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Appendix I: One-Port Accuracy Enhancement

MEASURED DATA (Ty)
¢ 2] P .

2 >< X—>
@ IMPERFECT
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MEASURED DALA "w)
g 20T %0 .

@ ; X X ° : 20 [error
PERFECT ];; ADAPTER

SWEEP REFLECTOMETER 4 ERROR
OSCILLATOR TERMS

Figure 1

One-Port Measurement System

The equations for the error adapter from

(1) b a

0~ €00l * e
(2) by = eqpap * ey32y
The equation for the unknown one-port is

(3) a, = rAb]
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Substitutions (3) into (1) and (2) yields
(4) by = enodg * €7 Taby

17 €10% * €117aby

Solving for b.I from (5)

(6) b, = €10 a

1 0

1-e4Ty

Substituting (6) into (4)

(7) b= [e.~+ €10%17A \ a
ST )
. b
Define I' A 0
ms —
4
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Appendix II: Circle Fitting Procedure

A modified least square error criterion is

2
: [(xi—A)2 + (yi-B)Z-Rz] = min

(1)

.i

"ot ==

Where (xi,yi) represent the x-y coordinates of the i h measured data

point, N the number of data points, (A,B) the coordinates of the

center, and R the radius of the circle. See Fig. 1.

Y LX)

L) * (AIB)

Figure 1.

Circle Fitting Procedure

Expanding (1)

2

2 2 = min

N
(2) f= 5 (x.2- 2nx, + A + y.2 - 2py, + B - RZ)

3
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N v/
And letting I A I
i=17
of _ 2 2 2 2 2y _
(4) 5= -4RE(x;" - 2Ax; + A%+ y,© - 2By, + B - RY) = 0
of _ 2 2 2 _ 2 2 A =
(5) 38 " 4z(x1 2Axi + AT + Y. ZByi + B R )(xi A) =0
(6) 26 = _az(x.% - 2ax, + A2+ y, 2 - 2gy; + B2 - RAV(Y;7B) = O
3B i 1 1
Note that (5) is of the form Lzxs - ZziA = 0, where z; & (x1.2 - 2Axi +
A2 + y12 - ZByi + 82 - R2). The sum Zzixi # zziA, therefore

Zzixi = 0, and 221A = 0. So (4), (5) and (6) can be written

(7) Iz, = 0

(8) Zzixi =0

1
(]

(9) Zziyi =

Expanding gives

(10) (28x;)A + (21v;)B + (N)C = 5(x;° + ¥;%)
(11) (20x50)A + (2ox5y1)B + (2x5)C = 2(x;° + x2y;%)

2 2 3
(12) (2mxyy;)A + (22y.7)B + (zv5)C = 2(x; yy + y.°)
Where
(13) Ca (R® - A% - 89

The above system of equations can be solved for A, B and C at this

point, but to help in the computations let us shift the data to

[ EX'
(14) X;'Toxg - NL

[ INE
(15) yi' = y; - ~ﬁ¥
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y Ix. _ IX. _ .
Note that Ix;' = 2x1 - IRt = in - N -§t = 0, and that Zy1 = 0 also

.)2 2

applies. However I(yj » L(x5")7, Ixy'yy', etc # 0. With our new

shifted data (10) through (12) can be written.

+ (y]-')zl
(17) Lez(x )PIA"+ [2nx 'y, ]B'=z[(x.')3+X.'(y.')2]

1 1
(18) [dx v, A+ [2z(y ]B'=z[( )2

(16) NC' = z[(x,

|3
y +y "))
i i
We can solve (17) and (18) for A' and B' then shift the answer to

A and B by the following

(19) F A +5§—i

B' + Eﬁi

(20) | B

From (16) we can solve for L' directly
— 2 2
(21) € = gel(x")" + {y;")°]
And C' also equals
(22) C' = [R® - (A2 - (8)°]

Solving for R

(23) | R = [C" + (A')2 + (B')ZJ]/Z

Solvina (17) and (18) for A' and B'

()% y s )y 1y )]
z(y1 )2~zx y 'IX, y ']

(24) | A = 2ly;') zLx.- x; !
2[z{x,")

(25) B.=z<x1-)2z£<xi')2y; (1030 oy 206 ) P (v 2

20z x;' 22( )Z-in'yj'Zx{y{]

