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Coaxial-Microstrip Transition
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Coaxial-Microstrip Transition
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TRL CALIBRATION SCHEME

coaxial connector coaxial connector
( ) f DUT \ ‘ '
VAN \

Want to measure DUT only and need to remove the effect of
coax-to-microstrip transitions. Use TRL calibration
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TRL Error Box Modeling

A model for the different error boxes can be implemented

Measurement

| W1 Planes 2|
| — % I/ \I -+ |

> - I

Port ! Error Box | | || Error Box | Port
1 i A | 71 I | B I 2

| | | |
| | | |
I 1 2 I

Error boxes A and B account for the transition parasitics and the
electrical lengths of the microstrip.

Make three standards: Thru, Line and Reflect
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Step 1 - THRU Calibration

connect thru
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Step 2 - LINE Calibration

connect line (Note: difference in length between thru and line)

LINE O
|- Ry >
— A LINE B —
R, R Ry
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Step 3 - REFLECT Calibration

connect reflect

REFLECT
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TRL — Measurement Comparison

Measured |S11| of Microstrip Unknown Relative to TOUCHSTONE Models

PORT EXT. data compared to L=.808 nH model
TRL data compared to L=.948 nH model

Relative Magnitude, dB
o

------- PORT EXT. calibration "

TRL calibration v

_5 1 1 1 1 1 1 1
1 1.5 2 2.5 3 3.5 4 4.5 5

Frequency, GHz
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TRL — Measurement Comparison

Measured Data for Microstrip Unknown
Measured 10/18/94

0
-5
o
=
— -10
)
-15
with TRL calibration
-------with 722 ps port ext. (inc. barrel)
_20 1 1 1 1 1 1 1
1 15 2 2.5 3 35 4 45 5
Frequency, GHz
-
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TRL Derivation

b, Coaxial Coadal
: TestPort 1 : - TestPort 2 !
! - ; — -
o Eror : Errar __
1 Boxa [ buT —| BoxB [
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Dewne DBWEB
TestPortd TestPort 2

TRL Objectives

- Obtain network parameters of error boxes A and B
- Remove their effects in subsequent measurements
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Model for Reflect

I'g Si1
b} bR
1 2
R R
al a?:() a2 ag_o

2 Measurements
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Model for Thru

b, b,
2
-2 T
T a, |+
al a;' -0 2 aq =0

4 Measurements
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Model for Line
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by b,
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4 Measurements
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Use R (or T) Parameters

Using R parameters (same as T transfer parameters), we can
show that if

bl — Sllal + Slzaz
bz = SZlal + Szzaz

b1 . 1(-A S11 bz
(aij_s_Zl(_Szz 1)(612)

A= S12821 - S11822

S21 _822 1 d,
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TRL Derivation

The measurement matrix R, is just the product of the matrices of the error boxes and the
unknown DUT

R, =R,RR,
or
R=R'R,R"

Let R, be written as
r, Fr a b
RA:|:11 12i|:r22|: :|
N, Iy c 1
Rg is similarly written as
R _|:p11 p12i|_ {a IB:|
B~ = P2
P P2 y 1
The inverse of R, is
R 1 1 1 -b
* r,a-bc|-c a
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TRL Derivation

And the inverse of Ry is

o 11 {1 —ﬁ}
o ppa-pri-r o«

The matrix of the DUT is then found from

o 1 1 1 1 {1 —b}R{l —,8}
V2202 aal_bcl_yﬂ < a] |7 «a

a (94

Note that although there are eight terms in the error boxes, only seven
guantities are needed to find R. They are a, b, ¢, «, £, 7, and r,,0,,

From the measurement of the through and of the line, seven quantities will be
found. They are b, c/a, /a, ¥, I,,0,,, a@ and 2/

In addition to the seven quantities, if a were found, the solution would be
complete. Let us first find the above seven quantities.

