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~— The old questions Microwave
Measurements

How can I generate and sample microwave signals?
Where’s my reference plane ?
What'’s my reference impedance?

MTTS ® ,



Plus new problems...

How do I keep reasonable microwave signals on non
microwave substrate ?

How can I make proper interconnections to
measure these signals ?

How much accuracy can I accept ?

M
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Let’s start from scratch

S-parameter concept
Mixed Mode S parameters

S—parameter measurements



Introduction

L A*Sin360° F(t-ty)
A 7\ Linear behavior:
4 \/ - » input and output frequencies
b are the same (no additional
| : . [requencies created)
/'\5'“ 360717 WI* phase shit =  output frequency only
\/‘ g . undergoes magnitude and
Time f Frequency p].].-ElEE cllange
............... Input ____D DUT ].____...___..._..__..._.._... L

{ | I f‘/\ Nonlinear behavior:
f1 Frequen::y \Aj Ti;'l-"IE . Olltpllt fI'EC[II.EI'I.C}f may llIld E'-I'gO

frequency shift (e.g. with mixers)
‘ L

» additional frequencies created
(harmonics, iIntermodulation)

f

1 Frequency
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~—Linear Circuit

Every Linear circuit can be described in frequency
domain with a set linear equations which define the
interaction of the circuit with the external world

Example: THE WELL KNOWN GENERATOR

~

[_Bg. Thevenin Model V=-ZI+V,
[ €q. Norton Model I1=-YV+I,

M |
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“N-port Linear Circuit

Variables are grouped in vectors and the relationship
become matrix equations
Example:V=[Z] I+ V,
I=[Y]V + 1, where[Z], [Y] are the impedance/admittance
matrices

THERE ARE INFINITIVE POSSIBLE SET OF
PARAMETERS THAT CAN BE USED TO SUCCESSFULL
DESCRIBE A LINEAR NETWORK

Every parameters can be linked with any others by means
of a bi-linear matrix transform.

THE PARAMETERS CHOICHE DEPENDS ON THE
USEFULLNESS

M . @
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How do we measure them?

If V.=I-=0
Each parameter can be identify by the measurement:
Zj = z o — -
li] Vil

With specific load and source conditions, as example:
1. Open Circuits (for Z par) Short Circuits (for Y par)
2. Single tone sinusoidal source at one port
3. Measurement of V, | exactly at DUT ports

4. Change Frequency and repeat step 2-3
NB: VECTORIAL MEASUREMENT AT DIFFERENT FREQUENCY

DIFFERENT PARAMETERS MEAN DIFFERENT MEASUREMENT
TECHNIQUES

M .
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= <hat’s the be

\\

st for the RF ?

At RF frequencies everything become
POSITION/FREQUENCY dependance

In general there are
multiple modes and for
every mode an
equivalent transmission
line can be used to
describe the mode
propagations

V+(2)=V+(0)e~ JKZ

MTTS ®

\

1(2)

A

V(2)

Z

V(2)=VH(2)+V (2)

1(2) = 17(2) + 1 (2) = 'ﬁ(z)z"/_(z)
(|/+ o V(z2) + 2zw/(z)
ESE(2) - Z.1(2)
Wi -




~ Scattering Parameter

Each forward and reflected voltages/currents on the line
moves as:

V+(2)=V+(0)e~ 1K

V—(2)=V—(0)et IK2

Thus the natural choice when transmission lines are
Involved are some new parameters link to forward
and backward voltages:

S-PARAMETERS
pa'al

13 *
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Scattering Parameters

[ 1 V(z)=0 if at every section V/I is constant and =Zeo

|| At each port we define an arbitrary reference impedance and define
new parameters such that:

. _Vi+1Z, > -
= < Ri e V/ b = V’ — {bl}_ Sll Slz a1
Ve : e Jif =
b i R R bl |IS S |&
1 24\/? / / 2 21 22

[f R=Zc0 many interesting properties occurs for the S
parameters of a line L.e.:

BUT REMEMBER THAT IT’'S

JUST A CHOICE, A GOOD CHOICE BUT
A CHOICE!

0 e

S =
O, 0

M @
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Differential S-parameters

What if instead of single ended voltages and currents
we wish to use differential ones ?

I, E

. TV,
B L
Vo i

For Each Couple

V

V

djk
cjk
djk
cjk

Vj—Vk

V. +Vk)/2

J
(=112

(Ij+lk)

@
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" Differential S-parameters

What are the propagation properties and is it usefull
to have an “S-parameter equivalent”?

Use a linear combination of V and I it’s just another
convention but to link it to propagation became more
tricky:

e Which Reference impedance we need to take?

e What if we wish to have some port left single ended, i.e.
an Operational Amplifier?

e Which are the properties of the new parameters?

M @

MTTS ® IEEE



/

“Mixed Mode S-parameter

Traditional definitions are:

1 BUT THESE ARE VALID
bdjk = —\/5 (bj —b) ONLY IF
= R
ac,k = f (aj + ak) ZCjk :E Real Only
E Zg = 2R Real Only
bc,k = f(bj =)

@



P eneralied Mxed Mode.

