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S-Parameter Measurements (N-port case)

» Conventional (ideal) S-Parameters consider
solely incident signals a; of source ports for

each switch position (I, I, ..., N)
_bll bl” blN_ _ail 0 ... O__l | Real N—port VNA
[S]: b.2| b.2|| :..bZN | O a.él 0 mall Tmbl m“Z\L Tmbz VA m““(t TmbN
by bl bt [0 0 el B
a,| |1 a,||[1b A b
| I LI
» Generalised S-Parameters (denoted by M) é
consider incident signals m,; of all ports N—port DUT

for each switch position (I, I, ..., N) and

removes port match errors (Switch terms)
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Fig.1l: Generalised model of a
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S-Parameter Measurements (2-port case)

« Conventional (ideal) S-ParameterS'
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b, b | | 0 &, b, b || o L | [b b,
3, | |a a

 Generalised S-Parameters:

ml;l mb2 mbl T, mt:|1 _ mbl mbl T,
. m;:u mal ma2 m;IZ mal ma2
[ T |
mb2 mb2 ma2 ma2 ml;Z mb2 mb2 F ml;|2 mb2 mbl F
My My My ° My My My,
with abbreviations: - d d -
1| |
d=1- mbz mbl —r I, and switch terms: [} = m?.l , L m?z
mal ma2 mbl mb2
* In the ideal case, where I, =1, =0 , [M] reduces to [S].
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Full Multiport Least Squares Calibration Method

» Applies a (4N2-1)-term error model.
* Requires dual reflectometers (couplers) at each test port to measure the generalised

S-parameters (M) .
* For the sake of clarity the formalism is described for 2-port case:

» The corrected signals a and b are related to the raw signals m by the
error term matrix [C] as follows:

B (ma m, ([bl}[s(”‘al}[E](m“] )
b2 ] ma2 |:[G] E]:| ma2 b2 ma2 mbz
[C_ = =
ai mbl [F] H ] mbl a1 mal mb1
a, My, My, [azj B [F(m ) ’ [H (msz )

a2

By substituting Egs. (1) and (2) into the expression for S-parameters, we get the
fundamental equation for each switch position!

() = el el s )
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Full Multiport Least Squares Calibration Method

« Combining the equations for the two switch positions | and II:
ml mII m m mII mI mII
S By 0 B B0 0 Rl 8 ) Bl
ma2 ma2 mb2 mb2 a2 ma2 mb2 mb2

and substituting the expression for the generalised S-parameters:

| I | n 1t
[M]:|:mb1 mb1j||:ma1 mal:| :{mn m12i|
[ I | I
mb2 mb2 ma2 ma2 m21 m22

leads to the final equation:
Gl+[EIM]=[s}IF]+[H]™M] @)

« Equation (3) is applied for
» calculating error terms from calibration measurements and subsequently
» calculating S-parameters from DUT measurements.
« Equation (3) can be rearranged to form a linear equation system, solved for the
error terms [G], [E], [F] and [H].
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Full Multiport Least Squares Calibration Method

e Each calibration measurement (i) yields:

_{Gn 612:|_|:E11 E12:||:mi1 m1i2:|+|:81i1 Siz} |:F11 F12:|+|:H11 H12:||:m]i_l mliz} _0
G, G, E, Exn | my, my, S, Sy ||LFa Fo Hy Hyfimy, my,

» Evaluating matrix multiplications and sorting the coefficients of error terms in a
coefficient matrix leads to:

__1 000 _m1i1 _m;1 0 0 Slil 0 Sliz 0 Slilmlil Slilm.i?_l Slizmlil Slizm.izl_ 0
0-10 0-m,-my O 0 0S8, 0SS m, S,my, S,m;, S,m, &= 0 (4)
00-10 0 0 _m1|1 _mél Sél 0 Séz 0 Sélmlll Sélml21 SéZmlll Sézmlzl 0

| 000-120 0 _m1|2 _méz 0 Sél 0 Séz SélmllZ Sélml22 Sézmllz Sézméz_ 0

with error term vector:
~ T
€ :(Gll’ GlZ' GZl' G22’ E11' E12’ E21’ E22’ F11’ F12’ F21' F22’ H11' H12’ H21’ sz)
* The homogeneous equation system (4) leads to the trivial zero solution!
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Full Multiport Least Squares Calibration Method

» Normalising the error terms by setting G, to 1 (e.g.) leads to the solvable
iInhomogeneous equation system:

000 _m1i1 _mizl 0 0 Slil 0 Sliz 0 Slilmlil Slilmi21 Sli2m1i1 Slizmizl 1

-10 0 -m,-m;, 0 O OS] 0S§S),S,m, s{lm;2 slfzmlf2 slfzm;.2 s_| O
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: B

with modified error term vector: ~ *
. )
© :(Glz’ G Gopy BEiny Eppy By By By By Fopy oy Hyyy Hypy Hyp, sz)

« Combining the results of n>=5 calibration [ at]] (Bl)
measurements leads to the least squares R :
solution for the error terms. _Ai_ €'= (Bi)

A ()

* Once the error terms have been determined, S-parameters of the DUT can be
caleulated appYING: [s., .. ]— [G L+ [E1M our BIF I+ [HIM s
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Four-port Calibration Procedure

» Due to the lack of real 4-port calibration standards, differing standards can be
constructed by combining 1-port standards and thru connections:
— Standards: Open (O), Offset shorts (S1 ... S4), Broadband Load (L)
— DUT: Power splitter

S1 S2 S3

o (@
5 S1 S2 S3 S4 Control
= Display Panel
g. 52 S3 S4 L
=S
% S3 S4 L O
© sS4 L 0 S1
c P1 P3  Test P4 P2
% L O S1 S © © Ports © ©
o P2 P4 P3 P1
7 P4 P2 P1 P3

DUT Posair || PS=e S1 PS;.,
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Port-to-Port Multiport Calibration Procedure

* Applies common 2-port 12-term error model:

Ep
m, |p 'p A 2, s g p b E,. m Forward direction
“ y'or 7% B Yo 22 9 VE
- {ERF i =-:12 o B
I
bl - - -
—r S — T E b4
a 21 b RR m . .
EL S, S T, LER B g T Reverse direction
E b \ S a ’
TR il 12 e 1
- e e e -
mH T mH
b1 EXR a2

» Relies on successive determination of error terms with the help of appropriate
calibration measurements:

* N 1-port calibrations to determine directivity, source match and reflection
tracking terms for each port.

* N-1 thru measurements to determine N load match and 2(N-1) transmission
tracking terms. The remaining (N-1)x(N-2) transmission tracking terms can be
calculated by applying the concatenation rule.

» Measuring Nx(N-1) crosstalk terms.
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Measurement results. Comparison: P2P 12-term vs. 2-port ECal
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1S,,| 1dB]

Measurement results. Comparison: P2P 12-term,2-port ECal,Full 4P LSQ
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Thank you !
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