
ABSTRACT 

ZHU, YUNJIA. A Wireless Power Transfer Wearable Garment. (Under the direction of Dr. 

Warren Jasper). 

 

Since the 1890’s with the invention of the Tesla Coil, engineers have been designing 

efficient means to transmit power wirelessly. Until recently, most short range wireless power 

transfer devices were designed and fabricated with rigid coils or antennas. My thesis 

introduces a unique method which embeds a coil into a wearable weft knitted garment to 

receive electrical power from a power source. The wireless power transfer technology is 

based on resonant impedance matching with a flexible (non-rigid) coil.  Two port network 

analysis predicts that 30% power transfer efficiency can be achieved over a 20cm distance 

for an optimally tuned circuit. A knitted garment was designed and fabricated out of cotton 

and stainless steel yarns which experimentally verify the theory.  
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CHAPTER 1 LITERATURE REVIEW  

1.1 Near field wireless power transfer 

The earliest wireless power transfer experiment were carried out by Nicola Tesla. During his 

experiments, he designed two coupled coils: one in the transmitter circuit and another in the 

receiver circuit. By incorporating a capacitor into the circuit, Tesla was able to build an 

‘oscillation transformer’ [1] . An oscillation transformer is comprised of two coils that are 

tuned to resonate at the same frequency, which is also called magnetic resonate coupling. 

 

1.1.1 Wireless power transfer in medical device 

Wireless power transfer has been used to transfer energy to medical implants for several 

decades. In 1977, a group at the Engineering Design Centre of Case Institute of Technology 

investigated a method to power an implant medical device with a radio frequency [2].  The 

transmitter coil was driven by a radio frequency powered from an amplifier. The receiver coil 

picked up the radio frequency power (AC) and converted it into DC power which powered 

the device. Ko also introduced a procedure for designing the transmitter and receiver coils to 

reach the optimum power delivery efficiency. Their idea was to determine the optimum 

resistance of the receiver coil in order to make sure it was matched to the load. Their 

transmitter coil diameter was 2 inches and receiver coil was 0.5 inches.  Ko achieved a coil 

efficiency of 39% over 1 inch, which is the ratio of the power delivered into the load to the 

power delivered into transmitter coil.  
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In 2008, Si et. al. [3] presented a method to receive power from a transmitter circuit by 

tuning the circuit at its resonant frequency. Figure 1 illustrates a wireless power transfer 

configuration for a LVAD (left ventricular assist device). In their design, a receiver coil is 

implanted under the skin to power a device such as an artificial heart. The primary coil was 

placed outside of the patient’s body and was connected to a power supply.  

 

Figure 1 Wireless power transfer configuration for LVAD [3] 

 

Wireless power transfer technology is based on changing the operating frequency, where the 

power efficiency is a function of the operational frequency. The pick-up circuit on the 

receiver side is designed to match the AC frequency transferred from the transmitter side. 

 

1.1.2 Wireless power transfer in wireless charging 

Wireless charging is a popular application of wireless power transfer technology [4], 

featuring a contactless battery charger that employs a pair of printed circuit board windings. 

Fig. 2 illustrate the configuration of a pair of neighoring printed circuit boards. 
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Figure 2 Neighboring PCB [4] 

 

This wireless charging device is designed to charge batteries in a cell phone. The transmitter 

coil is placed on the desk-top (the primary side of charger), while the secondary side of the 

charger (located inside the smart phone) contains a printed circuit board wingding and a 

lithium-ion battery. The pair of windings can be considered as a transformer with a leakage 

inductance. Alternating current flows into the PCB windings in the primary side that 

generates an alternating magnetic field which induces a voltage across the PCB winding in 

the secondary side. Such a configuration can charge a cell phone with 800mA and 4V or 

400mA and 8V with a power transfer efficiency of around 50%. 

 

1.2 Maximum Power Transfer and Power efficiency 

To consider the wireless power transfer efficiency, the maximum power transfer theorem 

must be applied. The maximum power transfer theorem states that "maximum power is 

transferred when the internal resistance of the source equals the resistance of the load."  It 

was put forward by Moritz von Jacobi around 1840 and is also referred as Jacobi’s Law. 
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This theorem can be extended to alternating current circuits that including reactance 

(complex impedances) . In alternating current circuits, maximum power transfer occurs when 

the load impedance is equal to the conjugate of the source impedance. Fig. 3 is the 

fundamental circuit of power transfer. [5] 

 

Figure 3 Power transfer circuit 

 

Where 𝑍𝑠 = 𝑅𝑠 + 𝑋𝑠 ,𝑍𝐿 = 𝑅𝐿 + 𝑋𝐿 , and 𝑅𝑠 and 𝑅𝐿 are the real part of 𝑍𝑠 and 𝑍𝐿, 𝑋𝑠 and 𝑋𝐿 

are the imaginary part of 𝑍𝑠 and 𝑍𝐿 

From Ohms law, 

|𝐼| =
|𝑉𝑠|

|𝑍𝑠 + 𝑍𝐿 |
 (1) 

 

The power delivered to the load 𝑃𝐿 can be obtained from: 

𝐼𝑅𝑀𝑆 =
√2

2
𝐼 (2) 