In general we may have L
|c12
— R Vdjk 2 Idijdjk \VAD)
adjk = djk
[ 12 [ b1z
= r . Idijdjk 34 Ir-rrl:_'--l pdimlal pOI‘tS <
= dik Sl7 . .
d - -
rf-,;[“_. I_:Ijl E"l’l.l:j-' I-:'.I'"
_|_ | .. Z . |d(e-0p
e Cjk Cjk 12 IrJ,.l:_)
— Ve
2 Z [LRRE beas IC(p’fbltpp
cjk b= , ﬂ; . \S \e@p
= il PV ' '
== ”t'ljp 1)p 'rjc'[_p 1)p
ZCJk ”'P 1 'i'l.l'? b1 f
U iy —1 IIJH—]
\ ) \ f,, )

iy,

n-p single ended ports <

= (521 + 5228)(511 + 5128)

M LINEAR MATRIX TRANSFORM
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S-parameter Measurement

From the definition in a 2 port case:

b S S a b1 = S5pd + 9,3,

. 11 12 1

b S S a b, = Sya, + Sya
2

~

Which —
b Means Measurements of incident and reflected
= —) | Signal while terminating the other port on
1] _a— their reference impedance

M 1 # ] 19
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I A BASIC SCHEME ——

Vector IF Voltmeter

| ; {

- - = -
| Al e
PORT 1 | | PORT 2
G i e e BIAS 2 /N !
- SIGNAL SEPARATION =
| REFLECTOMETER ;E """"""""""""""

i @ s MICROWAVE
SOURCE
20 ': 4
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S e

Incident Transmitted
e o )
S{JLR(.‘E { H-&‘-ﬂﬁ‘-ﬁ.’t&‘ff.l
XX SIGNAL P
SEPARATION %‘_
INCIDENT REFLECTED TRANSMITTED
(R) (A) (B)
l
RECELVER / DETECTOR
PROCESSOR / DISPLAY
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Reference Section

» Synthefise
*Very Bréadband. E— >
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Agilent PNA Source block
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1IgNa

*Provides a and b waves
separation

*Provides signal
excitation at DUT ports
o[t may have also bias
tee and attenuators

@l

«r

|

IO

[

.}ir

MICROWAVE
SOURCE

| Separation

A43 STEP
ATTEN

-1

Port 1
RCWRA N

\2@ - ®

WGl

LELR AR

Reference 1

RCYR R IN

W0

()
; © Amp ®

=

SOURCE OUT

Reference 2

RCVRRZIN

WS

FOPTION 016

Add4 STEP
ATTEN

A23 SOMA 70

A22
SWITCH

|

e

[a2ss0mMAT70 | |

BOD-UR

—_—
I | BU-21

SUURCE OUT

Port 2
ROVRE M

WD

CALR ARM

Port 1
BOURCE OUT
B0

CPLR
THIE

PORT 1

Fart 2
SOURCE OUT
Ly =i

CPLR
THRL

FORT 2



Receiver Block

* Typically two or three
downconversion

* Digital vectorial

A49 IF

MULTIPLEXER

-

SPAM

measurement of mag a d
phase 4 (o]
e Phase lock of the intern)al

P TRRE)] m
=A32 RECE IVE_R R1 : 3z
|
[

A MH- 50
O

source through receiver
signals

RN
Ald

VN
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Phase Lock through its receiver

Unlike the old VNA where the v
source was autonomuos locked _ A59 SOURCE INTERFACE
and the receiver could be lock to | " AT PRASE |

5 > » SOURCE
any microwave signal, modern @ @ ALc _-I (1S arom)
VNASs cannot work unless -

their internal source is used.

T | A58 M/A/D/S
AS example: A14/A13 I-
FRACT | ONAL-N 264 R 1o o
You cannot use a VNA to measure (SYNTHESIZER) | | | SampLER gigg;;tofl — 1<
VGO I 1

the signal coming out from a chip
where it’s clock cannot be lock to .=,
an external refenrence

A %
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Gomg More thaano rts

ﬂf:'_?-.n
. b
Lo 2-ports
éj| R[] @ 2 Ref 7 g
i i@ﬁ 2%ec F@ “ﬁ\ f
I =
........................................... . m”.
'”_'_I:.-E;l_lln:
4 Ports t ¥
4 Ref Frrme ]
4 Rec aers i







Packaqe/Socket fo%vr/
4&@%@ asurements try o . . . XX
= Coupling within pairs: ® Q Q Q Q O O@
Measured, as long as
Crosstalk Measurements symmetry is assumed L N .!. .!. @0
oe [l
\ 7 \ﬂ[ \\ ) | ‘N Coupling between pairs; Measurement Matrix
g T I Unknown
@ ARk i T Pa e dansbrrsbrs 7 =8Ol
= EAR 0 1 2
™ ! v 1 0 ojojojojojoq]o
v 2 0 ojojojojojo]o
= Coupling within pairs 3 0({010})0j0]0]0)0
LEre 4 ofojJ]ofOoO]J]O|O]JO0O0]O
4;:;:’" Bl e =0 =0 P 0RO =0
b ‘ : 2 61]0[0]O0]O 0jJ]0[O0]O0
: N ; P Sler o e E B O e e
e LA /J/ slofofo]o e e
g T 7 SES SRS BReR i R ENRES BNRR AN E SRR Py
£ U H{[\\‘Uﬂ V é oJj]ofojJ]O0O]j]O0OflOfO]O
i1j0|l]0fO0O]J]O]J]OJO|O]O
1
R i11]0(0)J]O0OfO]J]O|JO]O]|O
- 2

