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Precisely Calibrated Coaxial-to-Microstrip
Transitions Yield Improved Performance
in GaAs FET Characterization
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Abstract — A new approach for calibrating coaxial-to-microstrip transi-
tions up to 26.5 GHz with high precision is presented. An ideal through,
noncritical open, noncritical short, and a surface absorber are used as
microstrip standards for the calibration. The calibration measurement and
a novel approach in extracting the scattering parameters of the transitions
are described. Error-corrected results on broad-band measurements of the
scattering coefficients of packaged FET’s in a hybrid circuit configuration
are given.

1. INTRODUCTION

HE PRECISE broad-band characterization of GaAs

FET’s from measurement data is necessary for the
development of physically based self-consistent device
models. This in turn will be helpful in understanding the
physical properties of the FET and in studying the influ-
ence of small variations in geometry and material parame-
ters on the electrical characteristics. In addition, these
device models may serve as a basic tool for computer-aided
design (CAD) techniques of nonlinear microwave circuits
such as amplifiers, oscillators, and mixers. As was con-
firmed by Vaitkus [1], the levels of uncertainty of extracted
model parameters depend strongly on the bandwidth of
the § parameters considered and on the S-parameter mea-
surement errors as well.

In general, the attainable accuracy is restricted to the
performance of the coaxial measurement system uwsed,
mostly a vector automatic network analyzer (ANA), and in
particular to the calibration method applied to characterize
the coaxial-to-microstrip transitions of a microstrip test
fixture. In a one-step calibration procedure, the complete
measurement setup comprising the ANA and the con-
nected coaxial-to-microstrip transitions is used for calibra-
tion. This approach has not been followed in this paper,
because any calibration verification test would give only
information on the total measurement system uncertainty.
On the other hand, a two-step calibration of the measure-
ment system, which means network analyzer calibration
prior to system calibration, is more suited to separate the
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residual calibration errors due to the ANA used and the
coaxial-to-microstrip error-parameter extraction procedure
employed.

Many authors have been engaged in the field of ANA
calibration techniques with microstrip reference planes in-
volved. One of the main shortcomings of the proposed
procedures is the repeated disconnection and reassembly
of the coaxial-to-microstrip transitions within a set of
calibration runs, which may result in uncontrollable repro-
ducibility errors. This has recently been outlined by Shep-
herd et al. [2], [3]. Bauer et al. proposed a redundant set of
measurements in order to minimize the repeatability prob-
lem [4]. It should be noted that similar problems exist with
microwave wafer probes for on-wafer measurement [5], [6].
Shurmer placed the reference standards directly in the
microstrip medium, thus avoiding any disturbance of the
coaxial-to-microstrip transitions during calibration [7].
However, as reported by Dunleavy er al. [8], the repeatabil-
ity of the required microstrip-to-microstrip interconnec-
tions is considered to be unsatisfactory.

Furthermore the attainable measurement accuracy de-
pends largely on the calibration procedure applied, the
reference standards referred to, and the quality of condi-
tioning of the defined set of equations for the error-param-
eter extraction. For instance, Shurmer [7] and Da Silva
et al. [9] proposed open- and short-circuit microstrip cali-
bration standards for the extraction of the reflection coef-
ficients of the transitions. As is well known, such highly
reflective standards cannot be described precisely. Conse-
quently, even small uncertainties in the description of the
standards lead to extremely large errors, as has been
demonstrated e.g. by Moser [10], using four short-circuited
microstrip lines with different incremental lengths. Similar
error-parameter extraction problems exist with the calibra-
tion proposals given in [2], [3], [7], and [11]. These experi-
ences agree well with the conclusion of Glasser [12] that
the error grows in regions of the Smith chart that are
remote from the location of the standard loads.

Novel calibration procedures have been developed re-
cently based on transmission line standards, eliminating
the requirement for precise knowledge of the terminations
used [13]-[15]. In addition to noncritical highly reflective
standards, such as open and short, two different lengths of
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Fig, 1.

