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Waveform Sampling 

Continuous-time 

Continuous amplitude 

signal 

Discrete-time 

signal 

Analog Signal 

V
o

lt
a

g
e
 

time 

サンプル信号 Sampled Signal 
V

o
lt
a
g
e

 

time 

Sampling 



5/45 

Analog-to-Digital Converter 

Analog input Analog Input Digital Output 

Sampling Clock 

 Real world signals 

 Ex)  Radio wave 

  Voice 

  Video 

  Temperature ... 

Circuit 

Rounded as integer 
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Research Background and Objective 

Fundamental trade-off clarification of S/H circuit design. 

Research Objective 

Research Background 

High-frequency, wideband signals become more utilized  

   in electronic and communication systems . 

 

 

Their acquisition with S/H circuit  is very important. 

 

 

Fundamental theory of S/H circuit has not been established yet. 
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Configuration of S/H Circuit 

Open-loop S/H circuit： 

                Switch and Capacitor 
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Operation of S/H Circuit 

C
SW

Vin Vout

C
SW

Vin Vout

 

 SW : ON 

Vout(t) = Vin(t) 

Sample mode 
 

 

 

 

 

 SW : OFF 

Vout(t) = Vin(tOFF) 

Hold mode 
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Configuration of Wideband S/H Circuit 

S/H Circuit Signal Source 

Bandwidth-limited by  input buffer 

  

           

Input  

buffer 

C 

SW 

RSG 
Ron Output  

buffer 
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Bandwidth-limited by input buffer 

  

           Configuration without input buffer 

Configuration of Wideband S/H Circuit 

Discharge 

after  

reading 

S/H Circuit 

SW 

RSG 
Ron 

Signal Source 

C 
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Two Time Constants 𝝉𝟏, 𝝉𝟐 in S/H Circuit 

S/H Circuit Signal Source 

SW 

RSG 
Ron 

𝜏2 

C 

 Two Time Constants in S/H Circuit 

  𝜏1 : (RSG+ Ron) x C  

  𝜏2 : Switching time window 
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Two S/H Circuits 

Track/Hold Circuit 
𝝉𝟐 ≫ 𝝉𝟏 

Impulse Sampling Circuit 
𝝉𝟐 ≪ 𝝉𝟏 (narrow window) 

ADC on SoC Sampling oscilloscope 

Currently used in different worlds 
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Our Challenge !! 

ADC on the SoC Sampling oscilloscope 

Currently used separately Unified Theory 

Track/Hold Circuit 
𝝉𝟐 ≫ 𝝉𝟏 

Impulse Sampling Circuit 
𝝉𝟐 ≪ 𝝉𝟏 (narrow window) 
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Operation of Two S/H Circuits 

ｔ 

1 

ｔ 𝜏2 

1 ≒1 

ｔ 𝜏2 

1 

∝ 𝜏2 

ｔ 𝜏2 S H ｔ 𝜏2 S H 

Wide pulse 

Switch  

Step  

input 

Output 

Complete charge 

Narrow pulse 

Incomplete charge 

Switch  

Output 

Track/Hold (𝜏2 ≫ 𝜏1) Impulse Sampling (𝜏2 ≪ 𝜏1) 
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of Two S/H Circuits 

H1 𝑗ω =
1

1 + jτ1𝜔
 H2 𝑗ω =

𝜏2
τ1
𝑠𝑖𝑛𝑐

𝜏2
2
𝜔 𝑒−𝑗

𝜏2
2 𝜔 

Track/Hold (𝜏2 ≫ 𝜏1) Impulse Sampling (𝜏2 ≪ 𝜏1) 

𝜏1 = 10𝑝𝑠  
𝜏2 =   1𝑝𝑠  

𝜏1 =    10𝑝𝑠  
𝜏2 = 100𝑝𝑠  
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Small DC Gain 

