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Research Objectives

« Use an Arbitrary Waveform Generator (AWG)
as low-cost low-distortion signal source
for ADC testing

 Validate our 3"d-harmonic-cancelling
phase-switching signal generation technique

* Perform analysis, simulation, and experiments
using AWGs for ADC testing
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Expected Advantage of Our Solution
Conventional Method Tough LPF requirements

{Filter A | Filter B
|40dB [40dB
f, 3, T, Bfm AR
100kHz 300kHz 300kHz 900kHz
Our Method Relaxed LPF requirements
! 2 [ % A
|10dB
1 1
t 21 T 21
500kHz 1500kHz
| s — » Freq. : » Freq.
o 1 f. —f. fin 1f — £
100kHz g s in 300kHz 7S TR
1400KkHz 1200kHz 3/41
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* Problems with proposed solution
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« Experimental results

Conclusions
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Background to this Research

« ADCs are important part of mixed-signhal SOCs.
* Need a low-cost, low-distortion signal source
for ADC linearity testing.
» #1: Use existing AWGs in testersmmp low cost
« # 2: Develop a technique that doesn’t require
identification of AWG nonlinearity,

just a DSP program change.
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ADC Testing with Sine Signal

ADC test signal |
9 Z = b,Y + byY? Test result

AWG ﬁ ADC » Reference level
| J

Freq.
fin 31:in

fundamental | |
I Freq.
fin 3fin q
Freq.

fin fundamental
ADC HD3 “No Go”
ADC linearity test @

Freq.
- fin 31:in

ADC HD3 measurement
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Problem with Conventional Method

ADC test signal
~,
\\e 7—) ADC —>»

Test signal
Generation

Y —_ alDl‘n + a3Din.3

fundamental

fin 3fin

AWG HD3

Test result
fundamental HD3

1 +

1:in 31:in
AWG HD3+

Freq

ADC HD3 cannot be

measured accurately.

Low quality test
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Research Objective

ADC test signal
Z — bly -} b3Y3

Test signal
Generation

AWG ﬁ ADC =>»

Y — ale + agDin.g

only
program
change

fundamental

fil’l 3fil'l

AWG HD3 reduction

ADC test result

fundamental
HD3
A
1:in 31:in Freq

High quality test
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* Problems with proposed solution
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Conclusion
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Conventional Signal Generation with AWG

- e ~
Din

DSP DAC

CLK r

\D@XXXXXXXXK/

AWG sampling frequency: fs(awG) = 1/Ts

X = Acos(2mfi,nTy)

DAC has 3" order nonlinearity

Power [dB]

| 0.3 0.4
Normalized frequency f/fs
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Proposed Signal Generation with AWG

AWG Tsawe) ®=1/3
4 ) o
o N
Din \/’ \ °
DSP DAC )>1—> /P A5
n
CLK '
[ XO\ V /‘ /
Din X X0 X x1 XX0 XX1 X \;. /
\ / X1 [ ) \\.,.\.’\./
AWG sampling frequency : fgawe) = 1/Tsawe)
Xo = 1.15Acos (21t nTg — 11/6) fs/2-fin

X1 = 1.15Acos(2mfj,nTg + m/6)

fs/2-3fin { {

02 0.3
Normalized frequency f/fs

HD3 Is cancelled




Principle of 3" Harmonics Cancellation

NN
TARVARY

3'd harmonics: 3 fin

.o .0
. D D . . D
N K ol ) . afl . o s
) . N . ) . ) .
a . a . C a n .
) . a . . & ) ) .
N . . N .
n . Y N .
[ A - .
- N -
' . Y aw
n» . [ aw
| a » . . a a
| . N " 0
. a . )
[\ ) s Wa .
. 0 g . . 0
* > * .o

<>

O =T1/3 3@ =11

©
c
o
=
c
cu
>
c
o
O

fundamental: fin

3'd order non-linear system
Phase rotation by x3

Phase Switching

Two waves with phase difference 1r

are cancelled
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Conventional and Phase Switching Signals

