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應用於家用兩線電流檢測之軟性感應線圈 

 

 
學生：余松築 

 

指導教授：鄭裕庭 教授 

 
 

國立交通大學電子工程學系暨電子研究所碩士班 

摘 要       
 

 

   在此篇論文中，我們設計的軟性電流檢測線圈應用在家用雙線導線之電流監控，設

計的方法分為空心線圈與加入導磁材料 NiFe 線圈，當感測器擺靠近一通有交流電源的

雙線導線時，在感應線圈兩端將產生感應電動勢以供量測，並且使用實驗室先前發展的

SU-8軟性基板技術使得感應線圈更貼近導線以達到更大的感應電壓輸出。感應線圈設計

在一面積 5mmx10mm 的區域內，並且對於一個線圈數為九十圈的線圈而言提供了

68.5μV/A 的感測能力對於家用電 60Hz的量測。
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Abstract 

This thesis will demonstrate a flexible current sensor tag designed with inductive coils for 

sensing the current in the power cords of household-goods.  The design methods for coils 

with air and NiFe (Ni71% Fe29%) magnetic material are compared.  When the sensor is 

placed in proximity to a wire carrying AC electric current, a induced voltage in the inductive 

coils proportional to the current being measured and use a previously developed SU-8 flexible 

technology to reach better proximity to the power cord for maximizing induced voltage output.  

With three kind of different line widths and turns coil design in an area of 0.5 x 1 cm2, for a 

90-turns coil design, the sensor tag can provide a sensitivity of 68.5μV/A for detecting 60Hz 

electric current in the ampere regime. 
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Chapter 1 Introduction 

Improving energy efficiency has become a worldwide government policy in 

determining a national technology development roadmap owing to natural 

resource deficiency and global climate warming. Deployment of 

demand-response (DR) electricity monitoring systems in residential areas to 

well manage and devise the electricity usage in residential areas is a 

cost-effective way to accomplish this goal.  Electric current sensor is one of the 

key components in the system.  An electric current sensor must be with the 

characteristics of low-cost, pervasive, and easy-implementation for household 

goods power monitoring system applications. 

 

Previously, various current sensors including Hall effect, fluxgate, AMR, 

piezo-MEMS and soon have been developed [1-4].  Either the sensor, like 

Rogowski coil[5,6], must enclose a power cord with the removal of ground or 

neutral line not practical to the household electrical system, or the sensor, like 

piezoelectric-MEMS [7], must be fabricated with a complex packaging process 

not cost-effective for residential applications [4].  In this work, a low-cost and 

robust sensor tag closely fitted with the power cords of household appliances is 

(Fig. 1-1), therefore, developed for advancing electricity monitoring systems for 

widespread use. Previously, Chen et al. has derived an analytical model based 

on the proposed sensor tag concept [13].  This thesis will expand upon the 

theoretical models of this current sensor and demonstrate the tag made of SU-8.    

Detail fabrication as well as some measurements and simulation results of the 

SU-8 flexible structure with inductive coils for the sensor are included in the 
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thesis.  

 

Figure 1-1. The induced loop of Faraday current sensor. 
 
systems for widespread use. Previously, Chen et al. has derived an analytical 

model based on the proposed sensor tag concept [13].  This thesis will expand 

upon the theoretical models of this current sensor and demonstrate the tag made 

of SU-8.    Detail fabrication as well as some measurements and simulation 

results of the SU-8 flexible structure with inductive coils for the sensor are 

included in the thesis. 
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Chapter 2 Principle And Design 

Fig. 2-1. shows the scheme of 1.25mm2/2C power cord (Fig. 2-1(a)) and the 

magnetic flux intensity distribution on the power cord with a 1A, 60Hz current 

input (Fig. 2-1(b)), respectively. According to Faraday’s law of induction, the 

induced voltage which is proportional to the magnetic flux generated by the 

input current of the power cord can be described as follows [8]: 

 

            
dt

dHAN
dt
dBAN

dt
dΦV rin ⋅⋅⋅⋅−=⋅⋅−=−= µµ 0                 (1) 

 

Where Φ, A and N are the magnetic flux passing through the coil, the area and 

turns of the coil, respectively.   

 

 

Figure 2-1. (a) The geometry of 1.25mm2/2C power cord and (b) the simulation 

of magnetic flux distribution on 2C power cord at 1A, 60Hz input current. 

 

The distribution indicates the largest vertical magnetic flux intensity to 

induce the highest open-loop voltage for current sensing exists on the top central 
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area of the power cord. Meanwhile, the flux intensity would decrease with the 

separation between the coil and this power cord (Fig. 2-2), therefore, in order to 

better proximity to the power cord in the fabricated process used previously 

developed SU-8 flexible technology [9].  Fig. 2-3 shows the geometry of power 

cord and inductive coils. According to Faraday’s law of induction, the case 

induced voltage can be further derived from (1) as follows [13]: 
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        nc = Coil length of each turn 

        dw = Line width 

        cw = Coil width 

        sw = Line Spacing 

         g  = Total gap distance 

         d  = Source Distance 

         L  = Coil Length 

 

 

 

Figure 2-2. The simulation of vertical magnetic flux distribution on 2C power 

cord. 

