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1. Introduction
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Cost and Quality for Test Cost

@® Analog portion continues to be
difficult part of SoC test.

@® Concept of “cost” and “quality” makes
“Issues and challenges of
analog circuit testing in mixed-signal SoC”
clear and logical.

@ LSI testing technology
reduces cost and improves quality
simultaneously.
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2. Review of Analog Circuit Testing
In Mixed-Signal SoC
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EEE—
Management Strategy

@® Strategy 1:
Use low cost ATE and develop analog
BIST/BOST to make testing cost lower.

@® Strategy 2:
Use high-end mixed-signal ATE
as well as its associated services & know how.
Fast time-to-market & no BIST
can make profits much more than testing cost.

ATE:. Automatic Test Equipment

Save or Earn _ _
BIST. Built-In Self-Test, BOST: Built-Out Self-Testy
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EEE—
Low Cost Testing

ldeal : No testing
@ Design guarantee
@® 100% chips work well

Reality :

@® Low costATE

@® Short testing time

@® Multi-site testing

@ Minimum or no chip area penalty for BIST
@® Extensive usage of BOST

-+ A penny saved is a penny earned.




Test and Measurement are different

@ Production Test: 100% Engineering
Decision of “Go” or “No Go”
For example, it can be performance comparison
between DUT and “Golden Device”.
e [ Sl testing is manufacturing engineering.

@® Measurement : 50% Science, 50% Engineering
Accurate performance evaluation of circuit

Measurement can be costly, but testing should be at low cost.

DUT: Device Under Test
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Analog BIST

@® BIST for digital : Successful
BIST for analog : Not very successful
m Challenging research

@ Digital test : Functionality =) Easy
Analog test : Functionality & Quality =) Hard

Analog: parametric fault as well as fatal fault.

Prof. A. Chatterjee
Specification-based Test  Alternative Test Defect-based Test

@® In many cases
- Analog BIST depends on circuit.
- No general method like scan path in digital.
- One BIST, for one parameter testing
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N S
RF / High-Speed IO / Power Device Testing

@® RF/HSIO / Power testing is different
from analog testing technology.

@® These testing technologies are
other challenging areas.

@® RF testing items examples:

- EVM test

- System level testing, GSM/EDGE
- AM/PM distortion

- Jitter, Phase noise
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Robust Design and Testing

Robust design makes its testing difficult.

@® Feedback suppresses R1 R2
parameter variation effects. r>—
@® Self-calibration and redundancy

hide defects in DUT.
@® Secure DUT is difficult to test.

Robust design (yield enhancement) and testing cost reduction
are trade-off.

SEMICON’
JAEPAM



ATE for Mixed-Signal Testing

@® Analog part is costly for development.
@® Analog BIST is also beneficial
for mixed-signal ATE manufacturer
@® ATE must be designed with today’s technology
for tomorrow’s higher performance chip testing.

S/H1 |—={ ADCH
cki 1
analog : | digital
Interleaved ADC used in ATE neut CKES_f_/HzH ADC2 [ [\ outpu
to realize very high sampling rate
with today’s ADCs o——{S/Hm}—{ ADCM |—o
ckm -t 1
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Low Cost ATE

@ Digital ATE
- No analog option such as
Arbitrary Waveform Generator: AWG
- Input/output are mainly digital.

@® Replacement of analog ATE with digital ATE
- Multi-site testing becomes possible.
- Still short testing time Is important.

@® Secondhand ATE, In-house ATE
® ATE with well balanced modular hardware

and software
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EEE—
Cooperation among Engineers

@® Collaboration is important

Circult designer

LS| testing engineer

ATE manufacturer engineer
Management

LSI testing researcher in academia

@® Strong background of analog circuit design
as well as LSl testing are required
for analog testing research.
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Collaboration with Socionext Inc.,

STARC and other related industries

3. Research Topics
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Phase Noise Test with AX TDC POST solution

Phase noise in oscillator

Necessary signal Malfunction of electronic systems
_ * RFcircuit & system
Phase Noise

* ADC

Power

frequency Phase noise test at low cost, in short time

-I Conventional Proposed

Simple circuit e

AZ Time-to-Digital Converter

® Expensive :Spectrum analyzer
® Long : test time ( ~10seconds)

m) cost @

[1] Y. Osawa, H. Kobayashi, “Phase Noise Measurement Techniques Using Delta-Sigma TDC”,

IEEE International Mixed-Signals, Sensors and Systems Test Workshop (IMS3TW'14),
Porto Alegre, Brazil (Sept. 17-19, 2014).

e e

Low cost, hlgh quallty
Phase noise test

b T
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TDC BOSTs for Timing Signal Testing "

i
1- - - -
e R

LU IO
e fo e Ll

Flash-type TDC with analog FPGA Flash-type TDC with digital FPGA

[2] R. Jiang, H. Kobayashi, Y. Ozawa, R. Shiota, K. Hatayama, et. al.,
“Successive Approximation Time-to-Digital Converter with Vernier-level Resolution”,
IEEE International Mixed-Signal Testing Workshop, Catalunya, Spain (July 4-6, 2016).
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On-chip Jitter Measurement Circuit "

.........................................................................................................................
-
-

Cascaded TDA

CLK @-L L'D— mbit Digital Code
E(Period :T) TD >Latch Counter *—D (CDF)

nT- _—
delay = =
c o
ATin _ ("=3) s 5
_ Digital o ©°
ettt eteateseateasaaeteasateseateataasteatatetaseteseateateasteseatestaseateasateaeateseeaesensaneataas ar..... g
® EJ
: 45um
Experiments show that o
1.67 pS RMS tlmlngjltter Process : 65 nm CMOS Ot
can be measured Supply Voltage : 1.2 V 30 um
1350 pm?2

[3] K. Niitsu, H. Kobayashi , “CMOS Circuits to Measure Timing Jitter
Using a Self-Referenced Clock and a Cascaded Time Difference Amplifier
with Duty-Cycle Compensation,” IEEE Journal of Solid-State Circuits, Nov. 2012.

SEMICON’
JAPAN




N
DFT for SAR ADC Linearity 2elioothon

A high-resolution, low-sampling-rate ADC
requires a long testing time for its linearity.

10bit SAR ADC

Shorten SAR ADC linearity test time. TSMC 180nm
1.2x1.2mm?

[4] T. Ogawa, H. Kobayashi,
"Design for Testability That Reduces Linearity Testing Time of SAR ADCs”,
IEICE Trans. on Electronics (June 2011).
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Low Cost ATE

Low IMD3 2-Tone Signal Generation with AWG
for Communication Application ADC Testing

s AWG ~ Measurement Results (AWG 2-tone output)
Din “, Auu
DSP DAC -
I _?/
ex [T LT LT 1T

«— 1/f,—> conventional

D X_xm KXo+ XX+ 2 Xxm+3) X

Proposed phase switching
\_Di" X Xo(m) XX+ DXXo(n+2)XX, (n+ 3)x
vy

Conventional
X(n) = Acos(2ntf;nT,) + Acos(2nf,nTy)

Conventional
Power [dBm]

Phase switching
Power [dBm]

Proposed phase switching
Xo(n) = Bcos(2nf nT,; + /6) + Becos(2nf,nT; — /6)
X;(n) = Becos(2nf;nT; — m/6) + Bcos(2nf,nT; + m/6)
[5] K. Kato, H. Kobayashi,

“Two-Tone Signal Generation for Communication Application ADC Testing”,
The 21st IEEE Asian Test Symposium, Niigata, Japan (Nov. 2012).

