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Network Analyzer

Source provides RF/microwave signal and consists of high-
frequency circuitry with internal impedance of 50 Q.

Test set consists of couplers used to separate signals. There are
also power dividers, switches all of which must operate at the
RF/microwave frequency of interest.

Signals REE A, & B are routed to analyzer which down-converts
RF signals to intermediate frequency.

>
100 MHz 100 kHz
Signals are then amplitied using low-frequency amplifiers and

detected using low-frequency detectors.

Display shows ratios B/REF or A/REF for S,,, S,; in magnitude
and/or phase format
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8510C Network Analyzer
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Two-Port Measurement

Forward
o o—|
a]_’
2-Port
b, @——
O 00—
b _ b,
g =1 S, = —
11 a | 20 21 I
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Two-Port Measurement

Reverse

2 2 |al=0
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Two-Port Measurement

In general, the measured S,,, S,,, S,; and S,,
are not the parameters of the actual DUT

Need to remove the effects of X; and X,
;
Calibration
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One-Port Measurement

N " Cables |
SRkt +Couplers DUT ‘
Analyzer 4
The system of
cables, couplers,
Source etc... represents a
2-port and must be
de-embedded in
b a NI b, order to obtain the
g —= > ‘ actual S,, of the
unknown=>»S,;,
S lle S.?.?c S//u
-«
b, S 12, a,
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One-Port Measurement

d S? . b
/ 21c ,
bgc > e >» -
S /e S.?.’c 5 lla
( d
b, S 12 =

Assume that the network analyzer is perfectly
matched. Then,

b 51269516914
Snm:_lzsuc"' e

Ch 1- Szzcsna
All quantities are complex and frequency-dependent!
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One-Term Error Model

If we assume that the cables and couplers are
a perfect 50-Q system, then S;;.=S,,.=0. We
have a one-term error model.

Sum = SIZCS2ICSIIa :Tslla
where T =S, S

12c =~ 21c

T is not known. To determine T, we first measure a

short since for a short, S =1

(short) (short)
1im = TSlla =—T

!

known

We get S
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One-Term Error Model

Once T Is known, we can then measure the DUT

(DUT) (DUT)
Sllm TSlla

From which
(DUT) (DUT)
S(DUT) Sllm __Sllm
11a T o S(short)

11m

Practical Observations:

Since the correction involves a simple complex division, we
can do the following

Sl(llrjnuT ) (DUT) (DUT) (short) o
S(2v0)| = and £SOV = £S(PUT) _ sg(short) 4 g

S(short) l11a I11m 11m
I1m
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Three-Term Error Model

Network Cables
AnaJlry ! +Couplers DUT |
+ ...
Source l
1[S,,]
b o3 ol 2 b,
E DF [ S/ 1,;-] ESF [Sg _‘)(-] S/ la
-«
b 4,
: Epp[5)5.] )
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Three-Term Error Model

a, 1[S,,.] b,
bs O > Q > -
EDF [ S/ /(-] ES‘F [ S;> 2(-] SH a
-
b 7
’ Exe[Sppd 7

» Epp: Directivity of couplers (leak through test ports)

» Egp: reflection tracking error (signal path tracking error)

» Egp: Source match error
Slzcszlcslla

E..S .
Sllm =1 = SHC + or Sllm = Epe + - ISI
1-S,,.5,,, 1-Eg 5,
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Three-Term Error Model

Step 1:
Use matched load (Z, = 50 Q) as DUT =» S;;,.=0

Sl(I;ad) Eor = A (1)
Step 2:
Use a perfect short as DUT =» S} = -1
Sl(lsrr;ort) EDF ERF - B (2)
1+ E.
Step 3:

Use a perfect open as DUT =» S = +1

(open)
S11m EDF +

ECE 451 — Jose Schutt-Aine
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Three-Term Error Model

Combining (1), (2), and (3) gives Eqp, Err and Ej;

Eor = Sl(llfnad) =A
B+C—2A S(Short) _|_S(Open) _Zs(load)

E _ “lim 11m 11m
SF — o (open) (short)
C-B &m _&m
(short) (load) (open) (load)
B _2(8 - A)(C - A) B _2(Sllm - Sllm )(Sllm - Sllm )
RF — o (open) (short)
C-B Sllm _ Sllm
Step 4:  Measuring the unknown DUT
(DUT) Sl(l[r)nUT) B EDF
This is the actual S, —>» S, = = oUT)
with corrections. E. +Eq [Snm - ED,:]
= ILLINOI
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Alternative Calibration Standards