 

𝑃𝐿 = 𝐼𝑅𝑀𝑆
2𝑅𝐿 =

1

2
𝐼2𝑅𝐿 =

1

2
∙ (

|𝑉𝑠|

|𝑍𝑠 + 𝑍𝐿|
)

2

∙ 𝑅𝐿 (3) 



5 

 

 

 

 

𝑃𝐿 = 𝐼𝑅𝑀𝑆
2𝑅𝐿 =

1

2
∙

|𝑉𝑠|2

(𝑅𝑆 + 𝑅𝐿)2 + (𝑋𝑆 + 𝑋𝐿)2
∙ 𝑅𝐿 (4) 

To maximize 𝑃𝐿, minimize (𝑅𝑆 + 𝑅𝐿)2 + (𝑋𝑆 + 𝑋𝐿)2, by letting 𝑋𝑆 + 𝑋𝐿equal to 0 since the 

reactance can be positive or negative.  The resistance, however, must be positive.  

The power delivery to the load 𝑃𝐿 becomes 

𝑃𝐿 =
1

2
∙

|𝑉𝑠|2

(𝑅𝑆 + 𝑅𝐿)2
∙ 𝑅𝐿 =

1

2
∙

|𝑉𝑠|2

𝑅𝑆
2

𝑅𝐿
+ 2𝑅𝑆 + 𝑅𝐿

 
(5) 

When 𝑅𝐿= 𝑅𝑆, the denominator 
𝑅𝑆

2

𝑅𝐿
+ 2𝑅𝑆 + 𝑅𝐿 is a minimum which maximizes 𝑃𝐿. For a 

complex impedance, 𝑍𝑠 and 𝑍𝐿 become complex conjugates (𝑅𝑆 = 𝑅𝐿, 𝑋𝑆 = −𝑋𝐿)  to 

maximize power transferred to the load. The maximum power delivered to the load 𝑃𝑚𝑎𝑥  

𝑃𝑚𝑎𝑥 =
1

2
∙

|𝑉𝑠|2

4𝑅𝑆
 (6) 

The ratio of the power transferred to the load to the theoretical maximum power delivered is  

𝑃𝐿

𝑃𝑚𝑎𝑥
=

4𝑅𝑆

𝑅𝑆
2

𝑅𝐿
+ 2𝑅𝑆 + 𝑅𝐿

=
4

𝑅𝑆

𝑅𝐿
+

𝑅𝐿

𝑅𝑆
+ 2

 
(7) 

The efficiency η is definite as: 

𝜂 =
𝑅𝐿

𝑅𝑆 + 𝑅𝐿
 (8) 

As show in Figure 4, the condition of maximum power transfer does not result in maximum 

efficiency, as it only results in 50% of power transfer efficiency from Figure 4.  
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𝑅𝐿/𝑅𝑆 
 

 

 

Figure 4 Maximum power transfer 

 

If 𝑅𝐿 is much larger than 𝑅𝑆, then η approaches 100%. However, in this situation, almost no 

power can be delivered to the load. Maximum power transfer efficiency and maximum 

efficiency cannot be achieved at the same time.  For low power applications, such as implant 

medical devices, the maximum power transfer theorem is preferred, while for high power 

applications, such as charging electronic cars, the maximum power efficiency is more 

important [6].  
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1.3 Impedance matching  

The maximum power transfer theorem states that if the load impedance and the source 

impedance are conjugated matched, then the maximum power can be transferred. Impedance 

matching methods are used to transform impedances to an ideal value to make sure the 

source impedance and the load impedance are conjugate matched. The impedance matching 

method is widely used in many wireless power transfer applications. 

 

1.3.1 L matching network 

A resister can be transformed to any resistive value by using a LC transforming circuit in two 

steps. [7] 

(1) Use a series (shunt) reactive element to transform a smaller (larger) resistance up 

(down) to a larger (smaller) value with a real part equal to the desired resistance 

value. 

(2) Use a shunt (series) reactive element to resonate with (or cancel) the imaginary part 

of the impedance that results from step 1. 

Figure 5 illustrate the matching network (𝑋𝑆 and 𝑋𝐿) to matching load (𝑅𝐿) to the source 

(𝑅𝑆). 
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Figure 5 L Impedance matching for RS<RL 

 

Impedance of 𝑋𝐿 parallel with  𝑅𝐿 : 

𝑅𝐿 ∙ (𝑗𝑋𝐿)

𝑅𝐿 + 𝑗𝑋𝐿
=

𝑅𝐿𝑋𝐿
2

𝑅𝐿
2 + 𝑋𝐿

2 + 𝑗
𝑋𝐿𝑅𝐿

2

𝑅𝐿
2 + 𝑋𝐿

2 (9) 

Impedance of 𝑋𝑠 series with 𝑅𝑠 should be the complex conjugate of impedance of 𝑋𝐿 parallel 

with  𝑅𝐿.  

