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Calibration of Frequency Response for a Sampling Oscilloscope
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Abstract

We herein propose a calibration method for a sampling oscilloscope. The proposed method can correct the systematic errors in the
oscilloscope such as time-based distortion and impedance mismatch. In addition, it can accurately estimate the residual jitter that remains
after a time-based correction and the scale factor that varies in accordance with the setting of the pulse generator. The proposed method
is validated thorough the comparison and verification with the power meter, and the uncertainty of the measurement method is analyzed.
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Fig. 2. Calibration result for the time base distortion.

346

22 YuHiA 2Fe g
PDS} A Z8 oARA T2 QY U AE A3
50 Qo] ofEE 7 ZH] Apole] AL FA o] B
Agith JuE s 2] g AE SEEE 1Y 33
Zow, eARAFxT ZH S PDY 3 Hyew T
2} 7
'H’iTL(‘S
Hypoo=H, e

meas S(',()I)e 1 _ FPDsll Scope 522
—I'ppLscope (521512 511522) 3)

047]01]}\1 [;’Da scope = 7—}7—]— PDQ' }‘HJ_ o g—éiiizg
A8 dydrolm, 5= PDY QABRATZE A4
7] S1sh AFEE o HE o Sutetr]Eolth kA 9|
2 RARE THD FoE SHEAL A 32 ol
Ak & Atk 19 45 dds T o] wA T
Photodiode Adapter Oscilloscope
|ttt b i |
1 ! | 1
1 H
i Hic o—» ¢ » ‘:‘ sbmpeo measi
| Loy | |
: ITpp4 : S A 322: Tycope :
1 : 512 1 I
: e |
'____________L ______________ e o e e e ]
J8 3. s B4 AE5EE
Fig. 3. Signal flow-graph for the impedance mismatch.
-88
After calibration
= === Before calibrationn
-90 -
-92 1
o
T 94t
T
-96
-98
-100 : : : : : :
0 10 20 30 40 50 60 70

Frequency (GHz)
8 4. J9dx 2 uA 24
Fig. 4. Calibration result for the impedance mismatch.



A3t w9 MY oBATEY Foih SHEAL B
T YR $RT B4 AL Fa5) %
olgel w2 2] A LEL AAT, AvEx %
AT A FANANE Foheol 42 250) A g2
59t} ol PDS} QAZ AT Abole] IsE 24
TOE A% WAL AAR) ol

2-3 M0 X|E{ 3! Scale Factor &M
A&t A g3 dAES MEY QAT AT E
zk A dof| A A Sk A7 ==

ottt 7t
Aolr 2¢E 3

>

7 [
& otk MM SR QAEAFTZO A
ZFAE YA AY Y7 B A dlEE
At ets 7ol A E(residual jitter)7} EA EHA B THY,
o] Q3] ZAH PDE EHANL & T wah i
ke A 7HATh O9 5& A" o 92 AE
gol Mo Hrte AE UebATth 70 GHzY &5
7HAE 7HEAIQRE B2 100705 A S - 213 tiE] 0.5%
o A =32 pso WE AHE 742 F718k3i ©]
= AE 100709] 7FAIE HAE HAsh 5 FEo ¥
S B FoF AES TASETE AF] A fede

N
N

9

40,

>,

fots

offt o
©,

o

R

Ao
>~
2
ko
2
rir
do = | o M -

12

(=)

wn

X

lo,

N

dlo

o

~

X,

&

“\-l =

il

> 52

o,

ol

oy

R

g

é o
B =
o 1 Sm
Mooy & %
k)

g
I
>
£
=
e
i
s
S
il
2,
ofo
:(n){é
e
o
o
jz il
=l
N _h,

)
_8, oL
L

Sl AY A4 BAEE wok dgAR
s SHEA DL FEHARE, o5 o]F-sto]

o Aed F4o] s

hud

RINY

r ole
AN -

H’[)(}’IU ~ Cl H:9(5()[16 | eXp

2w )

@)
o7]A C= PD9| Hloloj 29} PDE 7]A17]7] 93] A}
S5 HAEZ go|A 2 Ao we} Hal= scale factor©]

)
2 5
o}
= e
° wio jitter B ——
@ AT T T . -
N gl [====wjitter S -
g compensation ~
B 10 L L L L L L
Z 0 10 20 30 40 50 60 70
Frequency (GHz)
(a) Aitste A=
(a) Normalized amplitude
0.2

b o

0 200 400 600 800 1000
# of simulation

(b) %
(b) Phase
O 5. AE oJgk =A%
Fig. 5. Distortion of the measured waveform.

