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Abstract - This paper presents a 5V input DC-DC converter 

using a proposed dual-path structure. By leveraging the 

benefits of a multi-path architecture, the converter reduces 

inductor’s DC current. The topology comprises one inductor, 

eight power switches, and four flying capacitors, with each 

path including two to three power switches in series. This 

structure reduces the inductor’s DC current stress, enabling 

the use of a compact inductor without sacrificing efficiency. 

The proposed converter supports a voltage conversion ratio 

(VCR) range of 0 to 1 and is implemented in TSMC 180nm 

BCD process, occupying a 3.55 mm × 2.36 mm silicon area. 

Keywords— Hybrid DC–DC converter, multi-path, Step 
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I. INTRODUCTION 

As the demand for higher current in system-on-chip 

(SoC) devices, particularly in wearable and IoT 

applications, continues to rise, conduction losses in 

inductors have become a key factor limiting overall 

efficiency.[1] These losses are proportional to the square 

of the RMS current (Irms²) multiplied by the DC resistance 

of the inductor (RDCR).[2] To address this challenge, we 

introduce a hybrid dual-path topology incorporating flying 

capacitors, which helps lower both the voltage and current 

stresses on the inductor.  

Hybrid DC-DC converters have attracted considerable 

interest due to their capability to support a wide output 

voltage range without compromising efficiency. While 

these converters may require larger area footprints and 

exhibit slower load transient responses, they provide 

greater voltage flexibility compared to switched capacitor 

(SC) converters and low dropout (LDO) regulators. Hybrid 

converter topologies are particularly well-suited for 

applications requiring precise voltage regulation and the 

ability to deliver high current efficiently. 

II. PRIOR WORKS AND PROPOSED CONVERTER

A. Prior Works

In recent years, there has been increasing research into

dual-path (DP) and multi-path hybrid buck converters, 

especially for compact systems that use small inductors. 

These designs are beneficial in reducing inductor DC 

resistance (DCR) losses and alleviating stress on the 

switches. However, current topologies often face a 

compromise between minimizing the inductor DC current 

and managing the discharge current of the flying capacitors. 

(a) 

(b) 
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(c) 
Fig. 1. Basic Dual path Hybrid DC-DC Converter operation topology (a) 

during charge phase (b) discharge phase (c) inductor current and flying 

capacitor current graph.[3] 

Fig. 1 illustrates the fundamental topology of a dual-

path hybrid DC-DC converter, demonstrating how charge 

is transferred across both power stages and the 

corresponding inductor current waveforms. Unlike 

conventional converters with a single current path, the 

dual-path configuration allows current to flow through 

both the inductor and capacitors, thereby reducing the 

inductor current and its associated losses. This, in turn, 

enables the use of inductors with higher RDCR. 

B. Proposed Work

Fig. 2. Proposed Multi-path Hybrid DC-DC Converter top diagram. 

  Fig. 2 shows the circuit diagram of the proposed multi-

path converter. The proposed converter includes one off-

chip inductor and four off-chip capacitors in the power 

stage. The power stage consists of 8 power switches, and 

it basically operates in two phases: Φ1, Φ2. 

During the two-phase operation, the output current is 

delivered through the inductor path and capacitor path. The 

power stage is controlled by voltage mode control using 

Type-III compensation. The duty signal is generated by the 

duty generation circuit which consists of an error amplifier, 

comparator, sawtooth generator, and digital logic, 

including minimum duty generation circuit. 

(a) 

(b) 
Fig. 3. Proposed Multi-path Hybrid DC-DC Converter Operation 

topology (a) Phase 1 (b) Phase 2. 

Fig. 3 shows the operation topology during its operating 

phase. During the first phase which lasts for the duration 

𝐷 ∙ 𝑇𝑆  the power stage is connected to Vin. During this

phase the inductor is energized, CFLY1 charges, and CFLY2, 

CFLY3, CFLY4 discharge. In phase 2 which lasts for 
(1 − 𝐷) ∙ 𝑇𝑆 , the inductor is de-energized, CFLY1

discharges, charging CFLY2, CFLY3, and CFLY4. As the 

power stage has a multi path structure, the inductor DC 

current is reduced. When a heavy load condition occurs, 

the primary cause of efficiency degradation in the DC-DC 

converter is conduction loss (ILoad² × RLoss), where RLoss is 

the total resistance, typically consisting of the power 

switch's on-resistance (RON) and the inductor DC 

resistance. Additionally, chip inductors tend to have a 

much larger RDCR compared to RON. Therefore, reducing 

the inductor current helps to minimize efficiency losses. 