Wideband 

H1 𝑗ω =
1

1 + jτ1𝜔
 H2 𝑗ω =

𝜏2
τ1
𝑠𝑖𝑛𝑐

𝜏2
2
𝜔 𝑒−𝑗

𝜏2
2 𝜔 

Track/Hold (𝜏2 ≫ 𝜏1) Impulse Sampling (𝜏2 ≪ 𝜏1) 

𝜏1 = 10𝑝𝑠  
𝜏2 =   1𝑝𝑠  

𝜏1 =    10𝑝𝑠  
𝜏2 = 100𝑝𝑠  

Frequency Transfer Function  

of Two S/H Circuits 
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kT/C Noise in S/H Circuit 

R
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𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ1 = 1/𝜏1  

𝑆𝑁𝑅1 ∝ 𝜏1 

𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ2 ≈ 2.78/𝜏2  

𝑆𝑁𝑅2 ∝ 𝜏2/ 𝜏1  

𝜏1：RC product 
𝜏2：Switching time window 

Bandwidth and SNR of Two S/H Circuits 

Track/Hold (𝜏2 ≫ 𝜏1) Impulse Sampling (𝜏2 ≪ 𝜏1) 

H1 𝑗ω =
1

1 + jτ1𝜔
 H2 𝑗ω =

𝜏2
τ1
𝑠𝑖𝑛𝑐

𝜏2
2
𝜔 𝑒−𝑗

𝜏2
2 𝜔 
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𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ1 = 1/𝜏1  

𝑆𝑁𝑅1 ∝ 𝜏1 

𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ2 ≈ 2.78/𝜏2  

𝑆𝑁𝑅2 ∝ 𝜏2/ 𝜏1  

𝜏1：RC product 
𝜏2：Switching time window 

Track/Hold (𝜏2 ≫ 𝜏1) Impulse Sampling (𝜏2 ≪ 𝜏1) 

H1 𝑗ω =
1

1 + jτ1𝜔
 H2 𝑗ω =

𝜏2
τ1
𝑠𝑖𝑛𝑐

𝜏2
2
𝜔 𝑒−𝑗

𝜏2
2 𝜔 

Fundamental Trade-off  

Trade-off Trade-off 

Bandwidth and SNR of Two S/H Circuits 
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~ Impulse Response by Equivalent Time Sampling ~ 

𝑉𝑜𝑢𝑡 

𝑡𝑖𝑚𝑒 

switching 𝑡𝑖𝑚𝑒 𝑤𝑖𝑛𝑑𝑜𝑤 

𝑡𝑖𝑚𝑒 

𝑉in 

𝑡𝑖𝑚𝑒 

1 

1/𝜏1 
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𝑉𝑜𝑢𝑡 

𝑡𝑖𝑚𝑒 

switching 𝑡𝑖𝑚𝑒 𝑤𝑖𝑛𝑑𝑜𝑤 

𝑡𝑖𝑚𝑒 

𝑉in 

𝑡𝑖𝑚𝑒 

1 

1/𝜏1 

Derivation of Unified Theory (1) 

~ Impulse Response by Equivalent Time Sampling ~ 
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𝑉𝑜𝑢𝑡 

𝑡𝑖𝑚𝑒 

switching 𝑡𝑖𝑚𝑒 𝑤𝑖𝑛𝑑𝑜𝑤 

𝑡𝑖𝑚𝑒 

𝑉in 

𝑡𝑖𝑚𝑒 

1 

1/𝜏1 

𝑅𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑  
𝑤𝑎𝑣𝑒𝑓𝑜𝑟𝑚 

𝑉𝑜𝑢𝑡 

𝑡𝑖𝑚𝑒 

1/𝜏1 

Derivation of Unified Theory (1) 

~ Impulse Response by Equivalent Time Sampling ~ 
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H3 𝑗𝜔 =  ℎ 𝑡 𝑒−𝑗𝜔𝑡𝑑𝑡
∞