5
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Appendix IIl: Reflection Coefficient of a Shunt Capacitor

SHIELDED OPEN

Figure 1

Shunt Capacitance of Shielded Open

The normalized reactance of the shunt capacitor (shielded open) of __,,)
Fig. 1 is
z
(1) 7= w8 L b = 2nfC2
Iy~ Janftly = 36 0

The reflection coefficient of a shunt capacitor is

z
-1z c
(2) =2, “na
< Znn - 26
1 .
(3) I" :L:LJ__b.
c 1 +1 1+3b
jb

Changing the numberator and denominator of (3) to polar form gives

. -1
‘/1+b2 o J tan b

. -1
1+b2 o tan b

(4) T, =

: -1
(5) I.,C = '-[' e—JZ tan b ‘\.«,)

6
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If we define T. = e 8 then

(6)

Substituting in the value of b from (1)

(7)

B

2 tan”V(2nfC2

0)
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Appendix IV: Calibration Using Two Sliding Terminations and a Short

The measured reflection coefficient (Fm) in terms of the actual
reflection coefficient (r,) is

arA+b
(1) r_ =
m CFA+1

A)

If /FA‘ is fixed and the angle of Tp is variable then we transform
a circle centered at the origin in the Tp plane to that shown in

Fig. 1 in the o plane

Im Mm PLANE

Re
Figure 1

Locus of STiding Termination

The equation of the circle in the Fm plane is

&
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Substituting (1) into (2) and expanding yields

(3) irl? [lal® - 2Re(argre*) + |rgl?lcl® - R%[c|?] +

rp [ab* -Tg*a - Toeb* + ]rolzc - ch] +

rp* [a*b - Fpa* - Ty¥c*b + (rolzc* - ch*]

12 + 2 Reb I *

2 2
= R" - |p|" - |r 0

0

Since \PA} is @ constant and the right hand side of (3) is a constant,

that forces the coefficients of Ta and FA* to equal zero. Therefore

(4) ab* - aro* - rocb* + |r0|2c - ch = 0

For two different sliding terminations we get

2 2
(5) ab* - aroz* - Fozcb* + |F02\ c - ch = 0
and
2 2
(6) ab* - args* - rpscb* + ITg3l ¢ - Ryc = 0
subtracting (&) from (5)
2 2 2 2
7 & - (Tgp=Tg3)b* + [Tpsl™ = [Tgpl™ * Ry - Ry
" Foz™ = Too”
or
(8) a=c (K]b* + KZ)
where
T T
. 02 03
(9) ki &
12 Top3" - Tgp®
9
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and

(10) «x

1}

—
*
1

~
*

ZA

substituting (8) into (5) eliminates a and ¢

2 . 2 o2 _
(11) K](b*) + (KZ—POZ*K]-FOZ)b*+(|r02] -RZ-POZ*KZ) =0

Solve the above 2nd order equation for b

Since b = €00 (the equivalent directivity) which is small, the root

choice is easily determined.

Substitute the solution for b into (8)

(8) a = C(K]b* + KZ)

Now measure a short placed on the test port to obtain

ar + b
. AT - -a*b uhenr,,= -]
) Ty, T e Al
Al \
Solving for ¢ from (8) and (12) eliminates a
Fm‘l_ b

(13) c =

Fm1- K1b* - KZ

and finally (8) can be used to solve for a.

10
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Appendix V: Two-port Error Model Using Four Measurement Ports

The error model is shown in Fig. 1.

________ §__J o ¢,
[ FORWARD 1 TR W% b,
Ww%: | e [ Bl
t R |
LReverse | . X X .1, R

Figure 1

Two-Port Measurement System Block-Diagram

The equations for the above system in matrix terminology

(1) %WZF} 2 ’F]z N S12m
b3J e = S21m Sozm
FO "0 | ©00 eo3§eo1 €02
@ |73 rer %3] ey s [0 - S0 %331% S
b 3 T 53R [e10 ©13t817 &2
b, 3, _ezo ez3iez1 e22_

11
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SRR RO R RN

We will first solve for [Sm] in terms of [E] and [SA]. If we write

(2) using the partitioned matrix notation

0] _ o) 3

(4) Pl-—ﬁﬂ ?i-+Fﬂ -+,
s - E |, 2 2]
52 ﬂ 23] : 22

”bOT ] 'ao' : b, ]

