented in Chapter 5.  
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2  
Interface circuit 
This chapter describes the basic theory of an interface circuit in a PEH system. A general 
model of the interface circuit is presented and based on this model, four types of 
interface circuits are studied and their efficiencies are compared. 

2.1  General model of the interface circuit 

The interface circuit is a critical part of the PEH system. A vibrating piezoelectric 
structure outputs an AC voltage across its electrodes, which is typically not useful to be 
used as power supply for integrated circuits. Thus, an interface rectifier circuit is needed 
in order to converts the AC into DC, powering a load and/or charging an electrical 
storage element such as a capacitor or rechargeable battery. 

This section presents a general model and the derivation for the power obtained at the 
output of the interface circuit connected to a PEH, with a source resistance, 𝑅𝑅𝑝𝑝 . 
Electrically, a piezoelectric harvester can be considered to be a current source connected 
in parallel with a capacitor and resistor [9], see Fig. 2-1. The current source provides the 
input vibration amplitude. We can assume the input to be sinusoidal wave, expressed 
by  𝑖𝑖𝑃𝑃(𝑡𝑡) = 𝐼𝐼𝑃𝑃sin (𝜔𝜔𝑃𝑃𝑡𝑡) , where 𝜔𝜔𝑃𝑃 = 2𝜋𝜋𝑓𝑓𝑃𝑃  and 𝑓𝑓𝑃𝑃  is the resonant frequency of the 
piezoelectric-harvester vibration source. The voltage across the piezoelectric harvester is 
𝑣𝑣𝑃𝑃. 
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Fig. 2–1.  Generalized waveform of the voltage across a PEH, when connected to an 
interface circuit. 

 

At the beginning of the half-cycle, assume that 𝑣𝑣𝑃𝑃 = 𝑉𝑉𝐼𝐼 . Before the interface circuit 
starts to work, 𝑖𝑖𝑃𝑃  is the piezoelectric current, which needs to charge the parasitic 
capacitor, 𝐶𝐶𝑃𝑃, to 𝑉𝑉𝐹𝐹. During this time, two major components can lead to charge loss 
over the half-cycle: charge loss during the charging/ discharging of 𝐶𝐶𝑃𝑃 and the charge 
loss caused by the current flow through 𝑅𝑅𝑃𝑃. The charge loss in 𝑅𝑅𝑃𝑃can be further divided 
into two periods, during every half-cycle; the first is from the beginning of the half-cycle 
to 𝑡𝑡1(charging/discharging 𝐶𝐶𝑃𝑃) and the second period is from 𝑡𝑡1–𝑡𝑡𝜋𝜋.  

The Q factor of the piezoelectric harvester is QP and QP = ωPCPRP, assuming that QP is 
large enough, the voltage vp can be approximated by [8] 

𝑣𝑣𝑝𝑝 ≈ 𝑉𝑉𝐼𝐼 +
1
𝐶𝐶𝑃𝑃
� 𝐼𝐼𝑃𝑃
𝑡𝑡

0
𝑠𝑠𝑖𝑖𝑠𝑠(𝜔𝜔𝑃𝑃𝑡𝑡)𝑑𝑑𝑡𝑡 = 𝑉𝑉𝐼𝐼 + 𝑉𝑉𝑃𝑃(1− 𝑐𝑐𝑐𝑐𝑠𝑠 (𝜔𝜔𝑃𝑃𝑡𝑡)) (2-1) 

VP is the amplitude of the open-circuit voltage output by the piezoelectric harvester and 
𝑉𝑉𝑃𝑃 = 𝐼𝐼𝑃𝑃 (𝜔𝜔𝑃𝑃𝐶𝐶𝑃𝑃)⁄ . 

t1 is the time for Vp to reach VF and can be taken as 

𝜔𝜔𝑃𝑃𝑡𝑡1 = 𝑐𝑐𝑐𝑐𝑠𝑠−1 �1 −
𝑉𝑉𝐹𝐹 − 𝑉𝑉𝐼𝐼
𝑉𝑉𝑃𝑃

� (2-2) 
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During the interval between 0 and t1, the charge lost due to RP is [8] 

𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡1,𝑅𝑅 =
1
𝑅𝑅𝑝𝑝

� 𝑣𝑣𝑝𝑝𝑑𝑑𝑡𝑡
𝑡𝑡1

0
= �

𝑉𝑉𝐹𝐹 − 𝑉𝑉𝐼𝐼
𝑅𝑅𝑃𝑃

� 𝑡𝑡1 −
𝑣𝑣𝑝𝑝 𝑠𝑠𝑖𝑖𝑠𝑠�𝜔𝜔𝑝𝑝𝑡𝑡1�

𝜔𝜔𝑃𝑃𝑅𝑅𝑃𝑃
 (2-3) 

