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Research Objective 

Objective 

Low-distortion sine wave generation  

for ADC test 

DSP algorithm using AWG 

Our Approach 

AWG :  Arbitrary Waveform Generator 
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Research background 

• Silicon cost  ⇒ 
decreasing 

• Test cost      ⇒ 
increasing 

Test 

cost 

Silicon 

cost 

Low cost test 

Low cost LSI production 

Semiconductor  industry 
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Arbitrary Waveform Generator 

AWG :  Arbitrary Waveform Generator 

DSP DAC 
Digital wave 

analog  

output 

AWG 

Ideal AWG output spectrum Real AWG output spectrum 

(DAC has 3rd nonlinearity ) 

HD3 

fin 

fundamental fundamental 

fin 3fin 

DAC nonlinearity  Harmonic distortion of AWG 
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ADC Test Cost Using AWG 

AWG 

• AWG : Expensive 

• Long testing time 

Mass production 

Test cost high 

Low cost test Low cost AWG 

Test performance 
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Conventional ADC Test 

AWG ADC 

Test signal 𝒁 = 𝒃𝟏𝒀 + 𝒃𝟑𝒀
𝟑 

𝒀 = 𝒂𝟏𝑫𝒊𝒏 + 𝒂𝟑𝑫𝒊𝒏
𝟑  

AWG: Arbitrary Waveform Generator 

Freq. 

AWG HD3+ADC HD3 

conventional 

HD3 

  ADC output spectrum 

fin 3fin 

Inexpensive AWG output includes HD3 

Conventional ADC nonlinearity test  

Over estimate of HD3 

HD3 : 3rd order Harmonic Distortion  
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Low-Cost, Accurate Test of ADC with AWG 

Freq. 

AWG HD3+ADC HD3 

fundamental 
HD3 

Conventional method 

fin 3fin 
Freq. 

Only ADC HD3 

fundamental 

HD3 

Proposed method 

fin 3fin 

Accurate ADC linearity test with inexpensive AWG   

● Only DSP program change 

● No hardware change 

● No requirement for AWG nonlinearity identification 
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Low Distortion Sine Wave Generation 

Phase switching signal algorithm 

Interleave sampling 𝑋0,  𝑋1 every one clock  
𝜑 = 𝜑0 − 𝜑1 

X0 

X1 

AWG 

DAC 

CLK 

DSP 

X0 X1 X0 X1 

Din 

Din  

• X0 = A cos 2πfinnTs + φ0 …n: even 

• X1 = A cos 2πfinnTs + φ1 …n: odd 

𝜑 = 𝜑0 − 𝜑1 = 𝜋/𝑁 HDN is cancelled. 

Our previous proposal 
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Simulation Result of Phase Switching Signal 

distortion 

shaping 

DSP DAC 

𝒀 = 𝒂𝟏𝑫𝒊𝒏 + 𝒂𝟑𝑫𝒊𝒏
𝟑  𝑫𝒊𝒏 

Y   (AWG output) 

fin 

3fin 

3fin 

fin 
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Principle of 3rd Harmonics Cancellation 
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Two waves with phase difference π  

are cancelled 

fundamental: fin 3rd harmonics:  3 fin 
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Problem of  Phase Switching Algorithm 

distortion 

shaping 

“Distortion shaping” cancels HD3, 

but spurious around fs/2 appears.  

Phase switching signal  

is applicable  

only for low frequency 

signal generation. 