Frequency [kHz] Frequency [MHz]
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. . Algorithm
Multi-tone Curve Fitting Algorithm
for Communication Application ADC
2-tone Multi-tone
Power spectrum Power spectrum
. I ., TR SR N |
_mm L hdgfw il Uil bl LA

E-1 2wl-we  Zt-p1il s

frequency frequency
Noise Power Ratio: NPR

No need for expensive instruments

ADSL application ADC testing

[6] Y. Motoki, H. Kobayashi,
“"Multi-Tone Curve Fitting Algorithms for Communication Application ADC Testing",
Electronics and Communication in Japan: Part 2, Wiley Periodicals Inc. (2003).
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Complex Multi-Bandpass AZ Modulator Mixed-Signa

for I-Q Signal Generation Testing

@® Generation of high quality analog I-Q signals

@ Testing of communication application ICs

@ Digital rich

(Suitable to the realization with nano CMOS — Low cost)

AZ Complexsignal Non-linear correction algorithm
modulation prucessing for Multi-bit DAC

T@* In-phase o oA
Iin 3 — 1, - wio DWA
@ D_EB"EB—E @_'t\/ ; !x : D;

@) - |
Digital 5/ ) % : Analog
input output
R 22NN 9
- =—d r

Q LT 1= an: if\/
Quadrature-phase

[~

(‘i“l
i

0 H ; H
1 2 3 4 5 6 T 8
0SR(2"

[7] M. Murakami, H. Kobayashi, “ I-Q Signal Generation Techniques for
Communication IC Testing and ATE Systems”, IEEE International Test Conference,(Nov. 2016).
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i ! ATE for
Time Interleaved ADC in ATE System wixed-signal
Testing
Channel ADC mismatch - ADC1
compensation f
ADC2 digital
Cost effective high-speed ADC f output
ADCM
¥

[8] N. Kurosawa, H. Kobayashi,

“Explicit Analysis of Channel Mismatch Effects in Time-Interleaved ADC Systems”,
IEEE Trans. on Circuits and Systems | (March 2001).

[9] R. Yi, H. Kobayashi,
Digital Compensation for Timing Mismatches in Interleaved ADCs”,
IEEE 22nd Asian Test Symposium, Yilan, Taiwan, (Nov. 2013)
[10] K. Asami, H. Kobayashi, “Timing Skew Compensation Technique using Digital Filter

with Novel Linear Phase Condition,”
IEEE International Test Conference, Austin (Nov. 2010).
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4. Challenges & Conclusion
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EEE—
Challenges of Analog Testing

@ Use all aspects of technologies
- Circuit technique
- Cooperation among BIST, BOST & ATE
as well as software & network
- Signal processing algorithm
- Use resources in SOC
such as uP core, memory, ADC/DAC

There IS no science without measurement.
There is no production without test

No royal road to analog testing

SEMICON’
JAEPAM



Explicit Analysis of Channel Mismatch Effects
iIn Time-Interleaved ADC Systems

N.Kurosawa, K.Maruyama, H.Kobayashi,
H.Sugawara and K.Kobayashiy

Gunma University, Japan Yy Teratec Corp. Japan
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Explicit Analysis of Channel Mismatch Effects in
Time-Interleaved ADC Systems

Naoki Kurosawa, Haruo Kobayasthilember, IEEEKaoru Maruyama, Hidetake Sugawara, and Kensuke Kobayashi

Abstract—A time-interleaved A-D converter (ADC) system is

S/H1 I—-I ADC1
an effective way to implement a high-sampling-rate ADC with

ck1 ¥

relatively slow circuits. In the system, several channel ADCs analo digital
operate at interleaved sampling times as if they were effectively a inputg ° l SH2 l_’{ ADC2 I_o ougt]put
single ADC operating at a much higher sampling rate. However, Ck2 .

mismatches such as offset, gain mismatches among channel ADCs !

as well as timing skew of the clocks distributed to them degrade

S/Nof the ADC system as a whole. This paper analyzes the channel o

mismatch effects in the time-interleaved ADC system. Previous CKMS/HIMH AD,CM }__O

analysis showed the effect for each mismatdndividually, however —

in this paper we derive explicit formulas for the mismatch effects CK1 —— 7 l ’ l ' L
when all of offset, gain and timing mismatches exist together. We CK2 _.-_L—Ts L ! L—
have clarified that the gain and timing mismatch effects interact ckm—I L | 1 . 1 r
with each other but the offset mismatch effect is independent from tme ——

them, and this can be seen clearly in frequency domain. We also
discuss the bandwidth mismatch effect. The derived formulas can
be used for calibration algorithms to compensate for the channel
mismatch effects.

Fig. 1. Time-interleaved ADC system.

ADC system as a whole. Hence calibration often has to be
Index Terms—A-D converter, analog circuit, calibration, incorporated to ensure uniformity among the characteristics

channel mismatch, interleave, track/hold circuit. of the channels. It is important to clarify the issues of the
interleaved ADC architecture for designing the system. This
|. INTRODUCTION channel mismatch in the interleaved ADC system may be called

) ] ) assystem level mismatayr module level mismatchvhile, for
E LECTRONIC devices are continuously getting faster angkample, a random offset voltage in a CMOS differential pair

accordingly, the need for instruments such as digitizingrcyit due to device size and threshold voltage mismatches
oscilloscopes and large scale integrated (LSI) circuit testerspifay be called asircuit level mismatch
measure their performance is growing. A-D converters (ADCS) This paper first reviews interleaving issues, the effects of
incorporated in such instruments have to operate at a very higifset, gain and timing mismatchesdividually [4]-[11]. Then,
sampling rate. This paper studies theoretical issues of a time+s will derive explicit formulas for the mismatch effects when
terleaved ADC system where several channel ADCs operateyfitof offset, gain and timing mismatches exist together, and
interleaved sampling times as if they were effectively a singlhow that the gain and timing mismatch effects interact each
ADC operating at a much higher sampling rate [1]-[7]. Fig. dther but the offset mismatch effect is independent from them.
shows such an ADC system where eath channel ADCs \we also analyze the bandwidth mismatch effect. The derived
(ADCy, ADCy, ..., ADC,,) operates with one o/ phase formulas can be used for calibration algorithms to compensate
clocks (CKy, CKs, ..., CKy), respectively. The sampling for the channel mismatch effects. In this paper, we concentrate
rate of the ADC as a whole i3/ times the channel samplingon two-channel and four-channel interleaved systems because
rate. This time-interleaved ADC system is an effective wayiey cover most of the practical applications. Eight-channel or
to implement a high-sampling-rate ADC with relatively slowsthers may be sometimes used in practical situation, and the

circuits, and is widely used. Ideally, characteristics of channgktension of the results here to an interleaved system of other
ADCs should be identical and clock skew should be zergpannels is also possible.