  We can derive the voltage conversion ratio (VCR) of the 

proposed topology using inductor voltage second balance 

equation. As shown in Fig. 3 (a) the voltage across the 

inductor 𝑉𝐿 is 𝑉𝐼𝑁 − 𝑉𝑂𝑈𝑇  during Φ1. The inductor slew

rate (SR) for Φ1 is therefore

𝑆𝑅Φ1
=

𝑉𝐿

𝐿
=

𝑉𝐼𝑁 − 5𝑉𝑂𝑈𝑇

𝐿
(1) 

Fig. 3 (b) shows Φ2, and 𝑉𝐿 is −2𝑉𝑂𝑈𝑇 . The inductor

slew rate (SR) for Φ2 is therefore

𝑆𝑅Φ2
=

𝑉𝐿

𝐿
= −

𝑉𝑂𝑈𝑇

𝐿
   (2) 
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By applying the inductor volt-second balance rule, the 

sum of the volt-seconds over one complete switching cycle 

must be zero which leads to 

SR1 ∙ (D ∙ TS) + SR2 ∙ ((1 − D) ∙ TS) = 0
(3) 

(
𝑉𝐼𝑁−𝑉𝑂𝑈𝑇

𝐿
) ∙ 𝐷 ∙ 𝑇𝑆 + (−

2𝑉𝑂𝑈𝑇

𝐿
) ∙ (1 − 𝐷) ∙ 𝑇𝑆 = 0  (4)

(𝑉𝐼𝑁 − 𝑉𝑂𝑈𝑇)𝐷 − 2𝑉𝑂𝑈𝑇(1 − 𝐷)  =  0

(5) 

𝑉𝐶𝑅 (
𝑉𝑂𝑈𝑇

𝑉𝐼𝑁
)   =

𝐷

2−𝐷
(0 ≤ 𝐷 ≤ 1)   

(6) 

∴  0 ≤ 𝑉𝐶𝑅 ≤ 1 

  From this we can see that VCR is always between 0 and 

1, providing a flexible and efficient voltage conversion 

ratio. This ability to support a wide VCR enables the 

converter to efficiently operate across a variety of input 

and output voltage conditions, making it well-suited for 

diverse applications requiring both high efficiency and 

wide voltage regulation. 

In order determine the average inductor current ( 𝐼𝐿 )

relative to 𝐼𝐿𝑜𝑎𝑑 , we apply the principle of power

conservation, assuming ideal converter efficiency. 

 𝑃𝐼𝑁  =  𝑃𝑂𝑈𝑇 (7) 

𝑉𝐼𝑁 ∙ 𝐼𝐼𝑁  =  𝑉𝑂𝑈𝑇 ∙ 𝐼𝑂𝑈𝑇 (8) 

𝐼𝐼𝑁 is the average current drawn from the input source

which is the sum of all average current s drawn from the 

input. The input current during Φ1 and Φ2 are

𝐼𝐼𝑁,Φ1  =  𝐼𝐿,Φ1 + 𝐼𝐶,Φ1     (9) 

𝐼𝐼𝑁,Φ2  =  𝐼𝐶,Φ2 (10) 

  Therefore the total average current is 

𝐼𝐼𝑁  =  𝐷 ∙ 𝐼𝐼𝑁,Φ1 + (1 − 𝐷) ∙ 𝐼𝐼𝑁,Φ2    (11)

𝐼𝐼𝑁 = 𝐷 ∙ 𝐼𝐿 + [(𝐷 ∙ 𝐼𝐶,Φ1 + (1 − 𝐷) ∙ 𝐼𝐶,Φ2)]  (12)

By the principle of capacitor charge balance (CCB), the 

net charge drawn by any flying capacitor over a full cycle 

must be zero in steady-state. Therefore, the bracketed term 

equals zero. This will lead to 

𝐼𝐼𝑁  =  𝐷 ∙ 𝐼𝐿             (13)