𝑅𝐿𝑋𝐿
2

𝑅𝐿
2 + 𝑋𝐿

2 + 𝑗
𝑋𝐿𝑅𝐿

2

𝑅𝐿
2 + 𝑋𝐿

2 = 𝑅𝑠 − 𝑗𝑋𝑆 (10) 

𝑅𝐿𝑋𝐿
2

𝑅𝐿
2 + 𝑋𝐿

2 = 𝑅𝑠,
𝑋𝐿𝑅𝐿

2

𝑅𝐿
2 + 𝑋𝐿

2 = 𝑋𝑆 (11) 

Solve for 𝑋𝑆 and 𝑋𝐿: 

𝑅𝑆

𝑅𝐿
=

1

(
𝑅𝐿

𝑋𝐿
)

2

+ 1

  
(12) 
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−
𝑋𝑆

𝑅𝑠
=

𝑅𝐿

𝑋𝐿
 (13) 

𝑋𝑆 = ±𝑅𝑆 ∙ √
𝑅𝐿

𝑅𝑆
− 1 (14) 

𝑋𝐿 = ∓
𝑅𝐿

√
𝑅𝐿

𝑅𝑆
− 1

, 𝑅𝐿 > 𝑅𝑆 
(15) 

Positive or negative 𝑋𝑆 and 𝑋𝐿 means it will be inductive or capacitive.  𝑋𝑆 and 𝑋𝐿 always 

have the opposite sign. For the situation where 𝑅𝑠 > 𝑅𝐿, the derivation is similar.  

 

1.4 Wireless power transfer technology with impedance matching  

Generally, two types of systems are used in wireless power transfer: two-coil systems and 

four-coil systems. Most of them can be considered as using different impedance matching 

methods. [8] 

In a four-coil system [9] shown in Figure 6, two resonator coils are added to match the source 

and the load impedance. Coil A in the transmitter circuit is connected to the power source 

and is coupled inductively to coil S in the oscillation circuit with coupling factor 𝐾𝑠. The coil 

B in receiver circuit is connected to a resistive load and is coupled inductively to coil D in the 

oscillation circuit with coupling factor 𝐾𝑑. The two coils in the oscillating circuit are also 

coupled with coupling factor 𝐾. All these coils are resonating at the same frequency. 
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Figure 6 Experimental setup in four-coil wireless power transfer system [9]  

 

Cheo [10] took a slightly different approach by using a simple equivalent-circuit model 

shown in Figure 7.    

 

Figure 7  Circuit schematic for mutual inductance between two coils [10] 

 

𝑀12 = 𝑘12√𝐿1𝐿2 (16) 

𝑖1 =
𝑉1

𝑍0
+ 𝑗ω𝐶1𝑉1 + 𝑖𝐿1

 (17) 

𝑉1 = 𝑗ω𝐿1𝑖𝐿1 + 𝑗ω𝑀12𝑖𝐿2
 (18) 

0 =
𝑉2

𝑍0
+ 𝑗ω𝐶2𝑉2 + 𝑖𝐿2

 (19) 

𝑉2 = 𝑗ω𝐿2𝑖𝐿2 + 𝑗ω𝑀12𝑖𝐿1
 (20) 
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The equivalent circuit is shown in Figure 8. 

 

Figure 8  Compensation sources used to represent the effect of mutual inductance [10] 

𝑍1𝑀 =
𝜔2𝑀12

2

𝑍2
 (21) 

 

 

 
 

Figure 9 Equivalent circuit of four-coil system 

 

Figure 9 is the equivalent circuit of the four-coil system. Neglecting the cross-coupling terms 

(coil A to coil D, coil S to coil B, coil A to coil B), each circuit can act as a compensation 

source with some impedance in its coupled circuit. For example, circuit B acts like a source 

with some impedance in coil D and the impedance is related to the coupling factor and all the 

elements in coil B (load resistance and coil inductance). Circuit S, circuit D and circuit B can 

Circuit A                                               Circuit S                Circuit D                              Circuit B 
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be represented by a source in circuit A. The equivalent impedance varies with the coupling 

factor 𝐾, 𝐾𝑠 and 𝐾𝐷, where the coupling factors are changing with the distance between the 

two coupled coils. It is therefore easy to change the equivalent impedances by adjusting the 

distances between the coils. The maximum power transfer theorem and the efficiency 

theorem can be applied to achieve the desired power transfer efficiency.  

The four-coil system experiment [9] transferred 60 watts with a 40% efficiency over 

distances more than 2 meters. Theoretically, impedance matching with a coupled oscillating 

circuit is lossless. In reality, the resistive part of the oscillating circuit always results in power 

loss. Using coils with a high Q factor in the oscillating coil will increase the power transfer 

efficiency. 

In a two-coil system, different types of impedance matching techniques are used. A feedback 

analysis has been used to maximizing the power transferred to the load [11]. Figure 10 

illustrates a two-coil system powering a medical implant. 

 

Figure 10 Two-coil system powering implant [11] 
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A radio-frequency power amplifier drives the transmitter (primary) coil. In the receiver 

circuit, the radio-frequency signal is rectified and used to power the implant device circuit. 

The major difference in this technique is that it uses feedback analysis to maximize the 

power delivered to the load. The power consumed in the implant circuit is depend upon the 

power supply in the transmitter circuit.  In the implant device, the radio-frequency power will 

be delivered across the skin and dissipated into the receiver circuit. The voltage gained in the 

receiver coil is related to the distance “d” between the two coils, which varies with different 

patients.  Feedback analysis is used to figure out the voltage ratio of 𝑉1 (input power) and 𝑉2 

(output power). Figure 11 shows a block diagram for coupled resonators.  