M = data collected via measurement
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Package/Socket foW

8-port Measurements o

Wt ry Coupling within pairs: ) A&\. 000

Measured, as long as " JOXOROXOXOROX |
Crosstalk I\{IIE(ETasurements symmetry is assumed Q000900
: *9se I Coupling between pairs:
T \/[ ) HN Nearest neighbor measured, _
S fij\assume
: J\WMM\A " 12345678931;
FEETT BTV Pr P
ul G ik g (TR 1 ofo]o]o
B S I s e Coupling within pairs 2 G3S0317051 50
el 3 0(ojofo
B-port 4 ojofjofo
seie Z
j h /M m If Coupling between pairs 5
5 e aE :
e )M\ A Jﬂm / \f/ 9
M i
At
ﬁ.,/ ...W V\,ﬁ i \f’ tfofofofo
= fm;l;uzlz e 1J]0|(0|0O{(O
2

M = data collected via measurement
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Coupling within pairs:

& Measured
Crosstalk Measurements Coupling between pairs:
= Measured
g ‘“i Measurement Matrix
e YT n
Sl I [y [ A o] Eom R
o WA Y R g2
wl//l *V kb n lj% n 1
S EEa Shammaa 2
e IR oupling within pairs 3
12-port <
IFIEXT 5
| 8\ » %
- o] Coupling between pairs ;
— L, 1) 9
saben A I Wi
efe ol LRI 1 1 sl 1
R AIIRLE N ECrmieA %
o e A bt bl 1
R AL R 1
ey, Gz : ;‘
M = data collected via measurement
MTTS ® i



-



WYY ¥1dD

NACNDD-

V.V Vv

WYY ¥1dD

MTTS ®



y ;%
. i
/‘l

oy

A

W

- _- o it — e '|‘ :
. ) -
T )




MTTS ®



_ Let’ssummarize u

depend behaviour
Switches are not ideal and frequen

Reference Plane position de
interconnections and so

DownConversion an
1. Source Phase Noise

>.  Frequency accuracy repeatibility
3. Non linearity of mixer/sampler

4. ADC Dynamic Range & Speed
|

nterfacing effect

M @

MTTS @® IEEE

Directional Couplers have finite directivitgaﬁtf@oecﬁlency
O

dent
able, adapter

ng problems like:



QUESTIONS UP TO NOW
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Cause of Uncertainty

Systematic Errors (85%)

* Microwave Components

e Interconnections

 Incorrect Standard Modeling
 (Calibration Algorithm

D

Calibration

Random Error (10%)
e Connection Repeatibility
e Frequency Stability
e Noise

Drift (5%)

Lab Care

VN

MTTS ®
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Today 2-ports Calibrations
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_ Eror Model Definition T

Ipothesis

sampler (mixer),and all the other system components
are linear and invariant parts

1.

The two half

e R

are independent 4-port network

such that we can isolate each of them and the “talk”

only through the DUT v

o Letthe|| half

e 8 unknowns:

2, by, A, bl’a3{ b3, dyp b4 — J DUT [ L J
 Thetwoacquiredataare b, || 4 SN ) A
proportional to b,, b, : -1 T ] 2
0 I e
5 Vm1=k1b3 ) mz=k2b4 | <a_1 <b_z

A

MTTS ®
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ml m2
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T

By Si1 S, S Siy )| %
b, Sa1 92 Sz S || & :
= =) 4 port equation
b, Sz O3 933 Su || & b ]
_b4_ Sur Suz Suz Sus | 4, |
a; =130, Vim = K30, Reflection Coefficients of the
a, =I,b, Ve =Ki0s  4aml ~ downconversion part and

reading vs. wave

8 eqg. with 10 unknowns. (ag, by, a;, by, ag, by a,, by, Vi, Vi):
Let use V. e V ,as independent variables and called them:

a 1=V

‘1 B =V, 8= ayput € b= bypyr We find the following model
i ﬁ i 40 ': ¢



~

By S S Si3 Su 0
b a, =T ;0
B Sa1 Oz 923 O || G
b, Sa1 Sz Saz Sy d, 4 :r4b4
_b4_ Su1 Suz Suz Sus | 4, |
by, = Suya, + Spa + Spa; + 5,3,
b = S,a, +
b=staat
e e + 5,3,
| !
b, = Sud + Spa + Sphby + SuIb,
oo ut + Sxulehy + S,IhuDb,
b, = Sya, + + Suliby + SyIub,
M4 = S413-0 + o) S43F3b3 + S44F4b4
41 W
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__Error Model Definition IV