The current though RP is VF
RP

 during the interval between t1 to tπ, then the charge lost is  

𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡2,𝑅𝑅 =
𝑉𝑉𝐹𝐹(𝑡𝑡𝜋𝜋 − 𝑡𝑡1)

𝑅𝑅𝑃𝑃
 (2-4) 

Then the total charge lost in RP over the half-cycle is [8] 

𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡,𝑅𝑅 = 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡1,𝑅𝑅 + 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡2,𝑅𝑅 = �
𝑉𝑉𝐹𝐹 − 𝑉𝑉𝐼𝐼
𝑅𝑅𝑃𝑃

� 𝑡𝑡1 −
𝑣𝑣𝑝𝑝 𝑠𝑠𝑖𝑖𝑠𝑠(𝜔𝜔𝑃𝑃𝑡𝑡1)

𝜔𝜔𝑃𝑃𝑅𝑅𝑃𝑃
+
𝑉𝑉𝐹𝐹(𝑡𝑡𝜋𝜋 − 𝑡𝑡1)

𝑅𝑅𝑃𝑃
 (2-5) 

We assumed that the diodes in the rectifier are ON till the end of the half-cycle. 

A constant current VF RP⁄  flowing through the RP for a fraction k of the half-cycle can 
be thought of as the loss inRP, then [8] 

𝑘𝑘𝑉𝑉𝐹𝐹
𝑅𝑅𝑃𝑃

𝑡𝑡𝜋𝜋 = �
𝑉𝑉𝐹𝐹 − 𝑉𝑉𝐼𝐼
𝑅𝑅𝑃𝑃

� 𝑡𝑡1 −
𝑣𝑣𝑝𝑝 𝑠𝑠𝑖𝑖𝑠𝑠(𝜔𝜔𝑃𝑃𝑡𝑡1)

𝜔𝜔𝑃𝑃𝑅𝑅𝑃𝑃
+
𝑉𝑉𝐹𝐹(𝑡𝑡𝜋𝜋 − 𝑡𝑡1)

𝑅𝑅𝑃𝑃
 (2-6) 

We can get the value of k by multiplying (ωP𝑅𝑅𝑃𝑃) 𝑉𝑉𝐹𝐹⁄  on both sides of Eq.2-6 and 
substituting in ωptπ = π, 

𝑘𝑘 =
(𝑉𝑉𝐼𝐼 + 𝑉𝑉𝑃𝑃)𝜔𝜔𝑃𝑃𝑡𝑡1

𝜋𝜋𝑉𝑉𝐹𝐹
−
𝑉𝑉𝑃𝑃 𝑠𝑠𝑖𝑖𝑠𝑠(𝜔𝜔𝑃𝑃𝑡𝑡1)

𝜋𝜋𝑉𝑉𝐹𝐹
+
𝜋𝜋 − 𝜔𝜔𝑃𝑃𝑡𝑡1

𝜋𝜋
 (2-7) 

The charge available from the harvester over one cycle is [8] 

𝑄𝑄𝑎𝑎𝑎𝑎/𝑐𝑐𝑐𝑐 = � 𝑖𝑖𝑝𝑝 𝑑𝑑𝑡𝑡
2𝜋𝜋 𝜔𝜔𝑃𝑃�

0
=

4𝐼𝐼𝑃𝑃
𝜔𝜔𝑃𝑃

= 4𝐶𝐶𝑃𝑃𝑉𝑉𝑃𝑃 (2-8) 

Hence, the charge transferred to the output of the interface rectifier every half-cycle can 
be give by [8] 
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𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
𝑄𝑄𝑎𝑎𝑎𝑎/𝑐𝑐𝑐𝑐

2
−𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡,𝑅𝑅 − 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡,𝑅𝑅 = 2𝐶𝐶𝑃𝑃𝑉𝑉𝑃𝑃 − 𝐶𝐶𝑃𝑃(𝑉𝑉𝐹𝐹 − 𝑉𝑉𝐼𝐼)−

𝜋𝜋𝑘𝑘𝑉𝑉𝐹𝐹
𝜔𝜔𝑃𝑃𝑅𝑅𝑃𝑃

 (2-9) 

Where𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡,𝑅𝑅 = 𝐶𝐶𝑃𝑃(𝑉𝑉𝐹𝐹 − 𝑉𝑉𝐼𝐼), then the power delivered can be harvested is  

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑓𝑓𝑃𝑃𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (2-10) 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 is the power that can be harvested, after the interface circuit. 

