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Travis Ellis

Signal Integrity Engineer, Samtec
Travis.ellis@samtec.com | www.samtec.com

Travis Ellis is a signal integrity practitioner working with customers to successfully deliver their
systems to market. He believes signal integrity is critical for success. He has delivered many
innovative solutions across multiple industries. He holds a mechanical engineering degree from
Portland State University. Travis also enjoys the outdoors and the opportunity to work with many
talented peer.
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Introduction - Instrumentatlon & Software Used

= VNA
o Keysight |
» Economy series - E5061B (2MHz — 3GHz, 1500pts) \' = > g‘-h 'ﬁ mr‘ l,
* PNA series — N5227B (10MHz — 67GHz, 6700pts) ‘ ’
Calibration kit
o Keysight

« 85052C (with E5061B)

« 85056D (with N5227)

« 850588 (with N5227)

Phase-stable cables

Signalintegrity software
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Summary of SOLT and SOLR calibration processes
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(Sll 512) ERl ET]_Z ERl ET12
So1 S22 S21—Ex,;  S22—Ep, E S21—Ex,, 14+ E 522~ Ep,
Er,, ER> Laa Er,, 52 Ep,

The goal of calibration is to

directivity term for port p

source-match term for port p determine the 12 error terms
reverse-transmission term for port p ~
crosstalk term for port o when port p driven so that raw S-para meters (S)
forward-transmission term for port o when port p driven
load-match term for port o when port p driven can produce the correct DUT

s-parameters (S)
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Air azy
When performing your own
bif  bar 1 G\~
g_ (P Dir), (alf aZf)_1= Gaf G | dzr VNA calibrations, you need
b2f bZT Ay Q2r % % % 1
aif dzr asf to be careful in interpreting

what the VNA is providing
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* Eight of the twelve error

terms are determined by = LT ) RIOWIEdsE OTthe
standard (other than it is reciprocal)

application of the short,
open and load standard.

* The final four are
determined by
application of the thru
standard.

 For SOLT, the error terms
don’t depend on switch-
term correction.

e SOLR Does!
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Typical Misconceptions and False Expectations about Calibrations
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= No calibration standard are
ideal

ze 50.0 ohm

ref short standard
13 -0.0363 e-42 H/Hz"3
12 4.0443 e-33 H/Hz"2

ref open standard
¢3 0.071 e-45 F/Hz"3
€2 -3.5385 e-36 F/Hz"2

o Non-ideal nature is specified in the 1d22.54799 ps 4 A% ot T 7¢ 50.0 ohm 2395 o
. . T 1d 20.837 ps | )
calibration standard definitions 102.1636 pH 02972 iF
' i i i i . [0 1.0 GHz [ 1.0 GHz
supplied with the calibration kits 2‘1'222"‘1;“ o ssoo “Dl mLog.
. . . : P 0z0 50.0 ohm : 5
* Remeasuring the calibration 0d 22.54799 s Ifg];:;j’;' v
standards after calibration will —~D )
produce the calibration standard
as def' ned ref load standard ref thru standard
tz 50.0 ochm 0 3.84 GHz
o The reproduction of the calibration b L0 G e o
. o] onmis . i
standard is not enough to e[LOAD o020 50.0 hm td 43.24001 ps od 43.24001 ps

] =

guarantee a proper calibration £ 50.0 ohm od 0

—D

specified as perfect
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Smith Chart - Single Ended
08 03 S

Angle - Single Ended

%

o1

200
w— B 50520-0pen.slp, Portl, Portl e

150 85052D-short.s1p, Portl, Portl [

100 | .