W, Hpo AHAE o83 S8 1F SHEA ol
2] (@) Fdel loge FsH F A3 275 (linear least
square fitting)S A&t ko] A ¥} scale factors Ther
3 ol AN 4 Ut

| Hyeope )] )] (5)
I9 6@t 2 5)F ol&std F4E %ol e E B
A8 A2 Jepf, PDE o] &3 Wi AYA S o]
ot iho] N2 & dAgh= AS AT 4 itk IH
6= FAE U454 JeRH, 20 GHzZHA ms
27} A A A4S detrendd Aotk SA o) AL
SH ARSI A5 oF 40 GHzZMA = VA He
& QA EAL HolAuk 1 oA FulpoME 18
A £ AFE BT o]g SARATEY IF Y
43 frAret A2 S4 9 99 FEAE AL
2 FHdth

347



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 29, no. 5, May 2018.

N o

amp
====w/o jitter corr.

——w/ jitter corr.
s s s . ! VA

Magnitude (dB)
PO

'
oo

10 20 30 40 50 60 70
Frequency (GHz)

(o) 2%
(a) Magnitude

o

20

0 |
-ZOM\M |

-40

Phase (°)

0 10 20 30 40 50 60 70
Frequency (GHz)
®) 943
(b) Phase
Y AR I T SEHEA SAR

e frequency response of the sampling oscilloscope.

|
o
[©2Ne))
2

4o off
o,

°
H1 o o

= O [o g
=
e

tlo N
o,
i
N
1=
-
olo
0
|
ox
lo
>
3
of
2

rr
BN o
K3
N
N
)

ol dob o
<
<
Y,
j
o
=

4 g2 b omE v 2 K

Z: Zmag—mag Emag—phase

Zmag— phase Zphase — phase (6)

AEY LARAIILY Fob HEY 23E T8

20L& 7EE R o3 B, A7 o2 w Aol ot

B85, dueizd o3t g, o] AH % scale

factor 74 2|3 ESE B WHESH BRER FAH
H, 747 E8 e Q01 T o] AXtET

348

31 7|ZEA0 Spt 23T

Ty - I Ty ™

ol 7]o) M .8 T, 9= Z2H2t x9} yol
ot} J, Jacobiand) = ygtel o
HEAFE FAH, Jpe 38 A ]@Eé
wrebA] NISTOIA 24 Al S49 71E
T ¥ 2ol 71Fd 2 % 3t
A 52 Askd,

Zpd = JepZnist J'pp (8)

A7\ A do= 2] (614 Sl vhek 7o) R1E 3} 9
Aol tg 2R ALS Fa7) Q84 27 A2 9

ol theh ArlE o thgat ZFo] T4 = ofoF Stk

dabs (chope (fl ))
a ([{inc (fm )>

(90,1)5( ecope(fn))
£ (Hy,o ()

0L (Hs(:rapf: (fl ))
2 (Hyye(f))

60’[)8 (Hs(opr’ (fl))
Babs( znc(f] ))

oubs (o )
dabs ( mc(fl )

oL (stpe (fl))
dabs (H,,.(f,))

DL () 0L ()
dabs (H—in(: (f1 )) a (Iymc (f'm, )) (9)

= 7
"5 715 549 574 vl e E v
Jacobian ¥ €9 7} Y4 2 (3)% o] 43}

B AN F n dE 29 do(l1) SH
Hu S #& PI2SRARE W F7HE [Hopel)) 7]
HEE AXNE 5 9Tk

i rlo

32 AlZHE o2 mAO| o3 2ot

AEY AT e AR LA o T

o L
i 2 (Q)F o83l 3HAEA] Al residual 6,5 F3 7l



z:Iime = JtimeZTBDJy time

Jtime:
aa’bs (Hscope (fl ))

dabs (Hscape (fl ))

dabs <H;(,,x (£,))

oabs (Fft(H ... (t,)

aé(fft( "7((15(77})))
oabs (H, oy (f,))

9L (Hsmpe (fl ))

