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Abstract— In this paper, a novel 4-Coil strongly-coupled-magnetic-resonance (SCMR) system for wirelessly powering 
miniaturized biosensors and implanted devices is proposed and analyzed. The receiver (Rx) coil is a tiny hair-pin inductor of 
110 m on a lossy silicon substrate, and the relatively large transmit (TX) coil is of a diameter of 1.4 mm designed on a FR4 
substrate. The 4-coil SCMR system has a TX coil, a RX coil and two relay coils between them, where the closest distance 
from the relay coil to the RX coil is fixed at 1 mm. The 4-coil SCMR system is then compared with a corresponding 2-coil 
resonant inductive coupling system, where the RX-to-TX coil spacing is also kept at 1 mm. The RX coil for each system is 
identical, consisting of a tiny on-chip inductor used for energy harvesting to power up miniature devices. This 2-coil system 
is compared with the 4-coil system on the wireless power coupling efficiency, where the Tx and RX coils for each system 
are connected to their respective resonant tuning capacitors to resonate at 5.8 GHz. 3-Dimensional electromagnetic (EM) 
simulations show the optimized 4-coil system consistently outperforms the optimized 2-coil system in wireless power 
transfer (WPT) by 5-6 dB, reaching an impressive a wireless power coupling of ~ -26.5 dB unto the tiny RX coil. 

 
Keywords— Inductive Power Coupling, Resonant inductive coupling, Strongly Coupled Magnetic Resonance (SCMR), 
Wireless Power Transfer (WPT). 

 
 

I. INTRODUCTION 
 
Wireless Power Transfer (WPT) was demonstrated in 
1894 when Nikola Tesla used resonant inductive 
coupling to wirelessly light up phosphorescent and 
incandescent lamps [1]. Today wireless resonant 
inductive coupling is routinely used for powering up 
many commercial medical implantable devices, such 
as for cochlear implants [2]. In 2007, M. Soljacic et 
al. experimentally demonstrated efficient 
nonradiative power transfer over distances up to 8 
times the radius of the coils using strongly coupled 
magnetic resonance (SCMR), and transferred 60 
watts with ∼40% efficiency over distances in excess 
of 2 meters. [3]. Therefore, a power-efficient design 
of miniaturized WPT system could enable 
advancement in many areas such as wearable 
biosensors, mobile computing, RFID, and novel 
implantable devices. Recently, the traditional 2-coil 
inductive power transfer systems have been studied 
for over twenty years and with numerous 
accomplishments, particularly in the field of electric 
vehicle charging applications. It is significant to 
research the WPT system architecture with multi-
coils, because it can extend the transfer distance with 
same efficiency [3]. Zhang et al. [4] and Kim et al. 
[5] analyzed the transfer characteristics of WPT 
system architecture with multi-relay coils based on 
circuit mode theory. Kim et al. [5] pointed out that 
either a coaxially arranged relay coil or a 
perpendicularly arranged relay coil can improve the 
system transfer efficiency considerably. Zhong et al. 
[6] analyzed the transfer characteristics of multi-relay 
coils system based on circuit mode theory, which is 
arranged coaxially, non-coaxially and circularly. 

Inductive coupling is an old and well-understood 
method of WPT. The source drives a primary coil, 
creating a sinusoidally varying magnetic field, which 
induces a voltage across the terminals of a secondary 
coil, and thus transfers power to a load. Inductive 
couplings used, for example, to power RF ID tags and 
medical implants [7, 8]. A common technique for 
increasing the voltage received by the device to be 
powered is to add a parallel capacitor to the 
secondary coil to form a resonant circuit at the 
operating frequency [8].In this paper we use a special 
case of inductive coupling, namely the SCMR as 
proposed in [3] to improve WPT from a transmitting 
Coil (TX) to a receiving coil (RX) with two relay 
coils placed in between them. We will show the use 
of relay coils increases the power coupling between 
TX and RX coils than the traditional 2-coil resonant 
system by a factor of 3 to 4 as shown in the 
simulation results in section 2 and section 3. 