2.2  Four types of interface rectifier circuits 

2.2.1 Full-bridge interface circuit 

The full-bridge interface is one of the basic interface circuits in a PEH system, 
consisting of four individual rectifying diodes. The four diodes are labeled d1–d4 and 
arranged in a “full-bridge” configuration, with only two diodes conducting during each 
half-cycle. During the positive half-cycle of the supply, diodes d1 and d2 conduct in 
series, while diodes d3 and d4 are reverse biased and the current flows through the load. 
Fig. 2-2 (a) depicts a piezoelectric harvester with a full-bridge interface and the load 
composed of a buffer capacitor, 𝐶𝐶𝑙𝑙. Assuming that the buffer capacitor, 𝐶𝐶𝑙𝑙, is large, the 
voltage,𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, is constant over several excitation periods. The typical waveforms before 
the full-bridge interface are displayed in Fig. 2.2 (b). 
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(a) (b) 

Fig. 2–2.  (a) PEH system with a full–bridge interface circuit and (b) Current and voltage 
waveforms before the full–bridge interface circuit. 

In every half-cycle, two of the diodes rectify the voltage to the output. In Fig. 2-2 (b), 
the blue part (𝑡𝑡0 − 𝑡𝑡𝑙𝑙𝑜𝑜𝑜𝑜) indicates the charging or dischargingtime of  𝐶𝐶𝑃𝑃; power can be 
harvested only during the time, 𝑡𝑡𝑙𝑙𝑜𝑜𝑜𝑜 − 𝑡𝑡𝜋𝜋. In each cycle, the current needs to charge 𝐶𝐶𝑃𝑃 
from −(𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷) to (𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷), before the full-bridge interface circuit starts to 
work. 

Therefore, the harvested power after the full-bridge interface circuit is [8], 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝐹𝐹𝐹𝐹 = 4𝑓𝑓𝑃𝑃𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝑃𝑃(𝑉𝑉𝑃𝑃 − 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 2𝑉𝑉𝐷𝐷) (2-11) 

Maximum power is extracted, when  𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑉𝑉𝑃𝑃 2⁄ − 𝑉𝑉𝐷𝐷 [8]. At this point, 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚𝑚𝑚) = 𝑓𝑓𝑃𝑃𝐶𝐶𝑃𝑃(𝑉𝑉𝑃𝑃 − 2𝑉𝑉𝐷𝐷)2 (2-12) 

where, fP is the vibration frequency and VD is the diode threshold voltage. 

2.2.2 Voltage-doubler interface circuit 

The voltage-doubler interface circuit is similar to the full-bridge interface circuit but it 
only has two diodes, as shown in Fig. 2-3 (a). The advantage of this type of interface 
circuit is that the current only needs to charge or discharge 𝐶𝐶𝑃𝑃 from −𝑉𝑉𝐷𝐷 to (𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 +
2𝑉𝑉𝐷𝐷),  rather than from−(𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷) 𝑡𝑡𝑐𝑐(𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷)  ; hence, it can enable an 
increase in the power harvesting time. However, this type of interface circuit can work 
only once in each cycle. 
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(a) (b) 

Fig. 2–3.  (a) PEH system with a voltage–doubler interface circuit and (b) 
Current and voltage waveforms before the voltage–doubler interface circuit. 

 

From Fig. 2-3(b), only the power produced from the white areas can be harvested and 
the power equation can be represented by [8], 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑉𝑉𝐷𝐷 = 𝑓𝑓𝑃𝑃𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝑃𝑃(2𝑉𝑉𝑃𝑃 − 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 2𝑉𝑉𝐷𝐷). (2-13) 

Maximum power is extracted, whenVRECT = VP − VD [8]. The maximum power that can 
be obtained from this rectifier is, 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑉𝑉𝐷𝐷(𝑚𝑚𝑚𝑚𝑚𝑚) = 𝑓𝑓𝑃𝑃𝐶𝐶𝑃𝑃(𝑉𝑉𝑃𝑃 − 𝑉𝑉𝐷𝐷)2 (2-14) 

Compared to PRECT,FB(max) in (2-6), only VD is subtracted and not 2VD. 

2.2.3 Switch-only interface circuit 

Similar to a full-bridge interface circuit, the switch-only interface circuit is also 
composed of four independent diodes, but with a switch before the diodes. The switch 
plays a role at each half cycle, when the current changes direction; the switch can short 
the circuit such that the voltage in 𝐶𝐶𝑃𝑃 can reach 0 V, rather than −(𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷), as fast 
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as possible; thus, with the help of the switch, the time for charging/discharging 𝐶𝐶𝑃𝑃 is 
reduced, before the diodes start to work. Hence, the power that can be harvested 
increases. The switch-only interface circuit is shown in Fig. 2-4(a) and the waveform 
before this interface circuit is presented in Fig. 2-4(b). 

 
 

(a) (b) 

Fig. 2–4.  (a) PEH system with the switch–only interface circuit and (b) Current and voltage 
waveforms before the switch–only interface circuit. 