50

Angle (degree)
o

-100
-150 - 3
-200 ey [S5an
0 0.5 1 1.5 2 2.5 3 .
Frequency (Hz) % 10%° Increasing frequency

i
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Typical Misconceptions and False Expectations about
Calibration

Anale Return Loss

200 Ll 0.02

150 — GO RT 1

SHORT 2
100 —GHORT 3
SHORT 4 2 dard 3 0 OU 0

= 5 \ )
8 standards from 85058B =
[y =
- =
— 0 =
& &
2 i
< 50 =

-100

-0.1 e O PEN_wo-cable.slp
-150 — OPEN_w-cable.slp
-0.12
-200
1 2 3 a 5 6 0 10 20 i 30 ;(:-l 50 60
Frequency (Hz) 100 requency (GHz)
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Return Loss

A file-defined load
measured as DUT
after calibration with
and without cable in
the calibration loop.

Magnitude (dB)

-90

50.6

Impedance - Single Ended - Risetime = 10 ps (20-80%)

50.5

50.4

50.3

50.2

50.1

50

Impedance [1})

49.9

49.8

LOAD wo-cable.s1
LOAD w-cable.slp

p

49.7

-100

107
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10

10!

Frequency (GHz)

LOAD wo-cable.slp
LOAD w-cable.slp

49.6
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Typical Misconceptions and False Expectations abou
Calibration

Measured S parameters of a well-matched DUT

E5061B Network Analyzer
1 Active ChiTrace 2 Response 3 Stimulus 4 MkrjAnalysis 5 Inste State

E5061B Network Analyzer.

1 Active ChfTrace 2Response 3 Stmulus 4 MkefAnalysis S Instr State
Trl 511 Log Mag 10.00 dB/ Ref 0.000 dB [F2] Tr2 521 Log Mag 50.00 mde/ Ref 0.000 dB [F2] Trl s11 Log Mag 10.00 o/ Ref 0.000 dB [F2] Tr2 521 Log Mag 50.00 mde/ Ref 0.000 dB [F2]
20.00 250.0m 20. 00 250.0m
10.00 200. om 10.00 200. om
0. 000 M I Sll I 4 1s0.0m I 521 I 0,000 | 511 | 4 150.0m I 521 I
-10.00 100. om -10.00 100. 0m
-20.00 50. 0om -20.00 50. 00m
-30.00 0,000 M u -30.00 0.000 u
-40.00 b —-50.00m -40.00 i —50.00m
-50.00 ~100. om -50.00 ~100. om
-60.00 -150. om -60. 00 -150. om 2
-70.00 —-200.0m 2 -70.00 —200.0m
-80.00 =-250.0m -80.00 =250.0m
Tr3 527 Log Mag 10.00 dB/ Ref 0.000 dB [F2] P 512 pelay 100.0 ps/ Ref 0.000 s [F2] Tr3 22 Log Mag 10.00 dg/ ref 0.000 dB [F2] P 512 pelay 200.0 ps/ ref 0.000 s [F2]
20.00 1.000n 20. 00 1.000n
10.00 900. 0p 10.00 800. 0p
0.000 M i s00.0p 0,000 4 so0.0p Ly
-10.00 | 522 | F00.0p -10.00 | 522 | 400. 0p
-20.00 600. 0p -20.00 200.0p
-30.00 500. 0p Group delay -30.00 0,000 pf Group delay ]
-40.00 3 400.0p -40.00 L —200.0p
-50.00 300.0p =-50.00 —400.0p
-60.00 200.0p -60. 00 -600. 0p
-70.00 100. 0p -70.00 —800.0p
0. 000 p! .000n
IFBW 100 Hz Stop 3 GHe IFBW 100 Hz Stop 3 GHz
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Typical Misconceptions and False Expectations abou

Calibration

M dS t f a highly reflective DUT
E5061B Network Analyzer E5061B Network Analyzer
1 Active ChiTrace ZResponse 3 Stimulus 4 Me/Analysis 5 Instr State 508 1 Active ChjTrace 2Response 3 Stmulus 4 PlkrjAnalysis 5 Instr State.

