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~ 1861-1865
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DUIUGHUS UYUalS 1S TTSIUSHUI UEBVEIOPMENT;
movie theaters downtown.

Tarantula Railroad begins tour service in Stockyards.

1996

Texas Motor Speedway
opens in north Fort
Worth with broad
acclaim for its design
and immense size.

Near Southside
neighborhood

begins modern
redevelopment, N
becomes known as heart of “Funky Town.”"
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the
lic life. Despite frequent illness } \ 1 ed the llo space pre
ind yot v teered for military I 1 r ights legislation
the Pacif [ Il, and hi
e afte ] join together and fight v
1er national acclaim. | I C n enemies of
, and war

cted to the U.S. | of k ( jation on November 22, 1963 was mourned
he S. Senate in 19 y afte ound the world.
v, he married Jacqueline

hotojournalist. | 3 To this day, John F. Kennedy's leadership lives on in ti

, won the Pulitze ize legacy of the opportunities and challenges he set §

for the citizens of our country and for all man

“In the long history of the world, o
the role of defending freedom in its hout
from this responsibility — | welcome
would exchange places with any other
The energy, the faith, the devotion which we
country and all who serve it. And the glow fr¢

And so, my fellow Americans, ask not
ask what you can

My fellow citizens of the world,

but what together we

TAIADEEIAZL TN SN ZR—SD TIEZL,

EENTAAIANTEDMNERMZ
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A Moment in Time. A Place in History.

Opened in 1921, the Hilton Fort Worth is the former Hotel Texas,
where President |

ohn E Kennedy and the Firsc Lady stayed
November 21, 1963, The next morning, after a speech in the
Horel’s Crystal Ballroom, the President’s motorcade departed,
taking with it che final moments of 2 more innocent America.
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Research Objective

« To develop usage of complex multi-band signals

for LSI testing applications

« To develop digital centric design of

complex multi-band signal generator
- Multi-bit A2 DA modulator

- Linearity enhancement algorithms
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Research Goal

Demand for low cost testing
of communication IC

$
High quality 1,Q test signal generation for

receiver IC with low cost

LL cos(Wrot)
RF l

In—phase
mixer DSP

I Quadrature—phase

—sin(WLot)
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 Complex Multi-Band Signals

« Complex Multi-BP A2 DA Modulators
 DWA Algorithm

« Self-Calibration

« Combination of DWA and Self-Calibration

« Conclusions
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Complex Signal

2 Real signals lin , Qin

4

Complex signal in+jQin  j=+-1

Complex signal processing is NOT complex.
- Prof. Ken Martin, Toronto Univ.
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Complex Signal in Frequency Domain
Complex signal lin + ] Qin

After Fourier transform lin( w) +j Qin (j w)

Asymmetric (‘})mp@

05 -04 -03 -02-01 () 01 02 03 04 05
Negative freq. win/Ws Positive freq.
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|IC Testing with Multi-tone Signal

ADSL ADC Testing

Noise Power Ratio (NPR)

Distortion
g NPR by DUT

i ===

empty
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|IC Testing
with Complex Multi-tone Signal

Complex Analog Filter Testing

Ggin Complex filter gain

LI

=Nfy - =3fp—2f;
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|IC Testing

with Complex Multi-tone Signal

I-Q ADCs Testing

cos
VGA
AN

LPF fL |
LA A % ADC_I

Antenna ;
»—| »—{ADC_Q

VGA

51N

I-Q ADCs In receiver circuit
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|IC Testing
with Complex Multi-tone Signal

Image Rejection Ratio Testing of
Communication ICs

B '

AAAAAAA

I, Q Imbalance mmp
Negative freq. (input) ™ Positive freq. (output)

Suggested by an ATE vendor 12/50



IC Testing with Complex Signal

Clock phase fine adjustment system
using complex signal

G,

% o sin(2mfy(t = At))

= cns[ﬂnfﬂdt} 5111{ M fot) — sin(2mfAt) cos(2m fyt)«
= G, sin(2m fyt) + G cos(2mfyt)«

Suggested by an ATE vendor 13/50



IC Testing with Complex Signal

High frequency signal generation

COS Wl

M @ |
I: cosw;,t —r — X

Mixer

() : sinw;,t —r—h &

SN w1t

YV = cosw;,t - cos w, .t — sin w;,t - sinw_,t+
= cos(w;, + w,)t.s
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Outline

« Background to This Research

« Complex Multi-Band Signals

 Complex Multi-BP A2 DA Modulators
 DWA Algorithm

« Self-Calibration

« Combination of DWA and Self-Calibration

« Conclusions
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1,Q Signhal Generation

@ Analog centric
Digital 10~14 hit Analog \/

..1010 . Real
@ Bandpass Filter

DSP Digital Analog

e =
ea —
0101 - Bandpass Filter %

@ Digital centric(1)

Digital 1~3 bit Analog

~1010| Real Bandpass . Real
AZ Modulator Bandpass F|Iter |
Analog

DS P Dlgltal

output
Real Bandpass . Real
o0t A2 Modulator Bandpass Filter /\/

@ Digital centric(2)