0abs (£ ft(Hyc0s (1))

oL (fft(H, .0 (t,)))

oL (Hs;ope (fl ))

02 (H,eope (f1))

dabs (fft( meas (tl)))

(fft( 7”5(15( m )))
84 ( 5(0[)6 (f’L))

E)abs (fft( meas (tl)))

aé(fft( meas(m)))

(11)
me AZE GOoN Z4F FaTye] o3 o4z
iiﬁﬂ SHEAY AEATE FEE Yed Ao,
fie FEdHss ouistth A 24 3)& o] &sle] F
4402 492 & A9
3-3 AmEHA o5t 2T

Aoz o B
SARAFE QA
o3t 2

PD ‘QQO]E]EV\ Aﬂ;i_al

ECREOEEREERER)

Zz = J(F,PD)Z(F ,PD)J'(F,PD) + J(F ,scope)z(f‘ ,scope)J'(F \scope)

+ J(F ,adapter)z(l" ,adapter)J y (I",adapter) ( 12)

J(F,PD)’ J(F,scope), J(F ,adapter)*t‘ xd%t:ﬂ' HOLHE]];"]' %‘%}_‘8}7‘“ }l}
(3)E °]&3ted AlAHE Jacobian 3 H 1™, ey Zrscope)
T = 2F2F GIE 2 24 A AlabE FEAbo|T o

¢}

WAHOE YRz H4 BIHEE o Abole] 4
=

Ag AEAA Yonz 24E YoEs YR

kil 2eld 4o zRy
4855

R

=

o] L

dI 2 WA E(calibration
EILE Allels WS

3-4 TH0{ X|E{ @ Scale Factor £HO| 9st S& T

Zte] ¥ 2 scale factor F4o 23 B AAake
A GE 7R AT 24T
factor®] FHA TgoF ANE F, 05 T QBT
Z9o] S5 hd T Sierscae = Thr 2 7o) W
el oF gt

Zjincr/scalc = jittcr/scachLSQJ jittcr/scalc+zcrr (13)

r°"

Jiteriscate= 2] (9} F-AFSHAI 1}04 A ¢} scale factorel]
g ~Fx STEX AT ASFE Jacobian FEE U
olth. B X S HoA AL vRe} o]
= 5l 3 T AFAE QA ER
AR 4 ()9 T2 %57 Adl FAAd T
= 022 A, F9 UmA piE 02°9 A
Iihrﬂr o] A HTh

01 On+l 02n

ooH o TS
3, fﬂ o

lo o ol ok g

Zmz On,+1"' 02% On+l
0271 0n+1 02721 (14)

Zro] 2B 9} scale factor ZEAF 30 4] (5)F 7|WHe
2 AYIATA S B8l F4E #oE taH 2ol A

5 18]
A 4 gk

Ziso = ('isodise0’iso) ! (15)

A7) A hso FAE F H 9} scale factorel] T
g A AEA 2Abe] A FolH, ohsoE A
B2 9] residual o8 omlahH, o} 7k

OZLSQ =
1 (M) 2
. o8 |H5f:ope:(1)| (:)2,(1) %\J(Jitte’f?) /
1 (M) 2(n) 110810
og | H,eope (0]

(16)

7)o A vi= AHrEolH, F #2314 (observation points)
oA FAd AHEE ey FE A9 n27F Aok

349



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 29, no. 5, May 2018.

A QAR AT
"L s
Ak g

A
2 FE F ZRLFE Uro] Axan
3

36 SYALHES & ==

2 totalzz pd+2 time+2 z+2 jitter/scale-l_z rep ( 1 7)

B35 = 24 (diagonal elements)©ll A

o 19 78 94 A%E RE
&

. e R
fob rly
ft o
(o]

,\
i
ol

oM, Mo

lo mr ok oxt
Lok
rr
o
Q
S
N
>
L

s

( ol
—-

2 dB, 12|13 942 20 oy

B35 Z 7HA 1, Monte-Carlo Al Ed|0] A4S E3 7

8 0.6 T T T T T T
z Sensitivity analysis
3 0.4 | _-—- Monte-Carlo ]
3
To2rt :
(o]
> A
S 0 . ) . . . .
0 10 20 30 40 50 60 70
Freaquency (GHz)
(a) A&
(a) Magnitude
4 ; . . . . .
% | MJWAA |
c
o
0 ! i [ ‘ ‘ ‘
0 10 20 30 40 50 60 70
Freauencv (GHz)
o) 51
(b) Phase