We propose phase switching method for high frequency  
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Proposed Solution 

High frequency low distortion signal generation 

Interleave sampling 𝑋0 ,  𝑋1 every one clock  

𝜑 = 𝜑0 − 𝜑1 

X0 

X1 

AWG 

DAC 

CLK 

DSP 

X0 X1 X0 X1 

Din 

Din  

• X0 = A cos 2πfinnTs + φ0 …n: even 

• X1 = A cos 2πfinnTs + φ1 …n: odd 

𝜑 = 𝜑0 − 𝜑1 = 𝟐𝜋/𝑁 
N-th order image is 

cancelled  
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Unified Principle of  Low-Distortion Signal Generation 

Two 3rd order 

harmonics 

(frequency : 3fin) 

3rd order 

nonlinearity 

3rd order image 

signal 

: fs/2-3fin 

φ 3φ 

Two sinusoidal 

signals 

(frequency : fin) 

Interleave sampling  every one clock  

(Sampling frequency : fs) 

Image signal  

: fs/2-fin  
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HD3 Component Cancellation 

Two 3rd order 

harmonics 

3φ 

3φ = π,3π,・・・ 

Reverse phase Same phase 

• Cancelled HD3 • Cancelled fs/2-3fin 

3φ = 2π,4π,・・・ 
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AWG Output with Conventional Method 

𝐷𝑖𝑛 = sin 2𝜋𝑓𝑖𝑛_𝑐𝑜𝑛𝑣𝑛𝑇𝑠  

HD3 component (3fin) 

 

 

 is folded back as aliasing  

DSP DAC 

𝑌 = 𝑎1𝐷𝑖𝑛 + 𝑎3𝐷𝑖𝑛
3  𝐷𝑖𝑛 

Y  (AWG output) 
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Simulation Result of Proposed Method 

• X0 = A cos 2πfinnTs + 𝜋/3 …n: even 

• X1 = A cos 2πfinnTs − 𝜋/3 …n: odd 

𝟑𝐟𝐨𝐮𝐭 𝐜𝐨𝐦𝐩𝐨𝐧𝐞𝐧𝐭  
𝐢𝐬 𝐜𝐚𝐧𝐜𝐞𝐥𝐥𝐞𝐝 

DSP DAC 

𝑌 = 𝑎1𝐷𝑖𝑛 + 𝑎3𝐷𝑖𝑛
3  𝐷𝑖𝑛 

Y  ( AWG output) 
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Low-Distortion High-Frequency Signal 

Attenuated HPF 𝐟𝐢𝐧 , 𝟑𝐟𝐢𝐧 𝐜𝐨𝐦𝐩𝐨𝐧𝐞𝐧𝐭𝐬  
𝐫𝐞𝐝𝐮𝐜𝐭𝐢𝐨𝐧 𝐛𝐲 𝐇𝐏𝐅 

3fin 

fs/2-fin 

=fout 

fs/2-3fin 

= 3fout 

fin 

 L𝐨𝐰 𝐝𝐢𝐬𝐭𝐨𝐫𝐭𝐢𝐨𝐧  
𝐬𝐢𝐧𝐮𝐬𝐨𝐢𝐝𝐚𝐥 𝐬𝐢𝐠𝐧𝐚𝐥  

𝒇𝒐𝒖𝒕 =
𝒇𝒔
𝟐
− 𝒇𝒊𝒏  
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ADC Output with HPF 

No attenuation of   

fin component 

Attenuation of   

fin component with HPF 

Accurate ADC HD3 measurement 

If fin component is NOT reduced ADC HD3 component is cancelled 

If fin component is reduced by HPF 

ADC HD3 appears 

(ADC 3rd distortion cannot be measured) 
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Model for Theoretical Analysis 

• AWG Input with Phase Switching 

• AWG Nonlinearity Model 

• ADC Nonlinearity Model 
𝐅𝐨𝐫 𝐒𝐢𝐦𝐩𝐥𝐢𝐜𝐢𝐭𝐲 

𝐟𝐬(𝐀𝐖𝐆) = 𝐟𝐬(𝐀𝐃𝐂) 

Din nTs =  
A ∙ sin 2πfinnTs −

π

3
              n: odd

 A ∙ sin 2πfinnTs +
π

3
               n: even

 

