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Reconfigurable Capacitive Sigma Converter with High Efficiency 

and Wide Output Range 

高效率宽输出范围可重构电容型Sigma转换器

屈万园

浙江大学
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• 可重构电容型Sigma转换器
‒ 研究现状

‒ 可重构电容型Sigma转换器

‒ 驱动电路

• 测试结果
• 总结
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USB&电池供电系统

* https://zh.wikipedia.org/

→高转压比，宽输出范围

→小体积，快瞬态响应

Powering

5.0V

or

0.4V~1.2V
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传统降压转换器

 低功率密度  低效率

CO

LSW

IO
ML

Conventional Buck 

VO
VIN

MH

VIN

SW

MH: High Overlap Loss 

ML: High Conduction Loss L:  Large Volume
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单级混合型转换器

 高路径阻抗→ 重载效率较低

* W. Liu et al., ISSCC, Feb. 2017, pp. 182–183

* C. Schaef et al., ISSCC, Feb. 2017, pp. 146–148  

4-level Converter 4-level Hybrid Dickson Converter

 电荷重分配 → 损耗

 2VDS 耐压 → 高耐压功率管

VIN-VC1   VC2-VC3 I1   I3   IO/2
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两级转换器（水平级联）

* Z. C. Ye, et al., APEC, Mar. 2018, pp. 121–126

* Z. Xia et al., ISSCC, Feb. 2021, pp. 256–258  

☺ 级联转压比→高转压比

 级联效率→重载效率低

CO

L2

IO

VO CF2

CBUS
 CF1 L1

VIN

Unregulated SC 2:1 Unregulated SC 2:1

CO

L

IO

VO CF 

VIN

Interleaving 

SC 2:1 SC Regulated 2:1

α
β
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Sigma 转换器（垂直级联）

VH

VL IOL

IOH

VO

VIN

 Regulated ηRE

 Unregulated 

(VCR=n:1)   ηUN 

IOH

IOL
=

VH

VL 

输入串联，输出并联

☺ 输出电流分流

☺ 输入电压分压

VH = nVO

VL = VIN - nVO
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Sigma 转换器

VH

VL IOL

IOH

VO

VIN

 Regulated ηRE

 Unregulated 

(VCR=n:1)   ηUN 

if  VIN=5V,VO=1V,ηRE=90%,ηUN=100%

n=1 η=91% ; n=4 η=98%

高效率，高带载能力

η = ·ηun +
nVO

VIN

·ηRE

VIN-nVO

VIN
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Buck

VO (1V)

VIN(48V)

Unregulated 

DCX

CO IO

40:1

IOL

IOH

VH

VL

电感型 Sigma 转换器

 宽输出范围低效率
* M. H. Ahmed et al.,TIE, Jan. 2020, pp. 192–202

  ηRE  
nVO

VIN 
η =  (ηUN-ηRE)+

0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

10

20

30

40 VH

VL

VO (V)

ηRE  sharply dropping 8V

32V

40V

16V

VO =1VVO =0.4V

 复杂变压器
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可重构电容型Sigma转换器

• 电感型隔离→电容型隔离→高功率密度

• 窄输出范围→可重构型转换器→宽输出范围
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可重构电容型Sigma转换器

• 2:1 开环开关电容转换器

• 2/4电平可重构混合Dickson
转换器

2 (or 4) 
VO =

    D VL
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SWH1

VCH1

Φ1

VIN

VIN-VH

State

VIN - VO

VLVCH2

IOH
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MH4 VO

IOH

Φ1:CH1 Charging

            CH2 Discharging

 

VCH1 = VIN - VO

VCH2 = VIN -VH=VL

VH CO

SWH2

SWH1

工作时序-开关电容转化器
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SWH1
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工作时序-开关电容转化器

VIN - VH = VIN - 2 VO VH = 2 VO Fixed 2:1 VCR
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硬开关工作 vs 谐振工作

0

IOH

0
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Resonant (with LRE)
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可重构混合Dickson转换器

0.8V < VO ≤ 1.2V

0.4V ≤ VO ≤ 0.8V

→ 4电平Dickson

→ 2电平Dickson 

实现可重构
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SWL1,2,3
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工作时序 - 2电平混合Dickson
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SWL1,2,3

