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Abstract—This paper introduces an L-first hybrid converter 

with extended conversion ratio that uses an USB cable as the 

power inductor to maximize power density both on-chip and on-

PCB. The inductor current, reduced by the conversion ratio, 

naturally equals the input current, enabling the USB cable to 

function effectively as an inductor despite its parasitic 

resistance. The converter achieves an estimated power density 

of 3.3 W/3mm³ with a peak efficiency of 95%. To accommodate 

varying USB cable lengths, a valley-virtual-inductor-current 

mode control with auto-tracking slope compensation is 

proposed. This scheme eliminates the need for inductor current 

sensing and adjusts slope compensation based on changes in 

voltage and inductance. A 5 V input and 1.8–3.3 V output 

prototype, implemented in a 180 nm BCD process, covers 

inductances from 500 nH to 1 µH, corresponding to USB cable 

lengths of 1 to 2 meters. 
Keywords—Hybrid converter, USB cable, auto-tracking slope 

compensation, valley-virtual-inductor-current 

I. INTRODUCTION 

Modern mobile and IoT devices require efficient, compact 
power management solutions that can operate directly from a 
USB cable (5 V) for charging and discharging batteries. 
Conventional buck converters struggle to achieve both high 
power density and efficiency due to increased DCR and 
conduction losses from miniaturized inductors, particularly on 
the high-current side. To mitigate these losses, inductor-first 
topologies [1]–[3] place the inductor on the input side, where 
it handles lower current, reducing conduction losses. Some L-
first designs even use the USB cable as the inductor to boost 
power density [1]. However, these traditional L-first 
topologies face challenges, including a limited conversion 
ratio of 0.5–1 and controller design difficulties for varying 
USB cable inductances. This digest extends the traditional L-
first converter [1] from a dual-path to a triple-path design, 
expanding the conversion ratio to 1/3–1 by adding a flying 
capacitor and switch network. A virtual-inductor-current (VIC) 
technique is employed to enable valley current mode 
modulation, eliminating the need for current sensing circuitry, 
which is challenging in L-first converters. Additionally, an 
auto-tracking slope compensation technique is developed to 
handle large inductance variations. 

II. USB-CABLE BASED L-FIRST CONVERTER WITH 

EXTENDED CONVERSION RANGE 

Fig. 1(a) illustrates the basic concept of a traditional L-first 
hybrid converter, which uses an output switching network to 
transfer the switching node VLX toggling between VO and 
2VO for inductor charging and discharging. This approach 
limits the conversion ratio to a range of 0.5 to 1, as 
determined by the volt-second balance. By simply modifying 
the switching network, following the concept in Fig. 1(a), a 
new L-first converter that operates with can be developed, 
extending the conversion range to 1/3 to 1, making it suitable 
for mobile devices powered by a USB cable. The actual 
implementation of the converter and its operating states are 
shown in Fig. 2. Notably, the inductor current is equal to the 
input current, which reduces the inductor current stress by the 

conversion ratio M ( = 1/(3-2D) ). A comparison of inductor 

current stress, inductor current ripple, estimated inductor 
volume, additional on-board capacitor requirements, and 
total volume for various converters, including buck, 3-level, 
and double-step-down converters, is provided in Table I.  
Since this architecture uses the USB cable as a parasitic 
inductance along with appropriate control methods, there’s 
no need for an external inductor. Consequently, compared to 
other converters, the power density can be significantly 
increased. An estimated volume of 3 mm3 by accounting 
passive devices and power density of 3.3 W / 3 mm3 is 
achieved and gradually superior to conventional converter!!  
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Fig. 1. concept of (a): conventional L-first converter, (b): proposed L-first 
with extended conversion ratio, (c): architecture of the proposed converter 