Trl 511 Log Mag 10.00 d8; Ref 0.000 dB [F2] Tr2 521 Log Mag 2.000 d8; Rer 0.000 d8 [F2] Trl =11 Log Mag 10.00 o8/ Ref 0.000 d8 [F2] Trz 521 Log Mag 2.000 de/ Ref 0.000 ds [F2]
20.00 10.00 20.00 10.00
10.00 8.000 10.00 8.000
M e.000

=

0.000 6.000 0. 000

-10.00 L 4.000 | 521 I -10.00 L 4.000 | 521 |
-20.00 2.000 -20.00 2.000

-30.00 | 511 I 0. 000 pf -30.00 | 511 | 0. 000 M 4

Al

-40.00 -2.000 ~40.00 -2.000

-50.00 -4.000 ’ -50.00 -4.000 ’
-60.00 -6.000 -60.00 -6.000

-70.00 -8. 000 -70.00 -8. 000

-80.00 -10.00 -80.00 -10.00
Tr3 527 Log mag 10.00 de/ Ref 0.000 de [F2] PR =12 Delay 200.0 ps/ Ref 0.000 s [F2] Tr3 527 Log Mag 10.00 de/ Ref 0.000 de [F2] PR 512 pelay 200.0 ps/ Ref 0.000 s [F2]

20.00 2.000n 20. 00 2.000n

10.00 1.800n d | 10.00 1.800n G rou

0. 000 M { 1.600n G ro u p e ay 0. 000 {4 1.e00n p y

-10.00 B 1.400n -10.00 3 1.400n

-20.00 1.200n -20.00 1.200n [

-30.00 522 1.000n -30.00 522 1.000n
-40.00 800. 0p —40.00 800.0p

-50.00 600. 0p -50.00 600.0p
-60.00 400.0p -60. 00 400.0p
-70.00 200. 0p -70.00 200.0p
0.00 0.000 0.000 q4
1 Start 2 bz 1FBW 100 He | 1 Start 2 bHz TFEW 100 He Stop 3 GHe
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Typical Misconceptions and False Expectations about
Calibration

Measured S parameters of a female-female adaptor with 40ps delay

1 Active ChiTrace 2 Response 3 Stmulus 4 Mkrjanalysis 5 Instr Skats

Trl s11 Log Mag 10.00 dB/ Ref 0.000 o8 [F2] Trz 521 Log Mag 50.00 mde; Ref 0.000 OB [FZ) Tri =11 Log Mag 10.00 dB/ Ref 0.000 dB [F2] Trz 521 Log Mag 20.00 mds/ Ref 0.000 dB [Fz]
20.00 250.0m 20.00 100.0m
10.00 200.0m 10.00 80. 00m
0. 000 | 511 | l( 1s0.0m I 521 I 0. 000 | 511 | l¢ s0.com I 521
-10.00 100.0m -10.00 40.00m
-20.00 50. 00m -20.00 20. 0om
-30.00 L o.coop -30.00 L c.coop q
-40.00 —-50.00m -40.00 —20.00m
-50.00 -100.0m -50.00 —~40. 00m
-60.00 -150. 0m -60. 00 —-60. 00m
-70.00 -200.0m -70.00 —80. 00m
=-80.00 =250.0m L 4 =80.00 =100.0m
Trz s22 Log Mag 10.00 d/ Ref 0.000 dB [F2] PR 512 pelay 50.00 ps/ Ref 0.000 s [F2] Trz 527 Log Mag 10.00 dB/ Ref 0.000 dB [F2] PERD 512 pelay 50.00 ps/ Ref 0.000 s [F2]
20.00 500.0p 20.00 250.0p
10.00 450.0p s 10.00 200.0p Grou dela .
0. 000 i 400.0p Group delay- 0. 000 p} l¢ 150.0p p y'
-10.00 | 522 | 350.0p -10.00 | 522 | 100.0p
~20.00 300.0p 40ps ~20.00 50.00p -120ps
-30.00 L 2s0.0p -30.00 . 0.000) lq
-40.00 200.0p -40.00 —50.00p
=-50.00 150.0p =50.00 =100.0p L
-60.00 100.0p -60. 00 -150.0p
-70.00 50.00p iy -70.00 —200.0p
-80.00 0. 008 250.0p

