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#% What is VNA calibration?

* Calibration (by I1SO) is the:

— “...set of operations that establish, under specified conditions,
the relationship between values of quantities indicated by a
measuring instrument or measuring system, or values
represented by a material measure or a reference material, and
the corresponding values realized by standards.” [1]

* Two meanings of the VNA calibration are typically in use:
— Instrument calibration at the manufacturer’s side

- once in two years or so

— Definition and removing of systematic measurement
errors before measurement session

- once a day or more often
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Measurement Errors

* Can be grouped as:

Errors:

— Systematic SYSTEMATIC

— Random Measured EANDOM Unknown
] Data Device

— Dirrift

DRIFT

* Drift and systematic errors can be defined by (re-)calibration

* Error correction procedure removes these errors from
measurement results

Picture: Agilent Technologies
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Na} Error Models: Influencing Factors

°* Number of ports

2 ports

* Receiver concept

Reference channel: N=n+1 receivers Double reflectometer: N=2n receivers
Port 1 I Port2 Port 1 I—-] Port2

\ = '||' T = = -l‘- = s

! 3 3

W@ i ig ., L8 @4 Lo ®

= - =
Forward {_. % Reverse Forward Reverse
.ﬁ. Source

Source
l where :
q é % N - number of receivers
n - number of ports
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Error Models: One Port

* Qver four error S-parameters

R a
o * D‘ _O>
* Qver three error terms [2] So1
— Directivity, E, Sum | S S Sa
A S b
— Source match, Egq S Ve 2 | < ¥
— Reflection tracking, Ex
| — i
* Error correction: 1 . & °
Siim E, Es S,
S - F
_ 1M ~ D A £ b
4 = el SU Wil |

S(SllM _ED)+ER

where:
S,,,— actual DUT parameter
S, — measured DUT parameter
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ajﬁ) Error Models: Two Port

* Contains 10(12) error terms

* Additional terms:
— Transmission tracking, E;
— Load match, E;
— Crosstalk, E,

* Crosstalk (Isolation) Ey is
typically omitted

* Error correction [3]:

1

a, =mf+%(m§—Eémll), b’:L(mZI

1 I
R ER

bll b1H _ Sy S, a11 alﬂ
pobt ) \S, S, \a a” ,[K]=[Sx][L],

EuMIC
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Ex
my' a' | | by my
—> —> | | —» y —»
1 | | Er
£ | | DUT | i
D Es I(Forward Direction)! L
s b, | logl)
2 =l 1T | @2
{_n R < | | <+ r
W= I
a" } : b,
—> | —>
S | Ed —
—c
E N | but : E EN )
L I(Reverse Direction) S
b 1 I a Il
E 1l 1 2
r hvll il S -
<« A ! I - «
my" | | Mg’
EX“
1 I 1
—Elml) pl =M 1 _Eym,
p"™ )y Dy =—7p, a4, = gl
T T

where:

m — waves measured by the ideal VNA receivers;

a, b — incident, transmitted/reflected waves, at the DUT plane;
prime, double-prime parameters correspond to the forward
and reverse measurement directions respectively.
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; Zx) Two Port Double Reflectometer

° Built off the transmission [T]

parameters [4] ] W
wa | "

* Two matrices [A] and [B] = ey o,
o ‘E {?2\-_-/—'_‘-\

° 7 Error terms are in use:
— Normalized to one term (A,,)

* Error correction:
[ml m1j _ (An 4, j[Tn T, j[Bn B, jl(m3 m3j
mz mz Ay A \T,, Ty \ B, By mé m; ’

1 " ' " _1
-1 M _ ml ml m3 m3 -1 T, — T-parameters of DUT;
M - A TB - ! " ' " TX - A MXB prime, double-prime parameters
) m2 m2 m4 m4 ) correspond to the forward and reverse
measurement directions respectively.
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&% Error Models: Multiport Cases

* Reference channel [4] ° Double reflectometer [5]
1(5_L—> e 1DUT 1 0, " . 1

4@ 4—1 W ‘—1 DUT

© Q O/Z Ill My mg agb [5x] o—y III L_fcf!?1 fcfgl m32 aizj R
mOm 1 F —2 = ° — B 2

