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INDUCTOR-ON-SILICON DESIGN FOR ENERGY HARVESTING POWER CONVERSION 
The purpose of this work is to investigate the possibility of using integrated inductors-on-silicon in DC-DC converters for low-
voltage, low-power energy harvesting (EH) applications. This involves: 
• Examining existing power conversion solutions for low power EH sources such as dye-sensitised solar cells (DSSCs). 
• Proposing  2 different inductor structures, racetrack [1] and solenoid inductor [2], as seen in Figure 1.  
• Examining the loss breakdown and efficiencies of the inductors and the overall efficiency of the boost converter. 
 
  

Figure 1: Comparison of racetrack and solenoid inductors for various inductance values. 

Figure 2: Boost converter DCM operation (a) input capacitor voltage, (b) detailed circuit waveforms during Tboost. 
 

CONVERTER OPERATION 
Inductor based switching converters have been found to have high efficiencies, up to 77%, for low-power, low-voltage energy 
harvesting sources. However, to date, the inductor is a limiting factor to full integration in power-supply-on-chip due to the 
relatively low switching frequencies considered (< 1MHz) and therefore the high inductance values required. 
 
Due to the low-power levels involved in an energy harvesting powered system, measures to improve conversion efficiency 
include discontinuous conduction mode (DCM) of the inductor and burst mode operation of the converter. Burst mode control is 
often based on maintaining the source voltage at its maximum power point (MPP) as shown in Figure 2 for a DSSC source. 
Current mode control is applied to ensure DCM operation during the converter on-time.   
 
The combination of DCM and burst mode operation enable the selection of a smaller inductor than with CCM converter 
operation, because the ripple current is very high relative to the source current.  
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INDUCTOR DESIGNS 
As discussed, by increasing the converter switching frequency and the peak current of the inductor, the inductance required is 
reduced. Figure 3 shows the inductance required for different peak inductor currents and switching frequencies to maintain 
boundary conduction mode for an input voltage of Vin = 0.4 V and an output voltage of Vout = 3.3 V with different peak current 
settings of a current controller. 
 
It should be noted that due to burst mode operation, the source current, Is, may be quite low relative to the peak current, ∆I; e.g. 
Is = 1 mA for a 25 cm2 DSSC. Therefore, magnetic saturation, Bsat, and AC winding and core losses tend to be limiting factors in 
inductor design. Figure 3 (b) shows design equations for the inductor where 𝑣𝑣𝑘𝑘 is the core thickness to skin depth ratio at the 
switching frequency, fsw; 𝐻𝐻𝑘𝑘 is the AC magnetic field amplitude at the kth harmonic; 𝜌𝜌𝑐𝑐 is the resistivity of the core and ∆𝐵𝐵𝑝𝑝𝑝𝑝 is 
the peak-to-peak core flux density. 
 

,  

Figure 3: (a) Inductance vs. frequency for various peak inductor currents, (b) inductor-on-silicon design equations. 
 

Table 1: Key inductor parameters for the different structures and designs. 
 
 

COMPARISON OF DESIGNS 
Table 1 shows key parameters for three inductor designs each for racetrack and solenoidal structures, corresponding to peak 
currents of 40, 100 and 200 mA at 20 MHz. To enable a fair comparison between inductors the winding thickness/winding 
spacing of the racetrack inductor is set to 30 µm/ 15 µm and the solenoid is set to 15 µm/ 15 µm. The racetrack inductor has a 
single core lamination with a maximum thickness of one skin depth (4.5 µm) while the solenoid inductor has two core 
laminations (up to 2×4.5 µm). This means that both the racetrack and solenoid inductors are similar in terms of processing steps 
required to produce a core and overall device height.  
 
All inductors were optimised for full load efficiency within a fixed footprint area of 1 mm2 with the exception of the 440 nH 
racetrack inductor. The number of turns, winding width, core thickness, and core aspect ratio were optimised using the Ferrochip 
Design Studio. 
 
An interesting point to note is that the 440 nH racetrack inductor cannot be achieved within a footprint area of 1 mm2 due the 
required inductance and core material constraints.  
  