|1 Start 2 MHz IFBW 100 He Stop 3 GHz [@E) |1 Start 2 MHz IFBW 100 Hz Stop 3 GHe
TIMR20dB R 1MQ 2
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TDR response of a 40ps female-female TDR response of a highly reflective

adapter with correct (red) and incorrect trace with correct (red) and incorrect
(purple) THRU definition (purple) THRU definition
g3 Impedance 20 Iimpedance
52.5 75
70
52 65
g 51.5 g &0
i Y 55
'E t '.,i 50 ——-u-\l"d
E 505 E 45
50 40
E1
29.5 A_SHORT-THRU 52P A_BEATTY.52P
— R, SHORT-THRU.52P 30 _- B_BEATTY.52P
49 25
-0.5 (1] 0.5 -1 (4] 1 2 3 4
Time (ns) Time (ns)
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Some Calibration Errors
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Load standard remeasured Reflective trace measured

Retumn Loss
Retum Loss 10 T

Factory

ol " correction §

off (green) |

-10 |

SOL
Calibration calibration

-30

correction (purple)
Off (red) -40 — BEATTY-TERMIMATED_cal-correction-off 51P

BEATTY-TERMINATED _correct-50L.51F
BEATTY-TERMINATED_factory-correction-off.51P

Magnitude (dB)
Magnitude (dB)

— | OAD-STD_cal-correction-off . S1P
LOAD-5TD_correct-50L.51P
LOAD-STD_factory-correction-off 51P

-50

-60

0.5 1 15 2 2.5 3
Frequency (GHz)

0.5 1 15 2 2.5 3
Frequency (GHz)
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TDR of load standard

Impedance
75 T T T T T T

Impedance (£2)

| correction

45 m— | OAD-5TD_cal-correction-off.51P
LOAD-5TD_correct-S0L.51P
LOAD-STD_factory-correction-off.51P

Factory

TDR of reflective trace

off (green)

Calibration
correction
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off (red)

Impedance
120 T
_
7
w— BEATTY-TERMINATED_cal-correction-off.51P
BEATTY-TERMINATED _correct-50L.51P
80 BEATTY-TERMINATED_factory-correction-off. S1P
o
H
S 60
-
o
a .
E

w SOL
calibration

(purple)

wn
o |

5 10 15
Time (ns)
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IL of THRU standard IL of 10” semirigid coax

Insertion Lass

‘_TI:IRU_correclted.S}‘_P‘ Fa Cto ry

|~ correction —|
off (purple) ol

a Insertion Lass

T3 _corrected.52P
DUT3 _raw.52FP

Magnitude [dB)
»
w
T

Magnitude [dB)
»

w
T

| ﬁ SOLT

i |~ calibration Al
: e (red) o —an]

Frequency (GHz) Frequency (GHz)
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TDR of THRU standard

Impedance - Single Ended - Risetime = 10 ps (20-80%)

2
— THRU _corrected.52P
e THR_raw.52P

Impedance (£1)

-10 -5 [} 5 10 15 20 25
Time (ns)
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Factory
correction

" off (purple)

SOLT
calibration
(red)

Impedance ({})

a5

90 -

85 -

80 -

i

7
T

o
)
T

@
=}
T

w
wn

w
=}

r
w

ot

TDR of 10” semirigid
coax

Impedance - Single Ended - Risetime = 10 ps (20-80%)

e[| | T3_corrected.52P
—D)JT3_raw.52P

—

-10 -5 [1] 5 10 15 20 25

Time (ns)
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External Calibration
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IL of THRU standard TDR of THRU standard

Insertion Loss Impedance
0.02 50.4 T T T T

— TH RI-gold.52P
— TH R-Calc_SOLR-THRU.s2p

001

503

0 - Internal __—"]
g 4o | / SOLT (red) 5™
é -0.02 1 E 50.1
5—0.03 E- 50

External SOLR
(pU rple) 89T s THRU g0l 52P

— THRU-Calc_SOLR-THRU.s2p

49.8

0 0.5 1 1.5 2 2.5 3

-5 0 5 10 15 20 25
Frequency (GHz)