 

Figure 11 Feedback diagram for coupled resonators [11] 

 

From Figure 11, the transfer function can be written as: 

𝑣2(𝑠)

𝑣1(𝑠)
= (

𝐿(𝑠)

1 − 𝐿(𝑠)
) (

1

𝑠𝑀
) (

𝑅𝐿

𝑠𝐶2𝑅𝐿 + 1
) (22) 

From the feedback diagram, the primary coil transfer efficiency can be derived in the terms 

of the Q factor of the transmitter coil and receiver coil, as well as the coupling factor between 

the two coils. The power delivered to the receiver circuit can be split into two parts: the 



14 

 

 

 

 

power delivered to the load network and the power dissipated in the parasitic resistance in the 

receiver coil. 

The ratio of the power delivered to the power dissipated is related by the Q factor of the 

receiver coil and load. The net power efficiency function is related to the transmitter circuit 

transfer efficiency and the power ratio in the secondary circuit. To achieve the maximum 

efficiency, the optimal load can be determined by differentiating of the net power efficiency 

function. The maximum power transfer efficiency with an optimal load is: 

𝜂𝑚𝑎𝑥 =
𝑘2𝑄1𝑄2

(𝑘𝑄1 + 1)(𝑘𝑄2 + 1)
 (23) 

where𝑄1 and 𝑄2  are the quality factor and k  is the coupling factor of two coils. 𝑄1 equals to 

the ratio of reactance to resistance of primary coil. 𝑄2 equals to the ratio of reactance to 

resistance of secondary coil. 

𝑄1 =
𝜔𝐿1

𝑅𝑆1
  ,  𝑄2 =

𝜔𝐿2

𝑅𝑆2
 (24) 

Silay [12] introduced a method to select an optimal load that maximizes the power transfer 

efficiency. From the circuit diagram shown in Figure 12. 

𝑅𝐿𝑜𝑎𝑑,𝑜𝑝𝑡 =
𝑄2𝑅𝑠2√(𝑄2

2 + 1)(𝑅𝑠1 + 𝑅𝑠𝑟𝑐) + 𝑘2𝑄1𝑄2𝑅𝑠1

√𝑅𝑠1 + 𝑅𝑠𝑟𝑐 + 𝑘2𝑄1𝑄2𝑅𝑠1

 
(25) 
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Figure 12 Circuit diagram of biomedical implant [12] 

 

A matching network is added between the transmitter coil and the rectifier circuit to match 

the load impedance. In their example, the input impedance of the rectifier circuit is         

87.25 - j10.35 Ω, while the optimal load is 20Ω.  The matching network is designed to match 

the impedance to 20Ω. The experimental data shows a matching network can improve the 

efficiency from 24.28% to 32.52%. 

 

1.5 Antenna and wearable garments 

The most common antennas are comprised of coils of conductive materials such as copper or 

other low resistance metals, and are therefore rigid compared to the hand of apparel 

garments. It is difficult to combine a rigid element with the flexible garment. Several 

methods have been used to achieve this.    

 

A wireless body-centric communication system based on RFID technology is introduced in 

[13]. The system is comprised of physiological sensors (sensors to measure blood pressure, 

temperature and so on), connected to a computer with a wireless antenna for transmission 
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and reception of data. Wearable radio frequency identification tag antennas operate in the 

860MHz to 960MHz band. The RFID tag antenna is easily integrated into garments to enable 

wireless communication at any time. The mobile system can transfer data and give range of 

power to implanted sensors wirelessly. Figure 13 shows the approach of a wearable antenna 

and an implanted antenna. A wearable antenna is attached on a flexible platform that is 

coupled to an implanted antenna inside the body connected to the sensor to receive and 

transmit data. 

 

Figure 13 Wearable antenna and implanted antenna [13] 

A wearable embroidered RFID tag is durable, flexible and can be easily attached or 

embedded in cloth. It can be fabricated by sewing conductive thread onto fabric. [14]. Figure 

14  shows the embroidered tag on front side and back side. 
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Figure 14 Embroidered RFID tag [14] 

A commercial conductive thread is used to sew along the loop forming a spiral line. Figure 

15 shows the embroidered antenna made from conductive thread. 

 

Figure 15 Embroidered antenna [13] 

 

Wearable antennas can also be used to receive power in addition to data. Instead of using 

physical wires, they are made stretchable through the addition of a thin layer of a 

ferroelastomeric material [15]. The deformable electronic system is comfortable to the skin 

and clothing. A stretchable ferroelastomer backplane is added to the ridged ferrite on the 

transmitter side. The stretchable ferroelastomer backplane is used to restrict the magnetic 

energy and improve the coupling between the two coils. The ferroelastomer backplane is a 

composite, which consists of magnetic particles at a low volume fraction in the elastomer. 
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The mechanical property is dominated by the polymer matrix due to the low volume fraction. 

