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Proi)agation Constant Determination in
Microwave Fixture De-embedding
Procedure

JYOTI P. MONDAL, MEMBER, IEEE, AND TZU-HUNG CHEN, MEMBER, IEEE

Abstract — An improper choice of dimensions for the standards used in
the microwave de-embedding procedure will cause errors in the determina-
tion of the propagation constant. This leads to unrealistic values for the
attenuation constant, which in turn causes errors in the de-embedded
results. Proper selection of dimensions is made to minimize such errors.
Physically realistic values are obtained with this selection.

I. INTRODUCTION

N RECENT YEARS, a number of ways have been

reported in the literature to de-embed the S parameters
of an embedded device from the microwave test fixture.
The well-known delay line techniques [1]-[3] have been
successfully applied to remove most of the fixture-related
uncertainties during measurement. There have been at-
tempts to characterize the fixture through modeling [4], [5]
and apply the model for device de-embedding. In-fixture
[6], [7] calibration techniques are also used to improve the
accuracy of the measurement. A number of techniques [8]
have been discussed for measuring the S parameters of a
fixtured device using the HP8510 network analyzer.

The present article is similar in basic philosophy to that
of TSD; we have used one in-fixture standard for either of
the two ports and selected the dimensions of the standard
through lines in a way that will minimize the measurement
errors and yield realistic values for the propagation con-
stant. Throughout the analysis it is assumed that a TEM
mode is propagating in the frequency range of interest.

II. ANALYSIS

The three standards which will be measured are shown
in Fig. 1. It has been already pointed out [3] that any
discontinuity effects due to a different characteristic im-
pedance of the standards (other than the system reference

Manuscript received May 11, 1987; revised August 31, 1987. This work
was supported in part by the GE Independent Research and Develop-
ment Fund.

J. P. Mondal is with the Electronics Laboratory, General Electric
Company, Electronics Park, Syracuse, NY 13221.

T.-H. Chen was with the Electronics Laboratory, General Electric
Company, Syracuse, NY. He is now with the Microwave Semiconductor
Corporation, Somerset, NJ 08873.

IEEE Log Number 8719434.

impedance, usually 50 ) are absorbed by the end
launchers. It is also easy to show that the transitional
discontinuities, between the launcher pins and the micro-
strip line in our case, also get absorbed in the end launchers.
The combined effect of the above two discontinuities is to
modify the de-embedded S parameters of the end
launchers. Since, as we will find afterwards, the ultimate
de-embedded result of the device S parameters depends on
the difference in length of the various standards, we can
safely take the physical lengths of the standards for calcu-
lating the electrical lengths of the lines (if we choose the
line lengths sufficiently long so that the transitional dis-
continuities do not overlap). The ultimate effectiveness of
such a deembedding procedure very much depends on the
accuracy with which the transitional discontinuities are
reproduced. As we will find with the reported results, the
procedure works quite well even with the assumed con-
straints that the discontinuities are the same from one
carrier to the other. One way to minimize such uncertain-
ties, due to junction capacitance and inductance between
launcher pin and the microstrip line, is to choose the
microstrip line width very close to the diameter of the pin,
and any change in the impedance of the line due to change
in width is simply absorbed as a transformer in the S
parameters of the launchers. With reference to Fig. 1, the
propagation constant of the through lines can be shown to
be

Ai\/ﬁ)

In >
Y= =5 (1)
where
A= (T1IM1-T22M2+ T11M2-T22M1)
—(T21M1-T12M2+ T12M1-T21M?2),
Y —at Bt o,
}\eff
A g effective wavelength in the medium,
[, — 1, difference in through line lengths.
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The measured scattering chain parameters are

S11M1-822M1—(S12M1)?

T11M1= STOML
S22M1
T21M1 = — S M1
S11M1
T12M1= S M1

T22M1=1/(S12M1)

S11M2-S22 M2~ (S12M2)*

T11M2 = —~

S12M2
oiay . S2M2
S12M2
S11M2
T2M2 = s

T22 M2 =1/(S12M2).