 

The white area in Fig. 2-4(b) indicates the time during which power can be harvested 
from the switch-only interface circuit. The equation for the harvested power is [8], 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑆𝑆𝑆𝑆 = 2𝑓𝑓𝑃𝑃𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝑃𝑃(2𝑉𝑉𝑃𝑃 − 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 2𝑉𝑉𝐷𝐷). (2-15) 

Maximum power can be obtained, when 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑉𝑉𝑃𝑃 − 𝑉𝑉𝐷𝐷 and at this point, 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑆𝑆𝑆𝑆(𝑚𝑚𝑚𝑚𝑚𝑚) = 2𝑓𝑓𝑃𝑃𝐶𝐶𝑃𝑃(𝑉𝑉𝑃𝑃 − 𝑉𝑉𝐷𝐷)2. (2-16) 

Comparing (2-6), (2-8), and (2-10), the maximum power obtained by the voltage-
doubler interface circuit is greater than that of the full-bridge interface circuit; whereas, 
the maximum power by the switch-only interface circuit is twice that of the voltage-
doubler interface circuit. 
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2.2.4 Bias-flip interface circuit 

The bias-flip interface circuit utilizes the inductor characteristic, which can passively 
flip the voltage across the capacitor; therefore, when the current changes direction, the 
switch shorts the circuit; the inductor can then reverse the voltage in 𝐶𝐶𝑃𝑃 such that it can 
reach −(𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷)𝑒𝑒−𝜏𝜏, instead of 0 V, as in the switch-only interface circuit; hence, 
the charging or discharging time for 𝐶𝐶𝑃𝑃  can be shortened further and the power 
harvesting time can be increased even more. 

In general, a bias-flip interface circuit consists of a switch, an inductor, and its parasitic 
resistance. They are connected to the piezoelectric electrodes in series. When the switch 
shorts the circuit at 𝑡𝑡𝑙𝑙𝑜𝑜, it consists of an RLC circuit; then, the switch is to be released, 
when the current through the inductor reaches zero. In a bias-flip interface circuit, the 
switch pulse-width is set to half the RLC natural period, 𝜏𝜏 = 𝜋𝜋√𝐿𝐿𝐶𝐶 [8]. Fig. 2-5(a) 
shows a bias-flip interface circuit in a PEH system and Fig. 2-5(b) displays the current 
and voltage waveforms, before the bias-flip interface circuit. 

 

 

 

 

(a) (b) 

Fig. 2–5.  (a) PEH system with the bias–flip interface circuit and (b) Current and voltage 
waveform before bias–flip interface circuit. 
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Assuming that the current flow path in the 𝐿𝐿𝑏𝑏𝑜𝑜,  𝐶𝐶𝑃𝑃 network is ideal, the voltage flipping 
would reach a maximum value [8] of, 

𝑉𝑉𝐼𝐼 = −(𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷)𝑒𝑒−𝜏𝜏. (2-17) 

Hence, for the bias-flip rectifier, the harvesting power is [14], 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝐹𝐹𝐹𝐹 = 2𝑓𝑓𝑃𝑃𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝑃𝑃(2𝑉𝑉𝑃𝑃 − (𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷)(1− 𝑒𝑒−𝜏𝜏)). (2-18) 

Here, we introduce a new term, 𝑄𝑄𝐹𝐹𝐹𝐹, which can qualitatively be considered as the 
parallel combination of the Q-factors of the piezoelectric harvester and the L, C resonant 
path. [8] 

 

𝑄𝑄𝐹𝐹𝐹𝐹 = 1

1−𝑒𝑒−𝜏𝜏+𝜋𝜋𝑘𝑘𝐵𝐵𝐵𝐵𝑄𝑄𝑃𝑃

. (2-19) 

The maximum power output by the bias-flip interface circuit can now be represented by 
[8], 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝐹𝐹𝐹𝐹(𝑚𝑚𝑎𝑎𝑚𝑚) = 2𝑓𝑓𝑃𝑃𝑄𝑄𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃 �𝑉𝑉𝑃𝑃 −
𝑉𝑉𝐷𝐷
𝑄𝑄𝐹𝐹𝐹𝐹

�
2

 (2-20) 
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Fig. 2-6 depicts the theoretical power obtained at the output of the bias-flip rectifier with 
different inductors. Based on (2-12), it can be observed that, with the increase in the 
inductor value, the harvesting power with the bias-flip interface improves. 

Fig. 2–6.  Output voltage and power from bias–flip interface circuit with different inductor 

values. 