J8 7. M2y o482z Fuly $HEA
k=2, 95 % 21F+7H

Fig. 7. Uncertainty of the frequency response measurement
for the sampling oscilloscope(A=2, 95 % confidence
interval).

e

e

350

N.Z B

B =rdAe A28 S e E Wy E B
o 7B LE ol&dte AEY QARATNS Fag
SHEAS S48k WS AL AlotE
AMEY QARAT IV} 7R+ Ale ARl A7kE o=
AT 79 oA B sk dods FAFE oF
A WAL FIT Bt ope), dEAete] Bl u g 59
Zko] 2119} scale factors 4 &5lAl F4 0] 7453}t vl
Ao 2 At We] Bk BAS Fsidon, &
S HY A FF SHEA ] AYAE o] &k W
ME & dAste As Gtk I Ak S
of tigt =414 54 FEHE J8 =9 SAHIETH
49 FovuE FE Aot

References

[1] C. Cho, J. G. Lee, J. H. Kim, and D. C. Kim, "Uncer-
tainty analysis in EVM measurement using a Monte Carlo
simulation," Transactions on Instrumentation and Mea-
surement, vol. 64, no. 6, pp. 1413-1418, Jun. 2015.

[2] C. Cho, J. G. Lee, P. D. Hale, J. A. Jargon, P. Jeavons,
and J. B. Schlager, et al., "Calibration of channel mis-
match in time-interleaved real-time digital oscilloscopes,”
in 2015 85th Microwave Measurement Conference (ARFTG),
Phoenix, May 2015, pp. 1-5.

[3] C. Cho, J. G. Lee, P. D. Hale, J. A. Jargon, P. Jeavons,
and J. B. Schlager, et al., "Calibration of time-interleaved
errors in digital real-time oscilloscopes," [EEE Transac-
tions on Microwave Theory and Techniques, vol. 64, no.
11, pp. 4071-4079, Nov. 2016.

[4] D. Kim, J. G. Lee, D. J. Lee, and C. Cho, "Traceable
calibration for a digital real-time oscilloscope with time
interleaving architecture," Measurement Science and Tech-
nology, vol. 29, no. 1, p. 015003, Dec. 2017.



[5] K. Rush, S. Draving, and J. Kerley, "Characterizing high-
speed oscilloscopes,”" IEEE Spectrum, vol. 27, no. 9, pp.
38-39, Sep. 1990.

[6] J. Verspecht, K. Rush, "Individual characterization of
broad-band sampling oscilloscopes with a nose-to-nose
calibration procedure," IEEE Transactions on Instrumen-
tation and Measurement, vol. 43, no. 2, pp. 347-354,
Apr. 1994.

[7] P. D. Hale, T. S. Clement, K. J. Coakley, C. M. Wang,
D. C. DeGroot, and A. P. Verdoni, "Estimating the mag-
nitude and phase response of a 50 GHz sampling oscillo-
scope using the ‘nose-to-nose’ method," in 55th ARFTG
Conference Digest, Boston, MA, Jun. 2000, pp. 1-8.

[8] D. F. Williams, T. S. Clement, K. A. Remley, P. D.
Hale, and F. Verbeyst, "Systematic error of the nose-to-
nose sampling oscilloscope calibration," IEEE Transac-
tions on Microwave Theory and Techniques, vol. 55, no.
9, pp. 1951-1957, Sep. 2007.

[9] T. S. Clement, P. D. Hale, D. F. Williams, C. M. Wang,
A. Dienstfrey, and D. A. Keenan, "Calibration of sam-
pling oscilloscopes with high-speed photodiodes," IEEE
Transactions on Microwave Theory and Techniques, vol.
54, no. 8, pp. 3173-3181, Aug. 2006.

[10] J. A. Jargon, P. D. Hale, and C. M. Wang, "Correcting
sampling oscilloscope timebase errors with a passively
mode-locked laser phase locked to a microwave oscilla-
tor," IEEE Transactions on Instrumentation and Mea-
surement, vol. 59, no. 4, pp. 916-922, Apr. 2010.