— Model can be extended by — Model can be extended by

matrices [G], [H], ... matrices [B,], [B,], ---
— Number of error terms is: — Number of error terms is:
N=2n’-1 N=4n-1
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ajﬁ) Calibration: One Port

°* Three unknowns have to be defined

Suiim —Ep
ES(SI 1M _ED)+ Ep

S114 =

° Three independent measurement conditions are required

R a
1. E, +S111AS111ME SIIIA(EE E) SllM —_—> —>
°— o U
2: E,+S!S! E.-S" (E,E,~E,)=S5] 1
. D 1naP1mLr 1na\Epls R 1M S]]M E, E 5,
3: E,+S\SIEy =S (EyEs—E )= ST, A L U

* Commonly used standards:
— Short, Open, Load (SOL)
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ajﬁ) Calibration: Two Ports

10 Unknowns have to be defined . " —
* Step 1. One-port SOL for Port 1: A ‘ |
E, E; E, :

* Step 2. One-port SOL for Port 2:

" " (/4
ED, ES, ER

* Step 3. Connect two ports together (“Thru”):
St —E;
E = 1M D , ; -
' SimEs — (Ez,)E; _Ezle) Er =5y (1 ESEL)

Step 4. Same as Step 3 but in reverse direction: E7 EJ

prime, double-prime parameters correspond to the forward and reverse
measurement directions respectively.
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r'&) Calibration SOL and SOLT

° Advantages

— Can be applied on both reference channel and double
reflectometer VNAs

— Robust

* Drawbacks
— All standards have to be either known or ideal
— Not self-consistent
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&% Self-Calibration Algorithms: TRL [6]

Self-
Standards | Requirements | Unknown Error Terms Calibration
Product
Known: S, ., S
THRU 1) =21 4
S12’ S22
L INE Known: Sy, S,y s g 5 Propagation
— length 2v =z constant y
S11=Sy, S S
REFLECT | S11(Sz) known " 1 "
within +/- 90 (S,,) (Sy)
degree

" EuMIC ;?.!m?f.w
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”{Q Self-Calibration Algorithms: TRL

° Advantages
— Traceable calibration and measurements (for air-lines)
— Does not require ideal Open or Short
— Self-consistent

* Drawbacks

— Frequency limited. Many lines required for broadband
measurements (e.g. multiline TRL)

— Difficulties in on-wafer application
— Sensitive to Reflect asymmetry
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a8 Self-Calibration Algorithms: LRM [7]

Self-
Standards | Requirements | Unknown Error Terms Calibration
Product
LINE Known: S,,, S,,,
— 4
(Thru) S12: Sy
Known: S, ., S
MATCH ) S“ . ,
(Load) R
Zyatcy=20 Ohm
S11=Sy, S S
REFLECT | S11(S;) known " 1 "
within +/- 90 (Sy) (S5,)
degree
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r;.) Self-Calibration Algorithms: LRM

° Advantages
— Broadband
— Self-consistent

° Drawbacks
— Requires 50 Ohm Load
— Sensitive to Load asymmetry and Reflect asymmetry
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@; Self-Calibration Algorithms: SOLR [8]

Self-
Standards | Requirements | Unknown Error Terms Calibration
Product
SHORT Known: S,,, S,, o 2 —
OPEN Known: S,4, Sy, - 2 -
LOAD Known: S;;, S,, o 2 -
S21=512
RECIPROC | S21(Ss2) known St Sar 1 S11 a1
within +/- 90 S0 Sy S0 Sos
degree
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r;.) Self-Calibration Algorithms: SOLR

° Advantages
— Does not require known Thru
— Self-consistent

* Drawbacks

— All lumped standards (Open, Short, Load) should be either
ideal or known
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Self-Calibration Algorithms: QSOLT [9, 10]

Self-
Standards | Requirements | Unknown Error Terms Calibration
Product
SHORT | Known: S, S,, --- 1 -
OPEN Known: S;;, S,, — 1 -
LOAD Known: S,4, Sy, --- 1 -
Known: S,,, S
THRU 11 ~21» —_ 4 _—
S12’ S22
vs EUMIC ™
S 2008 38
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¥4 Self-Calibration Algorithms: QSOLT

° Advantages
— Reduced calibration time

— Improved quality of transmission measurements (vs.
SOLT)

* Drawbacks

— Poor measurement accuracy on the “virtually” calibrated
port

— Not self-consistent
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Self-Calibration Algorithms: LRRM [11]