 

Fig. 2-4 shows the induced voltage versus the coil turns of the sensor for sensing 

1A, 60Hz current input in the 2C power cord based on the theoretical model.  

For a 30-turns coil with an area of 5mm x 10mm, 30μm in width, 30μm 

line-spacing and a distance of 35μm to the cord top, i.e. the flexible substrate 
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thickness (SU-8 (35μm)), the induced voltage is only several tens of μV/A at the 

 

Figure 2-3. Cross section of Inductive Coil and power cord. 
 

 
Figure 2-4. The simulation of induced voltage versus coil turns. 

 

frequency 60Hz and will become saturated with the coil number. Fig. 2-5 shows 
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the comparison between the analytical model and Ansoft Maxwell simulation 

regarding the induced voltage of the sensor at different 60Hz current inputs in 

the 2C power cord.  For the coil design with different turns, but the same 

line-spacing, i.e. 10μm, and the same area of 5mm x 10mm, the induced voltage 

of the sensing coils is proportional to the input current which can be well 

estimated by the derived model.  Meanwhile, from equation (1), the induced 

voltage can be also enhanced as long as a magnetic core is introduced in the 

center of the inductive coil.  The incorporation of a magnetic core can result in 

the increase of the total magnetic flux since the relative permeability (µr) 

becomes larger than 1. Thus, in the work, the inductive current sensor tag 

incorporated with a 4μm thick NiFe magnetic film as the core in the central of 

the coil is also fabricated to explore the feasibility in the device performance 

enhancement proposed by the model.   

 
Figure 2-5. The simulation and theory determine of induced voltage versus 

input-current for air coils. 
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Chapter 3 Sensor Fabrication 
 

The flexible inductive coils tag is fabricated using a previously developed 

SU-8 flexible technology [9], The flexible inductive coils of 30-turns, 70-turns 

and 90-turns are made of 5μm thick electroplated Cu. The coils of 30-turns, 

70-turns and 90-turns are all designed in an area of 5mm x 10mm and 30μm, 

15μm and 10μm in line width  and 30μm, 10μm and 10μm in line-spacing, 

respectively.Fig. 3-1 illustrates the fabrication process of the SU-8 flexible 

inductive coil tags. A silicon substrate is first sputtered with 50nm thick Cr as a 

sacrificial layer as shown in Fig. 3-1 (a), followed by 35μm thick SU-8 spin 

coating as shown in Fig. 3-1 (b).  After photo-patterning the SU-8 (Gersteltec 

Sarl GM 1060), a 50nm/100nm Ti/Cu seeding layer is deposited on the SU-8 as 

shown in Fig. 3-1(c) and followed by a photolithograph process using a 6μm 

thick AZ 4620 photoresist to patterned to define the region for coil fabrication of 

inductive sensor and electroplating an 5μm thick copper on that region as shown 

in Fig. 3-1 (d).  After the first layer of 5μm thick Cu plating, another 6μm thick 

AZ 4620 is spun,patterned, and electroplating a 5μm thick copper for the via as 

shown in Fig. 3-1 (e), and sputtered with 150nm Cu seed layer for the via filling 

of Cu as shown in Fig. 3-1 (f). Fig. 3-1(g) shows another 6μm thick AZ 4620 is 

spun onto the plated structure,patterned, and plated with 5μm thick Cu to define 

air bridge after via filling.The AZ 4620 and seed layer are then removed using 

ACE, CR-7T as shows in Fig. 3-1(h).  At the stage, the flexible inductive coil 

without a magnetic core is completed.  For the case of the sensor tag with the 

NiFe magentci core,  AZ4620 photoresist is spin-coated and patterned again to 

define the magnetic core region on the central area of the coil and used as a  
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Figure 3-1. illustrates the fabrication process of the SU-8 flexible current sensor. 

Silicon 
Cr 
SU-8 
NiFe 
 

Ti/Cu 
AZ 4620 

Copper 
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mold for electroplating a 4µm-thick NiFe layer as shows in Fig. 3-1(i), and AZ  

4620 and Ti/Cu seed layer are then removed using ACE, CR-7T, BOE, 

respectively as shows in Fig. 3-1(j).  At final, the SU-8 flexible inductive coil 

with NiFe core is released from the silicon substrate by dipping in a Cr etchant 

layer (H2O:HCl=100:30) for the sacrificial layer removal as shows in Fig. 