-Spay + by -Spa = SI B T
— 518 -Spa, +b = Spl3b; T
=S58, — S50 = (Suplz-Db, +
— S48 =S, = S4l3b; T
= Sy 1 =35, 0 _ao =F Sials Sily :
=S 0 -5, 1 b0 = Sal’s Suly |:
= S31 0 - 832 0 a (Sssrs -1) 534F4
=S54 0 =35, O__bl_ S43F3 (844F4 _1)_
_ao =
b b
W Qi Q 3
3 b,
A

MTTS ®

314F4b4

S, Ib,

S34F4b4
(844F4 == 1) b4

If we call a,; and b,

w5 el



“The famous error box —

~

/
Il

. Dllaml = Dleml
b 0, = Dna, + Dyby
° | wloK ™ Ay | D Ay
a - b 1 = b 1 8 = Dyay, + Dyby
m m
b b, = Duay, + Dby
1
= Shuffle the last 2
Amy1 G Equations and
Ideal >~ Error - rename as
VNA Box DUT bml — sa 0 elzbl
- E T
b a = eyay, + eyb
b, S : &
MTTS ® 43IEEE



__Error Box Prope rty\\ ——

It’s not an actual network but only a linear system model
Every parameter is frequency dependent but time invariant

Since the E parameters are more or less link with some
specifications of the coupler they are also called:

e, =E, = Directivity
e,,=E., = SourceMatch
e,.e,=E;, =  Tracking

PORT ; DEVICE

— Tt

MTTS ® IEEE
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__Two Port Error Model

Two error boxes on the right and left

—_—

- - b b To apply this model, 4
1 1oyt Sy —> | independent readings
S = = ‘a on each source position
= T, DUT [N T (i are required
2-ports Measured Eh B
S-matrix i Sm m
_bm2 = _am2 =
bllm :(Sllm 512mj allm blm :(Sllm 512mj alnm
—— i Saim Onm)| &, ’ i Saim Onm)| &,
=0 = =
(Sllm Slzmj S (blm blm]{alm alm]
MOSSIBLE 521/77 522/77 me me aZm aZm
45 W
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PFPotT5-Ports Error Model

_bwur_ = (TAM 7-,412 jl {blm} = 7__1 {blm} 8 error terms, but
o AL

a7 e a, a, | 7UNKNOWS TO GET
= = Tdut
B 5 -1
aZDUT = (7—5’11 TBlzj aZm = 7-_1 a2m
== ]
_bZDUT_ TBZl TBZZ me me

T,, Tg are the transmission matrix equivalent of the two E matrices of left
and right side while Tm is the transmission matrix equivalent of S,

b a T P
ml m2 bm 1| Ao
3 =Tm b ) = TATDUTTBl i

ml | | Mm2 _ | “1m ]  Mom |
N o

MTTS ® IEEE




IOt USED 2-port Calibrations

TSD-TRL (Thru, Short, Delay or Thru, Reflect, Line)
LRM (Line, Reflect, Match)
SOLR (Short, Open, Load, Reciprocal)

SOLT (Short, Open, Load, Thru)
MANDATORY FOR 3 samplers VNAs

MTTS ® 47

-
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SOLT

The old good cal: Short, Open, Load and Thru

[t measures 3 standards at port 1, 3 at port 2 and the
THRU.

It obviously overdetermed with the 8 port model (10
equations for 8 unknows)but it’s the proper choice for
the 3-sampler architecture

48 ‘
MTTS ® IEEE
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" Thru Reflect Line

The Thru and Line must have the same geometry
[.e. REFERENCE IMPEDANCE

Normally the Reference plane it’s placed in the middle
of the THRU

The system Reference impedance IS THE
Characteristic impedance of the LINE

Known 1 port Standard TSD
Unknown 1 port standard -> TRL

R

49 ‘
MTTS ® IEEE



PEbT T

The length diff from the A\ \ AN O Y N
THRU and the LINE should § %:
avoid A/2 and its multiple % %\
To have broadband TRL % §
more line are usefull \ \
ore line a . .
(different line lenght) % §
. . N \
Side Resul‘;: rflhel propagation £ N\ \| N\ §
tantort I |
Eror;rsl ?rn of the line comes &\\ %
om free \ \
N Q\

GMIAN @) W

VN
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“TSD-TRLIII :MATH

L
- ey g O Transmission matrix of the Line with
e Zref=Z7,
O e_yLL
Transmission matrix of Thru with
eVLr 0 Zref=Z,which imply that the LINE and
7'7_ s THRU have the same geometry
O e_yLT
T 7T . T |
e B | Lm'B
-1 -1
Ttm = Talr 15 Tr = TA TTm TB

T, € T+, Measure Transmission Line of Line and Thru

IV\ @

MTTS ® IEEE



ﬁTR LIV : MATH

-1 —1--1 -1
R,=1T, 1T =T,[,];,"T, =T,AT, R,,: from measurement

-1 -1 -1 -1
R,=T;.T, =Tgl+ 1,75 =TzATg, R, : from measurement

ey(LL _Lr) O
A=

O e_y(LL _Lr)

|

L Diagonal Matrix
T, Eingenvector matrix of #_, T, Eingenvector matrix of 7,

M @



TSD-TRL V:MATH
- = b\ 1 2
Ep =7 P =pX,, Tg=w % _wx,

a U
= -
\ P y - =

a, b + f, g from eingenvector

Deembedding:
_1 _1
Tpur = %/ X T Xg =aX, T Xg

MTTS ® 53 &



TSD |

1. The one port standard Gg is known
2. GgIs measured at port 1 (Gg,,,) and 2 (Gg,,»)

Kk
+4ar5 0L
: 3/: m
sml ——% P (F —a)F
. S Sml

f+/gr5 i
. w 3/_ Sm?2
Sm?2 1+/ = (r =

w

M ©

MTTS ® IEEE




TSD 1

Once k/p e u/w are known, from the measurment of Thru S, we
finally find a:

& -
w

K U
==
o w

MTTS ®
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" TRL

The one port standard is unknown I'g
And measured at port 1 (I'g, ) and 2 ([, ,)

There are 3 unknowns: =

FS pa Ty

P W

And 3 equations:
= P Woor W
1_‘sml i k 1 1_‘sm2 U ) T = STmll = =i
1+— e sa Tm22 = ]

P W P W




Summary of TRL-TSD

Thru and Line have the same Zref=Z_ and this becomes the
reference impedance of the system and must be known in
advance.

AVOID FREQUENCY WHICH BRING THRU and the LINE
length = A/2 and its multiple

Multiple lines to cover broadband with at least 10° of phase
difference

IT REQUIRES TO MOVE THE PROBE LATERALLY

~

M @
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=10 x|

the results become completely out

TITLE
R L L N E SPARAMETER
1
0e
0z A |
b —— }ﬂl
02 I — _
X k"'f
-0.6
\ \
5 \ i3 12 18 \ 24 3
\ . . Frequency [GHz) . \ .
Here the test set were used below it's spec frequency limits(0.5GHz), ——
the Dynamic Range decrease so much that =014

(dB]

T

T

TRL LINE EFFECTS

L[/
0,64 /
028 i
008 Pofn mee ] A \,_JL/—
044
!
08

04

na

Frequency [GHz)

16 2

MTTS ®




0 5 10
Frequency (GHz)
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Frequency (GHz)



Thru and Line
Structures

Reflect and Match
Structures

MTTS ®
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Short, Open, L.oad and RECipI‘OC&l

NO MORE THRU OR LINE REQUIRED
BUT

3 fully known standards and one fully unknown but
reciprocal 2-port device (a cable for example)

Free from port position problem

R <

62 “
MTTS @® IEEE



SOLR MATH |

Let’s take again X_ e X; and I'

smi,2

[k \ /
277 1
T,4 = pk :IOXA’ TB:W UW :W)(B
\ PO = S
K
B :;ars+b | :ﬁgrs + f
smi 1—|—£F5 Sm?2 1_|_Ll—‘5



[ | With 3 fully known loads at port 1 we get:

S0 Vo
Je, P

Thus X, is now known

Than with 3 fully known standard on port 2 we get :

f%,%,g
Ww Ww

Thus even X, is now fully know what is left is

a'a £ &

6
MTTS ® IEEE



SO LR 11
= — X 51 o X ]
det(X_ ) det(T, )
d tT _ 9 a dut et(Ty,)=
e( m) (04 det(xb) \?or(t-lr-]e Zecilprocity
. |det(T,)det(X,)
det(X,)

The sign of a is given by a rough estimate of the
delay introduced by the reciprocal l

6 i
MTTS @® IEEE



SOLR Features

~

A Thru is no more needed but just a way to connect the ports
[t’s more to perform a calibration with the same port gender

It’s enough accurate when good one port standard and their models
are available

The Reference impedance is the one of the load standard

M . @

MTTS ® IEEE



ST port Calibration

What if:
Calibration cannot be

based on a fixed sequence

A general formulation must
be found !

paia

MTTS @ IEEE



Classical muiti

B b,
e b e e :
: : En : i
i hicrowave | :
; () Sourceslswﬂches( ) D | [ ] Complete reflectometer
i nfeaj-&----------l; ------------------------- T multiport architecture: two
- analyger | L > %f“f Q? R directional couplers @ each
e A =1 ‘Ez— A | !
. I i Ho port
I 1 ' 1 (25 ] I
O 2 555 E 45 >Qbw 1 1| [] Error box extension as
MNP e A
i‘"‘j | ‘_ b éhmr device ulndertest :L“‘J:
box reference planes
R AP S T e [l N a A [ Ay}

; = libmi — h/iC
K
bi — ki bm — ™,

LOOOOknnJ LOOOOI

M . @

— me — Ham
— Kbm — Mam

Ut LO (SRS




""""""""""""""""""""""""""""""""""""""""""""""""""

microwave . [] Partial reflectometer

sources/switches

multiport architecture: two
directional couplers @ each

: : G @ port are not always available
b [ [ This architecture has the

o advantages of costs (n-2
e couplers are saved) and
speed

| I
s
EQT‘
l >
R
_S
ot -
2
ﬂ—@

| | The model for these case must be:

[ | of general validity (i.e. not valid for only one calibration algorithm and scalable)
[ | compatible with the complete reflectometer one
[ | easy to be calibrated