(6) b, 5] N * [t Bl s

b1- ) 'ao' b,

(7) o, - [Eﬂ N + [gq] |:SA:| s
Solving (7) for rﬁ}
b,

o (o BB B e B

Substituting (8) into (6) gives

N RN

12
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Comparing (9) with (1) we see that

(10) | 5,] = [Eq1 + [E,] [5,7 (117 - [E,0 [5,3)7" [E5]

Equation (10) can be solved for [SA]

(1) | 53] = ([E5] (IS.] - [E,1)7" [E,] + ;1))

Using S-parameters it is difficult to solve for [E], however, if we

use cascading parameters or T-parameters, we get some nice results.

Using the T-parameters, we will solve for [S.]

by 8

b a T 0 T

3 Ly 1170
(12) o IS N P e

h by T3 Ty

b, [a,] b ]
SN N S N R e A
3] 22] 52
2] )] b
4 | = | T |
fl f% P%

Substituting (3) into (13) and (14) yields

by b
= [T]] [SA] + [T2]
b3 b2

(15)

13
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3 b]
(16) = | [731 [5) #+ [7,]
aq b2
by
Solving (16) for b2
b -1 |a
an | = (T ) ¢ ) [
2 %3

Substituting (17) into (15) yields for [Sm]

(8) | S0 = ([T7} [Sp] + [TZJ) ([T3] [Sa] + [T4})-1

To solve for [T] we can write (18) as

(]9) [T]] [SAJ + [Tz] - [Sml [T3] [SA] - [Sm] [T4] = [O:I

If we expand (19) we will get four linear equations in 9 unknown
T-parameters each. There is a total of 16 unknown T-parameters when
we consider the four linear equations together. By using appropriate
2-port and one-port standards [SA], we generate enough independent

linear equations to solve for [T].

We can solve (19) easily to obtain [SAJ

(20) l s = (70 - [8,0 0730) 7 (05,0 17,0 - [7,]

www.HPAh(ﬁ-IIVE.com



There is a relationship between [T] and [E]

(7, = [€,] - [£,] [£5)7 [E,]
[7,] = [E;] [E5]7]
(21)
(T3] = - [E5711 [E,)
[T,] = [E5"]

If we have four measurement ports with four mixers or samplers
connected at all times, then we can remove the switch error by

the procedure in Appendix IX.

15
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Appendix VI: Two-port Error Model Using Three Measurement Ports

We will first solve for [Sm] following the development procedure
used in Apprendix V. The block diagram for the system is shown

in Fig. 1.

;. 80] Tbo FORWARD

a by
@’X X 2| erroR | == 5||M=@
PERFECT T |APAPTER ;a [54] do
2 3 COUPLERS FOR |74 S o= b3
02 X {<—3 Su% Sal D do
e
I

o . REVERSE
|

3
Z § 5 X i ERROR | —= 522M=E¥i
© PERFECT  Tpy|ADAPTER | 57 Ga] a3
COUPLERS 33| FOR [P2. L0 . bo
l : - - 12M= =7
2 X X 2 bla SZZASIZ 3’2 as

b3 . l L bl g

d3 3
Figure 1

Two-port Measurement System Block Diagram

The equations for the system in the forward configuration are

b S

S
0l _ ) Tm >12m
= [s,]

3 43

(1) L[S,

b S

21m >22m
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b ] e ‘e e
0 . 00! 01 02
0 .
b E, o E e..le. e
2y |3 = e ay |, [E] _I_F_? - _39_}_31_-32_
by . 3 fe] B0 %
2
K %20 1 €21 %22 |

Note that [E]] and [E3] are not square in this case

a b 5114 O
= [S,] , [S,] =
AT lb, AT 15014 Soon

127
(3)

4

Again following the procedure of Appendix V we get for S]]m and SZTm

(4 | s, | = [6 T+ 18] [5,] {[1] - [2] [y 1 lEg]a [Se]

We now repeat the above procedure in the reverse configuration to

solve for 522m and S]Zm.

In order to solve for [SA] we need to combine the forward and reverse

configuration as follows.