−∞

=  
1

τ1
𝑒
−
1
𝜏1
𝑡
𝑒−𝑗𝜔𝑡𝑑𝑡

𝜏2

0

=
1

τ1
 𝑒

−
1
𝜏1
+𝑗𝜔 𝑡

𝑑𝑡
𝜏2

0

= −
1

τ1

1

1
𝜏1
+ 𝑗𝜔

𝑒
−
1
𝜏1
+𝑗𝜔 𝑡

0

𝜏2

=
1

1 + 𝑗𝜏1𝜔
1 − 𝑒

−
𝜏2
𝜏1
1+𝑗𝜏1𝜔

 

  
Unified transfer function  

ℎ 𝑡 =  

 0…………… . 𝑡 < 0

 1 𝜏1 ⋅ 𝑒
−
𝑡
𝜏1 … 0 ≤ 𝑡 < 𝜏2  

 0…………… . 𝜏2 ≤ 𝑡

 

𝑉𝑜𝑢𝑡 

𝑡𝑖𝑚𝑒 

1/𝜏1 Fourier transform  

Derivation of Unified Theory (2) 

~ Fourier Transform of Impulse Response ~ 
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Relationship of  

T/H, Impulse Sampling and Unified S/H Circuits 

H3 jω =
1

1 + jτ1𝜔
1 − 𝑒

− 1+𝑗𝜏1𝜔
𝜏2
𝜏1  

(Impulse Sampling Circuit) 

Unified Theory 

𝐻3(𝑗𝜔) =
𝜏2
τ1
𝑠𝑖𝑛𝑐

𝜏2
2
𝜔 𝑒−𝑗

𝜏2
2 𝜔 = 𝐻2(𝑗𝜔) 𝜏2 ≪ 𝜏1 

𝜏2 ≫ 𝜏1 𝐻3(𝑗𝜔) =
1

1 + jτ1𝜔
= 𝐻1(𝑗𝜔) 

(Track/Hold Circuit) 

lim
𝜏2
𝜏1
→∞

 

lim
𝜏2
𝜏1
→0

𝜏1𝜔≫1
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Track/Hold Circuit 

𝜏2 𝜏1 ≫ 1   

Impulse Sampling Circuit 

𝜏2 𝜏1 ≪ 1    

Gain Characteristics of Unified S/H Circuit 
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T/H  Impulse sampling 

𝜏1：RC product (fixed) 
𝜏2：Switching time window 

GB Product and Switching Time Window 𝛕𝟐  

of Unified S/H Circuit 
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T/H  

𝜏1：RC product (fixed) 
𝜏2：Switching time window 

Impulse sampling 

Impulse Sampling 

Circuit  

GB Product2 = 𝟐. 𝟖 𝜏1  

Track/Hold Circuit  

GB Product1 = 𝟏 𝜏1  

GB Product and Switching Time Window 𝛕𝟐  

of Unified S/H Circuit 
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Track/Hold Circuit  

GB Product1 = 𝟏 𝜏1  

Impulse Sampling 

Circuit  

GB Product2 = 𝟐. 𝟖 𝜏1  

𝜏1：RC product (fixed) 
𝜏2：Switching time window 

GB Product  

𝟐. 𝟖 times 

GB Product and Switching Time Window 𝛕𝟐  

of Unified S/H Circuit 

Impulse sampling T/H  
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𝜏1：RC product (fixed) 
𝜏2：Switching time window 

GB Product  

𝟐. 𝟖 times 

𝐺𝐵 𝑃𝑟𝑜𝑑𝑢𝑐𝑡2
𝐺𝐵 𝑃𝑟𝑜𝑑𝑢𝑐𝑡1

=
𝐷𝐶 𝐺𝑎𝑖𝑛2 ⋅ 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ2
𝐷𝐶 𝐺𝑎𝑖𝑛1 ⋅ 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ1

≈
𝜏2/𝜏1  ⋅ 2.8/𝜏2 

1 ⋅ 1/𝜏1  
= 2.8 

Impulse sampling T/H  

GB Product and Switching Time Window 𝛕𝟐  

of Unified S/H Circuit 
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𝜏1：RC product  

𝜏2：Switching time window (fixed) 

SNR and 𝛕𝟏 (𝛕𝟐 = 𝟏𝟎
−𝟏𝟐) 

of Unified S/H Circuit 

Impulse sampling T/H  
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𝜏1：RC product  