A liquid metal, galinstan, has been used to fabricate a 5-turn inductor. The same geometry is 

used in the model of rigid coil which is made from enamel-coated copper. Figure 16 shows a 

liquid metal 5-turn inductor on a stretchable backplane next to a rigid coil inductor on a rigid 

backplane. Figure 17 shows magnetic field coupling between the two coils through the 

backplane. 

 

Figure 16  Inductor on stretchable backplane [15] 

 

Figure 17 Magnetic field between two coils [15] 
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Virili [16] introduced wearable electronic modules on textiles based on an antenna design 

that was magnetically coupled to the active circuitry. The antenna based textile material 

operated in a frequency band of 2.4000-2.4835 GHz for wearable electronics and body-

centric communications systems. The primary antenna was made from Flectron™ and black 

foam and the second antenna is made from Dupont Pyralux™ (See Figure 18). A bi-adhesive 

tape insulates the two antennas from shorting. 

The sewing patterns mimicked an RFID tag antenna [17] . The wearable RFID tags were 

integrated into the clothing.  The embroidery tag antennas were sewn by using cotton and a 

multifilament conductive thread. Cotton was used as a substrate, while conductive thread was 

used in fabricating the antenna pattern.  A T-matched dipole was also sewn using conductive 

threads to match the input impedance.  Figure 19 shows the pattern as dipoles. Figure 20 

shows the embroidered pattern as a T-matched dipole. 
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Figure 18 Wearable antennas [16] 

 

 

Figure 19 Embroidered dipoles [17] 
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Figure 20 T-matched dipole [17] 

The wearable wireless power transfer designs reviewed above all use two dimensional planar 

circular conductive threads to fabricate the antenna.  Three dimensional helical resonant coils 

have also been used in wearable wireless power transfer systems [18]. The thin film cell 

consists of three layers, show in Figure 21. The exterior conductor layer forms an inductor 

that captures and generates the magnetic field. The interior layer consists of several 

conductive strips in parallel with the axis of the cell to form capacitors.  
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Figure 21 Helical resonant coil [18] 

 

Figure 22 shows a setup of a wearable wireless power transfer system.  Comprised of a single 

transfer system, one transmitter and multiple receiver coils that are inductively coupled. The 

transmitter coil is placed around the waist, and smaller receiver coils are placed around body 

near implanted or worn devices. The system is used to recharge or power worn or implanted 

devices. 

 

Figure 22 Wearable wireless power transfer system setup [18] 



23 

 

 

 

 

In summary, wireless power transfer technology has been proposed for almost one hundred 

years. Two coil impedance matched systems are commonly used. Inductive coupling is 

mostly used for the short range wireless power transfer.  In wearable systems, this technology 

is used to power biomedical implants or small electronic devices. Circular conductive thread 

on the fabric have also been used to fabricate transmitter coils. 
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CHAPTER 2 INTRODUCTION 

2.1 Wireless power transfer  

Wireless power transfer (WPT) is designed to deliver electrical power to an electrical load 

without connecting the source and load with an electrical conductor. Wireless power transfer 

can be divided into two categories, non-radiative and radiative. Non-radiative type wireless 

transfer is also called near field transfer, while the radiative type is referred to as far field 

transfer. The difference between these two categories is the distance between the transmitter 

and the receiver antenna. In far field transfer, electric and magnetic fields propagate as an 

electromagnetic wave and the two fields are perpendicular to each other and perpendicular to 

the direction of wave propagation. The electromagnetic fields decay slowly as (1/r). The 

nearfield or non-radiative type requires the distance to be smaller than one wavelength. The 

magnetic field exhibits radial dependence and decays very fast as (1/r3) [19]. This thesis 

focuses on inductive coupling which is one of the nearfield wireless power transfer 

techniques.  

 

2.1.1 Inductive coupling 

Inductive coupling or magnetic coupling is one of the most commonly used wireless power 

transfer techniques. Power is transferred between inductively coupled coils. An oscillating 

magnetic field is created by an AC power source in a transmitter coil. The oscillating 

magnetic field goes through the receiver coil and induces an AC voltage.in the receiver coil. 

The power is transferred from the transmitter coil to the receiver coil.  
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2.1.2 Resonant inductive coupling 

Resonant inductive coupling is similar to inductive coupling. The difference between them is 

that capacitors are added into the transmitter and receiver coils to make sure they will 

resonate at the same frequency.  Figure 23 show a basic RLC circuit. The AC power 

oscillates at the resonant frequency between the inductor and the capacitor. The power only 

dissipates through the resistor.  

 

Figure 23 Example of series RLC resonate 

 

2.1.3 Resonate frequency and Q factor 

The resonate frequency ω is determined by the inductor and capacitor. 

𝜔 =
1

√𝐿𝐶
 (26) 

The Q factor (quality factor) is the ratio of the amount of power store in the system 

to the power dissipated. In an RLC circuit the Q factor is defined as: 

𝑄 =
𝜔𝐿

𝑅
 (27) 
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A high Q factor results in a small amount power loss in the system, which implies high 

power transfer efficiency. This is also the reason why wireless power transfer applications 

prefer high frequencies. A high frequency results in the high Q, which can be seen from   

Eqn. (27). There are disadvantages to high frequency applications including cost and health/ 

safety concerns.   

