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GENERALIZED DE-EMBEDDING TECHNIQUES

ABSTRACT

This paper discusses techniques for embedding and de-embedding
the characteristics of two-port devices described by scattering
parameters at microwave frequencies. Such techniques have wide
applications in areas such as the measurement of the parameters
of a semiconductor device mounted in a fixture, removal of the
effects of cables, adapters, etc. and network analyzer
calibration using variant error models.

The uses of the techniques are demonstrated with examples
including the characterization of the HP85041A transistor test
fixture.
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The process of measurement is that
of de-embedding a device under test
out of an environment. Similarly
the design of a circuit or system
can be considered to be embedding a
device in a network to provide a
desired set of terminal properties.

The simplest example in common use

is one-port error correction in a
microwave network analyzer. Here it
is assumed that a two-terminal device
under test (DUT) is connected

to an ideal vector measuring
instrument through a two-port network.
The two-port network (known as the
"error adapter" ) is assumed linear
and can, in general, be characterized
in terms of four scattering
parameters.

When making ratio measurements, only
three independent terms are required
to characterize the error adapter.

The error adapter and device under
test can be represented as a flow-
graph. This flowgraph is readily
solved by conventional techniques

to yield I'min terms of I't or vice
versa. It is, however, interesting
to re-cast the error adapter in the
form of a T-matrix (chain-scattering
matrix).
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We can then obtain I'min terms of I'L.
However if the network is now
cascaded with the inverse T-matrix,
we obtain automatically I't in terms
of T'nm .

Using the conventional notation for
the 3 terms of the one-port error
adapter, its T-matrix is shown on
the slide.

This T-matrix is readily inverted to
yield the result shown on the slide.



When the inverse matrix is cascaded
with I'nm the original measured
reflection coefficient, we get the
well-known result of the actual
reflection coefficient of the DUT
in terms of I't and the error terms.

The remaining problem is one of

finding the values of EDF, ESF, ERF

by supplying "known' DUTs
(calibration standards). Note that
the calibration standards need to be
known far more precisely than might
be supposed (their values are
measured through the error adapter
and then effectively used a second
time when the DUT is subsequently
de-embedded). In the example case,
any three devices may be used as
calibration standards and the values

- .
of EpF, ESF, ERF obtained from the

solution of three linear
simultaneous equations.

It is critically important to realize
that the accuracy of this technique
is highly sensitive to the values of
the parameters. Consider, for
example, the limiting case where

ERF = 0 (there is no connection)

and it becomes impossible to measure
the DUT at all, even though the
analysis will still yield a result.

r‘m'_EDF

' =

Esr(I'm — Epr) + Egrp

Fsi(a—I’mic)+b = I'm;
a = Err— EprEsk
b = Epr

C = —Esr

i=1,2,3
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The argument outlined above can be
extended to a whole range of
problems involving cables, adapters,
fixtures, etc. and a whole chain of
networks can be cascaded.

It is necessary only to calculate
the T-matrix for each element and
to multiply the matrices to obtain
the matrix for the total network.

Now we consider the problem of
de—-embedding in somewhat more
general terms and look at some
relevant examples.

As a first example, consider the
case shown here, where it is

desired to measure the properties of
a semiconductor chip mounted on a
carrier on a microstrip substrate.
Although, conceptually, it is
possible to devise a means of
providing calibration pieces on-
chip, the difficulties of doing so
and the inherent non-repeatability
of bond-wires, launchers, etc. makes
it very undesirable. In most
instances where bondwires or non-
precision connectors are involved
these items cannot be part of the
calibration scheme.

The most satisfactory approach is to
model the discontinuities and then
to de-embed the device under test
from a measurement made at the test
port connectors based on a highly
reliable calibration scheme based on
repeatable components with precision
connectors. ‘



Each element can be modelled. The
usual technique is measurement and
optimization of the values of the
elements using "Touchstone, "Super
Compact" or similar. These values
are used to create the T-matrix for
the de-embedding process. The
difficulty of Ccreating high quality,
repeatable standards in chip form
means that better results are
obtained by only using the launch
once (for measurement) and not
introducing additional uncertainty
with a calibration step.

As a second example, let's look at
the HP 85041A transistor test
fixture. The essential problems are
very similar to the situation
described earlier,.

The transistor to be characterized

L=.9nH/mm
O DT O
C=
.05pF .03pF/mm
tx
launcher line bond wire

HP85041A
TRANSISTOR TEST
FIXTURE

is necessarily
port via a set
which includes

connected to the test
of discontinuities
the launch and the

parasitics associated with ,
locating the transistor leads in the
insert. The approach taken in the
HP 85014A software is to model these
effects, to cascade the model with
the HP 8510 error terms and replace
the error terms in the HP 8510 with
a new set which includes the fixture
model.
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The original approach was to model
only the discontinuity caused by the
insert using a CLC pi network and

to calibrate at the launch plane
with open, short, load and thru.
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TEsT |CONNECTOR i ! satisfactory with the HP 8409-series
PORT |AND Ll 1 | NSERT E buT automatic network analyzers. The
O ' ' HP 8510 revealed that the
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~ ~ repeatability of these (non-

?~ precision) items and the variability

LAUNCH DEVICE of transistors packaging introduced
PLANE PLANE additional errors. The results are
poor compared with those obtained by
the use of precision (7mm) standards

in conjunction with a model for the
elements of a more sophisticated
equivalent circuit for the launch
and the insert.