𝜏2：Switching time window (fixed) 

Track/Hold Circuit 

SNR1 ∝ 𝜏1 
Impulse Sampling 

Circuit  

SNR2 ∝ 𝜏2 𝜏1  

SNR and 𝛕𝟏 (𝛕𝟐 = 𝟏𝟎
−𝟏𝟐) 

of Unified S/H Circuit 

Impulse sampling T/H  
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𝜏1：RC product  

𝜏2：Switching time window (fixed) 

Track/Hold Circuit 

SNR1 ∝ 𝜏1 
Impulse Sampling 

Circuit  

SNR2 ∝ 𝜏2 𝜏1  

Maximized SNR  

at 𝛕𝟐/𝛕𝟏 ≈ 𝟏. 𝟑 

SNR and 𝛕𝟏 (𝛕𝟐 = 𝟏𝟎
−𝟏𝟐) 

of Unified S/H Circuit 

Impulse sampling T/H  
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𝜏1：RC product  

𝜏2：Switching time window (fixed) Maximized SNR  

at 𝛕𝟐/𝛕𝟏 ≈ 𝟏. 𝟑 

From,           
𝜕

𝜕𝜏1
𝑆𝑁𝑅3 = 0  

SNR3 = 𝜏1/(𝑘𝐵𝑇𝑅) 1 − 𝑒
−𝜏2/𝜏1  1 + 2

𝜏2
𝜏1
= 𝑒

𝜏2
𝜏1 

𝜏2
𝜏1
= 1.26     1.26 

SNR and 𝛕𝟏 (𝛕𝟐 = 𝟏𝟎
−𝟏𝟐) 

of Unified S/H Circuit 

Impulse sampling T/H  
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Transfer function：𝐻3 𝑗𝜔 =
1

1+𝑗𝜏1𝜔
1 − 𝑒

−
𝜏2
𝜏1
1+𝑗𝜏1𝜔

 

Bandwidth 𝝎𝐵𝑊： 𝐻3 𝑗𝜔𝐵𝑊3 =
1

2
𝐻3 𝑗0  

1

1 + 𝜏1
2𝜔2

1 − 𝑒
−
𝜏2
𝜏1 cos 𝜔𝜏2

2

+ 𝑒
−
𝜏2
𝜏1 sin 𝜔𝜏2

2

=
1

2
1 − 𝑒

−
𝜏2
𝜏1  

Analytical solution is difficult to obtain.  

Rigorous Formula 

Bandwidth𝝎𝐵𝑊  of Unified S/H Circuit  
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Approximation Formula 

Bandwidth𝝎𝐵𝑊  of Unified S/H Circuit  

𝜔𝐵𝑊3 ≈
2.20

𝒕𝒓𝟏𝟎−𝟗𝟎
 

𝑡10% 𝑡90% 𝜏2 

S  

𝑡𝑖𝑚𝑒 

𝑣
𝑜
𝑙𝑡
𝑎
𝑔
𝑒
 

𝒕𝒓𝟏𝟎−𝟗𝟎 

0.9S  

0.1S  

𝑆 = 1 − 𝑒
−
𝜏2
𝜏1 

Assume first-order system, 

 deriving 𝝎𝐵𝑊 from 𝑡𝑟10−90 
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SNR Under Constant Bandwidth 

𝑆𝑁𝑅 = 10
1

𝑘𝐵𝑇𝑅
𝜏1
1 − 𝑒

𝑡𝑟10−90
𝜏1

1 − 9𝑒
𝑡𝑟10−90
𝜏1

 

Bandwidth 

       [rad/s] 

109 

1012 

1010 

1011 
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SNR Under Constant Bandwidth 

𝑆𝑁𝑅 = 10
1

𝑘𝐵𝑇𝑅
𝜏1
1 − 𝑒

𝑡𝑟10−90
𝜏1

1 − 9𝑒
𝑡𝑟10−90
𝜏1

 

