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Necessity of I,Q signal 
RF analog front-end of Receiver IC 

Need testing! 
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Research Goal 

Demand for low cost testing 
of communication IC 

High quality I,Q test signal 
generation 

for receiver IC 
with  

Low cost ￥ 

5 



/40 

③ Digital centric（2） 

I,Q signal generation 
① Analog centric 

② Digital centric（1） 

DSP 

DSP 

DSP 
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① Analog centric 

Steep analog filters 
and 

Large Nyquist-rate DACs 

DSP Nyquist DAC 
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10〜14 bit 
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Delta Sigma DA Converter  

signal 

noise 

signal 

noise 

signal 

② 2 real-BP ΔΣ DACs 

1〜3 bit DAC 

Digital centric 
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• Digital modulator 
• 1~3 bit DAC 
• Oversampling 

Delta Sigma 

Relaxes analog filters 
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Delta Sigma DA Converter  

signal 

noise 

signal 

noise 

signal 

② 2 real-BP ΔΣ DACs 

1〜3 bit DAC 

Digital centric 
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Unused band Signal band 

• Digital modulator 
• 1~3 bit DAC 
• Oversampling 

Relaxes analog filters 

Delta Sigma 
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Delta Sigma DA Converter  

signal 

noise 

1〜3 bit DAC 

signal 

noise 

signal 

noise 

signal 

1〜3 bit DAC 

② 2 real-BP ΔΣ DACs 

③ 1 complex-BP ΔΣ 
DAC 

Real vs Complex 
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Signal band 

Unused band Signal band 
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Complex Delta Sigma is Superior 

Wide band, High SNR 

signal 

noise 

1〜3 bit DAC 

signal 

noise 
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noise 
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1〜3 bit DAC 

② 2 real-BP ΔΣ DACs 

③ 1 complex-BP ΔΣ 
DAC 

Real vs Complex 
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Complex Delta Sigma is Superior 

High quality I,Q signals 

signal 

noise 

signal 

noise 

signal 

noise 

signal 

20 dB better SNDR  
for complex BP ΔΣ modulator 
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Real 

Complex 

SNDR | Signal to Noise and Distortion Ratio 
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Complex signal 

Complex signal processing is NOT complex.   (K.Martin) 
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Real signal Iin Qin 

Complex signal Iin + jQin j = √-1 

, 
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I,Q signal generation 

DSP, DAC 

＋ 

ΔΣ 

＋ 

Complex 
＝

 

Low cost, high quality signal ! 

Digital rich ! 
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Principle of complex BP noise shape 

1 

Power 

ω 

0 

Complex 
resonator 

Quantization noises 
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Signal Transfer Function = 1 

Noise Transfer Function = 0 
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2nd-order complex multi-BP ΔΣ DAC 

Output spectrum 

Single-band Multi-band 
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Necessity of multi-tone signal 
18 

✓ Mixer 
✓ Up/Down converter 
✓ Radio communication system    , 
etc. 

Linearity testing 

of 

  Noise Power Ratio  （NPR） 

Multi-tone signal 

ω 

DU
T 

Input Output 

Distortion 
by DUT NPR 

ω 

DUT：Device Under Test 
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Necessity of multi-tone signal 
19 

Multi-tone signal 

Need! 

ω 

DU
T 

Input Output 

Distortion 
by DUT NPR 

ω 

DUT：Device Under Test 

✓ Mixer 
✓ Up/Down Converter 
✓ Radio communication system    
etc... 

  Noise Power Ratio  （NPR） 

of 

Linearity testing 
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Complex Resonator 

Output spectrum 
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Complex Resonator 

Output spectrum 
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Multi-bit DA modulator 

Multi-bit DA modulator（2~3bit） 

Quantization noise reduction Linearity degradation 

1bit 

Multi-bit 

Error 

Down 
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Multi-bit DAC 

Normal unary 
DAC 
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Multi-bit DAC 

Accumulate mismatch of particular 
cell 
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Normal unary 
DAC 
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Multi-bit DAC ＋ DWA 

DWA* DAC *Data Weighted Averaging ｜Select the element with DSP algorithm 
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Memorize next cell selection start 
point 



/40 

DWA ＝ ΔΣ 

DAC Pointe
r 

Input 
Output 

Equivalent circuit for implementation 
Memorize next cell selection start 

point 

z - 1 

DAC Output 

z - 1 

Input 

δ 
Non-Linearity 

Can’t be realized directly 

Integration Differentiation 

δ  affected  by only Differentiation 

δ 
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Effect of DWA 

Normal 
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DWA 
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Signal band 

zero point 
at DC  

COMPLEX 

REAL 

ωin / ωs 

LowPass 

High Pass 
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Asymmetry 
with respect to ω=0. 
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Type of DWA 

① ② ③ 

① 
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DWA 
＝

 

DSP algorithm 
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Equivalent circuit of Complex DWA 
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Complex 
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Complex 
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δI , δQ  affected  by only complex notch 

Can’t be realized directly 

DAC input can be ∞ 
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Equivalent circuit implementation 

✦ Attach pointers 
 
✦ Exchange upper-path and lower-path every N 
clock 

Complex DWA is realized. 
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Complex Multi-Bandpass DWA algorithm 

DAC2 （HP operation） DAC１ （LP operation） 

D
A

C
 I
np

ut
 

D
A
C
 I

n
p
u
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Iin Qin I0 I1 I2 I3 I4 I5 I6 I7 

4 2 

3 2 

2 6 

2 1 

6 7 

1 5 

7 4 

5 3 

Iin Qin I0 I1 I2 I3 I4 I5 I6 I7 

4 2 

3 2 

2 6 

2 1 

6 7 

1 5 

7 4 

5 3 

N = 4（four zero points） 
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Simulation result   ~Ideal Linear DAC~ 
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Simulation result   ~Actual Non-Linear DAC~ 

δI 

δQ 
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Notches filled with noise 
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Simulation result   ~Actual Non-Linear DAC ＋ DWA~ 

DWA 

δI 

δQ 
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Notches filled with noise 
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Simulation result   ~Actual Non-Linear DAC ＋ DWA~ 

DWA 

δI 

δQ 

DWA 
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Steep Notches Notches filled with noise 

DWA 
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Conclusion 

‣ I,Q signal generation with digital centric 
for testing communication IC. 

‣ Complex multi-BP ΔΣ DAC 

‣ Multi-bit DAC 

◎ Relaxes the analog filter 
requirements 

× Degrades system linearity 
◎ DWA algorithm  

Low cost, high quality I,Q signal 
generation.  
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