Conventional
Wavefo rm Measured P?.W e:Spec trum
0 fin fundamental:9.0dBm [[ ~ 'in
—_— HD3:-68.0dBm £ —f.
';' E s ﬂWU) I 11
=, m
o T, -30 Ls
(@)
S B nrd.-.}
6 ; 9 - Harrmoric
> 5 -60 ' 3'dharmonic
Time [sec] 90 300 600 0 5 10
Frequency [kHZz] Frequency [MHZz]

Phase Switching

Waveform s .
Eﬁm.---- 0 fin fundamental:9.0dBm | || fin r>/|4— IQ Ueebm
— m.ﬂm!_--- 'g' HD3:-78.2dBm foawe) fsawey — fin
= RIS - 2 m
o IS 1} R . 20 g
S HSE AN
S I A 1 % e .  arionic
----IWII“ o -60 S Narnmroni | |
EEEEENE | AR Ao
Time [sec] /3 80 500 600 0 5 10
Frequency [kHZz] Frequency [MHZz]
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Conditions of HD3 Cancellation in Cascaded System

— nonlinearity

nonlinearity nonlinearity

3f;, generation

Conventional

— —
m m
© ©
— —
1 ~
o ()
3 E
(o] o
o o

0O 01 02 03 04 05 0.1 02 03 04 05 0.1 02 03 04 05
Normalized Frequency f/fs Normalized Frequency f/fs Normalized Frequency f/fs

3f;
.../cancellation

3f; "
cancellatio

Power [dB]
Power [dB]
Power [dB]

Phase
switching

: 400 400
0 01 02 03 04 05 0O 01 02 03 04 05 0 01 02 03 04 05
Normalized Frequency f/fs Normalized Frequency f/fs Normalized Frequency f/fs

HD3'’s are not cancelled if attenuate spurious at f. /2 — f;,,. /
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Problem

of Phase Switching Signal Generation

|deal Nonlinearity Model
Y - alx -+ 33X3
fundamental
ADC—
» Freq.
fin
fsanc)
Phase .
switchin Spurious
9 dueto phase switching
Y =a;X +a3X3
fundamental fs(AWG)/ 2 —fin ! >
‘ ADCpF—
S Freq.
fin 3fin
fsanc)

Reduction of HD3
due to AWG nonlinearity

fundamental
HD3

) ;

» Freq.
3fin

fin

HD3 due to
ADC nonlinearity

fundamentali fsawe)/2 — fin
HD3

A 5i> Freq.

Reduction of HD3
due to ADC nonlinearity

f.
Im

Big problem !
17/41



Model for Theoretical Analysis

AWG Input with Phase Switching

[
A = sin(2nrf;,nTs — g)

Din(nTs) ={ T
A - sin(2nfnT, + g)

AWG Nonlinearity Model
Y(nT) = a; Dy, (n) + aB{Din(n)}S

ADC Nonlinearity Model
Z(n) = byY(nTy) + b3{Y (nTy)}>

w/o LPE  Din(nTy) Y(nT;)

n: odd

n: even

—>| AWG

ADC

For simplicity
fs(awG)=fs(ADC)

Z(n)
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AWG Output

Y(nT;) = a1 Dy (n) + az{D;,(n)}>

= Psin(2nf;,nT) ‘ signal

large f
+ Q cos (27r (i—fm)nT) e

+ R cos (ZH(L — 3fin)nT; ) —

small

Spurious
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Direct Application of Phase Switching Signal
ADC output Z(n) components

aO ﬁl Sin(znfinnTs) D Slgnal

@_1COS (Zn(% — fin)nTg) B3 sin(2n3 f;,nT;)

B-1sin(2r (fs — fin)nTs) HD3

fs
a4C0S (21‘5(— " fin)nTS)
’ B—SSin(zn(fs i 3fin)nTs) /

a_3C0S (ZH(% — Sﬁn)nTs)
ﬂ_55il’l(2ﬂf(fs — SfEn)nTs)