 
M12

Figure 1: Series-Parallel circuit Model for 2-coil system 
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II. TWO-COIL RESONANT SYSTEM DESIGN 
AND SIMULATION  

 
2.1. Architecture Design and Specifications 
WPT can be achieved by transferring RF power over 
an air gap using on coupled TX-RX coils in a 
resonant circuit. When two coils are tuned to be 
resonant at the same frequency, there can be a highly 
efficient transfer of power. The most common 
resonant transfer circuit consists of a series tuned 
transmitting circuit and a parallel tuned receiving 
circuit (i.e., series-parallel system) as shown in Fig. 1 
with a load resistance of R4=232 Ω and R3 is 
assumed to be 0.5 Ω which is the trace resistance to 
connect to RX tuning cap C2 and operated at a 
frequency of 5.8 GHz. The two-coil system has a 
high Q TX coil of 1.4 mm in diameter, with 28 m 
thick and 30 m wide Cu metal, placed on the 1 mm 
thick FR4 substrate.. The WPT efficiency depends on 
the coupling coefficient (k) between the inductors and 
their quality factors (Q). k is dependent on the 
distance between the coils, the ratio of the sizes of the 
coils, the shape of each coil and the angle between 
them. The L and Q simulations of the TX coil and the 
RX coil is done in ANSOFT HFSS taking substrate 
model into account. The L and Q are extracted from 
Y-parameters as: 
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,where  is the resonant frequency and IM and RE 
are the imaginary and real parts of the values, 
respectively. The simulated inductance of the TX coil 
is 2.57 nH with a high Q of 76.2. The RX coil is an 
on-chip tiny inductor on a realistic lossy silicon 
substrate and the complete stack for the RX coil is 
shown in Fig. 2.  

Series-parallel compensation architecture is 
chosen for the 2-coil resonant system. The circuit R’s 
and C’s are calculated knowing L’s and Q’s as shown 
from equations (2)-(7) [9, 10]: 

 

																									퐶1 =
1

퐿1 × 휔 																																							(2) 

																								퐶2 =
1

퐿2 × 휔 																																								(3) 

										푅푆 = 푅1 = 퐿1 퐶1⁄ 푄1																																			(4) 

																					푅2 = 퐿2 퐶2⁄ 푄2 																																		(5) 

																						푅4 = 퐿2 퐶2⁄ × 푄2																															(6) 

																				퐾 = 푀 × √퐿1 × 퐿2																												(7) 
 

On the TX side, Vs works as an AC source. In a 
resonant system with high Q, this is a narrow band 

system with negligible high order harmonics under 
steady state. From [9], the input impedance is: 

 

										푍 = 푅푠 + 푗휔퐿1 +
1

푗휔퐶1 + 푅1 + 푍 											(8) 

, where Zre is the reflected impedance from the RX 
side. Taking mutual inductance model into account, 
the reflected impedance in a series-parallel 
compensation wireless power transfer system is given 
by equations (11)-(12): 
 

		푍 = 	
휔 푀

푗휔퐿2 + 푅2 + 1
푗휔퐶2 + 푅3 ‖푅4

																	(9) 

 

								=
휔 푀

푗휔퐿2 + 푅2 +
푅4 × 1

푗휔퐶2 + 푅1
1

푗휔퐶2 + 푅3 + 푅4

															(10) 

 

 
Figure 2: On-Chip coil (TX coil) metal stack 

The power transferred from TX side to RX side to a 
load of 232Ω is: 

 
																																푃 = 푅푒{푍 }. 퐼 																												(11) 
The series-parallel circuit model for the 2-coil system 
was simulated in ANSOFT MAXWELL and co-
simulated with ANSOFT SIMPLORER for power 
transfer as shown in Fig. 3. 

 

 
Figure 3: ANSOFT SIMPLORER/MAXWELL simulation of 

2-coil wireless power transfer system. R2=1.1 Ω; C2=0.292 pF; 
R3=1.1 Ω; L1=2.57 nH; R4=1.5 Ω; L2=0.68nH; C1=1.05pF; 

R1=232 Ω; R5=0.5 Ω 
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 The tuning caps for the TX and RX coils help the 
entire system to resonate at 5.8 GHz. The simulated 
max. power coupling of the 2-coil system is shown in 
Fig. 4. Simulated mutual inductance for 2-coil system 
is M12= 2.617pH and the k factor is calculated as 

푘 =
√ .

 =0.001979. Parameters of two-coil 
system is shown in Table 1. The complete stack of 
the 2-coil system is in Fig. 5. 