The ideal through has an R matrix which is the 2 x 2 unit matrix. The measured R
matrix with the through connected will be denoted by R; and is given by
R, =R,R;
Where R, and Ry are the R matrices of the error box A and B respectively. With
the line connected, the measured R matrix will be denoted by R, and is equal to
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TRL Derivation

Ro = RAR.Rg NOTE: quantities shown in RED are known

where R, is the R matrix of the line
Now Ry = R/:lRT
sothat R, =R,R RR;
RDRT‘lRA =R,R,
Define T =R, RT_1 Which when substituted into the above equations results in
TR, =R,R,

The matrix T is known from measurements and will be written as
T _ |:tll t12 :|
t21 t22

e’ 0
RL = , since the line is non-reflecting
0 e+;/|

cet ILLINOIS

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

ECE 451 — Jose Schutt-Aine 19




TRL Derivation

R, is unknown and was written as

R _ |:r11 r12i| _ |:a b:|
AT - r22
N, Iy c 1

Rg similarly was written as

R _|:p11 p12i|_ |:a IB:|
B~ = P2
Pa P2 y 1
Recalling TR, =R,R, and writing the matrices results in
t, t,|[a b] [a ble” o0
t, t,|lc 1| |c 1] 0 e

Next, writing out the four equations gives:
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TRL Derivation

t,a+t,c=ae”
t,a+t,c=ce™”
t, b+t, =be"

t,b+t, =be™

Dividing the first of the above equation by the second results in

a
t11 L

M _c ——C  which gives a quadratic equation for a/c
a
C

t21a + '[220 a .
21

Dividing the third equation in the group by the fourth results in
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TRL Derivation

t,b+t,

=p  which gives the analogous quadratic equation for b as
t,,b+t,

t,.b* +(t,, —t,,)b—t, =0

Dividing the fourth equation in the group by the second results in

et — tZlb +1y _ t21b +1,
t21a+t22c t, (5;1 it

Since e?* is not equal to 1, b and c/a are distinct roots of the quadratic equation.
The following discussion will enable the choice of the root. Now b=r,,/r,,=S,; and
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TRL Derivation

For a well designed transition between coax and the non-coax |S.,|, |S;;| <<1 which yields |b|<< 1
and |a/c|>>1. Therefore,

b| <

a
E‘ which determines the choice of the root

Recalling TR, =R,R,

(det T)(det R,)=(det R,)(det R)
or

(det T)=(det R )=1
so that

t11t22 _t12t21 =1

which implies that there are only three independent T;. Then there are only three independent results,
e.g. b, a/c, and e?*,
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TRL Derivation

Now let us find four more quantities

a blla p d e
12202 ¢ 1]y 1 :RARB:RT:gf 1

Now
a b]" 1 [1 -b
¢c 1| a-bcl-c a
So that
a f| g 1 -bid e
2P 1| a-bcl-c alf 1
or
{a /3} g [d—bf e—b}
15202 =
y 1| a-bclaf —cd a-ce
"’"'ILLINOIS

Un
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TRL Derivation

from which we can extract

C

i _ a-ce l—ea
zzpzz—ga_bc— 1_bE
a

We also have

;i Talaa o)

y 1| a-ce|af —cd a-ce

from which we obtain

and
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TRL Derivation

and
d —bf
oa= c
1-—e
a

The additional four quantities found are g/, ¥, r,,0,, and ca. To complete the solution, one
needs to find a. Let the reflection measurement through error box A be w;. Then

al’,+b
W [—

= which may be solved for a in terms of the known b and a/c as
c/;+1

o ow,-b

B c
I (1—W1aj

We need a method to determine a. Use the measurement for the reflect from through the
error box B. Let w, denote the measurement

+ 5129211 & — Sy —Al'y
1-S,. Iy 1-S,7I7

W, = S22
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TRL Derivation

_@ + &FR
P2 P

1-Pe
P2

W, =

or
alx —y
o pr.-1

a may be found in terms of yand S/« as

W
o= 2 Y
FR(1+W2ﬁj
a
Recall ag= w, —b
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TRL Derivation

so that
p
i_Wl—bX1+W2a
a W, + C
2 7/ 1_W17
a
. — bf
From earlier ga=——
C
1-—e
1+W2'B
so that azzwl_b (‘é‘d_ff
Wot 7 1-w = 1-"e
a a
or
IB 2
1+w, ~—
Wb o, d-bf
W2+}/ 1_W1£ 1_Ee
a a

which determines a to within a + sign.
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TRL Derivation

w, —b
a(l—wlcj
a

So if 7 is known to within £ then a may be determined as well. Calibration is complete and
we can now proceed to the measurement of the DUT.