The technique used to arrive at
values for the model elements employs
FIXTURE CHARACTERIZATION a set of components inserted at the
device plane. These include a short
circuit the shape and size of a
packaged transistor, sections of

| ‘ Device- | l transistor lead and a very thin
| | Like | | insert to characterize the
! ! Standard ' discontinuity as well as improved

versions of the calibration
components used in the earlier
Calibration Measurement Measurement  Calibration technique.

Plane Plane Plane Plane The model shown in the slide is fitted
to the measured data using
optimization techniques.

All transmission lines are specified

O_{::}OE::}TEI:ﬁH::j?E;:TOE::K}__ in terms of Zo’ length and loss
L
TEST o 11, ¢ 3 DUT

(assumed small but non-zero).

Using this basic principle, it is
R = Ro=0 not a difficult matter to determine
the appropriate element values for a

¢ :14FE‘ model for any custom insert designed
Co= 125FF for device package styles not

Ty 1 2 3 4 |UNITS supported by the HP 85041A. The

0 | 500 | 514 | 505 | 20| major consideration effecting

ultimate accuracy is the care taken
to ensure good mechanical

o .003 .005 .003 .06 |neper compatability of the insert with the
fixture body and precision

1 1.6 0.35 0.25 0.03| Cm

manufacture to ensure repeatability.



The approach used in the HP 85014A
software adds a slight extra degree
of complication because of the use
of a 12-term error model in the HP
8510 network analyzer. The model
requires ERF and ETF in the forward
direction (ERR and ETR in the
reverse direction) to be normalized.
This process is straightforward (see
"De-embedded Measurements using the
HP 8510 Microwave Network Analyzer",
Glenn Elmore) and provides almost
real-time measurements of
de-embedded transistor S-parameters.

This approach can be used either for
de-embedding (error removal to get
at the actual value of the unknown
device) or embedding (design of a
circuit in which to place a known:
device).

HP 8510A TWO-PORT DE-EMBEDDING
(FORWARD DIRECTION)
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HP 8510A ERROR TERM
NORMALIZATION (F ORWARD DIRECTION)
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Notice: Cascading E, and F, Produces
Non-Utility Forward Transmission Term.

Thus, BOTH Egr and E4r Must Be Normalized
to Account for This.
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HP 8510A TWO-PORT ERROR MODEL
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As discussed above, this approach is
quite straightforward for simple
cascades (no matter how many
components or ports are involved

but becomes more complicated when
there are inter-port couplings.

This is illustrated in the slide
which shows the two-port (12-term)
error model used by the HP 8510. If
there are any additional inter-port
couplings associated with the devices
connected between the measurement
planes, the strategy described
earlier will break down.

The generic solution for the
two-port DUT is to use a four-port
network to model the error adapters
at both ports and the inter-port
couplings. The essence of the
arrangement is shown in the diagram;
ports O and 3 are the measurement
ports, the two-port device under

test (SA) is connected between ports

1 and 2.

The arrangement can, again, be
described in terms of scattering
parameters.

The error adapted is now completely
described in terms of a 4x4 matrix
with complex entries.



Note that the possibility of effects
due to switches to reverse the
direction of signal flow to measure
reverse parameters can be accounted
for by a further E matrix for each
physical arrangement.

The equations are as shown in the
slide. It is straightforward matrix
algebra to solve Sm and E for SA and

embed or de-embed a cascade of these
four-ports,

To illustrate the generality of the
approach, consider the usual 12-term
error model interpreted in terms of
the four-port error adapter. All 16
terms are shown on the slide, the

S8ix terms which appear in the forward
direction are shown in solid.

The relation between the
conventional 12-term error model
notation and the elements of the
matrix is shown here.

In filling in the entries in the 4x4
matrix, note how many of the slots
are zero. The normalization
discussed above in connection with
de—-embedding and re-inserting the 12
error terms into the 8510 model is
now seen to appear naturally in this
treatment.
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B A It is convenient at this stage to
A partition the matrix.
€0 Co1 ?2 Zm We now need the T-matrix for this
E= ?0 :“ ;2 eB Ty = E;—EE;'Es network. Note that the solution is
20 eu ;2 en » similar to the earlier case and
| €30 ©31 €32 33 T2 = E3 viewing the large matrix in its
(B, E» Ts = E3'Eq partitioned form the result can be
= | E; E, derived looking identical to the
T4 = E5'! earlier result except that the
Eb 0 Er O E,Es—EE: E elements of the T-matrix are
_ | Ex 0 0 Er T==E§1[ _E, 1] themselves matrices.
1 0 Es O
0 1 0 EL It is interesting that the solution
only requires the inversion of a
single 2x2 complex matrix (E3).
These 4x4 T-matrices are readily
cascaded and inverted, thus we can
now
4 Va
b P P o De-embed a two-port DUT
— G— —
o Embed a two-port DUT
Ta Ty .
o Add or subtract line length at
—4 &—D ———45 each or all of the four ports.
4 N Ia Ve
q < o Selectively model parts of the
network at one or more ports;
T = TA‘TB this allows dealings with
non-insertable DUTs.
Now solving the equations, noting
carefully the directions of the
arrows on the flowgraphs, we have M
bo ao (embedding)
= S,
b3 as ... and SA (de—embedding) .
ai bl
az b,