However, in reality there are mismatches such as offset, gairHereafter, we will use following notations:

mismatches among channel ADCs as well as timing skew of 54 number of channel ADCs in the ADC system;

the C|0C|(S d|Str|buted to them, Wh'Ch cause SO-Caﬂaﬁem fnoise pattern noise frequency of the ADC Output,

noise and significantly degradeS/N (effective bits) of the . = input frequency applied to the ADC system;
Is sampling frequency of the ADC system;

Manuscript received June 13, 2000; revised October 11, 2000. This paper wag's /M sampling frequency of each channel ADC.
recommended by Associate Editor G. Palumbo.
N. Kurosawa, H. Kobayashi, K. Maruyama, and H. Sugawara are with the De-
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Channel 1 /O characteristics Channel 2 I/O characteristics
digital digital
output output

st analog input —~.V052~— analog input

digital
input output

VosM
»—‘—H—o ] S/HM - o
CKM
(a)
ADC output
1.2 T T T T T T T T T
.
Due to offset mismatch
0.8 sob- - .
06 oF f’?’ /
04} -—signal 4
= /2
a—xoo DC f3
b]
-2 g—lso
0.4 L [
=200 - . .
-06 : 1 3 |
o8 C i g B 350 . o o
- ‘20 Ofl 0?2 0{3 0f4 . 0!5 0{5 0:7 078 01.9 1 -350
time 0 frequency £z
(b) (c)
Fig. 2 Offset mismatch effect. (a) Offset mismatch mod&bs,, represents the offset éth channelk = 1, 2, - .-, M). (b) ADC output and error signals in
time domain for a sinusoidal input. (¢) ADC output power spectrum.
A. Offset Mismatch Effects ©

Suppose that the offsets of each channel are different and the
other characteristics are identical (Fig. 2). This mismatch causes
fixed pattern noisen the ADC system. For a dc input, each
channel may produce a different output code and the period of
this error signal iS\// f,. The pattern noise is almost indepen-
dent of the input signal in time and frequency domains, and it
is additive noise in time domain while in frequency domain it
causes hoise peaks at

fnoise:kaS/M7 k:]., 2,3,....

The S/N degradation of the ADC system (total pattern-noise
power) due to the offset mismatch is constant regardless of the
input frequency and amplitude (Fig. 3). s

0 Input frequency f; 2

B. Gain Mismatch Effects

Suppose that_ the gain$ of e.aCh Channel are qiﬁere_nt apd ﬁb‘?& Simulation results @/Nversusf;, of a four-channel 6-bit interleaved
other characteristics are identical (Fig. 4). If a sinusoidal inpADC system in offset, gain and timing mismatch cases.
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Channe! 1 I/O characteristics Channel 2 I/O characteristics
digital digital
output output
slope=G1 slope=G2
analog input analog input
(a)
ADC output
12
T ) Due to gain mismatch
08 sob. .
06} fin
sl - ~f, +f/2
R AV
_sof . . .
02F
o «— signal
0 E-IOO' i
b]
02 g—lSO-
-04 %
=200
=06
s sk - | - . . o
12 ; ; ; i : : ; i i
0 0.1 0.2 0.3 04 '0.5 0.6 0.7 0.8 09 | -350
time 0 frequency fyﬂ
(b) (c)
Fig. 4. Gain mismatch effect. (a) Gain mismatch mo@&l.represents the gain éth channelk = 1, 2, ..., M). (b) ADC output and error signals in time

domain for a sinusoidal input. (c) ADC output power spectrum.

signal is applied to the system, the largest difference in chaniel the interleaved architecture also suffers from clock skew
outputs occurs at the peaks of the sine wave. As with the offedtects. Suppose that the clock¥<,, CK>, ---, CK,; have

mismatch case, the basic error occurs with a peridd ¢f; but

skewsdty, dto, - - -, dtpr (Fig. 5). This skew causes noise in

the magnitude of the error is modulated by the input frequentlye ADC system, and in the time domain the largest error oc-
fin- Thus, the pattern noise due to gain mismatch is multiplicaurs when the input signal has the largest slew rate, or crosses
tive in time domain—which is like amplitude modulation (AM)zero, which is like phase modulation (PM) noise (Fig. 6). The

noise—while noise spectrum peaks are at

k
fnoise—ifin+Mfs7 If—]., 2,3,....
Suoise depends orfy, (Fig. 4) while theS/Ndegradation of the
ADC system due to the gain mismatch is independent;of

(Fig. 3). Also, note that in the offset mismatch case, iR

degradation (noise power) is independent of the amplitude of the

envelope of the error signal is the largest at the zero-crossings
with a period ofM/ f;. It is shifted by 90 deg compared to the
gain mismatch case. In the frequency domain, as with the gain
mismatch case, the basic error occurs with a peridd ¢f, and

the magnitude of the error is modulated by the input frequency
fin. The noise spectrum peaks are at

k
noise = *fin EY;
Facse = +fint 17

foo  k=1,2,3,....

input butin the gain mismatch case, it depends on the amplitu%te thatS/Ndegrades ag,, increases (Fig. 3)

C. Clock Timing Error Effects

Remark: In offset and gain mismatch cases, the signal power
at the output keeps constant@sincreases. On the other hand,

There are two kinds of timing errors in an interleaved AD@ the timing skew case, the signal power at the output decreases
system, clock skew (systematic error) and clock jitter (randoas f;,, increases, while the total power of the signal and the error
error). Clock jitter effects are unavoidable in any ADC systemt the output keeps constant.
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Output error due to timing skew

(a) CK1 ] ] Ideal clock
ideal CK2 | I
timing | 0 i E o EE S EE e Actual clock with skew
CKM L] 1 T 1 r
dt2 fdt1 : ; : :
(b) CKv ] 1 | 1 L I! : l: e Ideal sampling point
acwal CK2'____ [ | 1 | - - - -
timing CIéM' ] 1 pdM dt dat = Actual sampling point

J 1 1 r
tt ot Y — ™~

Timing skew

(c)

Fig. 5. Clock skew: (a) Ideal clock timing. (b) Clock timing with skewsiof, dt., ..., dts. (C) Timing skew causes error for the sampled data.

digital
output

CKmM+dm—t ¥
(a)
ADC output
1.2 Y T T T T T : T T
L . . . 100 —
Due to timing skew
038 sob J
06 f, "
oF . - _.f‘. +f/2 -
04 _f,'n f 9/ 4 f;'n +fs/4 n s
=50} B
02 —_ .
N g_m_ <— signal |
0 S
- Z 150 1
-04 o
~200f b
-06
s asob ) : . ]
—l 2 1 1 1 1 1 1 1 1 1
01 02 03 04 05 06 07 0§ 09 1 =350
time 0 frequency fs/2
(b) (c)
Fig. 6. Timing skew effect. (a) Timing skew modet,. represents the skew bth clock(k =1, 2, ..., M). (b) ADC output and error signals in time domain
for a sinusoidal input. (c) ADC output power spectrum.
[1l. CoMBINED CHANNEL MISMATCH EFFECTS A. Two-channel Interleaved ADQ/ = 2)

First, we consider a two-channel interleaved ADC system.