Forward configuration

2, by

8) fay| 7 1541 [5,| + 141 = 181 O]
(a]' b]'

6 foi| = 153 [p] » ('] = [5,] (0]

17
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Combining (5) and (6) yields

(7) [aa']=[s4] [bb']

This can now be solved for [SA]

(8) | [sy)=(aallbb]"

We now need a solution for [a] and [b] in the forward configuration
and then repeat the procedure for [a'] and [b'] in the reverse

configuration..

Let us start with the equations for the error adapter

h. =

0 €m et

b, = e30 aO + e3T a] + e

by =eypag* ey aptepd
by = epg ap * €y 37 * €y 3

Now rearrange (9) as follows

gy @y * €y 3y * #by + Bh, = by - egha

eqy 3y * €3, 3, * by + Bby = by - eq53g
(10)

€17 81 * €15 85 - by + gby = - ey 2y

€p1 3y * €y 3y * @by - by = - €54 A,

1 &
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Writing (10) in matrix form

- - — - — -

|
€01 €p2 | p o 2 S1m ~ €00
31832 1 20 1% S21m ~ €30
D el B el TR o
€11 €12 :'1 b1 |0y .
20
€1 & 2 -1 [P i
Where
b b
_ 0 =3
(12) Sm 7 ag and Sy, a,

Where [E]], [EZJ, [E3] and [Eq] were defined in (2) and [SF] is

defined in (4)

From the partitioned matrix equation (13)
(14) [E2] [a] = ([SF] - [E]]) ao

Solving for [a]

(15) | [al = [£,07 ([5¢1 - [£,]) 2

Also from the partitioned matrix (13)

(16) (g,] [e] - [6] = - [£5] 2

19
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Solving for [b]

(17) [b1 = [E,4] [a] + [E5] a

Substituting in the value of [a] from (15) yields
(18) D61 = {[6] [5,37 (Is¢] - [,]) + [£5]) 3

The same procedure can be used to solve for [a'] and [b'] in the
reverse configuration. Note also that 2, will divide out when

solving for [SA] in equation (8).

20
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Appendix VII: Two-port Error Model Using Three Measurement Ports, But

With the Assumption That €)1 = €1, T €y T €y = €39 = 0.

With the above assumptions

—eoo
(€] =
B30
—601 ¢
E =
[E,] 6 s
(1) _
®10
[E-] =
3 L¢}
e g
[E,] - N
P ey

And from Appendix VI equation (4) for the forward configuration

-1
= (5,1 + [5,] [5,] ([17 - [E,] [5,1)7) [E5]

21
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Substituting (1) into (2) and expanding yeilds for Fig 1.

INCIDENT TRANSMITTED
b3
REFLECTED
PORT 1 PORT 2
ERROR TERMS
PORT 1 MATCH: e TRANS FREQ RESPONSE: (e,oeaz)
PORT 2 MATCH : €22 DIRECTIVITY : €o0
REFL FREQ RESPONSE: (ejpeq)) LEAKAGE : €30
Figure 1
Two-Port Flow Graph in the Forward Configuration
b S - €,, DET [S,]
0 11A 22 A
(3) S = — = e nt (€1n8n1)
b
(4) !s 3 - 521a

2im a. - e307 (€083
0 1811511878223 228" 11822 DET [5,]

DET [Sp) = Sy1a Sp2a = S21a S10a

22
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Repeating procedure for the reverse configuration in Fig. 2

f— ______ —l Y ’ ’
b’I | S2ia |a2 €32 bs
9 i REFLECTED
I I es
| 33
TRANSMITTED O INCIDENT
ERROR TERMS
PORT 1 MATCH: e]| TRANS FREQ RESPONSE : (623 eo.)
PORT 2 MATCH: €22 DIRECTIVITY : e
REFL FREQ RESPONSE: (€733,  LEAKAGE: €3
Figure 2
Two-Port Flow Graph in the Reverse Configuration
5) |5, =+ e e e, 2 I DETLS, ]
22m aq 33 23 “32 'I—e” SHA—e22 522A+e]'l €55 DET[S;_l
b ' S
12A
(6) S =2 e L +e,.'eq . - ; T 7
12m - a, 03 23 701 T-eq1'Sy9a7€00 ' Soop t €17 €90 DET[SA]

DETLSAT = Sq1a500n - 52185124

23
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Solving for [SA] could be done by expanding the matrix equations
for [a] and [b] from Appendix VI. It is easier however to start

fresh.