Bandwidth 

       [rad/s] 

109 

1012 

1010 

1011 

Maximum SNR  

at 𝝉𝟐/𝝉𝟏 ≈ 𝟏. 𝟓 
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𝑁
𝑜
𝑟𝑚
𝑎
𝑙𝑖
𝑧𝑒
𝑑
 𝑆
𝑁
𝑅

 

𝑆𝑁𝑅𝑚𝑎𝑥 = 1.1 × 𝑆𝑁𝑅𝑇/𝐻 

SNR   vs   𝛕𝟐/𝛕𝟏 

of Unified S/H Circuit 
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Conclusion 

Two S/H Circuits 

 

Bandwidth, SNR 

 Trade-off 

 Theoretical limitation 

Unified S/H Circuit Theory 

 
 GB Product: Impulse mode is 2.8 times larger than T/H mode 

 Maximum SNR condition: 

        τ2/τ1 ≈ 1.3    Under Constant Switching Time Window 

        τ2/τ1 ≈ 1.5    Under Constant Bandwidth 

Track/Hold Circuit    𝜏2 ≪ 𝜏1  

Impulse Sampling Circuit 𝜏2 ≫ 𝜏1  
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Final Statement 

 

学而不思則罔 
 

Deep consideration  

would advance modern technology. 
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Appendix 
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Characteristics of S/H Circuits  

T/H Circuit Impulse Sampling Circuit 

Transfer 

Function 
H1 𝑗ω =

1

1 + jτ1𝜔
 H2 𝑗ω =

𝜏2
τ1
𝑠𝑖𝑛𝑐

𝜏2
2
𝜔 𝑒−𝑗

𝜏2
2 𝜔 

DC Gain 𝑉𝑠𝑖𝑔𝑛𝑎𝑙1 = H1 0 = 1 𝑉𝑠𝑖𝑔𝑛𝑎𝑙2 = H2 0 =
𝜏2
τ1

 

Bandwidth 𝜔𝐵𝑊1 =
1

𝜏1
 𝜔𝐵𝑊2 ≈

2.78

𝜏2
 

Thermal 

Noise 
𝑉𝑛𝑜𝑖𝑠𝑒 =

𝑘𝐵𝑇𝑅
𝜏1  𝑉𝑛𝑜𝑖𝑠𝑒 =

𝑘𝐵𝑇𝑅
𝜏1  

GB 

Product 
𝐺𝐵𝑃1 =

1

𝜏1
 𝐺𝐵𝑃2 ≈

2.78

𝜏1
 

SNR 𝑆𝑁𝑅1 =
𝜏1

𝑘𝐵𝑇𝑅
∝ 𝜏1 𝑆𝑁𝑅2 =

1

𝑘𝐵𝑇𝑅
⋅
𝜏2
𝜏1
∝
𝜏2
𝜏1
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∝
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∝
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∝
𝟏

𝝉𝟏
 

∝ 𝝉𝟏 

∝
𝟏

𝝉𝟏
 

∝
𝟏

𝝉𝟏
 

const 

const 

∝
𝟏

𝝉𝟏
 

∝
𝟏

𝝉𝟏
 

S
N

R
 

B
*S

N
R

 
G

B
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B
a
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N
o
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D
C

 G
a
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Characteristics 

of S/H Circuits  

 

𝜏𝟏:varied   

 

𝜏𝟐:fixed 

(𝜏𝟐 = 10
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まとめ(𝜏1 =

10−12) 

S
N

R
 

B
*S

N
R

 

const 

const 

G
B

P
 

const 

const 

B
a
n
d
 

const 

∝
𝟏

𝝉𝟐
 

const N
o
is

e
 

D
C

 G
a
in

 

∝ 𝝉𝟐 

const 

const 

∝ 𝝉𝟐 

const 

Characteristics 

of S/H Circuits  

 

𝜏𝟏:fixed 

(𝜏𝟏 = 10
−12) 

𝜏𝟐:varied   



51/45 
Derivation of the transfer function  

of the impulse sampling circuit 
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