In this section, we will deriveexplicit formulas for the mis- Fig. 7 shows its configuration where each of two-channel ADCs
match effects when all of offset, gain and timing mismatchdé4DC:, ADC,) operates with one of two-phase clocKs ( ®,
exist together, and show that the gain and timing mismatch #fith a period oR7}), respectively. The sampling ratg,(where

fects interact each other but the offset mismatch effect is indﬁs—é 1/T;) ofthe ADC as awhole is twice the channel sampling

pendent of them. rate. However, as mentioned before, this interleaved ADC
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n:odd 100
&

Due to Due to
Vin(t) Vout(nTs) sol-average offset. . ... . _offset mismaich]
O
ok S faf2 N\
neven LADC2 [0 £ £ 4,

-50 R o . A
Fig. 7. Two-channel time-interleaved ADC system. DC Signal fS/Z

|
=
=

Due to timing skew

-150 o
& gain mismatch

system suffers from channel mismatch effects [8], [9], [11]:
gain mismatch, offset mismatch and timing mismatch. Ideally,
ADC; and ADG; should be identical. However, in reality, their
gains and offsets may be different from each other, and also -2op - SRR :
the sampling timings may deviate frody, and ®,. Let the o WWWMW
gains of ADG, ADC, be G, G, respectively, and their offsets

pe os1, osy respectively. Also, let the sampling timing devia- B frequency 772

tions from®; for ADC; and®- for ADC, be ét;, ét, respec-

tively. Suppose that the input to the ADC is a sinusoidal Signgly. 8. Simulation result of a two-channel time-interleaved ADC system with

Vi (t) = ACOS(Qﬂfmt)_ Then, the output of the two-channelchannel mismatches which verifies the correctness of our derived equation (3).

; e . 8192-point FFT was performed with = 1, G = 1, fin/f, = 997/8192,
interleaved system is given as follows: gain mismatch ofr = 0.03, timing mismatch obt = 2.0 x 10~°, average
offset ofos.., = 2.0 x 10~%, and offset mismatch afsq;r = 9.0 X 10~*in

. Power[dB]

=2
=3

Vo (n) { GrAcos[2r fin(nT, + 6t1)] + 01 (n: odd) (1) and (2).
out\) =
‘ GaAcos2n fin(nTs + 6t2)] + 0s2  (n: even).
1)
Let
A A
GI(G1+G2)/2 CYI(GQ—G;L)/(ZG)
Stom (8t + 6t2)/2 6t 2 6ty — 6t
0Sem é(osl + 0s2)/2 OS il 2 (0s2 —0s1)/2. (2)
Without loss of generality, we choose the timing reference so | e003 = = ]
thatét.,, = 0. Then, we obtain the following: | S — S
Vvout (nTe) = As COS(27rfinnT9 + 99) o : a=0.10 : : )
+ A, cos [27r (—fm + % fs) nT, + Qn] B o5 52 25 5 a5 4 a5 s
f_ 8 t x10"
+ 0Sem + cos(mn)osqin 3) in
Fig. 9. Simulation result of SNR of a two-channel interleaved ADC system
where with gain mismatch«) and timing skew(6¢) based on (3).
Ay 2AG cos2(7 fin6t) + a2 sin® (7 fi,6t) this is a very general result. However, in previous refer-
A S 5 ences [5], [6], [8]-[11] each channel mismatch effect in
Ap IAG\/Oé cos? (7 fin6t) + sin® (7 fin0t) interleaved ADC systems is discussed only individually.
g 2 arctanfa tan(m fin6t)] 3) From (3) we see that the effects of gain and timing mis-
N " match interact each other while the offset mismatch effect
0, =— arctan[tan(r fin6t)/ct]. is independent.
4) Numerical simulations show that (1) and (3) match ex-
Remark: actly; in both cases, the power at dc-i€7.959 dB, the
1) Vou(nT3;) given by (3) has four frequency components; power and phase dt, are—0.017 038 dB, 0.107 82 deqg,
the frequency of the first term in (3) i, that of the those atfi, + f/2 are—23.1736 dB,—64.439 deg and
second term is- fi, + (1/2) s, the third one is 0 (dc) and those atf, /2 are—54.8945 dB, 0.0 deg with the simula-
the fourth one ig1/2) f,. In other words, the first term tion conditions in the caption of Fig. 8, where the simu-

corresponds to signal while the second termis due to gain  lated power spectrum is shown.

and timing mismatches and the third term is caused by the5) Fig. 9 shows numerical simulation result for the SNR due

average offset of AD€and ADG; while the fourth term to gain mismatch and timing skew which would be useful

is caused by offset mismatch. for designing a two-channel interleaved system. In Fig. 9,
2) Equation (3) that we have newly derived considers the  the horizontal axis indicates timing skei normalized

gain, offset and timing mismatches together and hence by the input frequency;,, and the vertical axis shows the
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L ADCH Then, we obtain the following:
‘/out (nTS)
oO— Ass
Vin(t) n—=4m+1 ADC2 = A,4cos <27r finnTs — arctan Asc)
[ 1 Anls |
o——— ADC3 + A, cos | 2anT, <fin + = fs> — arctan
n=4m+2 L 4 Apie |
- 1 Ay ]
+ A,z cos | 2anT, <fin + = fs> — arctan 1 2
no—'=4m+3 + ADC4 o - § e
+ A,z cos | 2anT, <fin + 1 fs> — arctan —2%
n3e |

Fig. 10. Four-channel time-interleaved ADC system. L

+ %(031 — 082 + 083 — 084) COS [27mTS (% fs)]
SNR of the two-channel interleaved ADC system with a + % \/(031 — 053)% + (082 — 084)?
parameter of gain mismateh For example we can see in 1 089 — 084
Fig. 9 that gain matching better than 0.1% is required to X cos [QW”TS <Zfs) — arctan m}
obtain SNR better than 54 dB fgf, 6t < 0.5 x 1073,
o s Pox + (0s1 + 082 + 083 + 0s4) /4 (6)

Note that the offset mismatch effect is not included in
Fig. 9, however, it is independent of gain and timing mis- h
match effects and it can be simply added to them. where

Fact 1. The total powetF,,;; of the signal and noise at the A 5 5 A 5 N
whole system output is given by Asa =/ AT+ A A = vV Avre T Anis
A

A 2 2
An? = An?c + An?s An3 n3c

P = }LAQ(G% + G%) + % (os% + 032).
. andAscu Assa Anlcu Anlsy An2cu AnQSa An3cu An35 are deﬁned
Proof: See Appendix IIl. in Appendix .
Remark:

B. Four-channel Interleaved ADQY = 4) o ) ]
) , 1) Similar arguments described in two-channel case are
Next, we consider a four-channel interleaved ADC system, valid for the four-channel case.

and Fig. 10 shows its configuration. Similarly, let the gains of 2) Numerical simulation shows that (4) and (6) match ex-