VCL1,2,3

ΦB

VL

State

SW

ΦA

IL

1/2VL

1/2VL

1/2VL

0

ΦC

 

VCL1

VCL2

  

ML2

ML3

ML4

ML5

ML6

ML8
VL

ML7

 
 

VCL3

L

SW

ΦC:CL1,2,3 Discharging 

 L Magnetizing

VOSWL1

SWL3

SWL2

VCL1,2,3 = VL/2

工作时序 - 2电平混合Dickson



21 of 43
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整体系统

• 1.8V 功率开关管

• 基于压控延时线的控制器

• 电压控制模式
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驱动电路

1.8V

SWi

SW(i+1)

LSH
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5V MOS.
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C
la

m
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5V MOS.

1.8V 

Switch

GND

P型浮栅驱动电路 N型浮栅驱动电路
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芯片照片

• 0.18um BCD 工艺

• 面积 2960um*1960um

• 5V 输入, 0.4V~1.2V 输出

1960 um
2
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0
 u

m

ML MH

CTRL

CBST
D

ri
v
e

r

D
ri

v
e

r

CBST
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测试结果

IOL

200mA/Div
1us

300mA

IOH

@IO=500mA

ResonantHard Switching

200mA/Div
1us

IOL

IOH

300mA

VO=1V

@IO=500mA

200mA

5 – 1V 测试

VH = 2V
VL = 3V
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测试结果-启动

1ms

VO:1V/Div

SWx:2V/Div

1V/Div
1us

500kHz

1MHz

SWH1

SWH2

SWL1(2,3)

Power on

2-level Steady-State2-level Start Up

1.2V

1.2V

1.2V=VO

1.3V=VL/2

5 – 1.2V 测试

VH = 2.4V
VL = 2.6V
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测试结果-启动

4-level Steady-State4-level Start Up

1ms

VO:1V/Div

SWx:2V/Div

1V/Div
1us

SWH1
SWH2
SWL1
SWL2
SWL3

Power on

0.8V

0.8V

0.8V=VO

0.85V=VL/4

5 – 0.8V 测试

VH = 1.6V
VL = 3.4V
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测试结果-动态响应

1ms
SWx:1V/Div

5V

4VVIN

SWH1

SWL1

SWH2

VDS=VO

SWH1

SWL1

SWH2

500us
SWx:1V/Div

VO:0.5V/Div

0.8V

0.4V

VDS=VO

Line Transient Dynamic Voltage Scaling

VO=0.4V

VO:2mV/Div

VO

0.7mV

1.0mV

@IO=200mA @IO=200mA
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测试结果-瞬态响应

400us
1A/Div

25mV/Div

0A

2A

0.1% Settle: 30 µs

23.8mV

50us

IO

VO

50us

0.1% Settle: 25 µs

23mV

0A

2A

Load Transient

1.1mV static error
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测试结果

• 最大负载电流：2A，峰值效率：98.4% 
• 0~2A负载范围下输出电压变化：1.2mV 

0.025 0.25 2.5
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 5V-to-0.6V(Peak.EFF 93.0%)
 5V-to-0.8V(Peak.EFF 96.1%)
 5V-to-1.0V(Peak.EFF 95.2%)
 5V-to-1.2V(Peak.EFF 98.4%)

0.01 0.1 1
1.0005

1.0010

1.0015

1.0020

0.4005

0.4010

0.4015

0.4020

VO = 1V

IO (A)

Load regulation

2A

1.1mV
1.2mV

VO = 0.4V
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测试结果

2 4 6 8 10 12 14
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 (

%
)

VCR(V/V)

 ISSCC2019  

This Work

CICC2020

ISSCC2021  

ISSCC2017  

4.9%

1.5%

PCB_Trace

25.18%

3.96%
7.63%

2.73%

41.66% 16.24%

1.75%

DCR&ESR

High.Cond
Low.Cond

BondingESR_CH&CL

Switching:

Driver&Other:

5V-to-1.0V, IO=2A

0.89%

• 转压比4.2下，峰值效率提高1.5%
• 转压比12.5下，峰值效率提高4.9%
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重载损耗分析

• 采用先进封装，2A负载下预计效率提高6.8%

Package

Res.
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Trace
ESR DCR High.