The developed microstrip test fixture.

transmission lines are generally involved. The line differ-
ences are usually chosen to be approximately a quarter
wavelength at the center of the frequency range to be
covered. The equations derived for the transition parame-
ters will become ill conditioned for length differences of
the order of a multiple of half-wavelength, as is demon-
strated by the results given in {16]. An examiple of the
successful approach of the TRL method (thru-reflect-line)
in microstrip media at low frequencies of 2-8 GHz is
reported in [17], which examines the response of a micro-
circuit amplifier.

The motivation for developing the calibration method
proposed in this paper comes from the following. Any
random error which may originate in any variation of the
coaxial-to-microstrip transitions should be avoided. The
electromagnetic field of the active device interacts with the
environment of the installation; i.e., the measured scatter-
ing coefficients are dependent on the substrate material
and the grounding techniques used. With respect to hybrid
technology, it is necessary to test the active device in a
situnation which is similar to the final microstrip applica-
tion. The principal ideas of the novel approach were pub-
lished earlier by the authors [18] neglecting the radiation
loss of the open standards. This restriction has been over-
come in this paper, which proposes an iteration procedure
for the determination of the error-parameters of the coax-
ial-to-microstrip transitions.

II. METHOD OF CALIBRATION
A. Measurement Procedure

The calibrated microstrip test fixture developed for
highly accurate characterization and modeling of planar
microwave transistors is shown in Fig. 1. The two halves of
the fixture are compact mechanical and electrical units
yielding high transition rigidity. A simplified representa-
tion of the microstrip text fixture is shown in Fig. 2. The
coaxial input and output reference planes 1’ and 2’ coin-
cide with the ANA calibration reference planes. The mi-
crostrip reference planes are denoted by ports 1 and 2. The
S-parameter notation of the cascaded two-ports has been
chosen according to [19]. Each of the microstrip lines has a
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Fig.-2. Definition of the reference plahes and scattering parameters of
the microstrip test fixture.
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Fig. 3. Series of calibration steps and used standards.

length of about 25 mm, thus avoiding any interaction of
the device and adapter discontinuities via higher order
microstrip modes. The measurement of the device is per-
formed after calibration with regard to the microstrip
reference planes which coincide with the gate and drain
terminals of the device mounted on a fixture insert. Tran-
sistor chips are eutectically bonded on the central carrier
between the two halves of the fixture and are wire-bonded
to the microstrip lines.

The calibration procedure of the microstrip test fixture
is performed as follows (Fig: 3). In a first step the two
halves of the fixture are assembled so as to support a
whole microstrip substrate with a continuous 50 £ homo-
geneous microstrip line. In this case the microstrip refer-
ence planes 1 and 2 are identical; i.e., the configuration
represents an ideal “through” standard. The calibrated
network analyzer measures the forward and reverse reflec-
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tion, as well as the transmission coefficient. The ideal
through configuration of step 1 is then used to measure the
outer eigenreflection coefficients of the transitions by em-
ploying the sliding load technique (step 2). At low frequen-
cies this measurement is replaced by a fixed load measure-
ment (step 5). In a third step the microstrip substrate is
carefully cut through along the defined microstrip refer-
ence planes. The nonideal open reference standards, which
are assumed to be identical, are then measured. Finally,
the open-ended microstrip lines are terminated one after
another with the same short-circuiting device, and the
input reflection coefficients are measured (step 4).

B. Error-Parameter Extraction

The reflection coefficient SU with p=1,2 is first de-
rived using either the sliding load technique (step 2) or the
fixed load measurement at low frequencies (step 5). The
measured input reflection coefficient I'{*) of transition p
terminated with the sliding load reflection coefficient
T (1) = I'q (O)exp(—27/) can be written as