ADC., ADC,, ADC3, ADC, be G, G, G3, G4, respectively, actly; in both cases, the power at dc is -66.021[dB], the
and their offsets bes;, os2, 0s3, 0s4, respectively. Also, let power and phase dt, are—0.041 198 [dB], 0.092 3199
the sampling timing deviations e, , 6t 6t3, 64, respectively. [deg], those at-fi, + f,/4 are —27.164 [dB], 73.792
Suppose that the input to the ADC is a sinusoidal sigfdk) = [deg], those atf, /4 are —52.041 [dB], 0.0 [deg], those
Acos(2r fint). Then, the output of the four-channel interleaved at— fin + f,/2 are—21.945 [dB], 80.336 [deg], those at
system is given as follows: fin + 3/, /4 are—28.296 [dB],—84.706 [deg] and those
at f;/2 are —56.478 [dB], 0.0 [deg] with the simulation
Vout(n) conditions in the caption of Fig. 11, where the simulated
G1A cos[27 fin(nTs + 6t1)] + 051 (n = 4m) power spectrum is shown.
G2 A cos|2r fin(nT, + 6t2)] + 0s2  (n = 4m +1) 3) Fig. 12 shows numerical simulation result for the SNR
=\ Acos[2n fun(nT, + 6t2)] + 055 (n = dm 1 2) (4) due to the gain mismatch and timing skew which would
3 mATs 3 3 be useful for designing a four-channel interleaved system,
Gy A cos[27 fin(nT, + 6ty)] + 054 (n =4m +3) as similar to Fig. 9 in two-channel case.

Fact 2: The total powerP,,;» of the signal and noise at the

wherem = 0, £1, £2, £3, .., and let whole system output is given by

A A
Gy zG(l—i—al) G2zG(1+O¢2) Powz = 1 AHG] + G+ G5+ GY)
Gs =G(1+ ag) Ga =G+ aa) (5) +2(0s] + 083 + 053 + 0s3).
where Proof: See Appendix IlI
AGL+G+Ga+ Gy
G= 1 . IV. BANDWIDTH MISMATCH EFFECT

Without loss of generality, we choose the timing reference so!N this section, we willintroduce a rather new problésand-
that width mismatchin an interleaved ADC or an interleaved sam-

pling system, and then we will derive the explicit formulas for
bty + Oty + btz + 6ty = 0. its effects. Many electrical circuits can be approximated by a
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““Due to Due to timing skew  Due to first order R ‘
5ol Average offset & gain mismatch offset mismatch | Via—{ ADC Vou ,ﬂo{g‘o" Vin I Vou
i f= 1 C-I
. l @ ¢ 27RC
L - - rf o\ T a
f’” fin +f;‘/4 fHM fin +fs/4 f’”.\ f:’
_sok SO I . AT o n:odd R
= | Dpc |Signal 72 I
% P i , Lo R e Vin(t) fclAD(C?l1 I Vout(nTs)
B _sol. ] R . ] Rz
o —~A———0
A~ nevén |f, Cof
o ADC2
-250 R ®)
300 Fig. 13. Bandwidth mismatch model. (a) Approximation of an ADC to the
first-order system. (b) Bandwidth mismatch model in two-channel case.
_35('0 frequency fs /2

each channel to one, without loss of generality, and then the fre-

Fig. 11. Simulation result of a four-channel time-interleaved ADC systerquency transfer functiol, (j27rf) of kth channel is given by
with channel mismatches which verifies the correctness of our derived equation
(6). 8192-point FFT was performed with=1,G = 1, fi,./ fs = 499/8192,

gain mismatches ofr; = 0.03, a2 = —0.02, a3 = 0.0 anday, = —0.01), Hk(J27rf) = 1/(1 +Jf/fck)

timing mismatches ofé(tl_ = 5.0 x 10*5,_6152 = —2.0x 1072, 6t; = 0.0

andédt; = —3.0 x 107°), and offset mismatches 0b{, = 2.0 x 107, anq for the input ofVi,(t) = Acos(27fist), the output
082 = 1.0 X 1073, 084 = —3.0 X 1072 andos; = 1.0 x 10~2) in eqgs. (4) o

and (5). Voutk (nTs) of kth channel is given by

Voutk(nTs) = GkACOS(ZWfinTLTS + Qk)

where

G =1 /V1+ (funf T )? (7)

0 = — arctan(fin/fex)- (8)

We see that the mismatch of the bandwigith among channels

(k=1, 2, ---, n) causess;, andd;, mismatches. Note thaf;,

andd,, are functions of the input frequendgy, as well as the

bandwidthf.;, and also note that whefy, = 0, Gy, = 1 and

8, = 0. Then, we will call the mismatch af; asac gain mis-

matchand also the mismatch éf, asac phase mismatctiRe-

mark that the ac gain mismatch is different from the gain mis-

M om o5 o L im s s s im s match discussed in Sections Il and Il in that ac gain mismatch

fl.no& x 107 depends off;,, but the gain mismatch discussed before does not.
Also, note that the ac phase mismatch due to the bandwidth mis-

Fig. 12. Simulation result of SNR of a four-channel interleaved ADC systefiatch is anonlinearfunction of the input frequencyi, while

with gain mismatch (gain deviation of, £ /(a2 + a2 + a2+ a2)/4)and the phase mismatch due to the timing skew ififksar function.

timing skew (timing skew deviation afs; = V(812 4 82 4 682 + 6t2)/4)

based on equation (6). A. Two-Channel Interleaved ADQ/ = 2)

We consider a two-channel interleaved ADC system,
first-order system (Fig. 13). A typical example is an open-looghere the bandwidth of each channel is given Iy
track/hold circuit in track mode, where the ON-resistance of tiehd f.» respectively [Fig. 13(b)]. Then, when an input of
sampling switch and the hold capacitor constitute a first-ordef, (¢) = A cos(27 fint) is applied, the output of the interleaved
RC circuit. Here we assume théth channel ADC is approxi- system is given by
mated by a first-order system and its bandwidth is giverfhy
which can be mismatched among channels while there are no |, (n) = {GlACOS(ZWfin”Ts +61) (n:odd) ©)
mismatches of offset, dc gain and timing discussed in the pre- " GoAcos(2r fiunTs + 62)  (n: even
vious sections. (The reader may argue that the approximation
of an ADC to a first-order system might be too inaccurate, howhereG, Gz, 81 andé; are defined in (7) and (8). Then we can
ever, for a track/hold circuit in track mode this approximatiofbtain the following formulas:
is very reasonable and hence the discussion in this section is
applicable at least to interleaved sampling systems which cofeut (1) = Bs cos(2x finnT, + 0,)
sist of an array of track/hold circuits.) Setting the dc gain of + B, cos[2m(— fin + f5/2)nTs + 6,,] (20)
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Fig.14. Simulation result of a two-channel time-interleaved ADC system with
bandwidth mismatch which verifies the correctness of our derived equation (10)y. 15. Simulation result of SNR of a two-channel interleaved ADC system

HereA = 1, fo1/f, = 3200/(81927), fez/ fs = 3000/(81927), fin/fs =
997/8192 are used, and 8192-point FFT is performed.

where

B, 21 4y/G2 cos?(6a) + G3sin’ (6)

B, 21 4y/G2sin’(62) + G cos?(6)
G.sin(6.) cos(8y) + G4 cos(8..) sin(6y)
G.cos(B.) cos(8y) — Gysin(f..) sin(,)
G.cos(f.)sin(f4) + Gy sin(f..) cos(84)
G.sin(6.) sin(0y) — Gy cos(8.) cos(8y)
G.2 G+ Gy

6.2 (6, +6,)/2.