2.3  Summary 

In this section, the four types of interface circuits in a PEH system are studied. The first 
is the full-bridge interface circuit composed of four diodes, with a maximum harvesting 
power of 𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚𝑚𝑚) = 𝑓𝑓𝑃𝑃𝐶𝐶𝑃𝑃(𝑉𝑉𝑃𝑃 − 2𝑉𝑉𝐷𝐷)2. The next is the voltage-doubler interface 
circuit, having two diodes; it can work only once in each cycle and has a maximum 
harvesting power of 𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑉𝑉𝐷𝐷(𝑚𝑚𝑚𝑚𝑚𝑚) = 𝑓𝑓𝑃𝑃𝐶𝐶𝑃𝑃(𝑉𝑉𝑃𝑃 − 𝑉𝑉𝐷𝐷)2. The third is the switch-only 
interface circuit; similar to the full-bridge interface circuit, it also has four diodes and 
can work in both the half cycles but it has an extra switch, with the help of which it can 
charge/discharge  𝐶𝐶𝑃𝑃 to zero as fast as possible, when current changes direction. Hence, 
the maximum harvesting power with this interface circuit is 𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑆𝑆𝑆𝑆(𝑚𝑚𝑚𝑚𝑚𝑚) =
2𝑓𝑓𝑃𝑃𝐶𝐶𝑃𝑃(𝑉𝑉𝑃𝑃 − 𝑉𝑉𝐷𝐷)2. The last one is the bias-flip interface circuit, where instead of the 
switch there is an inductor in the circuit. This inductor can passively flip the voltage 
across the capacitor and can further shorten the time to charge/discharge  𝐶𝐶𝑃𝑃; the 
maximum harvesting power for the bias-flip interface circuit is 2𝑓𝑓𝑃𝑃𝑄𝑄𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃(𝑉𝑉𝑃𝑃 −

𝑉𝑉𝐷𝐷
𝑄𝑄𝐵𝐵𝐵𝐵

)2. 
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Fig. 2-7 shows the theoretical and simulation results for the full-bridge, voltage-doubler, 
and the switch-only interface circuits. The circular markers indicate the simulated values 
for these three rectifiers. The simulation values are  IP = 40.715 uA, CP = 12nF, RP =
600 kΩ, 𝑉𝑉𝐷𝐷 = 0, and f = 225 Hz. 

Fig. 2–7.  Theoretical and simulated output power obtained by the full–bridge rectifier, 
voltage-doubler, and the switch–only rectifier. 

From Fig. 2-7, it can be seen clearly that with the same current source, the output 
voltage from the switch-only interface circuit is twice that of the full-bridge interface 
circuit and the output power from the switch-only interface circuit is nearly twice that of 
the voltage-doubler interface circuit. 
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3  
Study on switch 
In Chapter 2, four types of interface circuits were studied. Using a switch, the switch-
only and bias-flip interface circuits achieved high performances compared to the full-
bridge and voltage-doubler interface circuits. In this section, the influence by the switch 
is studied in detail. The aim is to determine the effect of the switch on the energy 
harvested by the interface circuit, under various switch parasitic resistances and switch 
time conditions. 

3.1  Switch parasitic resistance 

In an electronic circuit, the resistance value can be either large or small, as required; the 
performance of the circuit changes with different resistance values. As the switch 
parasitic resistance is unavoidable, in this section, the power efficiency of the switch-
only and bias-flip interface circuits are discussed, under different switch parasitic 
resistances. 

If the parasitic resistance in the switch is sufficiently small in the switch-only interface 
circuit, when the switch shorts the circuit, the current charges/discharges 𝐶𝐶𝑃𝑃 rapidly; i.e., 
at 𝑡𝑡𝑆𝑆𝑂𝑂 , 𝐶𝐶𝑃𝑃 = 0. However, if the parasitic resistance in the switch is large, when the 
switch shorts the circuit, the current needs more time to charge/discharge 𝐶𝐶𝑃𝑃; hence, at 
𝑡𝑡𝑆𝑆𝑂𝑂, 𝐶𝐶𝑃𝑃 is not equal to zero. In this condition, the voltage in 𝐶𝐶𝑃𝑃 is assumed to be 𝑉𝑉𝑡𝑡 and 
is expressed by, 

𝑉𝑉𝑡𝑡 = 𝑉𝑉𝐹𝐹 ∗ 𝑒𝑒−𝑡𝑡/𝑅𝑅𝑠𝑠𝑐𝑐𝑝𝑝. (3-1) 

Based on the (2-9), 𝑉𝑉𝐼𝐼 = −𝑉𝑉𝑡𝑡and 𝑉𝑉𝐹𝐹 =  𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷. The power obtained is [8], 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 2𝐶𝐶𝑃𝑃𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑃𝑃 �2𝑉𝑉𝑃𝑃 − (𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷)�1 − 𝑒𝑒
− 𝑡𝑡
𝑅𝑅𝑠𝑠𝑐𝑐𝑝𝑝��. (3-2) 
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For the bias-flip interface circuit, as the switch is in series with the inductor, the total 
resistance in series is equal to the parasitic resistance of the switch and the inductor 
resistance, as shown in Fig. 3-1. The capacitance, inductance, and resistance in the 
circuit constitute the RLC circuit and the power that can be harvested by the bias-flip 
interface circuit is expressed as, 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝐹𝐹𝐹𝐹 = 2𝑓𝑓𝑃𝑃𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝑃𝑃(2𝑉𝑉𝑃𝑃 − (𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷)(1− 𝑒𝑒−𝜏𝜏)). (3-3) 

Fig. 3–1.  Switch with resistance in a bias–flip interface circuit. 