[11] H. Fiser, S. Eichstadt, K. Baaske, C. Elster, K. Kuhl-
mann, and R. Judaschke, et al., "Optoelectronic time-
domain characterization of a 100 GHz sampling oscillo-
scope," Measurement Science and Technology, vol. 23,
no. 2, p. 025201, 2012.

[12] o]&<, o153, AL, Zehe, "1 GHz e JE=
o] 2HEY AZ B35 Hrh" sk Aue) )=
w4, 23(12), pp. 1365-1372, 2012\ 12€.

[13] D. F. Williams, A. Lewandowski, T. S. Clement, J. C.
Wang, P. D. Hale, and J. M., Morgan, et al., "Covariance-
based uncertainty analysis of the NIST electrooptic
sampling system," [EEE Transactions on Microwave
Theory and Techniques, vol. 54, no. 1, pp. 481-491, Jan.
2006.

[14] P. D. Hale, C. M. Wang, D. F. Williams, K. A. Remley,
and J. D. Wepman, "Compensation of random and syste-
matic timing errors in sampling oscilloscopes," [EEE
Transactions on Instrumentation and Measurement, vol.
55, no. 6, pp. 2146-2154, Dec. 2006.

[15] C. Cho, J. G. Lee, T. W. Kang, and N. W. Kang, "Cali-
bration and uncertainty analysis of sample-time error on
high jitter of samplers," Journal of Electromagnetic
Engineering and Science, to be publshed.

[16] D. F. Williams, T. S. Clement, P. D. Hale, and A.
Dienstfrey, "Terminology for high-speed sampling oscil-
loscope calibration," in 2006 65th Microwave Measure-
ment Conference(ARFTG), Dec. 2006, pp. 9-14.

[17] A. Lewandowski, D. F. Williams, P. D. Hale, J. C. M.
Wang, and A. Dienstfrey, "Covariance-based vector-
network- analyzer uncertainty analysis for time- and
frequency-domain measurements," [EEE Transactions
on Microwave Theory and Techniques, vol. 58, no. 7,
pp. 1877-1886, Jul. 2010.

[18] G. A. F. Seber, C. J. Wild, Nonlinear Regression, Hoboken,
NJ, John Wiley & Sons, 2003, pp. 127-190.

[19] J. A. Jargon, C. Cho, D. F. Williams, and P. D. Hale,
"Physical models for 2.4 mm and 3.5 mm coaxial VNA
calibration kits developed within the NIST microwave
uncertainty framework," in 2015 85th Microwave
Measurement Conference(ARFTG), Phoenix, May 2015,
pp. 1-7.

[20] JCGM, "Evaluation of Measurement Data - Guide to the
Expression of Uncertainty in Measurement JCGM 100:
2008 (GUM 1995 with minor corrections),” 2008.

351



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 29, no. 5, May 2018.

AIAh
2009': FoJh St A7) g8k (33
A
v 20099 ~2012: A A ARATH
20129 ~AA: st AetATY A7 2EAE Al
2017\ V= SHET7|EATFANIST) AdAd+4
20163 ~2017: %7}4617]gz}fg4 A AL
[ ZHA 20} RF waveform - TXE QXS - Azla &4
®F, 2355 32 Y AA

1995 2¢: A=tigty &8 (o5

/\]-)
& 1996\ 29: A=th skl A Ab3ot (35

1999'A 19: ©|=F Polytechnic Univ. 2 7)%
‘ A58t} (T84
2008 12€: ¥]= Univ. of Michigan 7]

ARt} (F8EA

199941 109 ~2002 8Y: A A FAAG R HY AT

20004 29 ~8A): FEEEATFATY AR ERAE HY
il

20124 39 ~#A: FErleddGddien SF AT A
AT

[F A0 Ad71Fe 7 el 54, 23124 S48 A
7133 A R, 3719 M R4 A, 31 &

J
24 Bx &R A2 R

352

°of F %
19843 29 ShFh Sl Aotk (59
Ah

P 29 199413 84: =rs7)ed A7) 5 AR

0 TR (EEHM
s 20001 8: eh=r3tetrlEel A7) B A

- Fotst (Fehubh
ol M (o550 79" ) 93 mz st A

25AE M) 7)49
[ A0 WA SHAREAY, B2 54), EMC 34
1

£z, W 215 95 24 A9 A