A
#, = arctan [

A c
@,, = arctan [
c

Gi2G — Gy
64 2(6, — 65)/2
Also, SNR due to the bandwith mismatch is given by
SNR = 10log,,(B?/B?) dB.

Remark:

1) Numerical simulation shows that (9) and (10) matcgndG
exactly; in both cases the power and phasef;atare L

—2.8844 [dB],—44.127 [deg] and that at fi, + f,/2

is —35.852 [dB], —1.7165 [deg]. with the simulation
conditions in the caption of Fig. 14, where the simulated

power spectrum is shown.

with bandwidth mismatch based on (10). Hefg, (fer + fe2)/2 (average

cut-off frequency) andr, 2 |fer — fe2l/2 (cut-off frequency deviation
between two channelsf;,/f, = 997/8192 is used and 8192-point FFT is
performed.

B. Four-channel Interleaved ADQY = 4)

Next, we consider a four-channel interleaved ADC
system, where the bandwidth of each channel is given by
fe1, fo2 fo3 and f.4 respectively. Then when the input of
Vin(t) = Acos(2rfint + 6) is applied, the output of the
interleaved system is given by

Gi1Acos(2n finnTs + 61) (n=4m)
GaAcos(27 finTs + 62) (n=4m+1)
‘/out(nTs) =
GsAcos2rfiynTs + 63) (n=4m+2)
GyAcos(2m finTs +64) (n=4m+3)
(11)
where

O+ 2(01+6:+63+64)=0

Gs, G3, Gy, 01, 02, 65 andf, are defined in (7) and (8).
Then, we can obtain the following formulas:
‘/out (nTe)

BSS
= B,y cos {27rfmnT5 — arctan —}

2)

Fig. 15 shows numerical simulation result for SNR versus i Bse .
Ifc1_ — fe2l/(fe1 + fe2) due to the_ bandwidth mismatch, 4 B, cos |27 <fm + 1 fs) nT, — arctan ="
which would be useful for the designer to know how much L 4 nlc ]
bandwidth mismatch is tolerable for a specified SNR. [ 1 125 |
Note that our simulation shows that SNR does notdepend ~ + Dn2¢08 |27 | fin + 5 fs | nTs — arctan B. ..
Onfin/fs- : 3 n35:
Fact 3: The total powetP, 3 of the signal and noise at the + Bpscos |2 <f in+ 7 f s) nl; — arctan » (12)
whole system output is given by ) }
where
poo_ L 1 N 1
outd = 4 1+(fin/fc1)2 1+(fin/fc2)2 ' Bs4é\/B§c+B525 Bn:Lé Br%lc—i_BrQLls
Proof: See Appendix III. B 2\/B2y. + B2,  Bus =\/B2,. + B2,
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50

Due to bandwidth mismatch 2) Fig. 17 shows numerical simulation result for SNR versus

ok oo . / _ o (cut-off frequency deviation among four channels)/(av-

" —f +f fifH erage cut-off frequency) due to the bandwidth mismatch,

R S Rl IR which would be useful for the designer to know how much
Signal —fi"+f;/2

bandwidth mismatch is tolerable for a specified SNR.
, Note that our simulation shows that SNR does not depend
~150F - E on fin/fs-

Fact 4: The total powerP,,4 of the signal and noise at the
whole system output is given by

-100[F

Power[dB]

=200 -

250} [ RO . B P . . )

_1 e 1 1
_3«)WWMWW Pout4 - 8 A 1+ (fin/fcl)2 + 14+ (fin/fc2)2
+ 1 .

-350 1

0 uen
Frequency 772 Gl fa? T+ /)

Fig. 16. Simulation result of a four-channel time-interleaved ADC system

with bandwidth mismatch which verifies the correctness of our derived Proof: See Appendix IlI.
equation. (12). HereA = 1, fa/fs = 1575/(8192w), fof/fs =

1600/(81927), fos/f. = 1550/(81927), foa/f. = 15325/(81927),

fin/ fs = 499/8192 are used, and 8192-point FFT is performed. V. CONCLUSION

o K ‘ , i , ‘ i i i We have analyzed the channel mismatch effects in the time-
interleaved ADC system, and derivedplicit formulas for the
mismatch effects wheail of offset, gain and timing mismatches
exist together. We have clarified that the gain and timing mis-
match effects interact with each other but the offset mismatch
effect is independent of them. Also, we discussed the band-
width mismatch effect (ac mismatch effect). We have shown
several graphs calculated from these formulas, which are useful
for the designer to know how much mismatch is tolerable for
a specified SNR. Finally, we remark that we are investigating
the following as on-going projects for the time-interleaved ADC
system:

* Combined channel mismatch effects for all four of offset,
gain, timing and bandwidth.

62
GOFR
58

16 . h h L L L ) '
0

001 002 003 004 005 006 007 008 009 Ol e Channel linearity mismatch effects.[12]
e/ « Algorithms to measure mismatch values and compensate
for them.

Fig. 17. Simulation result of SNR of a four-channel interleaved ADC system

with bandwidth mismatch based on (12). Here we consider the case that

fer < fe2 < Jes < feaandfee — for = fes — feo = fea — fez. Inthe APPENDIX |

graphf” = (o + fj F fea + fea)/4 (average cutoff frequency) and i appendix gives definitions afl,., A.s, Anie, Anis,
Ore = \/(ICI_JLM) +(fc‘2_f'rn) +(fc‘3_f'rn) +(fc4 ) )/4 . .

(cut- off frequency deviation among four channels). 8192-point FFT idn2ce, An2s, Anse, @andA,ss used in Section 111-B.

performed, andf;,/f, = 997/8192 is used.

A1
and BSC7 B557 BnIC7 Bn157 BnQC7 Bn257 Bn3c and Bn35 are ASC =t ?A(Gl * Gg) COS(d)) COS((/);L?,)
defined in Appendix IIl. The SNR is given by + 3 A(G2 + G4) cos(¢) cos(P24)
B — L A(G1 — G3) sin(¢) sin(¢13)
SNR = 10logy, B+ 352 T B, dB. . + % A(Ga — Gy) sin() sin(pz4)
R K- Ass = All A(Gl + G3) Slll((/)) COS(¢13)
gmare o + 4 A(Ga + Gi) sin(g) cos(¢24)
1) Numerical simulation shows that (11) and (12) match ~ L A(G) — Gl) cos(@) sin(z)
exactly; in both cases, the power and phaséatare i 1~ Gg) cos(@) sin(¢ns
—3.0260 [dB], 0.004 601 13 [deg], those-afi, + f»/4 — 3 A(G2 — Gy) cos() sin(pzs)
are—43.980 [dB],—26.670 [deg], those at fi, + f5/2 Ao ﬁ_% A(Gy + G3) sin(¢) sin(pys)
are —80.880 [dB],—0.202 41[deg] and those atf;, + + L A(G + Ga) cos(¢) sin(aa)
3f,/4 are—43.979 [dB],—63.540 [deg] with the simula- 41; 27 bra ) COSLP) BN P2
tion conditions in the caption of Fig. 16, where the simu- + 1 A(G1 — G3) cos(¢) cos(d13)
lated power spectrum is shown. — L A(G2 — Gy) sin(¢) cos(pz4)
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where