(84)’S*| Ty, (0) 2
1- T (0) S

2
(S42) T, (0)]
T e (1)
1- IFSL(O) Sz(ﬁi)[

with the phase angle ¢(/) dependent on the absorber
displacement / and transmission line loss neglected. With
|S$), |Te (0)| =<1, the center of the reflection circle is
approximately S{#). Under worst-case conditions with
|SU| =S =T (0)]=0.2 and [S{|=1 this assump-
tion yields a magnitude error of 0.008, or 4 percent, and a
phase uncertainty of 2.4°. With regard to random small
variations in the magnitude of the measured input reflec-
tion coefficients due to displacement errors of the sliding
load as well as economy of calibration time, five different
positions of the sliding load have been proved adequate.
The evaluation of the center of the input reflection circle is
performed using a least-squares fitting procedure, as de-
scribed e.g. in [20] and [21]. With respect to the defined
small number of load positions, the evaluation of the
center is always verified by a repeat measurement.

At low frequencies the sliding load is replaced by a fixed
load, terminating the open-ended microstrip lines with a
50 © chip resistor. In this case the attenuation of the
surface absorber would be insufficient so that parasitic
reflections at the opposite transition would contribute to
the input reflection coefficient T{*:

(1)

2
= Sit7+ (S37) (£ exp (2vls) + £exp (—2v1) )

)

with sliding load transmission coefficient { and reflection

coefficient . The surface absorber was constructed from
ferrite material MF 124. The absorber length /g was 20

T =S+

exp (jo(1))
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Fig. 4. Error-corrected measured magnitude of reflection coefficient of
the 50 Q fixed load and curve fitting by least squares.

mm. With worst-case values for the magnitudes of S{
and S{4” equal to 0.1 at 10 GHz and a permitted error of 5
percent in the evaluation of S{%, a minimum attenuation of
12.6 dB is required. As could be shown by measurement
this is fulfilled by the sliding load configuration at
frequencies of 7.5 GHz and above. Fig. 4 shows an
anticipated result on the error-corrected measured
frequency-dependent magnitude of the fixed load reflec-
tion coefficient I'y;. Defined as an ideal matched load at
low frequencies during calibration, the error-corrected data
simulate zero reflection up to about 7.5 GHz. At higher
frequencies the fixed load is unknown in the sense of
calibration; 1.e., the smooth curve describes the physical
features of the load realistically. By fitting the curve of the
error-corrected data, an error estimation for the lower
frequency range can be made. A maximum magnitude
error of 0.016 and a maximum phase error of 8° are
attained at 7.5 GHz.

The determination of the transmission coefficients of the
transitions starts with the measured input reflection coeffi-
cients I'{* and T{* of shorted and open-ended microstrip
line (steps 3 and 4), which may be written as

(S(n))zr

(1) = g(w) 4 2721 ] 7o -

¥ =81 + 1— ST, (r=1,2) (3)
ST

) = Q) 4 =2 ~5 -

LW =S +1—S2(§)Fs (n=1,2). (4)

It should be noted that a knowledge of the square of
S4? is sufficient for the de-embedding procedure of one-
port devices, whereas two-port measurement corrections
require the product of the two transmission coefficients of
the coaxial-to-microstrip transitions. Eliminating S, the
square of S{” is

oy = (Lo L) - sw)(sip - 1)
AL T (T — 1)

Ry [

(r=1,2). (5)

With the physical open and short reflection coefficients T,
and I described as

I,=(1-38,)exp(jg,) (6)
I=—(1-8)exp(jo,) ()

and with §,,8,, ¢,], |¢,| <1, the mixed termination term
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(71 =T, 1) can be approximated as
5, +86 ¢, + ¢,
LT e 2 e (8)

where §, represents radiation loss of the air-terminated
microstrip lines, and &, skin loss in the short circuit. As
will be evident from error-corrected open and short mea-
surements, §, turns out to be zero in a first-order estima-
tion and 8,<0.06 for the substrates used over the full
frequency range. As is well known, the fringing ficld at the
microstrip open end increases the electrical length of the
line. The short-circuiting device comprises a small spring-
loaded gib key which ensures a good contact to the mi-
crostrip. This special construction yields a decrease in the
electrical length of the line. Moreover, as will be shown
later, the absolute values of the excess phases are approxi-
mately equal. Thus, (8) is simplified as