 

whereτ = 𝜋𝜋𝜋𝜋 𝜔𝜔⁄ , β = 𝑅𝑅𝑃𝑃 2𝐿𝐿𝐹𝐹𝐹𝐹⁄ , ω = �𝜔𝜔𝑙𝑙2 − 𝜋𝜋2, and 𝜔𝜔𝑙𝑙 = 1 �𝐿𝐿𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃⁄  [8]. 

RP is the parasitic resistance of the inductor and switch, τ is the reversing time, and ωo 
is the resonant frequency. 

3.2  Switch delay time 

The switch timing problem can be divided into two parts for discussion: the switch delay 
time and the switch pulse-width. The delay time is the time that is in advance or is 
lagging, when the current changes direction. The pulse-width refers to the period during 
which the switch shorts the circuit. This section focuses on the impact of the switch-only 
and bias-flip interface circuits with switch delays. 

As mentioned in Chapter 2, the switch should short the circuit, when the current changes 
direction; however, if a delay occurs, as in Figs. 3-2(a) and 3-2 (b), 𝑡𝑡1 is the switch delay 
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time. During 𝑡𝑡0 − 𝑡𝑡1, the current charges/discharges 𝐶𝐶𝑃𝑃 to a certain voltage (𝑉𝑉𝑋𝑋) and at 𝑡𝑡1, 
the voltage in 𝐶𝐶𝑃𝑃 becomes zero or ±(VRECT + 2VD)e−τ, as fast as possible for the 
switch-only and bias-flip interface circuits. In this case, not only the charging time, as 
analyzed in the beginning of chapter 2 (the blue area in the Figs. 3-2(a) and 3-2(b)), but 
also the delay time (the black area in the Figs. 3-2(a) and 3-2(b)) is reduced.  

 

  

(a) (b) 

Fig. 3–2.  Associated current and voltage waveforms with a switch delay time for the (a) 
switch–only interface circuit and (b) the bias–flip interface circuit. 

 

By retaining the other parameters constant, the theoretical power that can be obtained by 
the switch-only interface circuit with a switch delay time is, 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑠𝑠𝑐𝑐 = 2𝑓𝑓𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(2𝑉𝑉𝑃𝑃 − 2𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 4𝑉𝑉𝐷𝐷 − 𝑉𝑉𝑚𝑚) (3-4) 

The theoretical power that can be obtained by the bias-flip interface circuit is,  

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑏𝑏𝑓𝑓 = 2𝑓𝑓𝐶𝐶𝑃𝑃𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(2𝑉𝑉𝑃𝑃 − 𝑉𝑉𝑚𝑚 − (𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑉𝑉𝐷𝐷)(2− 𝑒𝑒−𝜏𝜏)) (3-5) 
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where 

𝑉𝑉𝑚𝑚 = 𝑉𝑉𝑃𝑃(1− cos𝜔𝜔𝑃𝑃𝑡𝑡1)− 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 2𝑉𝑉𝐷𝐷 (3-6) 

and 

𝜔𝜔𝑃𝑃𝑡𝑡1 = cos−1(1− 𝑉𝑉𝑋𝑋 + 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 2𝑉𝑉𝐷𝐷). (3-7) 

In this case, t1 is the switching time delay.  

3.3  Switch pulse width 

This section discusses the impact of various switch pulse widths on the energy 
harvesting of the switch-only and bias-flip interface circuits. 

For the switch-only interface circuit, the time during which the switch shorts the circuit 
is the time for charging/discharging 𝐶𝐶𝑃𝑃 to zero. If this pulse-width is less/ more than the 
ideal time, the voltage in 𝐶𝐶𝑃𝑃 is no longer zero or it remains at zero for a considerable 
time; thus, the power harvesting time reduces. Fig. 3-3 shows the current and voltage 
waveforms with a longer pulse width for the switch-only interface circuit. 

 

 

Fig. 3–3.  Associated current and voltage waveforms with longer switch pulse widths for the 
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switch–only interface circuit. 