Equation (1) is equivalent to (18) in [1]. The arguments
of “In” in (1) are reciprocal to each other. If /, > /,, the
correct solution has the positive sign, and the range of
validity of this solution is given by

R T
0<arg(A)<5 (or, —E<arg(A)<Oforll<lz).

(2)

The inequality (2) ensures a unique solution to expres-
sion (1). In terms of standard dimensions, (2) translates
into |l; — I,| <A /4, for a small (Appendix I). For

Ae Ae
7= (h-15) < 5
the proper choice in (1) is the negative sign and

€)

The expressions for the de-embedded device S parameters
can be derived from the cascaded scattering chain matrices
and are given by the following:

7
3 < arg(A4) <.

N

S11D = — 27U lopen). q-— (4)
p
’
S21D = eYUiti—1). _ (5)
4
st
S12D = YUt =t p. [u + ——] (6)
p
r2.t
SWID=— e 2¥h—bi—lge). ____ (7)

pPq
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where
1/ S811L
p=—(——1)-T21M
y X
S11L S22R TIIM
+( —1) —=1}-T22M - ———-
x y )
1/S22R
——|—=-1|-T12M
X y
1
1+ —(S110P - S11L)
X
q:

S110P — SI1L
T22M2- T22M1- =1~
T 2sinby(l,— 1)

T11M S22R
s = + -1]-7T12
y y

S11L
M—-— T21M
Y

S22R
-S1L-{——-1|-T22M
y .

T11M S22R
+—T12M
x

S11L
t= —(————1)'T21M
x x

S11L
- S22R-(T -—1)-T22M
u=T11M +T12M-S2R — T21M-S11L
—T22M-S11L-S22R
T12M1- 7= — T12 M2
T TRM1-e" ) T2 M2
T1IM1-e¥h—0) — T11M2
T12M2— T12M1e =)
T11M1.-evh=12) — T11M2
T TIaML e -T2
T1IM1-e 72— T11M2
M- TMI e
T11M1- 7= — T11M2
T TI2M2—T12M1- 7 1)

T1IM1-e =2 — T11IM2
+ .
TI2M1-e =8 _T12 M2

S11L

S22R =

Y

Here /., is the length of the open line; /; is the line
length up to the reference plane on the left-hand side of
the device; /, is the line length up to the reference plane on
the right-hand side of the device; and TijM is the mea-
sured scattering chain matrix with the embedded device.
The expressions (4)-(7) are dependent on line length
differences; so long as the discontinuity effects at the two

launcher pin positions do not interact, we can consider the
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Fig. 1. Three sets of S parameter measurements with the end pieces of
the fixture. It is assumed the transitions are reproduced quite accu-

rately from one standard to the other. The transitional discontinuity is
being absorbed in the S parameters of the end pieces.

physical lengths of the lines for our calculations. The line
lengths /,, /;, and [, can be arbitrary, as long as we
avoid RF leakage [2).

The above-mentioned inequalities (2) and (3) can be
used as checks (Appendix I) for choosing the correct
angular rotation of expression (1). This will yield the
correct sign for both « and § of the propagation constant.
Sometimes measurement errors, combined with improper
choices for the dimensions of through lines, will lead to
some unrealistic values for a; a may become too large,
sometimes negative, or it may vary randomly with
frequency. If « is too large, it will show up in the de-
embedded results, e.g, (JS11]2+|S12]?) may become
greater than 1 for a passive device. If a varies in a random
fashion with frequency, the insertion loss of a de-
embedded passive device,

|521)?
1-{811)2

will also vary in a random way with frequency. If « is
negative, it is unrealistic. In Appendix II, we discuss how
this error can be minimized by a proper choice of dimen-
sions for the standard through lines.
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IIL