• ∆𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚=  𝐵𝐵𝑠𝑠𝑚𝑚𝑠𝑠 .
∆𝐼𝐼

𝐼𝐼𝑑𝑑𝑑𝑑+ ∆𝐼𝐼 2⁄
 

• 𝑃𝑃𝑚𝑚𝑐𝑐 =  ∑ 𝑅𝑅𝑚𝑚𝑐𝑐,𝑘𝑘
𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚
𝑘𝑘=1  𝐼𝐼𝑘𝑘,𝑟𝑟𝑚𝑚𝑠𝑠
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• 𝑃𝑃𝑑𝑑𝑐𝑐 = 𝑅𝑅𝑑𝑑𝑐𝑐 . 𝐼𝐼𝑑𝑑𝑐𝑐2  

• 𝑃𝑃𝑒𝑒 = 2 𝜌𝜌𝑑𝑑 . 𝐶𝐶𝑤𝑤+ 𝐷𝐷ℎ 𝐶𝐶1
𝐶𝐶𝑡𝑡

 ∑ 𝑣𝑣𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚
𝑘𝑘=1  sinh(𝑣𝑣𝑘𝑘)− sin(𝑣𝑣𝑘𝑘)

cosh(𝑣𝑣𝑘𝑘)+ cos(𝑣𝑣𝑘𝑘)
 𝐻𝐻𝑘𝑘2 

• 𝑃𝑃ℎ𝑦𝑦𝑠𝑠 = 𝐾𝐾 . 𝑓𝑓𝑠𝑠𝑠𝑠 . (∆ 𝐵𝐵𝑝𝑝𝑝𝑝
2

)𝛽𝛽 .𝑉𝑉𝐶𝐶 

Inductor Losses [1] 
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CIRCUIT ANALYSIS 
The inductor-on-silicon loss equations featured in Figure 3 are taken from [1] while the standard boost converter losses of Figure 
4 include MOSFET conduction and switching losses.   
  

 
 
 
 
 

Figure 4: Equations for boost converter loss analysis.  
 
 

Figure 5: (a) Inductor loss breakdown and (b) inductor efficiency and overall converter efficiency vs peak current. 
 
 

LOSS ANALYSIS 
Figure 5(a) shows a breakdown of the inductor losses and (b) the inductor and boost converter efficiencies operating in DCM 
burst mode with the inductors of Table 1. It is clear to see that the solenoid inductor outperforms the racetrack inductor for all 
inductance values, peak current values and footprint sizes considered.  

CONCLUSIONS 
The efficiency values shown in Figure 5(b) show that a boost converter featuring a racetrack or solenoid inductor can achieve 
higher efficiency values than the existing boost converters efficiency (with discrete inductors) of 72-77%, and the efficiency of 
other on-chip solutions such as a charge pump design with an efficiency of 50-65%. Solenoidal designs are superior to racetrack 
designs, mostly due to their improved core performance within a footprint of 1 mm2. 
 
Future work will investigate the feasibility of integrating the inductors with suitable semiconductor switches. 

• 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀_𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑 =  𝐼𝐼𝑅𝑅𝑀𝑀𝑀𝑀2  𝑅𝑅𝐷𝐷𝑀𝑀 𝑐𝑐𝑐𝑐  

• 𝑃𝑃𝑝𝑝𝑚𝑚𝑐𝑐𝑠𝑠 = 𝑠𝑠𝑠𝑠𝑤𝑤,𝑜𝑜𝑜𝑜 𝑉𝑉𝑜𝑜𝑜𝑜𝑡𝑡 𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑘𝑘 𝐹𝐹𝑠𝑠𝑤𝑤
2

 

• 𝑃𝑃𝑐𝑐𝑚𝑚𝑐𝑐𝑠𝑠 =
𝑠𝑠𝑠𝑠𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜 𝑉𝑉𝑜𝑜𝑜𝑜𝑡𝑡 𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑘𝑘 𝐹𝐹𝑠𝑠𝑤𝑤

2
 

Boost Converter Losses 
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