At very high frequencies, it is difficult to make
a good short, open or matched termination.
We need to find alternative standards for

calibration.
Offset Short
il [ >
O— —Q
I p— Z z=( |short

TL of length | terminated with a short
""‘"ILLINOIS
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Offset Short Standard

- / -

O_
Cia z=_] Z, z=() ‘shorr

Atz=0, I'=1T" )

At Z:-|, F(_I):FLe—zjﬂl

i 747
Since /| =-1, F(—I):fm — _p2iA :ej( gj

I, =e' where 9:7,(1_47']

Therefore, when calibrating with an offset

short, we use: S{I*™ =g
where @1s known:
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Offset Short Restriction

- / Lt

O_
-1. *
Lia z=-] Z, z=() ‘shori

The offset short will only work if the frequency
range is such that o<1<2/2

This corresponds to a frequency range of

f<l
2|

where v is the propagation velocity in the line.
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Shielded Open Standard

The shielded open can be modeled as a
controlled capacitor.

O

For a system with reference impedance of
Z,, the associated reflection coefficient is:

o MJeC=2z, 12JeCZ, 1212 iy a - ez,
1/ JoC+Z, 1+ JoCZ, 1+ ]a

F— _ e—2jtan‘1a
So, for shielded open, we use gdedorn) _ g
e ILLINOIS ECE 451 — Jose Schutt-Aine 18
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Sliding Load

Motivation: Need to accurately measure the
actual directivity error of the system

iy

[" of load

actual

Measured

=
rr

Observation: If termination is imperfect, then the measured directivity
is the vector sum of the actual directivity and the reflection coefficient
of the load.
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Sliding Load

With the sliding load, a small I" is

willfully introduced and varied in terms Test
. Port
- of its phase. |
‘A | ! »% |
o=~ sliding !
/ \\ load
/

By sliding the load at a given
frequency point, a circle is
defined about the tip of the
directivity vector.

actual
directivity

r

We find the best circle that fits the measured S,,. The center of that
circle is the tip of the actual (desired) directivity vector.
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Alternate Combinations

» Matched Load » Matched Load » Matched Load

» Offset Short » Short » Otfset Short
» Short » Shielded open > Shielded open
» Sliding Load » Sliding Load » Sliding Load
» Otfset Short » Short » Offset Short
» Short » Shielded open » Shielded open
""'"ILLINOIS
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8-Term Error Model

L] (b ) {Tj : (bj)
! >
m ?'L;; SI.?r)
S” . .?.?: ”f; -?-?f? 7'7'() SIIr)
I": S I.?::;r S.?Ir,r
-
(b.»_j‘) 1513 ' (b_?)

INPUT PORT :  UNKNOWN ' OUTPUT PORT

Calibration consists of determining the |
and 0 terms by placing known standards
as the a terms.
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8-Term Error Model
Calibration Stage: Reflection/Port 1

a; : (b)) au,: (b,)

- o '
S.? 1i S.?f a S;’ 2o
S i S;’ 2i SJ" la S-? Za S}.? 0 S! lo
Spai S124 Sr10
-« 0 - o <€
a4:(;,4) az .y (b,)

INPUT PORT :+  UNKNOWN * OUTPUT PORT

Placing open, short and load as standards (S,;,)
in port 1 yields

S(o0) _g o uiSn; S _ g _ Suidn; () _ g
11m 11i ig S 11tm  — “1li 1+5S 11tm  — “11i
€7 =9y T 9y
e 1{{.4[”0’8 ECE 451 - Jose Schutt-Aine 23
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8-Term Error Model

Calibration Stage: Reflection/Port 1

a, (b ay (b)
> !‘,_ ( ;) > P 5 >
SBH S.?J"a S; 20
Spii S22i Stia S22 S320 Sito
S!.?:' S;".?a f‘&” 0
0 :( o
-« a, : (},4) as, (373)
INPUT PORT + UNKNOWN * OUTPUT PORT

The system is simultaneodsly solved to give
Spi = Sl(llfln)

18 (op) (1d) (1d) (sh)
_e I:Sllm _Sllm :|_|:Sllm _Sllm

Szzi —
(op) (sh)
Sllm _Sllm
B (op) (I1d) (sh) (1d)
S S _(1+e )[Snm _Snm ][Snm _Snm
12i%210 S(Sh)—S(Op)
I11m I11m
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8-Term Error Model

Calibration Stage: Reflection/Port 2

a, b a,. (b,)
> f‘,_ ( Jf) > . p. >
SBI i SB! a S! 2o
Si1i Sr2i Sita S22 8220 Sito
Sf_?j S!Ba Lji')jo
< as (b < a3 (by)
INPUTPORT .+  UNKNOWN ' OUTPUT PORT