I, =

From earlier, the matrix of the DUT is found from

Ao 1 1 1 1 {1 —b}R{l —ﬂ}
V2202 aa]__bgl_}/é < a] |7 «a

a a

in which all the terms have now been determined.
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TRL Application

Microstrip lina

Launch
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TRL Application

Reflect

Line
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TRL Application

Y R warw T
L LS 8
- R —
Lo =
e
1 . !
| ¢ 2 -
NS -
YA - I |
‘ i
s immEm e g e
(a) ()

Example measurement (a) return loss of microstrip
transmission line (b) insertion loss of a microstrip transmission
line (1) calibrated at the coaxial ports of the fixture (2) calibrated
in-fixture with TRL.
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TRL Application

Microstrip PC board as a test fixture including separate
transmission lines as the THRU and LINE, an open circuit, and a test
line for insertion of a test device.
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TRL Application

Say & ML
REF 3.5 Units

TRQ.0 mldnites

hp TRLACOSL. HECFI@NES YDS=3Y IDsil@ms

START 2. 000202000 CGHz
=Toe la.20@@2@0ad Oy

Example measurement of a linear FET on the microstrip
PC board compared to measurement in a de-embedded test fixture
(Agilent 85041A). (1) de-embedded measurement (2)
TRL calibration using PC board standards.
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Standard

Requirements

REFLECT

Reflection coefficient G magnitude (optimally 1.0) need not be known

Phase of G must be known within £1/4 wavelength!

Must be the same G on both ports

May be used to set the reference plane if the phase response of the REFLECT is well-known and specified

Zero
Length THRU

Sq1 and Sy; are defined equal to 1 at 0 degrees (typically used to set the reference plane)
541 and Sy, are defined equal to zero?

MNon-Zero
Length THRU

Characteristic impedance Z; of the THRU and LINE must be the same4®
Attenuation of the THRU need not be known
Insertion phase or electrical length must be specified if the THRU is used to set the reference plane3d

LINE

Z of the LINE establishes the reference impedance after error correction is applied®

Insertion phase of the LINE must never be the same as that of the THRU (zero or non-zero length)®
Optimal LINE length is 1/4 wavelength or 90 degrees relative to the THRU at the center frequency?
Useable bandwidth of a single THRU/LINE pair is 8:1 (frequency span/start frequency)

Multiple THRU/LINE pairs (£ assumed identical) can be used to extend the bandwidth to the extent transmission

lines are realizable
Attenuation of the LINE need not be known insertion phase or electrical length need only be specified within
1/4 wavelength

MATCH

Assumes same Zy on both ports

£ of the MATCH standards establishes the reference impedance after error correction is applied
Mo frequency range limitations

(MATCH may be used instead of LOWBAND REFLECTION cal steps)

cet ILLINOIS
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1. The phasa responsa need only ba specifiod within a 1/4 wavelangth 90 degroas eitherway. During computation
of tha error model, the root choice in the solution of a quadratic equation is made based on the raflection data.
An arror in definition would show up a5 & 180-degree armor in the measured phasa.

2. A zerg-length THRU has no loss and has no characteristic impedance.

3. If a nonzero-length THRD is used but spacified to have zero delay, the referance plane will be establizhed in
the middle of the THRU.

4. When tha Z; of the THRL and LINE are not the same, the average impedance is used.

. 31y @nd S;; of tha LINE are also defined to be zero. With this assumption, the system impadance is st to the
charactaristic impadanca of the LINE. If the Z, iz known but not the desirad value, tha impedanca of the LINE can ba
specified when defining the calibration standards.

. The insertion phase differance betwaan the THRU and LINE must ba between (20 and 160 dagrees) £n = 180 dagrees.
Meazuramant uncertainty will increase significantly when the insertion phase nears 0 or an integer multiple of 130 degreas.

1. The optimal langth of a LINE is 1/ 4 wavelength or 90 degrees of insertien phase in the middla or the geometric mean

of tha desirad frequancy span.
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