)
R*—n*=—4ywﬁ. (9)

2

In an earlier paper [18], the mixed term has been chosen
equal to —2, meaning that extraction errors for S§ and
S result mainly from neglecting the radiation loss of the
open-ended reference standards. In this paper improved
extraction values are obtained by a subsequent iteration
procedure taking into account the measurement result of
t,;. Regarding the ideal through configuration, the mea-
sured overall transmission coefficient ¢,; refers to the true

transition scattering coefficients:
1 2
o _stsg
21— D) *
1- 55

(10)

The calculated transmission based on the extracted first-
order error parameters for the transitions as described in
[17] may be written as

)cal

Iy1,cal = (

1 2) " 1 2
SWSP = (SWSP)

S
21 121 . (11)
1= 5@sP

Assuming

(12)

the following relationship for an improved value for the
product S{PSP can be found:

’ In
D) ~ D@ [
SIS = (SSP) ca

(13)

21 cal

From (5) the ratio of the square value of the transmission
coefficients S{}’ and S{P’ yields

s’
)

As can be seen, the mixed termination term has been

1 1 1 1 2 2
2 2 2 2 1 1

=C. (14)
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Fig. 5. Error-corrected measurement of the magnitude and phase of the
short and open standard.

dropped. From (14), the following relation can be derived:

2
()" = cssg

(s§) = c Vs
With (13), this results in
(80) = 85131/ 31 ca 9)

N2 _ 120D
(Sél)) =CV SZ(I)SZ(I)t21/l21,ca1

The sign of S{S$P for two-port error correction can be
directly derived from the measured transmission coeffi-
cient t,, of the ideal through. With t,, = S{P)S the fol-
lowing relation can be found for the sign determination:

(17)

with the decision interval € chosen to be 35° according to
experience and @ as the phase of S{PS{P. The quantity m
is chosen equal to 0 (positive sign for the transmission
product) or 1 (negative sign) to satisfy the relation. The
error 8(S{Y?) resulting from small uncertainties in the
determination of the reflection coefficients S{#* and (I,!
—~T;71) can be estimated as

|6+ mm —arc(t, )| <e

25

S(Sz({”z) == T(® — T

3. (18)

As will be proved, (18) yields only a second-order error
effect on the total calibration uncertainty of the fixture
used.

The reflection parameter S§& is derived from the reflec-
tion measurements of the through-line configuration and
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Fig. 6. (a) Measured and error-corrected amplitudes of § parameters of packaged GaAs FET NE 71083 on CuClad
substrate material. (b) Measured and error-corrected phases of § parameters of packaged GaAs FET NE 71083 on CuClad

substrate material.

all error parameters thus far evaluated. The input reflec-
tion coefficients of the cascaded transitions can be ex-
pressed as

Sis®)

() — qpy 4 == ==
W s

(19)

with (u,») = (1.2) and p+#v. After some mathematical
manipulation the following equation for S{’ can be de-

Si°ssy)
2(s{p - T{w)

1

(T = s ) (I = sP) | 2

1+4 So7

1(1) . (20)

The upper negative sign is valid, as can be proved e.g. for
I =8, With [S{S{| <1 equation (20) can be ap-
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proximated as

sy~ (0" - sfp) /sip” (21)
with (u,7)=(1,2) and p# ». This approximate formula
involves an error multiplication factor of (1— S{#S{).
With a typical maximum value for the magnitude of the
reflection coefficients of about 0.2 for higher frequencies,
the approach results in a maximum magnitude error of
0.008, or 4 percent, and a maximum phase error of 2.3°.
To save computer time, (21) has been used for calibration
in this paper.