By calculation f3=F_3

3fin and f; — 3f;, components are cancelled

CANNOT measure ADC HDS.
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Outline

* Research background

* Proposed solution

* Problems of proposed solution

 Remedy 1

 Remedy 2

Experimental results

Conclusion
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AWG Output and Low Pass Filtering

Y'(nTy) = ay Dy () + az{D;,(n)}°

= Psin(2uf;,,nT;)

+ q Qcos (277 (% — fin) nTs)

+ r Rcos (271(% — Bfin)nTs)

0<q<1, 0<r<1: spurious attenuation

Din(nT;) Y'(nTy) AQ
w/ LPF —>| AWG —> LPF —{ ADC |—
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Application of Phase Switching and LPF
ADC output Z(n) components

' B'1sin@rfyunTy) <—— signal

C{r_ICOS (2?1’(% . fin)nTs) 3,3 SIS )

B'_1sin(2r(fs — finInTs) HD3

/s
a';cos (21‘5(— + fin)nTS)
’ B’ _3sin(2r(fs — 3fin)nTy) /

a'_zcos (ZH(% — Sﬁn)nTs)
ﬂ'_5sin(2n(fs - Sﬁn)nTs)

By calculation 1IB'5] > |B 5|

3fin and f; — 3f;,, components are NOT cancelled

ADC HD3 can be measured.
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Spurious Attenuation Effect

AWG output and low pass filtering

Y(nTs)= Psin(2nf;,nT;)

f fscawe)/2 — fin
i QQCOS(Z’T(E—ﬁn)”Ts) spuriousieduction
+ rRcos (ZR(% = Bfin)nTs) Accurate HD3 measurement

[%]

QW

==

=

foaect —

gl

=3
| &

s s

sl =
: -

| o

Error of

0.1 0.2 0.3 0.4 0.5 0.6

fs _ fin component attenuation by q
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Spurious Reduction at fzwg)/2 — iy

/ fs(AWG)/ 2 —fi, / fs(AWG)/ 2 —fi,
LPF reduction ADC — b ...
» Freq. Iwiww-wwi » Freq
fin fsancy/2 fscanc) fin3fin fscanc)/2

Spurious reduction HD3 measurement
at fs/2-fin Error
10dB — 1%
20dB m—) 0.1%

For accurate ADC HD3 measurement
fscawe)
2

attenuate the spurious at — fin

Spurious reduction at fs/2-fin [dB]
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Outline

* Research background

* Proposed solution

* Problems of proposed solution

 Remedy 1

 Remedy 2

Experimental results

Conclusion
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When Spurious @ fsawe)/2 — fin is Within fgspc)/2

fsapnc)/2
\%
fs(AWG) /2 _ lrin ADC—
Freq.
t‘in fs(ADC)
Analog input Inside ADC

Q

PN
0,
Q d
U,
\RadlUb”
20‘(’4’3"090

20T U A O AR 114
A A
000100 PO 4121 4
RO . 11 S 111
A7 S WA
1]
L

Voltage

AT PR L
A A

Time

|
.|
]
[ |
||
L

0 5 10 15 20 25 30 35 40
Sample Number

HD3 cancellation

D ——” Similar

ADC HD3 can NOT be measured accurately
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When Spurious @ fsawe)/2 —

fin is Beyond fsapc)/2

fsanc)/2 fsapnc)/2
\% \%
fsawe)/2 — fin ADC —> i {s(AWG)/ 2 —fin
Immmmmw » Freq. 1__1_]—, Freq.
; f;, 3f; ~ |
fin fs(AI)C) in ~%in
folded
Analog input Inside ADC Digital output
el | £ | [ | [ o
o, R Sl - tehing s
% I Re‘productlon of phase SWItChIng S|gnal
= I .
S IR .
A 111/ PY Y 0 A
I R b 0 Y
10 20 30