TABLE I.   
COMPARISON OF TOPOLOGY 

Topology iLs/IO ΔiLs Estimated 

L 

CF / 

CO 

Total 

Volume  

Buck 1 (1 )IN

s SW

V M M

L F

−

 
500nH,  
4mΩ DCR  
100 mm3 

0 / 1 
mm3 

100 mm3 

3-L Buck [4] 1 (1 )

2
IN

s SW

V M M

L F

−

 
250nH,  
4mΩ DCR,  
25 mm3 

1 / 1 
mm3 

26 mm3 

DSD Buck [5] 1/2 (1 2 )IN

s SW

V M M

L F

−
 250nH X 2, 

4mΩ DCR, 
50 mm3  

1 / 1 
mm3 

52 mm3 

Proposed M (1 )IN

s SW

V M M

L F

−  500nH – 
1000nH,  
50mΩ 
DCR (USB 
Cable) 

2 / 1 
mm3 

3 mm3 

III. THE CONCEPT OF THE PROPOSED CONVERTER 

The proposed triple path converter is illustrated in Figure. 
1(c). Since the inductor is connected to Vin, the inductance 
can be implemented using the parasitic inductance of a USB 
cable, leading to a significant improvement in power density. 
It is evident that the parasitic inductance value is related to the 
cable length and independent of the cable shape [5], indicating 
the stability of the parasitic inductance value. We measured 
one testing cable's inductance using an Impedance Analyzer 
and found it to be 750nH with a DC resistance of 10mΩ. 
Subsequent derivations of L are based on this set of data. 

A. Operating principle 

Fig. 2 depicts the two states of the circuit in normal mode. 
As shown in Fig. 2(a) , In state A, capacitors C1 and C2 are 
connected in parallel with Vo. From this, it can be inferred that 
when the switching frequency is sufficiently high, C1 and C2 
will be approximately equal to Vo and can achieve auto 

balance. Inductor and capacitors supply I�  through the 

parallel connection of V�. And in state B, I�� charges C1 and 
C2 to maintain the principle of capacitor charge balance in one 
cycle.         

The voltage conversion ratio can be calculated based on 
charge flow analysis [9]. The deduced result is consistent with 
using voltage second balance. First, we assume output 
capacitor is very large. Then, calculate the conversion ratio by 
dividing the total input charge by the total output charge.  
It follows that: 

���	 
 ��
��   ,    ���� 
 ��
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��	 
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By using the formula in ideal case 1�� 
 1�23  and  ��� 
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,04 , we can derive: 
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With the derivations provided above, we can easily observe 

that ��
,04 is reduced by a factor of M when compared to the 

conventional buck converter and 3-level buck converter, and 
this reduction is directly related to DCR loss. 
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Fig. 2. The proposed converter: (a)State A (b)State B (c)Steady State 
Waveform 

B. Conduction Loss Analysis and Cflly hard charging Loss 

Because of the hard-charging issue with C1 and C2, it is 
difficult to analyze Ro using conventional methods. Thus, 
charge flow analysis is applied to estimate the hard-charging 
average current and determine Ro. A charge-flow analysis 
framework is presented as follows: From Fig .2 , we derive 
the charge flows of the two states at  (1), encompassing input 

(���	 , ���� ). Next, by utilizing the charge flowing through the 
switch and the conduction time, we can calculate the average 
current during each switch conduction. Substituting this into 

the energy formula E 
 �/R ∗ ?�� , we can obtain the losses 
on each switch. Then, by using the relationship between 

��and ��, we can determine the equivalent output resistance 

@�,A��B . Fig. 3 presents the graph of Ro corresponding to fsw, 

serving as a reference for selecting the switching frequency.  
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/
��2 � ��/
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    (6) 
The SSL loss analysis: 
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By using (3),(4) and (7): 
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Fig. 3 Conduction loss contribution of Switches and C1, C2 charging loss. 