Remember from Appendix VI equation (8)

(7) [Sy]=[a a'l[b b']"

or

8) 5,1

Expanding (8) gives

_ > |S =
S11a © 3 12A 3

[aV]
o
]

a,b,'

2 a2 2 1 251

2 5204

Ny
—
p=3
il
-

dé b]bzl - bzb'l'

Let us solve for 3,5 85, b], and b2'

From Appendix VI equation (9) and using the assumptions we obtain

for the forward configuration

(10) by = eppdg * €gydy
(T1) b3 = ega, *+ e3q8y
(12) by = eyg2g *+ ey
(13) b2 = e22a2

24
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b

(14) S =2 and s =2
AN 2In ~ &

o
w

U

Solving (10) and (11) for a, and a,

S - €
_ 11m 00
o) 2y - (W)emao

S21m ~ €30
€10 32

(16) a, = ( )emaO

b, and b2 dome directly from (12) and (13)

S - e
_ 11m 00
(17) b] = (1 + ey ——51656;——>e10a0

S -e
_ “2im 30
(&) 1by = (ezz e]aigig“>e1oao

Now repeat the above procedure for the reverse configuration
(19) b.' =¢e 'a3 tes'a,
(20) b3' = eOT'all + e03'a3'

(21) = ey

o
—_—
t

(22) by' = eps'as’ + epy'a,

Selving (19) and (20) for a]' and a2'

S - e,
]Zm 03 ) 1
(23) a;' = ———F—7 €e,, a
1 €5 e01 23 73

25
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. .:(52&1'93§>e o
2 e23'e32' 23 73

b;' and b,' come directly from (21) and (22)

(26)

Now substi

(9) for [S

o
—
I

o P1am B3\
11 e23'e32 23 73

S - e,

22m 33
bl=(]+e'—,——,—>e Ial
2 22 e23 e32 23 "3

tute (15), (16), (17), (18), (23), (24), (25) and (26) into

A]. Note that 10%0 and e23'a3 divide out.

(511m'eoo><]+ S2am 33 ) . <521m'830><512m‘eo3'>
] ] o} 1 ]
€10897 ep3 €3y’ 22 22\ eype3p /\€p3'€n)

S =
114 ;
(521m'e30> {] N <522m‘933'> (o' - e )}
- ~ R U R =
i €10832 €53 €3, 22 22
518"
D
< Szzm‘ea3'><; , Sl %00 ) . .<521m'e3o><512m‘803')
\ep3'ey 1087 ! 1T\ e1p83; /\8p3'¢q
S =
224
D
(512m-803> & +(S11m'eoo> (e - e .)}
. .\%23 %0 ©10%01 o
128" 5

26
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Where

e]> 1+

21m™€3

S12m€03

Soom™€33 ) [°
e S22 )"
€23 €32

€10832

)

€3 €7

) €017

27
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Appendix VIII: Self-Calibration Procedure

The measurement system block diagram shown in Fig. 1 has the flow-

graph of Fig 2.

|
ao bo [ _w.l_.cio_l b3 83
TJT g bs J T
5 % < 30 | ERROR | b1 82 | ERROR |93 257 5 °
+———ADAPTER —— [Sa] | =—APAPTER [ — .
bo L X 3 bp L_Y |3z
B ERROR TERMS
Figure 1
Self-Calibration Measurement System
PORT L PORT 2

-~ — - 1 T T T 1o T T T 1
B W _ |18 b3
, ) |

: €0 S21A €32 |
| Ye€oo e Sia [5a] Sz2a €22 €33 :
| eo Siea €23 |
| - Bl = Il = |

1Po_ __ _ _ ) L __ J b2 ____ 33

ERROR ADAPTER UNKNOWN ERROR ADAPTER

X TWO- PORT Y
Figure 2

Self-Calibration Flow-Graph

28
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(™

In the self-calibration procedure we use the cascading parameters

or T-parameter discription.

(1) [T, = (7,2 [7,] [7,]

Where [Tm] is the overall measured data including the errors and [TA]

is the parameters of the device under test. [Tx] and [Ty] are the

parameters of the error adapters on the input and ocutput of the device

under test.

error and S-parameters follows.