M @
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The-new formulation ——

|| The partial reflectometer multiport system has two states, for each i

por

am bmi bmi
i i I, :
source or ! - —A ﬁ—bi JLE —y (i_b’
termination g % ; %
| | : —>q,
STATE A " STATE B
am?2
| = |
G] ------------------------------------------------------------------------ -
az |[; = Z,t microwave iiémi
. _ ]{f sources/switches b
2 2

@
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|| In any measurement condition, a; and b; are defined quantities, with a

certain value, VALUE THAT DOES NOT DEPEND on which error
model we adopt, i.e.:

.

a; = lle bm?} —/ Ui Ams == ; =49 ?29111?2

bfi — k?ﬁ bmi — MN;Um; T b@i — fzi bmi

All these equations can be written for each source position, and stacked
together in matrix form:

different source positions, n = number of ports
EAN
“=| . |ay...a,],B=[b1bsy...b,]
\ @, /

— [aml am2 . .. am*n..] 9 B m — [b ml b m2 .- - b 1'11?’1]

A 1T
A 71
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Let:

02‘ Y
b L b
= Mw , iy
—>q, % : N
i / —?—pa
[ ami1 0 ve 0 ] [ bm_l_ 1 0 c 0 | N 0 bin12 E{m_l_:i
- 0 w2 -+ 0 _ 0 bmz - 0 | _ Omar 0 bn2s
All] = Bnl = B]“ = b1l]3.|. {)11132 0
(] () TLTeTe [) [] blll?i‘-n- - ' -~
= fmnn - ~ | bunt  Dmn2 bunn—1
[ | As well as:
A=A+ A BB
- - 0 a2 a 1n
/ 11 0 0 52 13 1n
a1 a23 a2,
~ 0 a9 0 . n
A= A= | a1 azx 0 a3,
0 0 Unn .
M - i Anl  Ap2 Unn—1 0 i
MTTS ® 72
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Since for each source position at each port we may have:

a; = l;byy — hiGom; ; = gi:émi
bfi — k?jbmi — M Um; Or bz — fibmi
A=LB, —HA,, A=GB,,
B=KB, - MA,, B-FB,

—asl
A=A+A B=B+B

$

A=A+A=LB, —HA, +GB,
B=B+B=KB,, —MA, +FB,

M

MTTS ® MULTIPORT MEASUREMENTS 73 IEEE
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B=KB,—MA,+FB, A=LB,—-HA,+GB,

\
B = SA

_SGEm _I_Fﬁm _SLEm _I_KEII] _I_SHAVm _Mgm — 0

And the de-embedding is:

~ ~ —~ ~ ~ —~ —1
S — {KBm T MAm _|_ F B m} [LBm T HAm _|_ GB m}

“A Novel Calibration Algorithm for a Special Class of Multiport Vector Network Analyzers”,Ferrero, A.; Teppati, V.; Garelli, M.; Neri, A.
|[EEE Transactions on Microwave Theory and Techniques, Volume 56, Issue 3, March 2008

M @
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Let’s look at the cal equation

_SGEm _|_F§111_SL§111_|_K§111 _|_SHZ:[11_MZm — 0

Based on S parameters

Always defined for any standards

Can be used to find H,L,M,K,F,G during the cal
As well as to find S during the measurement

VN

MTTS ®
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s A, D,.;
AB STATE
Even.a-more
3 @ i J tj i N 5) %
For the calibration tl = | e ae
i.e. for an “all state A R
n b, b, a,,
s AB STATE
D Siplpbupi Q? two-port DUT %@ %@
=1 ' Standard ' '
« \ ami bmi bmf ami.
and for a “state A- AA STATE

2 port standard

72(1— : — — ﬁ)'_b,. bj_::, T /e i
e i —+a, a,+4- i
(i=1,...,n)
(j=1,....n)

during calibration, each standard measurement will give type A
equations, or type B equations, accordingly to the measurement
configuration used (AA or AB)

I\ |

6
MTTS ® b4



_Dynamic Calibration

Since no constrains are given on the standard type
and the math can combine whatever sequence, the
calibration becomes dynamic i.e. the software can
generate the standard sequence which gives a set of
enough linear independent equations as well as it
accomplished for:

Connectors at each ports
Available standards USE ONLY 1 or 2 ports ONES !!

User interconnection description

Use of particular two port pairs self calibration

M ©

MTTS ® IEEE
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Partially Known Standards

 If two ports can go in state A contemporarily, classical
SOLT, LRM, TRL, SOLR etc. algorithms can be applied
to these ports because the new error model is

L e;tp Sﬂ‘c Qllllhb lE‘I‘l1 al ‘EV@ I'Yt h i Il g
and dé @SIg

AA classical cal cooLT

(1) = s'HM
’cal that fis th DUT

M . ©

MTTS ® IEEE



Connection Property

Standard Sequence

Standard

Port | Port

APCYTHRU

P_1 P_2 P_3 P_4
P_1 X TRL X Recip
P_2 TRL X X b 4
P_3 X X 50L Recip
P_4 Recip bt Recip SOL