Mosfet

High.

Driver

Low.

Mosfet

0.005

0.05
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0.20

Low.

Driver

0.01

 @ 5V-to-1.0V, IO=2A

Power Loss (W)

R=16.5m  (wire-bond)

R=1m  (Flip-chip/Cap-die attach)

E
F

F
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%
)

0.025 0.25 2.5
75

80

85

90

95

100

IO (A)

 @ 5V-to-1.0V

6.8%

Hard Swithcing

R=1m  (estimated for Flip-chip / Cap-

die attach)

R=16.5m  (estimated for two 

wire-bonds of 1.2mil gold 

wires with 1mm length)

(W)

0.109
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 * Estimated from graph

 ISSCC17[1] ISSCC19[2] CICC2020[3] ISSCC2021[4]

Process 65nm CMOS 22nm CMOS 180nm CMOS 180nm CMOS

VIN[V] 3-4.5 3.7-5 4-5.5 4-6

VO[V] 0.3-1 0.8-1.8 0.4-1.2 0.4-1.2

IO_MAX[A] 1.5 10 1.4 1

Flying Cap[uF] 22 x 3 13.2 x 2 4.7 x 3 4.7 x 2 + 10  

SW.Frequency[MHz] 0.5 5 1.01(1.53) NA

Inductor[nH] 470 10 240 240

Peak.EFF@VCR 94.2%@4.4 93.8%@2.8 92.4%@4.6 96.9%@4.2

Max.VCR@Peak.EFF 8.2@86.5%* 6.3@85.8%* 13.8@80.2% 12.5@85.5%

Diea-Area Current

Density[A/mm
2
]

0.26 1.45 0.140 0.129

Start up N/A 7ms 2ms 8us

Package Flip-chip Flip-chip Cap-die attached Cap-die attached

This work

Topology Hybrid Dikson 4-level Buck 5-level Buck Cascaded-SC Reconfigurable Capacitive-Sigma 

2ms

 Conventional wire-bond

180nm BCD

4-5.5

0.4-1.2

2

0.345

2.2 x 3 + 10 x2 

2/1

400

98.4%@4.2

12.5@90.4%

比较表格

* 从图中预估得到
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比较表格

 * Estimated from graph

 ISSCC17[1] ISSCC19[2] CICC2020[3] ISSCC2021[4]

Process 65nm CMOS 22nm CMOS 180nm CMOS 180nm CMOS

VIN[V] 3-4.5 3.7-5 4-5.5 4-6

VO[V] 0.3-1 0.8-1.8 0.4-1.2 0.4-1.2

IO_MAX[A] 1.5 10 1.4 1

Flying Cap[uF] 22 x 3 13.2 x 2 4.7 x 3 4.7 x 2 + 10  

SW.Frequency[MHz] 0.5 5 1.01(1.53) NA

Inductor[nH] 470 10 240 240

Peak.EFF@VCR 94.2%@4.4 93.8%@2.8 92.4%@4.6 96.9%@4.2

Max.VCR@Peak.EFF 8.2@86.5%* 6.3@85.8%* 13.8@80.2% 12.5@85.5%

Diea-Area Current

Density[A/mm
2
]

0.26 1.45 0.140 0.129

Start up N/A 7ms 2ms 8us

Package Flip-chip Flip-chip Cap-die attached Cap-die attached

This work

Topology Hybrid Dikson 4-level Buck 5-level Buck Cascaded-SC Reconfigurable Capacitive-Sigma 

2ms

 Conventional wire-bond

180nm BCD

4-5.5

0.4-1.2

2

0.345

2.2 x 3 + 10 x2 

2/1

400

98.4%@4.2

12.5@90.4%

* 从图中预估得到
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提纲

• 研究背景
• 可重构容性Sigma转换器
‒ 研究现状

‒ 可重构容性Sigma转换器

‒ 驱动电路

• 测试结果
• 总结
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总结

• 输入串联，输出并联 Sigma 转换器

• 2:1 SC开环转换器&可重构混合Dickson转换器

• 电流负载2A，峰值效率98.4% 

• 在0.4V~1.2V输出范围下，峰值效率大于90%

• 转压比12.5下，效率最大提升4.9%
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Thank you