This appendix gives definitions aB,., B,s, Bnic, Bnis,
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2_1y4
411711.5 -~z

— Gl —+ Gg) COS((/)) Sln((/)lg)

A(
A(Gy + G4)sin(¢) sin(paq)
A(Gy — G3)sin(¢) cos(P13)
+ 1 A(G2 — Gy) cos(@) cos(¢24)
+1 A(G1 + G3) cos(¢) cos(¢13)
— 2 A(G2 + Gy) cos(@) cos(pas)
— L A(Gy — G3)sin(¢) sin(¢13)
— L A(G2 — Gy)sin() sin(ea4)
Anas é—i A(G1 + G3) sin(¢) cos(¢13)
¢
¢

B Ll L »NH

2
Ay 2

2

13

24

4)

— iA(Gl — (3) cos 3)

+ 1 A(Gy — Gy)cos 1)
An3c :_

3

C 3

— 1 A(G2 + Gy)sin(¢) cos(¢2
(¢) sin(¢1

(¢) sin(¢2
(

sin

2 A(Gy + Gs3) sin(¢) sin(p13)

A(Gy + G4) cos(¢) sin(paq)
( ) cos(¢) cos(¢hs)
( )sin(¢) cos(p24)
(G1 + G3) cos() sin(¢13)
( ) )
( ) )
( )

+ +
wm,

28

sin(¢) sin(¢a2a
in(¢) cos(¢p13

FSTSRN RRTENN HR FES R  FI

¢ 2L fin(5ty — o + Stz — Sta)
P13 é7Tfin(5t1 — bt3)

APPENDIX I

B,s., B2, B3, andB, 3, used in Section |V-B.

8

—+

Q
\/t/\/

Bse 2414
+

|
LN LN N L

+
e

||[>

A

5]
)
w
—~

G1 + G3)sin(6)
(G2 + G4)sin(d
(G1 — G3)cos(H)
(G2 — G4)cos(h) sin
i A(G1 + G3) sin(0) sin(6,3)
1 A(G3 + G4) cos(f) sin(f:4)
+ 3 A(G1 — Gs3) cos(f) cos(b13)

cos(f13)
) cos

»J\—l’—‘

N[N »NH
B

A(Ga — Gy4)sin(f) cos(b24)
By 2— i A(Gy + G3) cos(6) sin(6;3)
+ 2 A(Gs + G4) sin(f) sin(foa)
— L A(G1 — G3)sin(6) cos(613)
+ iA(GQ — G4)cos(f) cos(b24)

(7)24 é Wfin((stg — (5t4).

where

This appendix gives brief proofs of Facts 1, 2, 3 and 4.
Proof of Fact 1: It follows from (3) that the total output

Buoo 2 + 1 A(G1 + G3) cos(f) cos(6:3
— 2 A(Ga + Gy) cos(8) cos(f24
— % A(Gy — Gs3) sin(8) sin(b:3)
— L A(G2 — Gy) sin(8) sin(b34)
Bras 2— 2 A(G1 + G3)sin(6) cos(613)
— 2 Ay(G2 + Gy) sin() cos(fa4)
— 2 A(Gy — G3) cos(8) sin(b13)
% A(G2 — Gy) cos(6) sin(bz4)
Bpse 2—1 A(Gy + G3)sin(6) sin(6;3)
- % A(Gs + G4) cos() sin(fa4)
+ £ A(G1 — G3) cos(f) cos(b13)
+ 1 A(Gs — G4) sin(f) cos(f:4)

Buss =1 A(Gl + G3) cos(6) sin(6:3)

— 2 A(G2 + Gy) sin(8) sin(f4)
— L A(Gy — G3) sin(8) cos(b13)
— L A(G2 — G4) cos(6) cos(624)

(01— 6s) 64 2 2 (62— bs).

APPENDIX Il

power P,,t1 IS given by

()llt

Proof of Fact 2: It follows from (6) that the total output

5 (A2 + A%) +os?, +osiip

(V)

wl

=1 A%(G] + G3) + L (os] + 0s3).

»J\-I

power P2 iS given by

Proof of Fact 3: It follows from (10) that the total output

Powz =5 (A2, + A% + A2y + A2)

(0s1 — 082+ 083 — 034)2

&=

(081 — 083)* + (089 — 084)?]

(0s1 + 0s2 + 0s3 + 054)2
AHGI+ G5+ G +GY)

1

1 (051 + 053 + 053 + 0s]).

ol =
—

+ °°'H + o+ o+
wg|»—t

power P,..3 is given by

0ut3

B? 4+ B?)
G2 +G?)

/\

Ga)* + (G1 + G2)?]

Y~ T N N

02 + GQ)
) 1 1

=L A2G* 14+ %) + }L[(osl + 0s82)? + (051 — 082)7]

| = »MH ooIH cmH I\DIH

L5 (Ff )2 T4 (Jnf fo2)?
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Proof of Fact 4: It follows from (12) that the total output

power P,yt4 IS given by

Pout4 —

5 (B2, + B}, + B2y + Bls)

i 1 N 1 sk
8 1+(fin/fcl)2 1+(fin/fc2)2 e
e Y } ‘ 4 .
1+ (fin/fc3)2 1+ (fin/fc4)2 )
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Research Background & Objective

. RE¥E I,;-
— =3

B Bac kg round ATE System

High-speed sampling time-interleaved ADC for ATE system
Timing skew ™= Bigissue

Error compensation of timing skew effects

Conventional
‘ Analog method + Digital method ‘

B Objective
Proposal
| Full digital method |

High accuracy, Stable, Reliable

|
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* Time Interleaved ADC System
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Principle of Time-Interleaved ADC

AW,
M times sampling rate with M-channel ADCs

mm) High-speed sampling

s/H, P< ADC,
2

CLK,
Analog input 0—1 S/H, "< ADC, o Digital output
) F
cLk, .
o—| s, p<ADC, o
I
CLK,,
CLK, — LTI L oI 1L r 1
1 L

CLK2 Ilzlk—ll_ll_ll ] I ]

Timing skew dt -
CLK,, A~ = LI oL LI

Time

|
A\u.'éz[og . . .
Kobayashi. Lab @ Gunma_University



2-channel Interleaved ADC

siH, < ADC,

) T
CLK;

Analo Digital
input output
o—| S/H, -><ADC2 —O0
) )

CLK,
CLK, F % S Y S Y N
CLK,

Timing skew At
CLK’

Time >

CLK1 reference
CLK2 delayed by half period

2 times sampling rate

Kobayashi. Lab @ Gunma_University




Timing Error in Sampling

Output error due to timing skew

/

:1‘ J', i _)'T‘_:. L -~ Actual clock

& —— ldeal clock
AN Timinﬁ(eA\;v - |deal sampling points

=  Actual sampling points

Timing error (horizontal error)