In keeping with the discussions in Appendix II, the
through line dimensions are chosen to improve the certain-
ties in Im(A4); /,pen = 0.1622 in. The end effect length for
the open-ended line is calculated from the expression in
[9], with €. values determined from (1). In Fig. 2, the
fixture de-embedded S parameters of a MESFET device
have been compared with those taken with RF probes
directly on the wafer. The device was mounted on a carrier
and then bonded to microstrip lines (25 mils wide) on 25
mil alumina substrate. The carrier was placed inside the
end launchers. The data were de-embedded up to the
bonding wire (included). So the de-embedded data will
have the effect of bonding parasitics. By comparing these
two sets of S parameters, the parasitics due to the bond
wires, bonding pads, and via holes have been extracted. In
Fig. 2(e), we show the complete model with the associated
parasitics. This comparison is a good way of estimating the
via hole inductances, which act as feedback elements and
affect the response in a sensitive way. The value of via hole
inductance listed in Fig. 2(e) is for a pair of via holes on 4
mil GaAs substrate. The parasitic model has been ex-
tracted by comparing the RF-probed and the de-embedded
results at four bias points simultaneously. The comparison
is shown for one bias point in Fig. 2(a)-(d).

Fig. 3 shows the sensitivity of the de-embedded results
on the repeatability of the contacts between the launcher
pins and the microstrip lines. Expressions (4)—(7) show
that uncertainties in the determination of S11L and S22R
will reflect the uncertainties in the de-embedded results,
provided we can determine the propagation constant with
good accuracy. An average value of |S11L| and |S22R|
determined from four pairs of (/;,/,) has been perturbed
by + 30 percent in de-embedding a through line 0.3476 in
long. The perturbation covers more than the observed
values of {S11L|and |S22 R|. The maximum residual error
in |$21] is less than 0.2 dB and in £S21 less than 2.5° up
to 20 GHz. Finally, we tabulate in Table I the de-
embedded results of a multiturn (3.5 turn) spiral coil. We
choose the pairs of lines as discussed in Appendix II. The
de-embedded results are compared with those of another
pair (/, = 0.3979 in, I, = 0.4474 in).

Table I shows that at all three frequencies the quantity
(1S11]* +]S521|%) has exceeded 1 when de-embedded with
the pair (I, = 0.3979 in and [, = 0.4475 in). With the other
set (as discussed in Appendix IT), (]S11} + [S21|?) is less
than 1. The value of a, as calculated from the pair (0.3979
in, 0.4475 in), was quite high at these frequencies (Fig. 4).
This has led to incorrect de-embedded results. It can be
concluded from Table I that it is important to calculaie «
properly. This error may not be serious in most of the
measurements; it is, however, helpful to know about this
discrepancy in the fixture de-embedding and apply the
possible remedy.

The procedure described in the text for finding v is
nothing but a comparison method in which we try to
identify and minimize the terms that introduce errors. The

MEASUREMENT
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Fig. 2. Comparison of de-embedded FET data and RF-probed data on polar plot. The FET (F010-R310B) has a total gate
periphery of 600 pm, biased at ¥, =6 V, ¥, = —1.0 V, Ips =111 mA. The parasitics have been determined by fitting the
two sets of S parameter data (RF-probed and de-embedded) simultaneously at four bias points. A: 2 GiHz, B: 18 GHz. (a)
S11. (b) $22. (c¢) S21. (d) S12. (¢) RF-probed FET embedded in parasitics due to bond wires and via hole. This model has
been fitted with the fixture—de-embedded § parameters.
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Fig. 3. Random residual errors for a through line (0.3476 in) on alumina substrate for +30 percent variation about the

average values of |S11L| and |S22 R|. This variation covers more than the total spread of |S11L| and |S22 R| calculated

from the measurements with four pairs of (/;,/,). —— average |S11L|, |S22R};
|S11L}, 0.7 |S22R]. (a) De-embedded |S11|. (b) De-embedded |S22|.

IS11L|, |S22R};

|SI1L|, 1.3 |S22R];

(¢) De-embedded |S21}. (d) De-embedded £S21.