Although these complex matrix

equations appear complicated, they
are readily implemented on a

Note direction of arrows!

desk-top computer (see Appendix).
bol _ g, [2] 4B |2 2B 2] + BaSa |
b3 a3 a a3 b2

b1 _ a9 a; _ Qo b1
] == o] <= o] = [2] <2 )
Thus [I—EsSa] [b‘] - Es [a"]

as

b
Sm=E;1 +E2Sa(I —E4Sa) 'E3
and Sa= [Eg(SM—El)_lE2+E4] -1

APPENDIX
Implementation of complex matrix math in HP Series 200 BASIC

* Consider the complex arrays

C=A+jB
D = E+jF
then C*D = (AE-BF) + j(AF+BE)

Provides complex matrix multiplication using real arrays.

* Consider C in terms of the partitioned matrix
A -—-B
S
then C!'=(A+BA 'B) '+j(B+AB 'A)"!

and note that

(B+AB 'A)"'= —A"'B(A+BA " 'B)"!
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! Skeleton program to demonstrate Embedding =
% and De-embedding algorithm using 4-port %
| e e e e 2t e e o o e o o e e 2 o e o o o e e e o ot o ot e e o e s e e e e e i
OPTION BARSE 1 ' _
coMELl r¢2,2),E1 1(2,2),E2 r(2,2),E2_1(2,2) ! Complex arrays
COM E3_r(2,2),E3_i(2,2),E4_r(2,2),E4_1(2,2)
?DN Sm_r(2,2),5m_1(2,2),5%a_r(2,23,5a_1(2,2)
DIM I_re(2,2),1_im(2,2)} I Identify matrix
?IN T re(2,2),T_imi2,23,Tl_re(2,2),Tl_im(2,2; I Temporary
MAT I_re= IDN | Set up [I1]
mﬁT I_im= 103
E Sm = el*Sa*¥INUIl-e4%551%e3 DE-EMBED
ﬁul(Eé_r(*J,E4_i(*),Sa_ri*),Sa_i(*),T_re(*),T_im(*))
MAT T_re= I_re-T_re
MAT T_im= I_im-T_1im )
Inu(T _re(*) T _im(*),Tl_re(*) Tl _ im(*})
Mul(Sa_r(%*) Sa_1(*%), Tl _re(*),T1l _im(*) T _re(#*) T_im(*))
Mul(E2Z r(*) E2 ii*),T_re(*),f_im(*},Ti re(*) , T1 1m(#*) )
Mul(Tl_re(*S,TT im(¥IJEZ _r(#)TE3_1(¥), T _re(*) T _imi*))
MAT Sm_r= El_r+T_re
mﬁT Sm_i= El_i+T_1im
E Sa = [NU(e3*IMJ(Sm-el)*s2+e4) EMBED
MAT T_re= Sm_r-El_r
MAT T_im= Sm_i-E1_1
Inu(T_re(*),T_im(*), Tl _re(*), Tl im(*¥)]
MUl(EZ _r(#) EX_1(*) Tl re(*) Tl 1mi*),T_re(#*) imC %))
Mul(T_Fe(*) T Im(#) E2 ri#) B2 Te%), T Fei#), %1 imC*)) ™
MaT T re= Tl_re+E4_r ' :
MAT T_im= T1_im+E4_1i ‘
%nv(T_re(*) T_im(#7,Sa_r(%*),Sa_1(%))
guo
| AR ERRRRKEEEERHRERRE SUBROUTINES SRR R S K AR R RF RS R KRR AR R KRS RRE R F R FF R AR
i
SUB Mul CA(#*) BO*) ,EC*) F(#*) X(*) ,Y(*)] I Complex matrix multiplication
OPTION BASE 1 _
? M T2,27, TILQ,ZJ ! Temporaries
MAT T= A%E
MAT Tl= B*F
MAT X= T-T1 ' Real part
MAT T= A%F
MAT Tl= B*E
at Y= T+T1 ' Imaginary part
%UBEND
b e e e e e e
!
SUB Inu(A(*) B(*) Do*) E(#*)] ! Complex matrix inversion
OFTION BASE 1
?IM TC2,23,T1(2,23,T2(2,2) ' Temporary
MAT T2=_INU(A)
MAT T= B*T
MAT Ti1= T*B
MAT T= A+T1_
MAT D= INULTY ' Real part
MAT Tl=_ B*D
MAT T= T2*T1
CUSE£DE= (-13#T ! Imaginary part ~
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