










gives us an opportunity to find the presumed constant delay
that has been added by introducing the HFET between
the two reference planes shown in Fig. 8. Finding the
delay amounts to simulating the complex s21 parameters
for the lumped circuit (τ = 0) and comparing it to the
measured s21(ω) data that has been shifted by −τ , where
τ is the guessed value. The matching error between these
two curves is obtained by summing all the squares of
the radial distance between the points in this locus. As
the guess value of τ is varied, the error exhibits a clear
minimum, hence a simple bisectional search algorithm
quickly determines the value of τ that gives a shifted
measured data curve closest to a circle. The results of this
analysis is shown in Fig. 10, where the dashed line shows
the originally measured s21(ω) in the complex plane and
the full lines shows the same data, but optimally shifted by
τ =1.51 ps to produce a shape that is closest to a circle.
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Fig. 10: Plot of raw and compensated characteristic s21 .

It is important to note over what range of frequencies
or s21(ω) one should attempt to fit the measured data
to the ideal circle centered at r + i0. We found that
the preferred frequency interval is ω1 to ω2, where the
Im(s21(ω1)) is the maximum and Im(s21(ω2)) the min-
imum of Im(s21(ω)). These two end frequencies obey
ω2ω1 = ω2

m. It is clear from (13) that there is a relationship
between the frequency and the angle θ. It turns out
that the exact values of frequency can be found from
our heuristic choice in which the fit should be done in
the interval −π/2 ≤ θ ≤ π/2. Note that the largest
deviation between the exact circle and the measured data
occurs at ω2 (θ ≈ −π/2), while the smallest deviation
is at the opposite frequency end. The contribution of the
deviation beyond ω2 decreases, while the errors due to
the eventual presence of inductance and noise towards
highest frequency increase. In Fig. 10, the fit was done
as described and hence the dip resulting from the inductor
resonance was not included in the error computation.

It is important to note that the delay τ was defined
to account for the distributed nature of the HFET. It does
not relate nor alter the transit time of the HFET. The delay

computed here may be used in a HFET model in the active
operation, when gm > 0.

V. MEASUREMENT PROBLEMS

The essential limitation to the application of the pre-
sented method is the requirement to have clearly visible
maximum in the |s21(ω)|2 graph. This means that the
requirement can be expressed as: the maximum measure-
ment frequency ωmax

vna must be higher than the charac-
teristic coupling frequency ωm. Without this condition
met, we cannot evaluate ωm and g. Note that C3 can
always be obtained from the +20 dB/decade line below the
characteristic coupling frequency ωm. Unlike the transition
frequency of a HFET, which does not depend on the
periphery of an HFET, ωm is inversely proportional to
the HFET periphery, hence the smaller HFET, more likely
will it happen that on a given vector network analyzer it
will exceed the maximum measurement frequency.

Without ωm visible, one could apply the method to a
simpler structure: a symmetric gap. This is illustrated with
a gap built into a coplanar waveguide on a PCB shown in
Fig. 11 with |s21|2 measurements shown in Fig. 12.

Fig. 11: Optical micrograph of fabricated CB-CPW gap on a PCB with
parameters: substrate thickness h = 0 .508 mm (Rogers RO4350BTM);
metal thickness t = 35 µm, solder mask s = 0 .02 mm, trace width w
= 0.860 mm, ground-to-trace separation d = 0 .380 mm and input-to-
output trace gap g = 0 .250 mm. Dielectric permittivities are ϵs = 3.66
(substrate) and ϵsm = 3.7 (solder mask).

It is clear that the maximal measurement frequency
ωmax
vna is below ωm and that the peak is not visible.

However, what is visible is the compression in the |s21|2
curve. The compression K is defined as the ratio of the ex-
trapolated low-frequency line and the actual measurement
at the highest frequency of measurement. We estimate the
parallel capacitors Cp = C1 = C2 value from K. The value
of Cp is determined by numerically solving (14), which
is 4th order polynomial of Cp:
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The solution of (14), using values from Fig. 12 for
fK =40GHz, Cs =17.8 fF and K = 1.43, is Cp =
13.9 fF–value of Cp is in reasonably good agreement with
the values obtained using [2] (10.2 fF) and [4] (8.9 fF).
The resulting characteristic coupling frequency fm ≈
120GHz.
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Fig. 12: Scattering parameter measurement of structure in Fig. 11. K
is ratio of extrapolation (magenta) and averaged measurement (green)–
the difference between two black diamonds marked on the smaller plot.
To increase precision of extraction π-capacitor model, we averaged raw
measurement (blue) to smooth out the ripple which is caused by reflection
between edge connectors of the PCB.

Even with the characteristic coupling frequency visible,
the ability to extract C1 and C2 greatly depends on the
measurement error in obtaining the exact values of χ and
|s21|2. These are subject to error depending on the quality
of the thru calibration. We provide Fig. 3 to assist in
deciding whether the measurement makes sense. This type
of problem is the most common problem preventing the
use of the presented method for obtaining the asymmetric
gap capacitances.

VI. CONCLUSION

We presented an alternative approach to obtaining the
equivalent circuit model of a HFET in deep pinch-off
from calibrated s21 measurements and demonstrated the
method on a commercially available AlGaN/GaN het-
erojunction field-effect transistor. The advantage of the
method lies in the reduced requirement for the accuracy of
the calibration reflection standards. However, the method
is more sensitive to the absolute |s21|2 measurements.
The visibility of the characteristic coupling frequency ωm

in the measurement frequency range is essential for the
method to be applied.
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