APC7-AirLine

APC/REFLECT

APC7REFLECT

3.5mm BroadBand Load-F

3.5mm Female Open

5mm Coaxial Female Short

3.5mm BroadBand Load-F

3.5mm Female Open

Hmm Coaxial Female Short

APC7-3.5mmF

MTTS ®

3.5mm_F-F Adapter

g ek e e e L) LD B

2
2

e

47



/ -

~

Cause of Uncertainty

Systematic Errors (85%)

* Microwave Components

e Interconnections

 Incorrect Standard Modeling
 (Calibration Algorithm

D

Calibration

Random Error (10%)
e Connection Repeatibility
e Frequency Stability
e Noise

Drift (5%)

Lab Care

VN

MTTS ®
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L +
= A o = -——
"?})‘—"‘H"MM* High-lev. Noise a1
Highdev. Noise b1~
-82 High-lev. Noise a2 —
Highdev. Noise b2 W
i = phcing ‘ -—
Low-lev. Noise al
%8 Low-lev. Noise b1 S—
Low-lev. Noise a2 o
Low-lev. Noise b2 _—
-114 ¥
% 4 12 16 2
Frequency (GHz)
50
56 A v  — A_ a-“"“a.‘"‘f‘
L AATATTTY \ ')
A
62 ] AR AL ~~V
[cB] FaWAY
A vV
“I Fury \ High-lev. Noise al —
& o High-dev. Noise b1~
‘f N High-lev. Noise a2 S—
=74
W’W\f“' High-lev. Noise b2
-50L
SDD L
Frequency (GHz)

MTTS ®




Detail “A"

Tm Connecbor

mbility an exa

Connector
F‘-j__...--"'""-r. Shaaes

Fe=

Sew Dell "A°

A close look to the
connector

mple:APC7mm

Calet
- Linner
Conducior
CankEct)
Support Bead Deevice Tupical Pin Depth Measmrement Uncertinty® | Obzerved Pin Depeh Limie®
micrometers DI ToImEters i THmnEers
4 - — -
P {107 imches) (10" inckes) (10 inches)
I-.nn:" . Opers 0 tw-127 +10,02 to-10.2 +10.2 to-22.81
Conducior
e {i0 o =5, 00) 4.0t —4.0) {4 40 o —5.0)
Shors 0 to=5.1 6.4 o =64 Whdmo=-11.4
Chtnr {i0 o —2.00) i+ 25 to—2.5) {+ 25 to—4.5)
Conduct
wiating Pians Biroadbard 0 ta-T.62 .l 4.1 4.1 —1L7
Ioacks 0 to =200 i+ LB to—1E) {+ LB to—4.6)
|-(— The pin dep@ s messored
artar the oot
{imrmer conduchor comact)
TS, [Degsaen PR e
Table 2-3 Electrical Specifications for 850500 7 mm Devices
Dewlice Spec ification Frequency (GHzj
Eroadband loods & 38 dB Return loss deto 18 GHz
Short” collet style +0.2° from nominal de te 2 GHz"
+0.% from nominal 2 o B GHzP
+ 0.5 from nominal Bt 18§ GHz=P
Open® with callet pusher | £0.9° from nominal & o 2 GHzP
+0.47 from nominal 2 to 18 GHzP
+ 0.6 from nominal B to 18 GHzb

a. The specifications for the opers and sharts are given == allowsd deviation from the

nominal medel s defined in the standard definitiones (se= “Mominal Standard
Definitions" on page A-9).
b. Mominal. in this cose, means the electrical characteristics as defined by the mlibmtion
oretants supplied on the calibravion constants disk.




Multifinger On wafer probes

MTTS ®

0.3k oo e B e
0k g N

0.5k e i

0% 5 1i0 1i5 20 %% 5 1;0 1;5 20

811 (dB), x—axis variation

S11 (dB), y—axis variation

- * Probeilanding rgepeatibil-
A *.Probe.Coupling ...

Frequency (GHz)

Frequency (GHz)




1. The scattering matrix is reciprocal (Ris = Ry, this implies 019 = 091 =
2. The scattering matrix is physically symmetrical (F1; = Rso, this implies

A

MTTS

ORr)

-25
-30
-35

40

55
-B0
-B5

-7
I

VNA - State A |
a, a
—_— g
— }
. E ; R

R:

OR
1+ o7

1+ op

OR

DUT

57)
011

= 099 =



'~ Standard Accuracy

Standard Model
Model Identification
Parameter Accuracy

MTTS @® 3
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‘ «How do we get Cj
*FEM Methods




Standard Model: 40ps line

S,, (dB)

—_— Tr|mmed load
S Untnmmed load

> 10 15 o
Frequency (GHz)

MTTS ® IEEE



Let’s put everything together

Interfacing :
e On Board
e On Wafer

Standard design
A complete example of socket board

MTTS @® IEEE
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Standard Desi
/
Measurements

Requirements:

for Multiport

e Minimum Number of Connections
e Easy to fabbricate

e Calibration and Verification Elements

MTTS ® MULTIPORT MEASUREMENTS 90
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Thru and Line
Structures

Reflect and Match
Structures

M

1
MTTS ® ? IEEE



~ More complex On fixture Standard

3-TRL/TRM kKits 12-port
0.2-20GHz Beatty standard 12-port 12-port
0.05-50GHz simple & coupled ustrip unknown thru
0.05-65GHz ‘ Structure 7 ‘
A anmEa

MTTS ®



ON WAFER éTANDARD KIT -

Probe Touchdown 1 SR e ProbﬁeiTouW

_ 3 e

— I B

= I
_

8-Port LRM/LSM .