Complex Bandpass

A% Modulator

Proposed
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@ Analog Centric

Digital Analog

10~ 14 bi
..1010 | Real
| .@ Bandpass Filter A

DSP | Digital Nyquist DAC nalog

input output
R o e
..0101 Bandpass Filter /\/

Large Nyquist-rate DACs

and
Steep analog filters
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Delta Sigma DA Converter

Real vs Complex
@ 2 Real-BP AZ DACs

Digital Analog

-1010| Real Bandpass . Real
A2 Modulator Bandpass Fllter
Dlgital Analog

output
Real Bandpass . Real
0101 A2 Modulator Bandpass Filter %

1~3 DIt DAC Unused band  Signal band

@ 1 Complex-BP A DAC

Digital
1010
e
Digital | Complex Bandpass
input | AZ Modulator

—_—
..0101

1~3 bit DAC Wider signal band, High SNR
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Complex Delta Sigma is Superior

4 Power Signal

Complex

OSR [2")

OSR : Oversampling Ratio

15 dB better SNDR
for complex BP A~ modulator

High quality I, Q signals
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1,Q Sighal Generation

{ DSP

J

+

([ AYXDAC |

+

[ Complex |

Low cost, high qua

ity signal !

Digital ric

N |
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Principle of Complex BP Noise Shape

Iin —J,

Complex EI
resonator ,L

> rd

Le

H(z)

£

t

L]

Power
Y

Cluantization noises

DAC

Quut

Signal Transfer Function

H(z)

= (1)

Iaut + onut —

H(z)
1+ H(z)

(Iz"n. + jQin)

1 -
a7tk

‘ Noise Transfer Function




Principle of Complex BP Noise Shape

Complex E;
Iin _ resonator ,L
—>B— il

H(z)

rd AC
Q’in - T TD Qout
| Eq

Power ﬁ} Signal Transfer Function = 1

Quantization noises H(Z)

Iou . out — I?ln . in
t + JQout n z( + 1 Qin)

w

Fa¥

+1 +1-4|f2) (E[ +jEQ)

; Noise Transfer Function=0




Principle of Complex BP Noise Shape

Complex
resonator

H(z)

Qout
Ll

Power ﬁg; Signal Transfer Function = 1
Quantization noises H z) Lyt + 1Quup = | (Iin n JQm)

w

H 0 (Er+jEq)

‘ Noise Transfer Function=0




2nd-order Complex Multi-BP AZ DAC

d
Lin ﬁ»

Digital
Input

Output spectrum

4]
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-40
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Bl bl i
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P
o o
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Nth-order Complex Resonator
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Qutput spectrum
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Outline

Background to This Research

Complex Multi-Band Signals
Complex Multi-BP A2 DA Modulators
DWA Algorithm

DWA: Data Weighted Averaging

One of
Dynamic Element Matching (DEM) algorithms
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Multi-bit DA Modulator

Multi-bit DA modulator ( 2~3bit)
& W

Quantization noise reduction Linearity degradation

Analog
filter

Quantization S it

noise // Multi-bit




Multi-bit DAC

Digital Analog

ﬂ I_ -DAC> _,. _,

Digital | Complex Bandpass Complex Analog

input AZ Modulator Bandpass Filter | output
L0101 | J N,

Normal unary DAC

DAC

Voo

e

Cell Number

LiL|L|L|I

I—I'-E[] I+e .lr+l‘32 I+ e-

So S, S3\-e- S
I I [

ot
%R

e; . current source mismatch

& DAC Input




Multi-bit DAC

Accumulate mismatch of particular cell

Normal unary DAC

DAC

Voo

T . . .
Cell Number
I+ eg I+e I+ e I+er _
. e g
op By '

T # Vﬂut

%R

e; . current source mismatch

(ﬂ DAC Input




Multi-bit DAC + DWA

Memorize next cell selection start point

DWA* DAC *Data Weighted Averaging W\ Select the element with DSP algorithm

& DAC Input




Effect of DWA

Digital Analog

1010 [
Digital | Complex Bandpass Gomplex
input AZ Modulator Bandpass Filter

—
-0101

Normal

~Power [dB]
v oo & b
o o o O o




Equivalent Circuit of Complex DWA

Complex resonator

lin

Complex notch

A4

-

DAC1 )-

0 aq
W

WA

7
Iy

- Jan

\Ll/

\.

-

[

il

> Iout

> Qout

DAC? >

~

8 1, 6 ] Eﬂ:E?CtEd by DF‘I|}J SO0 i_lllﬁ'\- '_I_l'l'l'_‘.h

DAC input can be 00 _A
» Can’ t be realized directly




Equivalent Circuit Implementation

Digital Analog

010 |

—

Digital| Complex Bandpass Complex Analog
input AF Modulator Bandpass Filter | output

oo |

» Iout

Pointers

; DACZ/ 0”0 » Qout

CLK1

Pointers —

HP algorithm

4+ Attach pointers
4 Exchange upper—path and lower—path every N clock

* Complex DWA is realized.