4

Sampled voltage error (vertical error)

J
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Input freq. Tt

Output errort

/
f

K T T As input frequency increases,
! H ! | timing skew problem
/_)A:t(_ becomes serious
L in interleaved ADC.
Timing skew
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Proposed Calibration System

|

@® Frull digital
@® Timing Skew Detection
- Cross-correlation of two channel ADC outputs
@® Timing Skew Effect Compensation
- Delay linear digital filter
@ Calibration Control
- Successive approximation algorithm
- Foreground calibration

|
A‘)&ex ‘
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Timing Skew Detection
}A[ | Cross-Correlation

Continuous-time signal

(fxq)0)=] f (@)g(t+r)dr

Discrete-time signal
(f*g)(m Zf [n]g[n+m]

M=-o0

The similarity of two time series signals f, g

Cross- | Similarity

Correlation

J
Kobayashi. Lab @ Gunma_University
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Timing Skew Detection

B Correlation of R(0)and R(1)

CH1 ADC output: f[n]
CH2 ADC output: g[n]= f[n+T —At]

lag O, )
R(0) = R, [0] = !L@%Z F[N]f[n+T —Af]

lag 1, i
R() =R, [-2T]= m%Z f[n]f[n-T —At]

— e i — — — — ——— — —_

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
+
|
|
|

f(T-At)
f(0)

f(-T-At)

Timing skew At

]
A‘%Zo‘? - " ; ‘
Kobayashi. Lab @ Gunma_University 13



Timing Skew Detection
Cross-Correlation without Timing Skew

B
. R(OL_R(1)
0.8 —
£06
ks
£ 04
p)
0.2

Lag
R(0)=R(1)

%3 2 1 0 1 2 3 a4

At=0

14

J
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Timing Skew Detection
Cross-Correlation with Timing Skew

S

o
oo

o
o

Similarity
o
~

o
N

% 2 41 0 1 2 3 a4

| L
cxd [T | o'dh o

0)<R(1)  At>0
cross-correlation A\ Sign of At (At >0 or At <0) o
value Magnitude of |Af] x

y
A!H[og - " ; ‘
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Timing Skew Detection

j&galibration Input Frequency & Correlation Sensitivity

At=-0.02Ts o7

0.8

0.74
2072
© n/4)\
0.025+——— N z 07 R(1)

£ 0.68

o
0.02 0.62 | |

06 | |

=
2L

1
0.98

w// 0.96

0.94 R(O)
0.01 A S 09 |
<3/—w 0.86 / \\

L r r . L L 0.82
0-08%31 0.06 osl | \

Frequency(kHz) _ Lag

Difference LI
1
Frequencyt =) between R(0) and R(1)

Similarity Difference
o
o
[N
ol
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Timing Skew Detection

j%Calibration Input Signal & Correlation Sensitivity

0.1

S
S 0.05
- .
= T
) 0 i
2z T
.‘_E N Sin
- -0.05 wave
=
-0.1 3 tone signals
-0.1 -0.05 0 0.05 0.1

Timing Skew

3-tone is more sensitive than 1-tone.
For 3-tone, minimize random phase and crest factor

Kobayashi. Lab @ Gunma_University 17 ‘



Timing Skew Effect Compensation

B Linear Phase Delay Digital Filter

Analog %

Input

F(t)

Linear phase ‘ maintain time-domain waveform

Conventional Linear-Phase Digital Filter :
Group delay time resolution T./2
Proposed Linear-Phase Delay Digital Filter [1] :
Arbitrary small time resolution T

[1] K. Asami, et. al., “Timing Skew Compensation Technique using Digital Filter with

Ai» Novel Linear Phase Condition,” IEEE International Test Conference (Nov. 2010).
:;%9 Kobayashi. Lab @ Gunma_University 18 |



Timing Skew Effect Compensation

_| |deal Filter
B

Inverse Fourier Transform

Frequency response ‘ Impulse response

Y]

1.0

€

4 2H(jw)

S

-5-4-3-2-101 2 3 45

1 . t
h(t)= 7-sinc <'IT T—>

RS e

A 4

| S S
A\ . —
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Timing Skew Effect Compensation

_| Time Shift of Ideal Filter

Fourier transform
Frequency response - Impulse response
IG(w)l

A

no change on amplitude property

> W
1T 1T
T

I

|

|

I

|

l

S

4 2G(jw)

~_N\ : . b
5-4-3-2-1012 3 45
\: > W

g(t) =h(t—7)

£G(jw) = —wrt
B 1 t—T1
= sinc| T—

S S
Linear phase is maintained. Impulse response is time-shifted by, T

{
EA,;‘ ‘
“ Kobayashi. Lab @ Gunma_University 20



Timing Skew Effect Compensation

S

FIR(Finite Impulse Response)

Filter

Time-shift

v

lIR(Infinite Impulse Response)

Filter

y
]
...D
.
.
wus®

-
-
-
LS - ¥,
PE IS * * * * PE IS
-
'..-’. .0 0. . . .‘ . 0. ...-‘I —
*asn® % % . ‘as®
Q
. . N

T

O
3y S

-5-4-3-2-1012 3425

g
......... T!
" o %5 PR =
KX ] kY TS
5-4-3-2-101 2 3 45

T

S

A . k . T
. hit)= z sinc| mT————

Delay Digital Filter Coefficients

' S)é(t—k-TS)

h(t) = Z sinc <1Tk !
Kk

1
P
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Timing Skew Effect Compensation

B Design of Linear-Phase Delay Digital Filter

0, g
’ ‘.‘ -:: -“
““ t ......... . " . :: ‘.: ; ° o oo t
® ( S 9 o )
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Linear phase Digital Delay Filter
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Calibration Control

;A[ Proposed System
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Calibration Control

;A[ Calibration Done
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Binary-search, successive approximation
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Simulation Results (1)

|
3-tone Input signal
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Simulation Results (2)

|
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Power Spectrum of Interleaved ADC Output

;A', without/with Timing Skew

3-tone signal without skew  3-tone signal with skew
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Power spectrum before/after Calibration

S

Before skew calibration After skew calibration
Signal Spurious Signal Spurious
0 0
-20 -20
Ei -40 % -40
2 2
g 60 E -60
80 -80
~1005 Fs/2 ~1005 Fs/2
Normalized frequency Normalized frequency

Spurious components are reduced by proposed calibration
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4-Channel Case Extension Method

Ch1/ch3 calibration

Ch2 calibration

Ch4 calibration
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Simulation Results - Power Spectrum

S

Before calibration After calibration
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Conclusion

Proposal of timing skew calibration in interleaved ADC
@® Full digital
@® Timing Skew Detection
- Cross-correlation of two channel ADC outputs
- Effective for high frequency, multi-tone input
@® Timing Skew Effect Compensation
- Delay linear—phase digital filter
@ Calibration Control
- Successive approximation algorithm
- Foreground calibration
@® Verified with MATLAB simulation
in 2-channel, 4-channel cases.
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Simulation Results (1
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