3-1(k). 

 

 

(a) 

  

(b)                            (c) 

Figure 3-2.  The optical photographs of the flexible inductive coil tag 

fabrication (a) that before sacrificial Cr layer released and (b) released from the 

substrate (c) after released for inductive coil with NiFe attached to the cord 
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Fig. 3-2 shows the optical photographs of the as-fabricated sensor tag before 

(Fig. 3-2(a)) and after (Fig. 3-2(b)) the sacrificial Cr layer release and the tag 

with a magnetic core after (Fig. 3-2(c)) the sacrificial Cr layer release and then 

attached to the power cord, respectively.  Fig. 3-3 shows the SEM image on the 

top of the 30-turns inductive coil (Fig. 3-3(a)) which is designed with 30μm in 

width and 30μm line-spacing (Fig. 3-3(b)).  Fig. 3-3 (b) and (c) show the 

inductive coil tags with the cores of NiFe array and NiFe membrane, 

respectively.  Fig. 3-3(e) shows the NiFe array core where the size of each 

element is 10x10 μm2 and 10μm in spacing. 

 

  

(a)                              (b) 

   

(c)                             (d) 
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(e) 

Figure 3-3.  SEM photograph of as-fabricated on inductive coil (a)top view of 

30-turns air coil (b) 30μm line width of 30-turns coil (c) 30-turns coil with NiFe 

array (d) 30-turns coil with NiFe membrane (e)NiFe array each side is 10μm 
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Chapter 4 Results And Discussion 
According to the aforementioned analysis, the sensed signal is about several 

tens of µV/A which requires a signal amplifier for the electrical characterization 

of the flexible inductive coil.  Fig. 4-1 shows an active low-pass filter circuit 

which is designed with 66.9dB gain resulted by the resistance ration of R1(R2) to 

R3.  In the work, 300 and 1MΩ variable resistors are chosen for a flat gain 

response in a frequency range of 45 to 100 Hz which is a typical range of the 

household AC power signals. The low noise operational amplifier, OP-27G 

(Texas Instruments Inc.), is used for the gain stage.  The flexible inductive coil 

tag is then soldered with two metal wires connected to the circuit formed on a 

PCB. 

 

 

 
Figure 4-1.  The active low-pass filter circuit scheme on the lower left hand 

side and the transfer function whose circuit gain is 66dB in spice simulation and 

66.9dB in measurement respectively. 
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(a) 

 

(b) 

Figure 4-2.  The oscilloscope monitor shows (a) a sinusoidal wave while the 

sensor pastes on and (b) no signal output while the sensor takes up from the 

power cord with 3A, 60Hz current input.  The inset of (b) shows the 

as-fabricated device. 
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Fig. 4-2 shows the setup for the current sensing measurement.  All 

feedthroughs are ground shielded to avoid electrical coupling and interference 

with the testing system.  The senor tag shown in the inset of is attached to (Fig. 

10a)/detached from (Fig. 10b) a 2C power cord loaded with the current source 

(ELGAR CW801M) with a 1A, 60Hz current output.  When the tag is detached, 

the disappearance of the sensed signal in the oscilloscope validates the sensing 

mechanism of magnetic flux coupling and the feasibility of the flexible 

inductive coil tag for current sensing.  Fig. 4-3 shows the measured voltage in 

the coils versus the input current in the cord.  The data has been converted into 

the intrinsic signals without amplification. For 30/70/90-turns inductive coil tags, 

a linear relation of the induced voltage with the input current can be 

accomplished with the sensitivity of 23.2/55.5/68.5µV/A, respectively. While 

the as-fabricated tag is applied for detecting the 60Hz electrical current inputs in 

a 2C power cord in the ampere regime, it has been found that, instead of 

26.9/63.6/80.7µV/A derived by the theory model, the average coupling 

efficiency of the 30/70/90-turns inductive coil tags is only 86/87/85% of the 

ideal values, respectively.  Meanwhile, it is found that the induced voltage of 

the 30-turns inductive coils both with NiFe array and membrane cores can have 

the larger but similar sensitivity which is 26.3/25.6/µV/A, respectively.  Since 

the total volume of the magnetic cores are quite different, the sensitivity 

difference between the coil with and without the magnetic core might not be 

caused by the magnetic flux enhancement.  It could be attributed to poor 

attachment of the sensor tag to the power cord.  Fig. 4-4 shows the 

measurement versus the theoretical calculation of the 30-turns inductive coil 

with different gap distances between the power cord and the coil.  While the 
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gap is changed from the ideal value, i.e. 1.785mm, to 1.825mm and 1.815mm, 

the calculated data can well fit with the measurement results of the tags with the 

NiFe membrane and array cores, respectively. The ideal case is defined as the 

total thickness of the SU-8 layer and the coated insulator of the power cord.  