Self-
Standards | Requirements | Unknown Error Terms Calibration
Product
Known: S,,, S
THRU 11 =21 4 —
S’IZ’ S22
REFLECT Si=Sz
811(822) known 811 1 811
(as Open) within +/- 90 (S22) (S22)
degree
REFLECT 5117522
811(822) known 811 1 811
(as Short) within +/- 90 (S22) (S22)
degree
MATCH Known: S,
Not measured on - 1 —T
(Load) the second port
oy ELIN'“C ;?.!m?f.w
+* 2008 38mmm
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a9 Self-Calibration Algorithms: LRRM

° Advantages

— Not sensitive to the Load asymmetry (only one Load is
measured)

— Does not require known Open and Short
— Impedance element can be used as Load
— Self-consistent

* Drawbacks
— Poor measurement accuracy on second port
— Sensitive to the measurement setup asymmetry
— Requires known Load
— Sensitive to the Reflect asymmetries
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#4 Self-Calibration Algorithms: LRM+ [12]

: Self-
Standards Requwe_r_nentsl Unknown Error Terms Calibration
Conditions
Product
LINE Known: S,,, S,,, . 4 -
(Thru) S12: Sy
Known: S,,, S,,
M 811¢322 o 2 —
(Load) Arbitrary
iImpedance
S11=S,, S s
REFLECT | S11(Sy) known B 1 B
within +/- 90 (S,,) (S,2)
degree
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H{Q Self-Calibration Algorithms: LRM+

° Advantages
— Not sensitive to Load asymmetry
— Arbitrary impedance elements can be used as Loads
— Does not require known Open or Short
— Self-consistent

° Drawbacks
— Requires known Loads
— Sensitive to Reflect asymmetry
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@gx) Self-Calibration Algorithms: RRMT [13]

°* RRMT concept: merge the best from 10- and 7-Term
calibration in one

/-Term step: LRM+ /-Term step: LRM+ 10-Term step: calibration with
with Short: with Open: fully known standards

- Model of the Short - Model of the Open
e o ITTNSARERNG
-!""." ;IU{]B 38MICIOWA\'E 3
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&% Self-Calibration Algorithms: RRMT

Standards Requirements Unknown Sl
Product
THRU Known: S,,, S,,, S,, . .
822
REFLECT 511752 S, S,
S.,(S,,) known within
(as Open) 1l +/2_2)90 degree (S22) (S,,)
REFLECT 5117522 S, S,
S,4(S,,) known within
(as Short) 1l +/2_2)90 degree (Sz2) (S,2)
MATCH Known: S,,, S,,
- S,.#S
(Load) | 11. 22
Arbitrary impedance

" EuMIC ;?.!m?f.w
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r;) Self-Calibration Algorithms: RRMT

° Advantages
— Robust 10-Terms calibration algorithm
— Not sensitive to the Load asymmetry
— Arbitrary impedance elements can be used as Loads
— Does not require known Open or Short
— Self-consistent

° Drawbacks
— Requires known Loads
— Sensitive to Reflect asymmetry
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&% Residual Calibration Errors

Calibration standards should fit requirements:

LOAD
THRU LINE* OPEN SHORT REFLECT RECIPROC
(MATCH)
< < < y S11=Sy, S21=Sy;
: nown: nown: nown: nown:
Known: S, S 3 S g, ** S11(Sy) S21(S12)
S115 Sa1, 1> =22 " " " known within | known within
S12:S2 | length (S,,) (S,,) (S,,) +/- 90 +/- 90
degree degree

Standard fabrication tolerances, as well as insufficient
models lead to residual calibration errors [14]

*For TRL
**50 Ohm for conventional LRM

" EuMIC ;?.!m?f.w
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r;.) Residual Calibration Errors: SOLT

* SOLT on GaAs with simplified and advanced models for
Open, Short and Load [15]

0.8 ! 65 70 75 80 85 90 95 100105110

—h— Advanced models
—#— Simple models

—@— System drift

0.6

Maximum Upper Bound Error [Sij - S'ij]

04 [

02 |

_ - Wy 4 ','L' y- W ]
«
Frequency [GHz]

{1 Eaee 3BTRS
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#% Residual Calibration Errors: TRL