IV. VALLEY VIC CONTROL WITH AUTO-TRACKING SLOPE 

COMPENSATION 

To address the challenges of inductance variation when 
using a USB cable, we propose a valley virtual-inductor-
current (VIC) mode control with auto-tracking slope 
compensation. Fig. 3 illustrates the control loop of the 
proposed scheme, which is a modification of conventional 
valley current mode control [6]. Instead of using the actual 
inductor current, a "virtual-inductor-current" [7] is generated 

by passing the duty cycle through two inverters, sourced by 
the output voltage VO, to create an inductor current-shaped 
signal. An error amplifier senses the output voltage and 
compares it to a reference voltage VREF, generating VC for 
modulation. Slope compensation is applied directly to VC 
using a stacked capacitor CC and a charging current source, 
eliminating the need for a current sensor while maintaining 
the control dynamics and type-II compensation. This 
approach is particularly suitable for L-first hybrid converters, 
where inductor current sensing is challenging. The slope 
compensation is implemented at the output of the type-II 
compensation with a stacked current source charging the 
capacitor, reducing the need for an additional analog adder 
and enabling adaptive slope compensation. 

The adaptive slope compensation tracks the modulation 
waveform to ensure stability across varying inductance and 
VIN/VO conditions. Based on the modulation waveform 
shown in Fig. 4(a): 

Y�Z[V\ 
 YA � ]^ ∗ �1 � ��� � ]� ∗ ��         (10) 
 

If  ]^ 
 ]�: 

YD_:,[V\ 
 YA � ]^ ∗ � 
 Y�Z[V\              (11) 

Based on the (11), the automatic tracking loop samples the 
peak value of VSUM and VIC at the clock edge and adjusts the 
slope compensation to match the modulation current ramp’s 

rising slope Sn. If  V`ab,cde f VICcde, Vada will decrease, so 

the current flow into Cc is decreased which cause V`ab,cde 

decrease. By the same concept if V`ab,cde g VICcde , Vada 

and V`ab,cde will increase. 

This tracking loop ensuring Se = Sn [8], which prevents 
subharmonic oscillation under all operating conditions, even 
with ±50% inductance variation. The simulated control-to-
output transfer function Gvc in Fig. 4 confirms the absence of 
subharmonic instability, as indicated by the lack of fsw/2 
complex poles. 
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Fig. 4 The Valley VIC control with auto-slope compensation tracking 
technique 

V. SIMULATION RESULTS 

Fig. 5 (a) shows the load transient response of  valley VIC 

control. During load transients, V�hc  decreases due to the 

feedforward action of V�. At the same time, Vi rises as the 

error between V�  and Vjkl  becomes large, especially when 

V�  experiences a significant drop under heavy load. This 
causes the duty cycle to be activated quickly. 

From Fig. 5(b), it shows the waveform with an inductance 
variation of 50%. This waveform shows that the system 
remains stable in every condition. Besides, when the output 
current (Io) ranges from 0 to 1 A, the settling time is 12 us in 
the worst-case scenario. 

 

 
(a) 

 
(b) 

Fig. 5. Simulation waveform: (a)load transient response (b)load 
transient response with inductance variation 

We first build up a PCB prototype design with a measured 
efficiency of 5 V to 3.3 V after whole chip tape out shown in 
Fig. 6 to verify the converter. The peak efficiency is 95.7% 
of this prototype PCB. The on-chip version will increase the 
maximum loading current to 3 A and the power density will 
be increased to around 10 W / 3mm3 with flying capacitor and 
output capacitor mounted on die. 
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Fig. 6 Efficiency measured on prototype PCB version proposed converter 

VI. CONCLUSION 

This paper presents an L-first hybrid converter with 
extended conversion ratio and generalized valley-VIC-control 
scheme with auto-tracking slope compensation against USB 
cable ±50% inductance variation. The converter has been 
implemented a 180 nm BCD process, achieving a peak 

efficiency of 95.7% and 3.3 W / 1mm- power density. The 
chip fabrication process and measurement are in progress. 
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