For the bias-flip interface circuit, the time during which the switch shorts the circuit 
should be the time during the inductor flips the voltage in the capacitor to ±(𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 +
2𝑉𝑉𝐷𝐷)𝑒𝑒−𝜏𝜏; however, if the switch pulse width is shorter or longer than the ideal time, the 
inductor cannot complete the flip or flips the voltage in 𝐶𝐶𝑃𝑃 twice. Thus, more time is 
needed for the PEH system to charge/discharge 𝐶𝐶𝑃𝑃. Fig. 3-4 shows the current and 
voltage waveforms with shorter and longer switch pulse widths for the bias-flip interface 
circuit. 

  

(a) (b) 

Fig. 3–4.  Associated current and voltage waveforms with (a) a longer switch pulse width for 
the bias–flip interface circuit and (b) a shorter switch pulse width for the bias–flip interface 

circuit. 

 

Based on (3-1) and τ = 𝜋𝜋√𝐿𝐿𝐶𝐶 for the LC circuit, the ideal time for the switch-only and 
the bias-flip interface circuits is 20 µs and 1.6 µs, respectively. Therefore, any switch 
pulse width different from this ideal time pulse width will influence the energy 
harvesting efficiency of the interface circuit; the range of this effect is discussed in the 
next section. 

3.4  Summary 

The effect of various switch parasitic resistances, switch delay times, and switch pulse 
widths of the switch-only and bias-flip interface circuits on the power harvesting 
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efficiency were discussed in this section. In a non-ideal state, the energy efficiency of 
the interface circuit is affected to varying degrees owing to the three elements that affect 
the charging and discharging time of 𝐶𝐶𝑃𝑃. 
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4  
Simulation Results 
Chapter 3 discussed the effect of the various switch parasitic resistances, switch delay 
times, and switch pulse width times on the power harvesting efficiency of the switch-
only and bias-flip interface circuits. This section continues to describe the experimental 
simulation results and compares the power harvesting efficiency of the switch-only and 
bias-flip interface circuits, under different conditions. 

4.1  Switch parasitic resistance 

In order to determine the effect of various switch parasitic resistance values, the other 
states are maintained constant and ideal, and only the parasitic resistance in the switch is 
varied from 0–10 kΩ, during the simulation. The output power, under different switch 
parasitic resistances, is depicted in Fig. 4-1. 
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(a) (b) 

Fig. 4–1.  Theoretical and simulated power obtained at the output of the (a) switch–only 
interface and (b) bias–flip interface with different parasitic resistances. 

 

In the above figure, the circular markers are the theoretical values deduced from Chapter 
3 and the solid line is the actual value obtained by simulation. The actual value is the 
same as the theoretical one. As can be seen in Fig. 4-1, not only for the switch-only 
interface circuit but also for the bias-flip interface circuit, as the switch parasitic 
resistance increases, the output power of the interface circuit decreases. Table 4-1 is the 
output power comparison of the switch-only and bias-flip interface circuits, under 
different switch parasitic resistances. 
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TABLE 4–1  

OUTPUT POWER DECLINE RATE COMPARISON FOR THE SWITCH–ONLY AND BIAS–FLIP INTERFACE CIRCUITS, UNDER 

DIFFERENT SWITCH PARASITIC RESISTANCE VALUES 

Parasitic resistance value Switch–only interface 
output power decline rate 

Bias–flip interface output 
power decline rate 

Ideal state – – 

50 Ω 5% 25% 

100 Ω 18% 37% 

200 Ω 30% 42% 

500 Ω 38% 48% 

1 kΩ 42% 50% 

10 kΩ 45% 53% 

 

As shown in Table 4-1, when the switch parasitic resistance is increased from the ideal 
state to 500 Ω for the switch-only interface circuit, the output power gradually declines 
and beyond 500 Ω, the decrease is not obvious. However, for the bias-flip interface 
circuit, when the parasitic resistance value increases from the ideal state to 50 Ω, the 
output power drops sharply, as much as 25%, when the resistance value is between 50–
500 Ω. The downward trend slows down, when the value is more than 500 Ω and the 
influence on the output power further reduces. 
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4.2  Switch delay time 

This section presents the output power simulation results with different switch delay 
times in the switch-only and bias-flip interface circuits. The results can be seen in Figs. 
4-2 (a) and (b). 

  

 

(a) (b)  

Fig. 4–2.  Theoretical and simulated power obtained at the output of (a) the switch–only 
interface and (b) the bias–flip interface, with different switch delay times. 

In Fig. 4-2, the circular markers denote the theoretical values from Chapter 3 and the 
solid line is the simulation result with switch delay times of 1/16, 1/8, and 1/4 cycles, 
respectively. When the delay is T/4, the output power for the bias-flip interface circuit is 
lower than that of the full-bridge interface circuit; hence, it does not appear in Fig. 4-2 
(b). 
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(a) (b) 

Fig. 4–3.  Normalized simulation power obtained at the output of the (a) switch–only interface 
and (b) the bias–flip interface, with different delay times. 