TABLE I
MAGNITUDES OF S11 aAND S21 OF 4 3.5 TurN Coiv (Corr 13-1)

1.3 |S11L|, |[S22R}; —~~ 0.7

De-embedded De-embedded
Frequency Measured (I, 1,: Appendix IT) | (/;=10.3979in /, = 0.4474 in)
(GHz) |S11] |S21| |S11] 1§21 |S11] |S21]
16 0.822 0.443 0.871 0.439 0.914 0.436
17 0.833 0.398 0.892 0.422 0.925 0.418
18 0.86 0.355 0.900 0.410 0.945 0.409
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Fig. 4. Attenuation constant calculdted from the measurement of dif-
ferent pairs of lines. (a) /; = 0.4474 in; /, = 0.3979 in. (b) [, = 0.4474
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comparison technique should preduce a very fair estimate
of a+ jB, because the systematic errors are canceled out
[12].

. IV. . CONCLUSIONS

The through line dimensions should be properly chosen
in the de-embedding of the microwave test fixtures. Other-
wise; the quantity Im(4) can be erroneous. It will lead to
two errors: (1) improper determination of « and (if) wrong
angular quadrant for arg(4). a may be high, as discussed
above (Table I), or it may be negative (Appendix II). In
our case, the second error will cause opposite signs for a
and B. Since arg(A4) is used -to keep track of the proper

‘rotation of the angle, [£S21 M1~ 2521M2)}, there will be

error. in the determination of B. If the error in a is

tolerable, then it may be adequate to use just one pair

of lines, which will avoid |£S21M1—£821M2|~ n7 at
the measurement frequencies.. Although at [£S21M1—

ZS21M2|=2n+1)7m/2+ €, Re(A) is in error, ¢ can be
made negligible by maximizing the measurement certainty
of Im(A). € is also minimized by using a fixture with low
reflection coefficients. ‘

APPENDIX |
Under the following assumptions:
|S11IM1| =0, |S22M1| =0,
|STIM2| =0, and |S22M2| =0

the expression for A4 can be rewritten as follows:

Re(q) = 1512211 1512012
() =\ 52 T stan]
-cos (£S12M1 - £812M2) (A1)
() [ 1S12241 _ 12802
m(4) =\ 522~ 11201,
sin(£S12M1~2S12M2).  (A2)

If « is small (in most cases it is a valid assumption), then
|S12M1| is close to [S12M2}; it is then relatively easy to
show the following (except at |£S12M1-/S12M2|=
2n+1)7/2):

1S12 M1

A+VAT -4 1 ( [s12M1

1S12 M2
2 2\ [S12M2

[eos (281201~ £512M2)

+ jfsin? (ZS12M1 - 2812M2) |. (A3)
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The magnitude of (A3) is greater than 1. When

Ae
0<(ll—12)<—21—

the expression (A3) can be rewritten with the positive sign
as

A+V42-4 1 [S12M1] | |S12M2]
2 T2\ |S12M2) T |S12M2)

. @I (£S12M2— 2812 M1) (A4)

If

Ae Ae
T< (L-1)< X

the negative sign in front of the square root will put the
angle in the right quadrant, which is

m
) <(£S12M2—-2£S12M1) < 7.
So, (A3) can be written as

A—VA> -4  1(|S12M]]
2 “ 21 s12M2)

S12M2)]
|S12M1]

. @) (£812M2— 2512 M1)

Ae Ae
when i (L,-1)< ER (AS)

If we examine (Al) and (A2), Re(A4) and Im(A) are both
positive when

Ae
0<(h-0) <

and Re(A4) is negative and Im(.A4) 1s positive when

Ae Ae

7= (h—-1) <5

So, the arguments of 4 can be used as a flag for choosing
the right sign. In the present de-embedding procedure,
arg(A4) is used to keep track of the correct angular rotation
of expression (1) given in the text. This is a fairly good
check provided the assumptions mentioned in this appen-
dix are satisfied. This is further discussed in Appendix II.
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APPENDIX I
The expression for Im( A) can be written as follows:

IS12M1]  |S12M2]
IS12M2|  |S12M]]

Im(4)=

-sin (£S12M1 - £S12M2)

|STLM1|-|S22 M1
|S12 M1 |S12 M2|

-sin [(£S11M1+ 28522 M1)

—(£S12M1+ 2512 M2)]