Time (ns)
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IL of THRU standard

Insertion Loss

0.04 -I

e _a5e2_Thru_measurment.s2p
PORT-12_THRU_RAW calibrated.s2p

Magnitude [dB)

-0.08

-0.1

-0.12

-0.14

o 10 20 30 40 50
Frequency (GHz)
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Internal
SOLT (red)

Impedance ({1)

External SOLR
(purple)

50.8B

50.6 [

50.4 [

50.2

50

49.6
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TDR of THRU standard

!mpedance

e Case2_Thru_measurment.s2p
PORT-12_THRU_RAW _calibrated.s2p

-0.2 0 0.2 0.4
Time (ns)
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IL of THRU standard TDR of THRU standard

Insertion Loss Impedance
0.1 54 T T T
0.05 F B5058B-thru-casel.s2p | B5058B-thru-casel.s2p
B5058B-thru-case?.s2p / Internal | 85058B-thru-case2.s2p
0 ' SOLT (red)

-0.05 1
2 01t =
1] 7]

=]
5 oast External SOLR Es1t
= =
o =
2 o2t (purple) BT
50
-0.25 |
-0.3
49 -
-0.35
-0.4 48
10 20 30 40 50 60 -1 -0.5 W) 0.5 1 1.5 2
Frequency (GHz) Time {ns)
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External Calibration: 2ZMHz — 3GHz

Measured IL of 6” semirigid coax with different unknown THRU standards

g Insertion Lass - S5ingle Ended TH R U : 025 Insertion Loss - Single Ended
o [ ) reflective 2l [ e Ty
inch-SR-Cale_ -SR.52p inch-SR-Calc_ -SR.s2p
3| g inch-5R-Calc_SOLR-DB.s2p trace (green) 0.15 — finch-5R-Calc_SOLR-DB.s2p
017
%‘ E 0.05
= . = r
3 THRU: 6 s
= 3 0
5 semirigid 5
g g -0.05
coax (purple) onl
-0.15
THRU: THRU 0.2
-5 : . . . . -0.25
4] 0.5 1 1.5 2 2.5 3 Standard (red) 0 0.5 1 1.5 2 2.5 3
Frequency (GHz) Frequency (GHz)

DesicnConeza

WHERE THE CHIP MEETS THE BOARD i APRIL 5 - 7, 2022 #Designcon 30 O informa markets




Summary and conclusions
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» Remeasuring calibration standards after » Professional network analyzers tend to have two

calibration echoes the calibration standard layers of corrections: a factory correction and a
definitions and therefore it is an indication of the user calibration. To get raw data from the network
stability and repeatability of the measurement analyzer, we need to turn off all corrections
setup, not an indication of the quality of .

There are two possible definitions of raw S

calibration parameters: one as the actual network acquires
= To check the quality of calibration we need to the data, with no switch-term correction, and one
measure a known golden standard that was not based on the S-parameter definitions, which
part of the calibration assumes and requires the correction for the
= Wrong thru standard definition in SOLT switch terms. Switch terms do not matter in one-

calibrations results in non-causal and potentially POt measurements

non-passive results. It tends to manifestitselfas = SOLT and SOLR calibrations can be done
random fluctuation in the frequency-domain externally on the appropriate raw data read out
response from the instrument
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=  \Websites:

=  https://www.samtec.com

=  https://www.nubis-inc.com/

= Signallntegrity tool; https:/pypi.org/project/Signallntegrity/

=  Who to contact with more questions?
=  jstvan.novak@samtec.com nd 'S

=  pete.pupalaikis@nubis-communications.com
commdJniCaTions

DesicnCoN Eza

WHERE THE CHIP MEETS THE BOARD \ ] APR IL 5 - 7, 2022 #Designcon 34 @ informa markets



https://pypi.org/project/SignalIntegrity/

Thank you!
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