Although NiFe exhibits a large permeability μr, it should be taken into account 

that the resultant permeability of the core, μc, can be much lower than the 

material permeability due to the demagnetizing field effect which can be 

resolved by increase the aspect ratio of magnetic material [8].  In this work, the 

aspect ratios of the NiFe array and membrane cores are both less than 1, so the 

enhancement can be limited by the effect. 

 

 
Figure 4-3. The simulation and theoretical calculation of the induced voltage 

versus input-current for the inductive tag . 
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(a) 

 

 

(b) 
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(c) 

Figure 4-4. The theory determined of induced voltage versus calculated values 

with different gap distances (a)air coil (b)NiFe membrane coil (c)NiFe array coil 

 

 

In fact, it can be further verified by the magnetic hysteresis ‎ measurement.  

Fig. 4-5 shows the superconducting quantum interference device (SQUID) 

measurements of the NiFe membrane with the fields whose directions are out of 

plane and in plane, respectively.  From the slope of the M-H curve, the relative 

permeability can be calculated as follows: 

 

0

41 H
M

r
πµ +=                                (7) 

 

where M is magnetization and H0 is the applied magnetic field. The relative 
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permeability in our case is only about 1.4 which is quite small for the 

out-of-plane field.  Negligible enhancement can be expected. 
 
 

 
Figure 4-5. Hysteresis loop of NiFe with applied magnetic field 

 
 
 

The sensitivity, in fact, decreases with the gap resulting in lower magnetic 

flux coupling.  Although the flexible inductive coil tag is aimed to take the 

advantage of a good proximity effect on the current sensing, the connecting 

wires soldered to the tag would make the coil structure difficult in closely 

attaching to the power cord by manual control. Owing to the process 

characteristic of the flexible tag which is fully compatible with the previously 

developed SU-8 flexible technology, it is our belief that the sensitivity reduction 

problem can be further resolved by integrating the coil tag with a CMOS readout 

circuit chip with wireless data transmission function as a result of easy 
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implementation and good proximity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE.4-1 
THE LIST OF CURRENT SENSORS 
 Pernia et 

al.(1998)[10]  
Paprotny et al. 
(2010) [11] 

Sensor type AMR Piezoelectric 
Sensor size 15.6*17.8*2mm 1*0.2mm 
Circuit gain 80dB 40dB 
Sensitivity* 80μV/A 0.87mV/A@60Hz 
DC capable Yes No 

Susceptible to DC 
magnetic field 

Yes Yes 

Household two-wires 
application 

Yes Yes 

Manufacturing 
process 

Complicated Complicated 

*The results derived from the amplified data. 
 

TABLE 4-1 
THE LIST OF CURRENT SENSORS 
 Schulz et al. 

(2010) [12] 
This work 

Sensor type Rogowski coil Faraday 
induction 

Sensor size 2.5*4.5*0.45mm 10*5mm 
Circuit gain 100dB 66.9dB 
Sensitivity* 116nV/A-Hz 80μV/A@60Hz 
DC capable No No 

Susceptible to DC 
magnetic field 

No No 

Household two-wires 
application 

No Yes 

Manufacturing 
process 

Simple Simple 

*The results derived from the amplified data. 
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The flexible sensor tag is compared with the state-of-the-art current sensors 

as shown in Table 4-1[10–12].  Basically, all of these sensors require amplified 

circuits, but the circuit specification of the presented one is not the most 

stringent in comparison with the others.  Meanwhile, the coil size is much 

smaller than the wavelength of the background 60Hz EM wave (~5000 km) as a 

result of low antenna gain.  The signal coupled from the environment EM field 

would be very extremely small. 

 

In addition, the voltage induction of the presented air-coil sensor is irrelevant 

to any material properties.  The sensor can be important because in contrary to 

other magnetic sensors, e.g. piezoelectric current sensor with a permanent 

magnet mounted, Hall sensor, it is not sensitive to DC component of magnetic 

field and environmental temperature.  Thus, good proximity and stability 

indicate that the inductively sensing mechanism is feasible and the sensor can be 

prevailed for the applications of household electricity monitoring systems. 
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Chapter 5 Conclusion 

A flexible inductive coil tag is demonstrated with the potential for the 

application to low-cost, reliable and pervasive DR electricity monitoring 

systems for residential power management.   A physical model has been 

derived and verified for the coil design.  According to the model, the sensitivity 

can be improved and determined immediately by reducing the metal width and 

increase the coil number simultaneously. Although the induced voltage will be 

saturated with the coil turns which is caused by less magnetic flux contribution 

from the inner coils closely to the central region, it can be resolved by 

incorporating a high aspect ratio   ferromagnetic core since the sensitivity of 

the coil with magnetic material depends mostly on the dimensions and geometry 

of the core. Further experimental validation is required. 
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