IST1M2|-|S22 M2
|S12M1|-|S12M2]

-sin [(£S11M2+ £822 M2)

—(£S12M1+ 2812 M2)]

|S22M1|-|S11M2]
IS12M1)-|S12M2|

-sin [(£ 822 M1+ 2811 M2)
—(£S12M1+ 2512 M2)]

IS11M1]-[S22 M2
|S12 M1}-|S12 M2

-sin [(£ST1M1+ 2822 M2)

—(£S12M1+ 2512 M2)]. (A6)
If /; and /, are chosen close to each other but /, > /,, then
the sign of Im(A4) may become erroneous under the fol-
lowing cases:

1) Due to a small value of «, |S12M1] may be erro-
neously measured greater than |S12M?2|; it will
change the sign of the first term.

n) |£S12M1—~2£812M2| is close to 0 or a; so the first
term is very small.

ii1) High value of reflection (a good upper limit being
the product of any two reflection magnitudes smaller
than |S12M1|? — [S12M2}?), with associated error
in the measurement of their angles; this upper limit
is not very high, and it is easy to make errors in the
measurement of the angles.

Considering the above three reasons, it is advisable to
maximize the first term of Im(4), because all terms in the
first term can be measured with the best possible certain-
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. TABLE Il
Frequency (GHz) | 1-5 | 6-7 | 811 | 12-13 | 14-17 | 18
L 0.6177 0.4474 0.6177 ().4474 0.6177 | 0.4474
Iy 0.248 |-0.248 | 0.248 | 0.3478 | 0.248 | 0.248

I, and /, are in in. The substrate is 25 mil alumina with 25 mil wide
microstrip line.

ties. Our objective will be to choos¢ the through line
dimensions in such a way as to avoid Af =|£S12M1—
£812M2| ~ n7 at the measurement frequencies. In the
present de-embedding procedure, the phase difference is
approximately maintained withir the range

w
(n7r+g)<A0<

The lengths L and / , are chosen conveniently to improve
the measurement certainties of

((n +1)7r—%).

( |S12M1

1S12M2
1S12 M2 ‘

IS12M1]

The value of |/,—1,| should not be too small, then
|S12M1| = |S12 M2[; on the other hand, |/, — ;| should not
be too large, then the difference |/, —/,| is to be changed
quite frequently when A@ is not within the above men-
tioned range. In Fig. 4, the calculated values of a from
expression (1) in the text have been plotted for various
(1;,1,) pairs. These values may be compared with the
theoretical data [10] and the experifmental data [11]. Even
though the values of a calculated herein with frequency
show a convexity opposite to that predicted [10], Fig. 4(d)
has been chosen to represent a because they come close to
the predicted values [10]. At the frequencies where A@ is
not within our range, /; and I, are chosen differently.
Table II shows the line lengths chosen over the frequency
range 2 to 18 GHz with 1 GHz steps. When Fig. 4(a) was
chosen to represent a, the de-embedded results of a few
passive devices (coils in our case) did not satisfy the
‘condition (|S11)? +|512|? )<1 at higher frequencies. In
Fig. 4, a few data points are missing, for example, at 8 and
9 GHz in Fig. 4(b) and at 9 GHz in Fig. 4(c). The
calculated valiies of & are negdtive at these frequencies.
This is because of the error in Im(4): The dashed lines in
the figure show an average trend of « with frequency. The
actual values used in the de-embedding procedure are
those shown by X.

Lastly, it should be noted that we have mainly discussed
the imaginary part of 4. As for Re(4), the main term, as
shown in (A1), tends to zero as A8 — (2n +1)7/2. Whén
the imaginary part of 4 is maximized, the coefficient of
cos Af in (Al) is also maximized. The other terms in Re 4
have the same coefficients as those from the second to the
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fourth terms in (A6). These coefficients are negligible
compared to the first term coefficient of Re(4) in (Al).
Unless Af is very close to (2n+1)w/2, Re(A4) will have
the correct sign, and arg(A4) can be used as a flag for
checking the angular rotdtion of A.
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