 

 
Figure 4: 2-coil simulated power coupling for 1mm distance 

Table1: Parameters for 2-coil system 

 
 

 
Figure 5: 2-coil system setup in ANSOFT HFSS/MAXWELL 

 
III. FOUR-COIL SCMR SYSTEM DESIGN AND 
SIMULATION  
 
3.1. Architecture Design and Specifications 
  
The circuit for the 4-coil SCMR system is shown in 
Fig. 6. In this system series-parallel compensation 
architecture is used at the TX-RX sides similar to the 
2-coil resonant system. Besides C1 and C2, no tuning 

caps are used, esp. not for the 2 relay coils (i.e., coils 
#2, #3) placed in between the TX and RX coils. 

M14

M12 M23 M34

Figure 6: 4-coil SCMR circuit model 
 
The two relay coils are used to improve WPT without 
changing the TX and RX coil inductances. The 
parasitic resistance of the relay coils does not play a 
key role in this SCMR system as the coils are not 
connected to tuning caps. Neglecting the internal 
resistances for relay coils, the reflected impedance to 
TX side is given by: 

																			푅 	 → = 	
푀
푀 × 푅4																									(13) 

Each relay coils is 3 mm x 3mm.  TX coil in the 4-
coil system is identical to the one shown in the 2-coil 
system with the same Q. The analytical analysis of 
the power transferred from TX coil to RX coilin the 
4-coil SCMR system is more complicated than the 2-
coil system and only the EM simulations data is 
shown. The circuit is simulated in ANSOFT 
MAXWELL and co-simulated with ANSOFT 
SIMPLORER for power transfer as shown in Fig. 7.  

 
Figure 7: ANSOFT SIMPLORER/MAXWELL simulation of 

4-coil SCMR wireless power transfer system R2=1.1 Ω; 
C2=0.29 pF; R3=1.1 Ω; L1=2.57nH; R4=1.5 Ω; L2=0.68nH; 

C1=1.1pF; R1=232Ω; R5=0.5Ω; R6=R7=19 Ω; L3=L4=5.9 nH 

RX coil here has the same stack as 2-coil system. 
The dielectric between the Coil #1 and Coil #2, and 
Coil #2 and Coil #3 is also the same FR4 substrate 
and has a thickness of 0.3 mm each. The circuit 
elements are calculated similar to the 2-coil system. 
The power coupling of the 4-coil system is simulated 
as shown in Fig. 8. The complete setup of the 4-coil 
system is shown in Fig. 9. Parameters for the 4-coil 
SCMR system are shown in Table 2. From the data 
shown here, 4-coil SCMR improves power coupling 
by 5.3 dB vs. the corresponding 2-coil system. The 
simulated Q of each of the relay coil is 11.34 and the 
inductance is 5.9 nH. Calculated resistance of the coil 
is 19 Ω by using Eq. 4. Even if the relay coil were to 
have a very low Q of 2.14, which corresponds to a 
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parasitic resistance of 100 Ω, the simulated power 
coupling for the SCMR 4-coil system would be -
26.08 dB, which is still ~5 dB higher power coupling 
than the corresponding 2-coil system. This is good for 
realistic implementation of our SCMR system. 
Finally, preliminary data suggests 4-coil power 
coupling can still be improved by optimizing the coils 
design, which will be reported in future publications. 

 
 

 
Figure 8: 4-coil SCMR system simulated power coupling for 

1mm distance 

 

 
Figure 9: 4-coil SCMR system setup in ANSOFT 
HFSS/MAXWELL; TOP View (UP); Cross-section (DOWN) 

 
CONCLUSIONS 
 
The 3-D EM simulations presented in this work have 
consistently shown that the tuned 4-coil SCMR 
system achieves a ~5 to 6 dB improvement over the 
corresponding optimal 2-coil system for wireless 
power transfer. Therefore, we conclude a well-
designed 4-coil SCMR system should outperform the 
corresponding 2 coil system by transferring about 
three to four times more power wirelessly to the RX 
on-chip coil at 1 mm away. The authors believe this is 
the first report of miniaturized 4-coil SCMR system that 
shows practical wireless power coupling values (say, -26.5 

dB) for potentially powering up tiny biosensors and 
implantable devices. 
 

Table2: Parameters for 4-coil SCMR system 
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