(2)

[Thla

[Ta

[Ty 1a

[Ty]é

{T11mT12m

To1m 22m

r

T11aT 24

T21a 228

-
SARERA Y

Y21 Y2z

1 1Samiem T S1m

J

1 1%218%728 T S11A
21A -s

22A

1 1€10%01 © ®00 1
e

1 1832%23 7 22833
“€33

29
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S S

22m 1im

1

S S

22A 1A

1




STEP 2 @ THRU

STEP 41 @

SWITCH

PORT1-PORT 2

? 9

A

3

SWITCH
PORT4 PORT2

— 1 |
T— T

AIRLINE DELAY

UNKNOWN LENGTH. UNKNOWN ¥R "KNOWN 2"

7.9
|/

@ STEP 3
SWITCH

PORT 4 PORT 2

? 9 q
I
TERMINATION

UNKNOWN HIGH REFLECTION

SAME TERMINATION USED ON BOTH PORTS

Figure 3

Self-Calibration Procedure

30
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The first step is the thru connection, see Fig. 3
(6) [Tped = [T,1 [Ta,3 (7,0 = [T,1[T,]

Since for a thru

10
(1) Taels {; ]}

Now the second step is the delay connection, see Fig 3.
(8) [1,41 = [T, [Tagd [1,]
Where

e-5X 0

(9) [Tyl
Ad'g Bt

Note that Ty,p = Toya = 0 means Sqqp = Spop = 0 or a matched (ZO)
1ine. This ZO line is the calibration standard. Let us now solve

for as much of [Tx] as possible. First solve (6) for [Ty]

_ -1
(o) 11,3 = (1,37 7]
Substituting into (8) yields
() [0 (1,0 = 1,7 [7,,]

Where
- Myy M2
(2) Dp [0, [T,,07 =
Moy Moo
Rewriting (11) gives
-§4
qyy ™M Mz | P tiz| P e | 0
N
Moy Moo | [ %21 *22 Xo1 %22 | |0 el

31
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or

(18) myy xqy + mppxgy = %y e 84
(15) myy xyq + mapxpy = xgp & OF
(16) My xpp * mypxy, = xqp e 8
(17) mpy xyp + Mgpxpy = xpp € 8%

eliminating e~ gL from (14) and (15) yields

11 ‘ 1
(18) my, o)t (myp=myq) o) " M2 T 0

eliminating ef& from (18) and (17) yields

2

X X

12 12

(19) m <———- + (Mpn-Mqq ) ———> - My, =0
21 x22> 22 "1 Xo0 12

Note that the solutions to (18) and (19) are the same.

choices are obvious, because

X e ne
1 (“10%01)
(20) ( >z§ a = ey - ———

and
X
12
(21) ———)4; b ==e
a is large and b is small for a typical reflectometer

From (20) and (21)

(22) = b

€00
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€406
(23) (Cr0%1) _
1

We need to solve for e but cannot at this time. Following the
same procedure we can solve for as much of [Ty] as possible. Like

(11) we get

(26) [1,3 IN] = [Ty [7,]
Where

(25) N1a [T 0170 [T 0=,
le finally obtain

2
(26) n y—U—>+(n -n)y]—]>—n - 0
( 12\¥; 22 7 "My, 21

and

we define
y €,46
28) L)é L 2: 32) e,
Y12 22
y
Y22
from (28) and (29)
(30) e33 = - d
e e
(31) (%23%32) _ |
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We need to solve for e22 but cannot at this time.

To solve for el and €57 let us use the standard one-port calibration
procedure. With a termination Tp ON port-1 of error adapter x, step

3 of Fig. 3.

e, 8 r
, (F10%01) A

(32) —_—
T 811 Ty

mx = €00
Solving for T and using equations (22) and (23)

_ 1 mx
(33) Tn e 3.7

€11 @ - Ty
With the same termination Tp ON port-2 of error adaptor y, see

Fig. 3, step 3.