 

2.2 Knitted garment 

Knitting is the most common fabric manufacturing method. In knitting, a fed yarn is 

converted into a new loop at each needle hook. A course or row of loops are formed by 

pulling new loops through the old loops. [20] 

2.2.1 Warp knitting and weft knitting 

There are two kinds of knitting technology: weft knitting and warp knitting. One difference 

between the two knitting technologies is the knitting direction. In warp knitting, yarns are 

knitted in the warp direction, while in weft knitting loops are knitted along a course. Figure 

24 (a) and Figure 24 (b) shows the weft knitting structure on the machine.  In warp knitting, 

the yarns are fed to the needle by separate yarn guides on the guide bar.  Loop formation 

occurs at each needle simultaneously during one knitting cycle.  
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Figure 24 (a) Weft knitting [20] 

 

Figure 24 (b) Warp knitting [20] 
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2.2.2 Rib weft knitting structure  

Four primary weft knitting structures are plain, rib, interlock and purl. The weft rib structure 

was invented in 1755. The simplest rib fabric is a 1×1 rib. One face loop wale and one back 

loop alternatively appear in the structure. The face loop tends to move over and in front of 

the back loop wale, so, the technical face appears on the both sides of the fabric unless the 

fabric is stretched. Figure 25 (a) shows a 1×1 rib structure knitted. where Figure 25(b) is the 

stretched 1×1 rib structure. 

 

Figure 25 (a) 1×1 rib structure on machine [20] 

 

Figure 25 (b) 1×1 rib structure off machine [20] 
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2.2.3 Weft knitting inlay  

An inlaid yarn is never formed into knitted loops in a weft knit fabric, but rather other yarns 

form loops around it as shown in Figure 26. In a double jersey fabric, such as a 1×1 rib, the 

inlaid yarns are trapped inside the face loops and back loops. This is also referred to as a 

tunnel inlay technique, where the inlayed yarn appears as a straight horizontal yarn inside the 

fabric. A fabric with an inlaid yarn lacks flexibility (and extensibility) due to the straight 

inlaid yarn unless the inlaid yarns themselves are elastic. Figure 26 demonstrates the 

simulation of the tunnel inlay (inlaid yarns in 1×2 rib structure). 

 

Figure 26 Tunnel inlay [20] 
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CHAPTER 3 EXPERIMENT 

3.1 Fabricate the wearable garment  

3.1.1 Conductive yarn 

The conductive yarn used in our WPT knitted garment is manufactured by Bekaert Fibre 

Technologies.  It is made of many thin stainless steel filaments twisted together to form a 

thick yarn.  The yarn is not appropriate for our fine gage knitting machines, but can be 

inlayed into the garment. 

Table 1 Fiber Data 

Type Tex (g/1000m) Elongation (%) Linear Resistivity (Ohm/m) 

VN 12/4 ×275 1010 1 6.9 

 

3.1.2 Weft knitting for garment 

A wearable garment was fabricated on a Shima Seiki whole garment computerized flat 

knitting machine. 

To incorporate the conductive yarn with the wearable garment, a tunnel inlay structure was 

used. In an inlay structure, the inlaid yarn is kept straight in the knitting loop. The main 

structure is a 1×1 rib. To fabricate the helical coil to operate as an antenna, the conductive 

yarn is inserted between the front wale and back wale. 

A tubular-shaped rib structure garment was produced on a flat-bed knitting machine in a 

carefully arranged sequence.  First, a single course of 1×1 rib is knitted using both needle 

beds (Figure 27(a)) and is then transferred off onto one single bed as shown in Figure 27(b). 
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The back side is knitted in a similar way. The back side is knitted using the needles on both 

needle beds that were not used during the previous course as shown in Figure 27(c) and then 

the back loops are transferred to the front bed shown in Figure 27(d). The front side and the 

back side of loops form one course of 1×1 rib. 

 

Figure 27(a) 1×1 rib knitted on two needle beds 

 

Figure 27(b) 1×1 rib knitted on two needle beds 

 

Figure 27(c) Next course knitting 
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Figure 27(d) Loops transfer 

After eight courses are constructed, an inlaid yarn is inserted before the loop transfer occurs 

as shown in the Figure 27(e). The loop transfer locks the inlay yarn between the front loops 

and back loops as shown in Figure 27(f).  

 

 

Figure 27(e) Inlay before loop transfer 

 

Figure 27(f) Inlay after loop transfer 
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The inlay creates a helical coil at the bottom of the garment.  Figure 28 and Figure 29 show 

the inlay part in the final garment.  

 

 

Figure 28 Wearable garment 
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Figure 29 Inlay part in the garment 

3.1.3 transmitter coil 

Transmitter coil was made by winding a 12-gauge wire into a 9-inch diameter loop with 28 

turns. The inductance of the coil is 260.7µH and its resistance is 0.5 ohms. 