Time

\

Sample Number

n/3 =
HD3 cancellation

-~ Different

ADC HD3 can be measured accurately
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Conditions for Accurate ADC HD3 Measurement

fscawe) fscanc) fscawe)

2 fi, > 2 ,and/or Spurious Reduction at 2 fin
fsancy/2 fsanc)/2
! ¥ v
[I LPF : i“AWG)/ = e ADC|— Lsawe) /2 — fin
reduction
Freq. mxi._m_f_. Freq.
fin fscanc) fin 3fin ~
folded
O Spurious power reduction at fgaweg)/2 — fin
f f
@ S(AZWG) —f;, > S(‘;DC) Change sampling frequency by folding

wcurate measurement of ADC output HD3 with phase switching sigy
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Outline

* Research background
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* Problems of proposed solution

 Remedy 1

 Remedy 2

Experimental results

Conclusion
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ADC 3 Harmonic Measurement Diagram

Oscilloscope,
Spectrum Analyzer PC FEFT
= digital —
Agilent L output
Satisfying Remedy 1 output
53220A ..01011..
ﬁ .
AWG LPFE —> ADC CLK Evaluation
<——— Dboard
ST
14bit DAC fi, = 200kHz APl 3475061 EVAL

MHz  CED1Z
12bit SAR ADC

fS(ADC) = 3.478261MHz

fS(AWG) = 10MHz

ADC test signal generation

.Conventional Satisfying Remedy 2

- Phase switching fs(AWG)
2

fsapc)
2
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Exeri_mental Environment for ADC Testing

fs(AWG)=10MHz, fin=200kHz
fs(ADC)=3.476261MHz

PC1 for test signal program

AVEE

Spectrum Analyzer
for test S|gnal anaIyS|s

AWG 33220A
for test signal
generation

Common mode

noise suppression PC2 for
by a choke c0|l ADC output
— 3 N~ ~g= analysis

EVAL CED1Z for generatlng ADC AD7356 (12bit)
sampling clock , etc. 6 samples
Device Under Test
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Analog LPF Design for ADC Testing

Oscilloscope,
Spectrum Analyzer PC FFT
— digital
oltput AD7356
output
DI ..01011..
EEEE——N :
AWG LPF E— ADC CLK Evaluation
€ board
Agilent Design ADI '.I;l;lgggl EVAL
33220A Implementation AD7356 MHz CED1Z
Evaluation
fundamental fundamental Phase SW@iDt:gil\’;lgH
spurious z
@ 200kHz CREEEREL @ 200kHz attenuation
removal
Freq. Freq.
1n fs/2-fin 1n fs/2-fin
fc=250kHz fc= 1IMHz, 2MHz, 2.7MHz, 3.7MHz

5th order LC Butterworth LPF

4th order LC Butterworth LPF
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LPF Implementation

Oscilloscope,
Spectrum Analyzer PC FFT
= digital
oo T
Ut ..01011..
ﬁ .
AWG LPF — ADC CLK Evaluation
€«——— board
' JuUr
e Design ADl 3478261 EVAL
el Implementation AD7356 MHz CED1Z
Evaluation

fc=250kHz fc=1MHz fc=2MHz fc=2.7MHz fc=3.7MHz

* TR ! ’ *]

£ 4

for HD3 reduction for fs/2-fin spurious reduction
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LPF Evaluation with Frequency Response Analysis

Oscilloscope,
Spectrum Analyzer PC FFT
= digital
owa ) 28
Ut ..01011..
ﬁ .
AWG LPF —— ADC CLK Evaluation
€«——— board
' JuUr
e Design ADl 3478261 EVAL
el Implementation AD7356 MHz CED1Z

Evaluation

Spurious fc=250kHz—> - 40dB @ 600kHz
@~fs/2

fc=IMHz —> - 54 dB@4.8MHz

= fc=2MHz —> - 30 dB@4.8MHz

fc=2.7MHz—> - 17 dB@4.8MHz

Gain[dB]

fc=3.7MHz—> - 8.0 dB@4.8MHz

Frequency[Hz]
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Measured Waveforms of ADC Input and Output