* CPW TRL (4 Lines) on ISS with respect to the 50 Ohm
calibration [16, 17]

CPW Line Impedance (ISS) i Calibration Accuracy Verification
55 U:) 0.25
©
2 0.2 - TRL
52.5 i
) — System Drift
E < 0.15- ystem Dri
Q 50 =
S KS«* = 0.1
(O] -
x 47.5 A A A DD OO
VYTV T 8 gos-
(@]
Q0
45 s 0
0 20 40 60 80 100 Q | | I [ [
Frequency (GHz) 2 0 20 40 60 80 100 120
q Y Frequency (GHz)
o*s.0 EUMIC TH
£312 008 38
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H{Q Residual Calibration Errors: QSOLT

* QSOLT and SOLT with the same set of coaxial standards

[18]

Port 1, Calibrated

0.35 —
0.30 — ——SOLT
. QSOLT
0.25 —
0204
< 0.15 —
0.10 —
] M\f\ﬁ}\l‘\m
0.00 T I I |
0 o 20 30 40

Frequency (GHz)

0% EuMIC
e 2008 SUSS Microfec

Port 2, “Virtually” Calibrated

0.35 —

0.30 -

0.25 —

0.20 —

IAS,, |

0.15 -

0.10 —
0.05 —
.00 e

0 10 20 30 40
Frequency (Gliz)

TH
385,“0“*“ CONFERENCE 6008
MICROWAVE




#9 Residual Calibration Errors: SOLR

* SOLR on alumina with respect to 50 Ohm multiline TRL

[17]

%% EuMIC
»* 2008

Calibration Accuracy Verification

0.25

0.2 7

0.15 7

0.1 7

- SOLR

— System Drift

Upper bound |Sij'-Sij|/|Sij| and | Sii'-Sii|

20

SUSS+MichTec
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Frequency (GHz)
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#% Residual Calibration Errors: LRM

~

° Load’s asymmetry for LRM* with:
* Load, Port 1: R=51 Ohm, X=0
* Load, Port 2: R=49 Ohm, X=0
« Short as reflect

Matched Line: S,,, S,, Symmetrical Open: S,,, S,,
-30 0.4
35 /ﬁ\ //\\ /A\ 0a
40 / \ /‘ \ \ Expected results |
0 45 | I \ \ @ 0]
%' -50 ‘ ‘ @ \*
3 S S N - % A ' A S PR RN
3 55 / S
£ € 01
2 60 "4 2
i -65 K_ - € 02
70 SR T~ 0.3
756 5" t0 15 20 25 30 35 40 45 50 04075 10 15 20 25 30 35 40 45 50

Frequency, GHz Frequency, GHz

*Simulated results
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r;.) Residual Calibration Errors: LRM, LRM+

* Load’s asymmetry for LRM and LRM+ (Short as reflect) on
GaAs RM8130 [19]

Load Impedance Symmetrical Open

== Real(Z,) - Real(Z,)

S11,LRM = 511, LRM+
0~ Imag(Z,) Imag(Z,)

—%= S22,LRM = S22 LRM+

)
o

o
Imag (£,0ap): Ohm
Return Loss, dB

40 60 80

40 60 80 100 120
Frequency, GHz Frequency, GHz
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Zx) Residual Calibration Errors: LRRM

)

* System reference impedance Z,after enhanced LRRM~*
(with the Load measured on the VNA Port 1) on ISS [20]

* Verification measurements:
— the same matched (50 Ohm) DUT, measured at Port 1, Port 2

H
53 ‘ T
52,5 | ——Z.11.LRRM ﬂ S ZDUT __ZO
= [ | —=—z.22.lrRM B yA /
§ 515 h DUT 0
8 s51 1
2 50,5
§ - A'V ZO,PORT2 a 50
WY
49,5 S — 9
- DUT ,PORT2 — *
0 20 40 60 80 100 120
Frequency (GHz)
%o EUMIC curoren NCONFERENCE M\
£5ts EuMl 380
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Conclusion

VNA calibration removes systematic measurement
errors and instrument drift

Difficulties in standard realization and modeling can be
solved by self-calibration procedures

“Virtual” calibration leads to poor measurement accuracy
All VNA port should be calibrated using real standards

Optimal calibration algorithm can be found for each
measurement applications and system configuration
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