 

Figure 30 Transmitter coil 
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3.2 Experiment by VNA (Vector Network Analyzer) 

3.2.1 Two port network Z parameter  

 

Figure 31 Two port network 

As two-port network, shown in Figure 31, has four terminals. A port voltage is defined as the 

voltage difference between a pair of terminals with one of the terminals in the pair being the 

reference terminal. Port 1 is on the left side of the diagram, where the port voltage 𝑉1 is 

defined. The current flow entering into the network at the top left terminal is 𝐼1 and it is equal 

to the current leaving the reference terminal. [7] 

The impedance parameters, or Z parameter are defined as: 

[
𝑉1

𝑉2
] = [

𝑍11 𝑍12

𝑍21 𝑍22
] [

𝐼1

𝐼2
] (28) 

3.2.2 Two port network S parameter   

The scattering parameters (S parameters) are defined in terms of the traveling waves on the 

transmission lines attached to the each of the ports of the network as show in Figure 32.   

𝐼1 𝐼2 

𝑉2 𝑉1 
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Figure 32 Two port network with transmission line 

 

The 𝑉+, 𝑉−, 𝐼+ , 𝐼−  are the travelling voltages and currents measured for the forward and 

backward traveling waves. 

𝑆11 =
𝑉1

−

𝑉1
+|

𝑉2
+=0

 (29) 

𝑆21 =
𝑉2

−

𝑉1
+|

𝑉2
+=0

 (30) 

𝑆12 =
𝑉1

−

𝑉2
+|

𝑉1
+=0

 (31) 

𝑆22 =
𝑉2

−

𝑉2
+|

𝑉1
+=0

 (32) 

3.2.3 Vector network analysis 

A VNA (Vector \Network Analyzer) test system enables one to characterize the RF 

performance of radio frequency (RF) and microwave devices to be characterized in terms of 

network scattering parameters. The transmitter coil is placed beneath the garment as shown 

in Figure 33 and connected to a one port of the VNA.  

𝑉1
+ 𝑉2

+ 

𝑉1
− 𝑉2

− 
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Figure 33 Experiment with VNA 
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Figure 34 VNA experiment diagram 
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CHAPTER 4 RESULT AND DISCUSSION 

The transmitter and two garments were tested in the experiment. The basic values that were 

measured are listed in the Table 2 

Table 2 Basic values of coils 

 Turns Diameter(cm) Resistance(ohm) Inductance(µH) 

Transmitter coil 28 23 0.5 260.7 

Receiver coil 

(Black garment) 

12 16.5 135 18 

Receiver coil 

(White garment) 

24 20 223 154 

 

4.1 Maximum power transfer achieved by port parameter  

The distance between the transmitter coil and the receiver coil (garment) is 20 cm. The S 

parameters are determined by VNA analysis from 300kHz to 15MHz. Figure 35 shows a plot 

of the |𝑆21| parameter of the two garments in that frequency range. 

S21 is a scattering parameter, as the voltage ratio between two ports is equal to |𝑆21| [21]. 
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Figure 35  S21 two-port network 

 

Impedance matching can improve the power transfer efficiency. The maximum efficiency 

that can be achieved by impedance matching is discussed in [22]. 

The maximum power transfer efficiency is determined from the Z parameters, which can be 

written in terms of  the measured S parameter. 

𝑍11 =
[(1 + 𝑆11)(1 − 𝑆22) + 𝑆12𝑆21]

(1 − 𝑆11)(1 − 𝑆22) − 𝑆12𝑆21
 (33) 
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𝑍12 =
2𝑆12

(1 − 𝑆11)(1 − 𝑆22) − 𝑆12𝑆21
 (34) 

𝑍21 =
2𝑆21

(1 − 𝑆11)(1 − 𝑆22) − 𝑆12𝑆21
 (35) 

𝑍22 =
[(1 − 𝑆11)(1 + 𝑆22) + 𝑆12𝑆21]

(1 − 𝑆11)(1 − 𝑆22) − 𝑆12𝑆21
 (36) 

The maximum power transfer efficiency is: 

𝜂 =
𝜒

(1 + √1 + 𝜒)2
 (37) 

𝜒 =
|𝑍12|2

𝑅𝑒(𝑍11) ∙ 𝑅𝑒(𝑍22) − 𝑅𝑒(𝑍12)2
 (38) 

𝑅𝑒(𝑍) means the real part of 𝑍,  and 𝐼𝑚(𝑍) means the imaginary part of 𝑍.  The maximum 

power transfer efficiency η is plotted in the Figure 36. 
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Figure 36 Maximum power transfer efficiency 

As shown in Figure 36 Maximum power transfer efficiency the maximum power transfer 

efficiency of 30% can be achieved by choosing an optimal load at a frequency of 8MHz. The 

maximum power is transferred when then load on the transmitter side is equal to Z(opt). 