Complex Multi-Bandpass DWA Algorithm

N = 4 (four zero points) W

[
=

4+
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Simulation Result ~ldeal Linear DAC~

Digital Analog

L0
— DAC
Digital | Complex Bandpass Complex Analog
input A% Modulator Bandpass Filter | output

— DAC T

01

I'u'l

D L2 . i . . : . - a - .
0.5-04-0.3-0201 0 0102030405
Wiy /mﬁ




Simulation Result ~Actual Nonlinear DAC~
01

Digital ¢ Analog
AC

Digital | Gomplex Bandpass
input A2 Modulator

Gomplex

Bandpass Filter
" RS>
..0101 ¢

Q

120

-140
0.5040.30201 0 0102030405

®in /ms

Notches filled with noise




Simulation Result
~ Actual Nonlinear DAC + DWA ~
O1

Digital Analog

L1010
—

Digital | Gomplex Bandpass Complex
input A2 Modulator Bandpass Filter

—_—

W/O Complex DWA

SNDR [dB]

L0101

3 4 5 B
OSR (2"

40 140 :
0.5.04.03.02.01 0 0.10.20.30.40.5 0.5.0.4.03.02.01 0 0.10.20.30.40.5
ﬂ%ﬂ ff(ﬂs ﬂ%n ff(us

Notches filled with noise = Steep Notches
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» Self-Calibration
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« Conclusions
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Look Up Table

Example

1
2
3
4
9
6
]
8




DAC Nonlinearity Measurement

Results are stored in LUTs

A 2 ADC
inside SoC

2nd Complex Multi-BP AZ DA Modu. + Non-Linear DAC
2.03

Noise by
Non-Lineg/ty

Noise by
Non-Linearity




A2 DAC with Self-Calibration of DAC1, DAC?2

Noise by
Non-Linearity Address

} 0

2.03

—> DA{:>—> Lout
DAGE: Qﬂ ut

4.05

Noise by
Non-Linearity




A2 DAC with Self-Calibration of DAC1, DAC?2

Noise by
Non-Linearity Address

' 0
DA

4.97

C’>—’ Imn‘ 1

2

G;_) Qﬂ ut

DA
2.04
!

Noise by
Non-Linearity




Simulation Results

@
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= Wi DWA

-+ Wio DWA

Simulation Conditions
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Simulation Results

Simulation Conditions Q) &
- Wio DWA ~= Wi DWA v Self-calibration

0 =1.0% 5 =0.9% 5 =0.7%

* w0 DWA —e— i OWA v Proposodiwio DWA) + w0 DWA = DWA - Proposodiwio DWA) * w0 DWA —e— ' OWA v Proposodiwio DWA)

100 e 100

-3 =
2= —]
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8 =0.5% 8 =0.1%
When DAC nonlinearity is large,
self-calibration (®) is more effective than DWA ().

0SR(2" 0OSR(2" 0SR(2")




Pros and Cons of Self-Calibration

DWA Self—Calibration

DAGC Nonlinearity
Noise Shaping

Specific Bands All Bands

@ Better SNDR than DWA is obtained.

Cons

@® DAC nonlinearity measurement
with delta-sigma ADC Is required.
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Combination of
DWA and Self-Calibration

------- + wio DWA & self-calibration —a— w/ DWA, w/o self-calibration
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Combination of
DWA and Self-Calibration

------- +- wfo DWA & self-calibration —s—w/ DWA, w/o self-calibration

—8— w/o DWA, w/ self-calibration --*-- w/DWA & self-calibration
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For large variation,
combination of DWA and self-calibration is the best.
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Conclusion

* |-Q signal generation with digital centric
 Complex multi-BP A2 DAC

« Multi-bit DAC

O Relaxes analog filter requirements

X Degrades system linearity

DWA algorithm
o g Self-calibration algorithm
Their combination

Low cost, high quality I-Q signal generation. -
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Type of DWA

Conventional 1 | Conventional 2 Proposed
{Real MBP DWA} | [Complex SBP DWA} | (Complex MBP DWA} :

Before DAC
(BP-noise shape)

Aftar

Non-Linear DAC DSP algorlthm

Ym”\r“ H”W

Mon-Linear DAC

Digital ( i.' _ _' Analog

1010 [
Digital | Complex Bandpass Complex
input A2 Modulator Bandpass Filter

_—

0101 |




Simulation Result
~ Actual Nonlinear DAC + DWA ~

N (number of notches)
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N increases ™ SNDR decreases




Simulation Conditions :
DAC unit cell variation

Current Amount of
Fach LLnit Cell

104

DAC1 Total Current :7.98

DAC2 Total Current:7.96

Standard deviation 1.0%
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MNon—Linearity

Integration ) Differentiation

A s “

+—DAC )t *P—— Output

—1
y

A A

o affected by only Differentiation

Can t be realized directly

o)
W
———__|DAC ) > Qutput

|F’o|nter| >

T Equivalent circuit for implementation

Memorize next cell selection start point
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