Analog Input Digital output
= |||

Conventional

Voltage [V]

([ fs/2-fin

Spurious
Phase Switching Signal
-8dB

Voltage [V]

2 |rinslYAT P I I Y
R T T Il
"L AT S O
NN 111 T

-1/ | N AT
I 1 P i1 A
~<| I 1

Time -17dB

Voltage [V]
(@]
B
=
==
§=
-
B
-
=
]

Voltage [V]

UOISIBAUOD A/V

SISAjeuy wnJioads
Juswainseo|A €AdH

| ]
-1 WEN
RN RN
-2 s NN
Time

Phase switching -30dB

Fundamental SpuriOUS@4.8|\/|HZ
@ 200kHz attenuation

S

10 20
Sample Number

Voltage [V]

-54dB

f; 3f; fs/2-fin \

¢ & 88

10 20
Sample Number
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Comparison of Conventional and Proposed Methods

0

Conventional w/o LPF

Phase switching w/ LPF (fc=1MH2z)

0

0.5 1 1.5 f,/2
Frequency [MHz]

fs
@z : fsawe) T fin @+ : o T fin

fin) @+ @ fin : —6.94dBFs i f,:—7.09dBFs —
ol HD3 : —88.1dBFs — : LPF
IS.I5 —40 / \ L(I,z 40 HD3 : —92.6dBFs £ 54dB
m d

S © it ‘o o
g ~80 - + = i
- =

o

—120 O 120

0 s 115 12 0.5 1 L5 f,/2
Frequency [MHZ] Frequency [MHz]
o Conventional w/ LPF (fc=250kHz) True ADC HD3: -94.6dBFs

)

L —40 Conventional method

m rd True ADC HD3

S, 2 s Measured HD3: -88.1dBFs

5 80 Error 6.8%

=

(@)

o

Proposed method
Measured HD3: -92.6dBFs

Error 2.1%
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ADC HD3 Measurement Results

onal __ .
—8= conventional ADC (AD7356) HD3 measurement error reduction is verified
—&— phase switching

0
0
c
o
£
| .
©
-
®
™
o
(@]
<

ADC 3" harmonics

detection error [%]

detection error [%]

Sample 1

—a—1t

\\ﬂ

20 40 60
Spurious @ fs/2-fin

ADC 3" harmonics

detection error [%]

Sample 2

attenuation [dB]

Sample 4

+
*

20 40 60

Spurious @ fs/2-fin
attenuation [dB]

ADC 3" harmonics

detection error [%]

18
15
12

9

6
3
0

60
Spurious @ fs/2-fin

ADC 3rd harmonics

detection error [%]

Sample 3

45‘ E

T—

0

attenuation [dB]

| Saim ple 5

—h

20 40 60

Spurious @ fs/2-fin
attenuation [dB]

ADC 3rd harmonics

detection error [%]

20 40 60
Spurious @ fs/2-fin
attenuation [dB]

Sample 6

—8—p

Y .

20 40

Spurious @ fs/2-fin
attenuation [dB]




Outline

* Research background

* Proposed solution

* Problems of proposed solution

 Remedy 1

 Remedy 2

Experimental results

Conclusion
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Conclusions

® [ ow distortion sine signhal generation
® \Without AWG hardware modification
® Just AWG program change
and a simple analog LPF
® Verified with
AWG (Agilent 33220)
6 samples of 12bit SAR ADC (AD7356)

Greatly improved quality of ADC Linearity testing

at virtually no extra cost.
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Future Work

® Generalization to other types of
low distortion sinusoidal signal generation
- HD2, HD2&HD3 cancellation for 1-tone
- IMD3 cancellation for 2-tone

® \We have partially verified these.
® Detailed theoretical analysis, simulations,

and experiments are underway.
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