N —

X Length X Length + deltax

Probe Touchdown 4

QJE? Q = = ?
jﬂ = ’;EE Ei
E B ﬁﬂ B

MTTS ® TERM IEEE




OnWafer Verification

Partially Leaky SOLT kits

MTTS ®

StTUGtH—F%i £8.0980 65GHz

20GHz, 50GHz,

60.6000

= ]
o

SEro40

36.8145

283D

101.6000

101.6000

MULTIPORT MEASUREMENTS




1zation

Socket Board Character
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@)
V5]
<+
ax
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Y
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Socket Board Characterization

Define the effective structure to measure:
e Number of ports
e Port Location (on board on Socket)
e Access Lines

Define a Calibration Procedure

Built the Required Standards

Verify the calibration with verification devices
PERFROM THE DUT MEASUREMENTS

R

MTTS ® IEEE



~ 8 Port Differential Socket Setap

MTTS

D1

Bottom
Board

D2

1@

2 @

5 @

6 @

CPU Socket

® 3

® 4

CPU Package

® 7

® 8

D3

D4

-






P —

8-Port |

tbration Matrix

Port 1 Port 2 Port 3 Port 4 Port 5 Port 6 Port 7 Port 8
Port 1 X X X X 2P_LRM X X X
Port 2 X X X X Thru Thru X X
Port 3 X X X X X Thru Thru X
Port 4 X X X X X X Thru Thru
Port 5 2P_LRM Thru X X X X X X
Port 6 X Thru Thru X X X X X
Port 7 X X Thru Thru X X X X
Port 8 X X X Thru X X X X

Calibration Procedure:

O

[EH £ E1IER FEIEE (15 b F8 BRI EER PR

Thru Port 1, 5
Thru Port 2, 6
Thru Port 3, 7
Thru Port 4, 8
Thru Port 2, 5
Thru Port 3, 6
Thru Port 4, 7
Reflect Port 1
Reflect Port 5
oad Port 1
oad Port 5

}

Structure 1 (All ports touchdown)

Structure 2 (All ports touchdown)

Structures 3 — 4




____________________________________________________
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What if the standard

has xtalk?

3 el

3 i i=

A E%




- Another Cal to avoidXta/Ik




8-Port LRM/LSM Standards e
Probe Touchdown 1 @:m\en&(:ahbratmn) Probe Toucbdewn/f

EEEE:E g:

;’E——@ -8B
ﬁ % ﬁ bl
X Length X Length

Probe Touchdown 4

—iE [g CEEo
jﬂ T i g B —
4 E% ﬁ = =i

MTTS ©® Minimize probe tip Xtalk

— ‘
TERM IEEE



8-Port LRM/LSM Multi-Calibration Matrix with Reciprbgél"Thrus

B B Port 2 Port 3 Port 4 [FPort5——{ Port6 | Port7 Port 8
=
Port 1 X Recip X X 2P_LSM X X X
Port 2 Recip X X X X 2P_LSM X X
Port 3 X X X Recip X X 2P_LSM X
Port 4 X X Recip X X X X 2P_LSM
Port 5 2P_LSM X X X X X X X
Port 6 X 2P_LSM X X X X Recip X
Port 7 X X 2P_LSM X X Recip X X
Port 8 X X X 2P_LSM X X X X

e (Calibration Procedure:

MTTS ®

Thru Port 1, 5
Thru Port 2, 6
Thru Port 3, 7
Thru Port 4, 8
Recip 1, 2

Recip 3, 4 } Structure 2
Recip 6, 7

Reflect Port 1, Reflect Port 5
Reflect Port 2, Reflect Port 6
Reflect Port 3, Reflect Port 7
Reflect Port 4, Reflect Port 8

Load Port 1, Load Port 5
Load Port 2, Load Port 6

Structure 1

Load Port 3, Load Port 7 Structures 4

Load Port 4, Load Port 8

4 separate 2-port LSM/LRM calibrations linked with
reciprocal thru standards

* No wasted probe touchdowns
* Never move probe tips in x or y direction

* Full characterization of every port

Structures 3 » Could provide more accurate calibrations

LRM requires reflect on all ports

LSM only requires 1 reflect per calibration

=> Only half of Structure 3 is needed for LS @

[






Socket-Board Data

SDD11-SDD22-SDD33-SDD44

| Z I
AL A~
77 A
-,
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Socket-Board Data

SDD12 - SDD34

\/




Socket-Board Data

SD14 - SD23 (Far End Xtalk)




/
Socket-Board Data

SD13 - SD24 (Near End Xtalk)

-10

Bottdm Board

-20

[dE] 1
B e
/ﬂ..—-ﬂ—‘-""j:“w
AT
Aﬂq \ Tpp Board

V
50
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| So at the begginning....
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