With the uncertainties of all extracted parameters known,
a total error estimation for the test fixture can be at-
tempted. A critical test is given by the input reflection
measurement I' of a highly reflective load T, . Starting with
the bilinear transformation

STy

r=$,+—-—
n1-s,T,

(22)

with the braced transition indices neglected for clarity, the
uncertainties of I, dependent on the extraction errors of
the scattering coefficients can be derived from the expres-
sion

1-T
SFL = S2_12 - 8S11 - I‘28S22 + "§2‘~8S221 . (23)
21

With

88, = — 85,788, (24)
and the last term neglected because of the second-order

effect, 81', becomes

8T, = — 852(1— $5,2T'%) 88y, (25)
An upper bound of the error magnitude is given by
18T, <185 1188,l(1+ IS57I1T)- (26)

With (1) and (2), [8];| can be evaluated assuming typical
values of |S,|=|Sy,|=0.15 |SZ|=0.75, [a|*>=0.016,
T l=0.2, and |I'|=1:

T.
—lsk_l__._’,_‘_lalz 1+ —
1= |l $5nl"

LIRS (
t 1S3

)|S22| =0.0196.
(27

As a result, regarding highly reflective terminations such as
short and open circuits, an uncertainty of about 0.02
should be expected.

II1. EXPERIMENTAL RESULTS

Measurement has been carried out on a low-dielectric
substrate material such as CuClad 250LX with a dielectric
constant ¢, =2.5 and a substrate thickness 7= 0.0129 in
and on the high-dielectric substrate material DiClad 810

67

10
08 N
1S1 0.6 ay irmm——
0.4 AR
. ! :
0.2 IR
0.045 GHz 265
180 {
90 "\,\
arc{Sy) 0 *\
- 90 AN
. I L [ Vs
B o
— I
0045 GHz 265

Fig. 7. Measured and error-corrected reflection coefficient §;; of pack-
aged GaAs FET NE 71083 on DiClad substrate material.

with a dielectric constant of 10.2 and a thickness of 0.025
in. The latter was specially chosen as a preliminary substi-
tute for the conventional rigid Al,O, ceramics.

Fig. 5 shows typical results of the measured and error-
corrected frequency-dependent reflection coefficients of
the open and short circuit on CuClad material used for
calibration. It should be emphasized that the individual
open and short standards are initially unknown regarding
their reflection coefficients. Only the mixed term (I, ' —
I';Y) has been used for error parameter extraction. There-
fore the smoothness of the amplitude and phase traces of
the plotted curves gives information on the quality of
calibration. The ripples of the error-corrected magnitude
of the reflection coefficients can be found to be approxi-
mately 0.025, which agrees well with the derived fixture
uncertainty under consideration of any residual errors due
to the calibrated analyzer system. The plotted error-cor-
rected phase curves of the open and short show a small
ripple range of only 2° within the discussed frequency
range.

Fig. 6(a) shows the measured and error-corrected ampli-
tude of the scattering parameters of a packaged 0.3 pm
MESFET of the NE 71083 type using CuClad substrate
material. The calculated de-embedded smooth traces indi-
cate the high-quality performance of the procedure. Fig.
6(b) shows the comparison of the measured and de-
embedded phases of the S parameters. The electrical delay
of the NA had been adjusted for the measured phases to
compensate the phase shift of the transition for clearer
representation. Fig. 7 shows the scattering coefficient S,
of the same transistor using high-dielectric DiClad. The
different results of the de-embedded data seem to confirm
a severe influence of the microstrip substrate on the §
parameters of the device under test.
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IV. CONCLUSION

In this paper a calibration technique 1s proposed that
yields a highly accurate characterization of coaxial-to-
microstrip transitions in a broad-band frequency range
from 45 MHz up to 26.5 GHz. The method has been tested
with the HP 8510A network analyzer. The accuracy at-
tained is based on the fundamental idea that low-value
transition parameters should be derived only from low-
value measured reflection terminations. Physical open-cir-
cuit and short-circuit standards could be applied to the
extraction of high-value transmission coefficients of the
transitions. The high performance of the calibration ap-
proach discussed was demonstrated by comparing the
measured and error-corrected scattering parameters of a
packaged GaAs FET in various microstrip media.
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