Same principle can be applied to port 2 to give

iB| c(op) (Id) (Id) (sh)

g —g(ld) _ € [Szzm _Szzm :I_I:SZZm _Szzm
110 22m 8220 = o) o
Szzm _SZZm

(1_|_ej,5)|:s(op) —S(Id)][S(Sh) _S(|d)

S S 22m 22m 22m 22m
120210

(sh) (op)
Szzm o Szzm
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8-Term Error Model

Calibration Stage: Transmission

a}, (b},) d, (b)

N D

ay v (b, as v (by)
INPUT PORT : UNKNOWN © OUTPUT PORT

Next, connect the two ports together for
transmission calibration S,,.=S,;,.=1

() O21i912
2Im
1_822i8220

S(thr) SlziSZIO
12m 1 S S
— Y22ivY220

ECE 451 — Jose Schutt-Aine
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8-Term Error Model

Measurement Stage

N R

81,;’U"m

S5,

2im

INPUT PORT UNKNOWN OUTPUT PORT

Insert unknown and provide unit reference signal at input
& =S, + 9,8, A, =3, ,8; +35,,8
a, = S),a, a, =9,.,a +5,,.4a,
Siim = 11 + 9158,
Soim = D120
""‘"ILI.INOIS
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8-Term Error Model

Measurement Stage

a a,
j S,?fm
71"1 "la S“’ 20
”, Ha ”ﬂ ""0 Ho
;’ 2i 1”51 ’;‘0
(1'3

SHm
INPUT PORT UNKNOWN OUTPUT PORT
Sii — Sy
a =S, + Sy, Hms =
21i
Solve for the a’s 4 Siim
, =
S0
a = Szzoszlm
=
S
120
q = S im i
s
12i

FI\F
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8-Term Error Model

Measurement Stage

b‘, bu <
> O . 22m
S 1 SQ;"(: S‘f
S, S Siia 8324 S Yy
S S12 Sy
-« . - G - )
S‘f}m 4 3
INPUT PORT UNKNOWN OUTPUT PORT

Insert unknown and provide unit reference signal at port 2
b =S,,Db,

221

b, =S,,.b +S,.b

11a 12a
b3 = Szzobz + Slzo

bz = SZlabl + Szzabs
Szzm — Suo + Slzobz

Slzm = Slzib4

FI\F
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8-Term Error Model

Measurement Stage

"fa f 2o
H: .?.?1 Ha .?.?a -n“ SH o
! 2i PH "1"0

S

12m

INPUT PORT UNKNOWN OUTPUT PORT
Solve for the b’s

b — S 2iO1am b, =S, Snn = S +9S,,,
1 812i S120
S m
b — Sm Sl b, = 821_
2 S126 -
"'"'ILLINOIS
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8-Term Error Model - Solution

Siim ~ S 14 S220 (S22m B S110) _ Szzoszlm . Siom
S - S51iO1i B S120910 i S,11i9 21090
lla = D
S, S)im
s _SuSu S SuiSu
12a 2la
D D
Sopom ~ Suo 14 Szzi (Sllm B Slli) _ S25i901m . Siom
S - S5169120 B S51iO1i i S, 21001
22a D
:-’"- ILLINOIS ECE 451 - Jose Schutt-Aine 31



8-Term Error Model - Solution

D=1+ Szzi (Snm - Slli)

S21i Sl20

of a Linear Two-Port Measured with an Imperfect Test Set,” IEEE Transactions on

1+

Szzo (SZZm o Sllo)

S1208210

Reference
[1]. W. Kruppa and K. F. Sodomsky, “An Explicit Solution for the Scattering Parameters

Microwave Theory and Techniques, vol. 19, pp. 122-

123, January 1971
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12-Term Error Model

Forward Mode
E\F

7Iu

B

I 2a

Ilm

Reflection ESF Open
EDF Short 3 measurements of S11m

Transmission ELF

terms eTg 1hru Measure Sy, and S,y

Isolation term EXF Loads Measure S5y,

ECE 451 — Jose Schutt-Aine
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12-Term Error Model

Reverse Mode

’Ia

S‘?.?m
G IIa .?3'(1 O
SI 7m l ? -
a ]
E,tR
Reflection ESR Open
EDR Short
terms ERR Load 3 measurements of S,,
Transmission ELR
terms ETR Thru Measure S,,., and Sy,

[solation term EXR Loads MeasureS,,,
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