𝑌 𝑛𝑇𝑠 = 𝑎1𝐷𝑖𝑛 𝑛 + 𝑎3 𝐷𝑖𝑛 𝑛 3 

𝑍 𝑛 = 𝑏1𝑌 𝑛𝑇𝑠 + 𝑏3 𝑌 𝑛𝑇𝑠
3 

DSP DAC 

AWG 

ADC 

𝑌 = 𝑎1𝐷𝑖𝑛 + 𝑎3𝐷𝑖𝑛
3  Z = 𝑏1𝑌 + 𝑏3𝑌

3 𝐷𝑖𝑛 

𝑌(𝑛) 𝑍(𝑛) 

HPF 
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AWG Output Theoretical Analysis   

+
3

2
𝑎1𝐴 +

3

4
𝑎3𝐴

3 cos 2𝜋
𝑓𝑠
2
− 𝑓𝑖𝑛 𝑛𝑇𝑠  

𝑌 = 𝑎1𝐷𝑖𝑛 + 𝑎3𝐷𝑖𝑛 = −𝛼
1

2
𝑎1𝐴 +

3

4
𝑎3𝐴

3 sin 2𝜋𝑓𝑖𝑛𝑛𝑇𝑠  

−𝛽
1

4
𝑎3𝐴

3 sin 2𝜋 3𝑓𝑖𝑛 𝑛𝑇𝑠  

fin: input frecuency 

fs ∶ sampling frecuency 

DSP DAC 

AWG 

ADC 

𝑌 = 𝑎1𝐷𝑖𝑛 + 𝑎3𝐷𝑖𝑛
3  Z = 𝑏1𝑌 + 𝑏3𝑌

3 𝐷𝑖𝑛 

𝑌(𝑛) 𝑍(𝑛) 

HPF 

Spurious Cut by α,β 

Proposed method uses this component 

filter 

0 ≤ 𝛼, 𝛽 ≤ 1 
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ADC Output Without HPF 

𝑍 𝑛𝑇𝑠 = 

= {𝑏1 𝑅 +
3

4
𝑏3𝑅(𝑅

2 + 2𝛼𝛽𝑃𝑄 + 2𝛽2𝑄)} cos(2𝜋
𝑓𝑠
2
− 𝑓𝑖𝑛 𝑛Ts)        

+
1

4
𝑏3R 𝑅2 − 3𝛼2𝑃2 cos 2𝜋

𝑓𝑠
2
− 3𝑓𝑖𝑛 𝑛Ts         

+⋯ 

ADC output 

1

4
𝑏3R 𝑅2 − 3𝛼2𝑃2 = −

3 3

32
𝑏3𝐴

2 𝑎1𝐴 +
3

4
𝑎3𝐴

3 𝛼2 − 1  

Coefficient of cos 2π
fs
2
− 3fin nTs  

𝑏1𝑌 + 𝑏3𝑌
3 
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Coefficient of HD3 

Coefficient of ADC HD3 

  = −
3 3

32
𝑏3𝐴

2 𝑎1𝐴 +
3

4
𝑎3𝐴

3 𝛼2 − 1  

• When  filter 𝛼 = 1,  

• When  filter 𝛼 ≠ 1,  

 

ADC HD3 Cancelled 

Accurate measurement of 

ADC HD3 

DSP DAC 

AWG 

ADC 

𝑌 = 𝑎1𝐷𝑖𝑛 + 𝑎3𝐷𝑖𝑛
3  Z = 𝑏1𝑌 + 𝑏3𝑌

3 𝐷𝑖𝑛 

𝑌(𝑛) 𝑍(𝑛) 

HPF 
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Attenuation Effect of HPF 

0 0.1 0.3 0.4 0.5 0.60.2
0.1

1

10

100

Attenuation by a factor of 1/10  

with HPF  is easy 
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Conclusion 

● We have proposed high-frequency  

    low-distortion signal generation algorithm  

    with AWG. 

 

● Needs only a simple analog HPF. 

 

● No need for AWG nonlinearity identification 

 

● Simulation shows that measurement  error of   

     ADC HD3 is as low as 1.7%. 
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Thank you for your kind attention! 

Accurate measurement  

has been very important 

from thousands years ago. 

度量衡 統一 by 始皇帝 
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