Fig. 4-3 shows the output power rate with the increase in the switch delay time during 
the current half cycle. 

For bias-flip interface circuit in Fig. 4-3 (b), when the switch delay time is close to T/4 
cycle, the influence on the output power is larger than that in the switch-only interface 
and reaches a maximum drop rate. 

4.3  Switch pulse width 

As mentioned in Chapter 3, for the switch-only interface circuit, if the switch pulse 
width is larger than the ideal time, the voltage in 𝐶𝐶𝑃𝑃 remains 0 V, until the switch is 
released; whereas for the bias-flip interface circuit, if the switch pulse width is not ideal, 
it affects the flipping of the voltage in capacitor by the inductor. In this section, the 
simulation results are presented. Fig. 4-4 is the output power for both the interface 
circuits, under different switch pulse widths. 
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(a) (b) 

Fig. 4–4.  (a) Theoretical and simulated power obtained at the output of the switch–only 
interface with different switch pulse widths and (b) Simulated power obtained at the output of 

the bias–flip interface with different switch pulse widths. 

In Fig. 4-4 (a), the circular markers indicate the theoretical values based on the equations 
in chapter 3; the actual simulation results are consistent with the theoretical values. In 
Fig. 4-4 (b), for the bias-flip interface circuit, the output power is significantly affected 
by the switch pulse-width. Table 4-2 presents the output power decline rate (compare 
with the ideal situation) for the switch-only and bias-flip interface circuits. 
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TABLE 4–2 

 OUTPUT POWER DECLINE RATE FOR THE SWITCH–ONLY AND BIAS–FLIP INTERFACE CIRCUITS UNDER DIFFERENT 
SWITCH PULSE–WIDTHS 

 

Switch pulse–width  Output power decline rate 
for the switch–only inter-

face 

Switch pulse width  Output power decline rate 
for the bias–flip interface 

1 𝝁𝝁𝝁𝝁 2.2% 0.8 𝜇𝜇𝑠𝑠 99% 

10 𝝁𝝁𝝁𝝁 0.4% 1.2 𝜇𝜇𝑠𝑠 95% 

20 𝝁𝝁𝝁𝝁 The ideal situation 1.6 𝜇𝜇𝑠𝑠 The ideal situation 

100 𝝁𝝁𝝁𝝁 1.5% 2.4 𝜇𝜇𝑠𝑠 30% 

1 ms 65% 3.2 𝜇𝜇𝑠𝑠 60% 

 

As shown in Table 4-2, for the switch-only interface circuit, the switch pulse-width has a 
negligible effect on the output power; when the pulse-width ranges from 1𝜇𝜇𝑠𝑠–1 ms, the 
output power decrease ratecompare with the ideal situation is only 2.2%. However, for 
the bias-flip interface circuit, the switch pulse-width has a significant effect on the 
output power; a difference of only 0.4 µs results in a 30% power loss when compare 
with the ideal situation and a shorter switch pulse width is worse for power harvesting. 

4.4  Summary 

This section mainly presents the simulation results and effects of different switch 
parasitic resistances, switch delay times, and switch pulse-widths of the switch-only and 
bias-flip interface circuits on the power harvesting efficiency. The simulation results are 
consistent with the theoretical derivation in chapter 3.  

The effect of the switch parasitic resistance for both the interface circuits is not 
considerable, if the value can be controlled to less than 50 Ω. For the bias-flip interface 



30 
 

circuit, when the switch delay time is close to T/4 of the current cycle, the output power 
loss is more. The switch pulse-width has a negligible impact on the switch-only interface 
circuit but its impact on the bias-flip interface circuit is considerable. 
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5  
Summary 
In this thesis, the four known rectifier interface circuits for piezoelectric energy 
harvesting have been studied and described in Chapter 2. They include the full-bridge, 
voltage-doubler, switch-only, and the bias-flip interface circuits. The power equations of 
these interfaces were analyzed as well. 

The effect of different switch parasitic resistances, switch delay times, and switch pulse-
widths on the theoretical output was studied in Chapter 3. This chapter also analysed the 
effect of the various conditions on the output power. For a larger switch parasitic 
resistance, longer switch delay time, and a long/short switch pulse width the 
charging/discharging time for 𝐶𝐶𝑃𝑃 increases; thus, the power harvesting time is reduced. 

Chapter 4 demonstrated the simulation results, based on the discussions in Chapter 3.the 
simulation results were consistent with the power equations derived in Chapter 3. When 
designing a switch for the interface circuit in a PEH system, the switch parasitic 
resistance should be maintained as small as possible and long switch delay times are to 
be avoided for better power harvesting. The switch pulse width affects the power 
efficiency more on in a bias-flip interface circuit than in a switch-only interface circuit. 
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