(®23%32) T ’
(38) T = eqq + T — ;
my 33 1 €0 Tp

Solving for Ta and using equations (30) and (371)

I‘ :]_rjx
A e22 c + rmy

(35)

Eliminating ry from (33) and (35)

(36) 1 - 1 b - I‘m)()<c * rmy)
2 €11 \2 - T /\d* Ty

During the thru connection, step 1 of Fig. 3, we know that we can

measure e,, with the port-1 reflectometer

N (&10%01) €22
]

(37) 1., =¢
m1 00
T8 %22
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Solving (37) for e

b-rT
1 ml
(38) e,, =
We can now substitute the value of 1 from (36) into (38) to obtain

€20

) 1/2
(39) |ey = b TmX> (C ¥ rmy><b i I'rrﬂ>
a - T\ T\ 2 - T

also from (38)

b-rT
1 mi
(40) €nqn = ( )

from (23)

(41) | eggegy) = (b - a) ey

and from (31)

(42) L(e23e32) = (¢ - d) Y

We still need the two transmission tracking terms (e10e32) and

(e23e0]). This can be obtained from the thru connection, step 1

of Fig. 3, since

i 1
(43) Sy = (eype30) 7= e 1185

and

1

(44) S = (£,,8n) ————

35

www. HPARCHIVE.com



We know eH and €105 therefore /’

(45) | (eyge3p) = Spyp (1 - €qq85p)

(46) | (epseny) = Sypp (1 - eqqep))

Notice that we solved for the e-parameters instead of [TX] or [Ty].
We chose the e-parameters so that this calibration technigue would
be compatible with the other error correction procedures developed

and used earlier.

Also, the switch repeatability errors can be removed by the procedure
in Appendix IX if we use four measurement ports with four mixers or

samplers connected at all times. )

The value of Iy and §{ were not needed but can be calculated by

(33) 1 =-%; b - Ty

A 11a -7
mXx

And §f by taking the ratio of (17) to (14) which yields

(47) @288 bmyy +my,

T m m
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<

Appendix IX: Source and Load Match Error Removal

If we have a system block diagram as shown in Fig. 1 the
characteristics of the switch can be removed by assuming that
the a, # 0 (non ZO term,) in the forward configuration and
ao’ # 0 in the reverse configuration. This approach is a

generalized method of measuring S-parameters where ZO terminations

are not assumed.

< aoj- '(bo 3 3o
FORWARD ° X X ¢ -
-—

5 PERFECT bo | ERROR | =37 [ 3] UNKNOWN
,)<° $Zo REFLECTOMETER 33_ | ADAPTER |22, |L2AJ | TWO-PORT
X X,
SWEEP  REVERSE -—
< 3 b3 32
2 g
OSCILLATOR 2L o,

wa

Figure 1

Measurement System Block Diagram

In the forward configuration

bo - S]]m aO * S]Zm a3

(1)

b3 = Sp1m 20 * Szom 23
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And in the reverse configuration

b ' =S '

0 1Mm 3 * 3

12m 23
(2)

b,' =S

3~ °2Im @

o * Seem 23
Combining the forward and reverse configurations

S

0 0 |_ 1Tm ~12m

or
(4) [6] = [s,] [al
Since [a] and [b] are square and non-singular

(5) [s,] = [b] [a]"!

Expanding (5) gives

bra,' - bn'a
_0%3 0“3
(6) SHm = Z , forward
b'a bran'
(7) S]Zm -0 2 070 , reverse
b,a,' - b,'a
(8) SZ]m - 33 A 3 3 , forward
b,'a, - bsa,’
(9) 522m -3 0 x 30 , reverse
Where
(10) A éé agay’ - a3a0'
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The typical network analyzer, which measures phase, needs to make a
ratio measurement. Equations (6) through (9) can be factored into

form as follows. Where the incident signals are a and a3'

% %o %3
a a, a
(1) Sy1m = 0 d3 0 , forward
% 0%
a,' a, a,
(12) S]2m = 3 g o 3 , reverse
b3 %3 %3
a a,' a
(13) (Spyp = — d3 O |, forward
]
b, b, a'
(14) EgT - EQ_E_T , reverse
Sy = 3 0 %3
m = d
Where
a. an'
(15) a&1.320
0 3

The leakage, missmatch, and repeatability of the switch are

removed by this procedure.

If ag = 0 (ZO termination) for the forward configuration
b b
_ 20 _ 23
(16) Syqp =3, 2" S2in ~ 35

And if ao' =0 (Z0 termination) for the reverse configuration

by’ 0
(]7) 522m=§rand S-lzm:a—B—r
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