𝑍(𝑜𝑝𝑡) = 𝑅𝑒[𝑍(𝑜𝑝𝑡)]+ 𝐼𝑚(𝑍(𝑜𝑝𝑡)) (39) 

 

𝑅𝑒[𝑍(𝑜𝑝𝑡)] =
√(𝑅𝑒(𝑍11)𝑅𝑒(𝑍11) + 𝐼𝑚(𝑍12)2) (𝑅𝑒(𝑍11)𝑅𝑒(𝑍22) − 𝑅𝑒(𝑍12)2)

𝑅𝑒(𝑍11)
 (40) 
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𝐼𝑚(𝑍(𝑜𝑝𝑡)) =
𝐼𝑚(𝑍12) ∙ 𝑅𝑒(𝑍12)

𝑅𝑒(𝑍11)
− 𝐼𝑚(𝑍22) (41) 

4.2 Maximum power transfer achieved by Circuit theory 

The following equation can be written by using Kirchhoff's voltage law from Figure 37 

 

Figure 37 Equivalent circuit diagram 

 

𝑉𝑆 = (𝑅𝑆 + 𝑅1)𝐼1 + 𝑗𝜔𝐿1𝐼1 − 𝑗𝜔𝑀𝐼2 − 𝑗
1

𝜔𝐶1
𝐼1 (42) 

−𝑗𝜔𝑀𝐼1 + 𝑗𝜔𝐼2𝐿2 + (𝑅𝐿 + 𝑅2)𝐼2 − 𝑗
1

𝜔𝐶2
𝐼2 = 0 (43) 

𝑀 = 𝑘√𝐿1𝐿2 (44) 

ω = 2π𝑓 (45) 

𝑉𝑆 and 𝑓 are the Laplace transformed voltage and frequency of the AC source.  𝑅𝑆 is the 

source resistance. 𝑘 is the coupling factor of two coils.   𝑅1and 𝐿1 are the resistance and 



44 

 

 

 

 

inductance of the primary coil. 𝑅2and 𝐿2 are the resistance and inductance of the secondary 

coil. 𝐶1 and 𝐶2 are the capacitance in the primary and secondary coil.  

𝐶1 and 𝐿1 form the resonator. The resonate frequency 𝑓 equals: 

𝜔 =
1

2𝜋√𝐿1𝐶1

=
1

2𝜋√𝐿2𝐶2

 (46) 

So, 

𝑗𝜔𝐿1𝐼1 − 𝑗
1

𝜔𝐶1
𝐼1 = 0 (47) 

𝑗𝜔𝐿2𝐼2 − 𝑗
1

𝜔𝐶2
𝐼2 = 0 (48) 

The circuit equation simplifies to: 

𝑉𝑆 = (𝑅𝑆 + 𝑅1)𝐼1 − 𝑗ω𝑀𝐼2 (49) 

−𝑗ω𝑀𝐼1 + (𝑅𝐿 + 𝑅2)𝐼2 = 0 (50) 

The ratio of  𝐼1 and 𝐼2: 

𝐼2

𝐼1
=

𝑗𝜔𝑀

𝑅𝐿 + 𝑅2
 (51) 

Substitute  𝐼1 with 𝐼2 

𝑉𝑆 =
(𝑅𝑆 + 𝑅1)(𝑅𝐿 + 𝑅2)

𝑗𝜔𝑀
𝐼2 − 𝑗ω𝑀𝐼2 (52) 

𝐼2 =
𝑗𝜔𝑀𝑉𝑆

(𝑅𝑆 + 𝑅1)(𝑅𝐿 + 𝑅2) + 𝜔2𝑀2
 (53) 

The power transfer efficiency: 

𝜂 =
𝑃𝐿

𝑃𝑠
=

𝐼2
2𝑅𝐿

𝐼1𝑉𝑠
=

𝜔𝑀

𝑅𝐿 + 𝑅2
∙

𝜔𝑀𝑅𝐿

(𝑅𝑆 + 𝑅1)(𝑅𝐿 + 𝑅2) + 𝜔2𝑀2
 (54) 
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𝜂 =
𝜔2𝑀2𝑅𝐿

(𝑅𝑆 + 𝑅1)(𝑅𝐿 + 𝑅2)2 + 𝜔2𝑀2(𝑅𝐿 + 𝑅2)
 (55) 

𝜂 =
𝜔2𝑀2𝑅𝐿

(𝑅𝑆 + 𝑅1)𝑅𝐿 + 2𝑅2(𝑅𝑆 + 𝑅1) + 𝜔2𝑀2 +
𝜔2𝑀2𝑅2 + (𝑅𝑆 + 𝑅1)𝑅2

2

𝑅𝐿
)

 
(56) 

When 
𝑑𝜂

𝑑𝑅𝐿
= 0, 𝜂 𝑔oes to the maximum  

𝑅𝐿 = √
(𝑅𝑆 + 𝑅1)𝑅2

2 + 𝜔2𝑀2𝑅2

(𝑅𝑆 + 𝑅1)
 (57) 

 

4.3 Conclusion and future work 

A wearable knitted garment was constructed on a Shima Seiki whole garment machine with 

an inlaid stainless steel yarn to demonstrate the feasibility of achieving high power transfer 

over moderately large distances to power wearable devices.  This garment is capable of being 

washable and can receive power wirelessly from a powered primary coil over a distance of 

20cm with a theoretical efficiency of 30%.  Compared with other powering technologies, this 

technique can output a larger amount of power with a flexible garment without any ridge 

parts, such as coils. 

The largest factor that affects WPT efficiency is the resistance in the secondary coil. If a 

conductive yarn with lower resistance be used when fabricating the garment, a higher 

efficiency can be easily achieved. The configuration of the secondary coil also can be 
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designed to achieve higher coupling factor and a higher Q factor which also can improve the 

power transfer efficiency.  
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