Substitute this result back into the power balance 

equation, 

 𝑉𝐼𝑁 ∙ (𝐷 ∙ 𝐼𝐿) =  𝑉𝑂𝑈𝑇 ∙ 𝐼𝐿𝑜𝑎𝑑 (14) 

By substituting VCR derived before shows the 

relationship of 

𝐼𝐿 =  
1

𝐷
∙

𝑉𝑂𝑈𝑇

𝑉𝐼𝑁
∙ 𝐼𝐿𝑜𝑎𝑑 =

1

2−𝐷
∙ 𝐼𝐿𝑜𝑎𝑑 (15) 

This equation demonstrates the key benefit of the 

proposed topology: since the duty cycle D is always less 

than 1, the denominator (2 - D) is always greater than 1. 

Consequently, 𝐼𝐿  is always smaller than the 𝐼𝐿𝑜𝑎𝑑 , which

directly reduces the conduction losses associated with the 

inductor's DCR. 

The deadtime generator generates the non-overlapping 

𝑉𝑃𝑊𝑀1  and 𝑉𝑃𝑊𝑀2  signals, which defines Φ1  and Φ2 .

It inserts a dead-time between these signals, ensuring that 

a switch in a complementary pair is fully turned off before 

the other begins to turn on to avoid direct connection from 

𝑉𝐼𝑁 to 𝑉𝑆𝑆, thereby preventing shoot-through current.

III. RESULTS AND DISCUSSION

(a) 

(b) 

Fig. 4. Simulated waveform of Proposed Multi-path Hybrid DC-DC 
Converter (a) VOUT and (b) Inductor current when VOUT = 1.21 V, 1 V, 

591 mV. 

The switching frequency of the proposed converter is 1 

MHz, the off-chip inductor value is 4.7 μH which has a 

value of DCR is 313 mΩ, and the off-chip flying capacitor 

each has a value of 4.7 μF where the output capacitor has 

a value of 10 μF. Fig. 4. shows a simulated VOUT and IL 

waveform of the proposed converter. With a duty ratio of 

0.38, 0.33, 0.21 the output voltages were measured at 1.21 

V, 1 V, 591 mV respectively. Fig. 4(b) shows the 

waveform of inductor current. Each current is shown for 

VOUT = 1.2 V, 1 V, 591 mV. The load was fixed as a 0.4Ω 
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resistor, leading currents for each voltage were 510mA, 

450mA, 130mA. The inductor DC current is 305 mA, 240 

mA, 65.5 mA which is significantly reduced compared to 

conventional buck converters by the figure of 40%, 46%, 

49% respectively, following the inductor current reduction 

equation. 

Fig. 5. Chip Layout 

  Fig. 5 shows the layout of the proposed multi-path 

hybrid DC-DC converter. To handle high load currents, the 

power switches are designed with an appropriately large 

size. These switches are positioned along the pad lines in a 

way that minimizes the length of the power delivery metal 

traces, which helps reduce parasitic resistance and 

improves the overall efficiency of the power conversion 

process. 

  To optimize the balance between conduction loss and 

switching loss, the size of the power transistors is carefully 

selected to minimize overall energy loss. The control 

circuitry is placed centrally in the chip layout to shorten 

the routing paths for control signals to the power stage, 

thereby enhancing signal integrity and response time. 

Furthermore, the phase generator block, which is 

implemented in digital logic, is strategically positioned to 

ensure proper timing alignment between the control 

circuitry and the corresponding switching cells. The total 

area of the implemented design is approximately 4.58 mm². 

An off-chip inductor was implemented with inductance of  

IV. CONCLUSION

TABLE I. Comparison with State-of-the-Art Multi-Path Hybrid DC—

DC Converters 

Table I presents the summarized specifications of the 

proposed hybrid DC-DC converter. The power stage is 

composed of one inductor and four flying capacitors. The 

proposed Multi-path Hybrid DC-DC Converter reduces 

the inductor current, so it reduces energy loss. Moreover, 

the proposed cfbonverter achieves a wide VCR ranging 

from 0 to 1, enabling efficient operation across diverse 

input and output voltage conditions. 
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