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Fig. 4. Power focusing relative to power at the center versus R for ¢ =

90 degrees.

comes focused near the center of the cylinder. At low frequency
(i.e., A is small where displacement current is negligible) there is
no focusing. ‘

IV. CONCLUDING REMARKS

While the present model is highly idealized, it does show that,
with a cos ¢ excitation, the power can be focused on the axis of
the cylinder. To deal with a cylinder of finite length and an actual
wire loop, a three-dimensional analysis is required, but we can as-
sert that in the principal plane of the loop, the result should be
qualitatively similar to the two-dimensional model. Of course, for
a practical scheme, we would limit the cylinder radius a to reduce
the peripheral heating.
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Abstract—The small-signal S parameters of an inverted In-
GaAs /InAlAs /InP heterojunction bipolar transistor are measured at
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39 bias points covering the entire useful bias region. Small-signal model
fitting is performed at each bias point. The results of the small-signal
model fitting show that in this device it is sufficient to take five intrinsic

_elements of the model to be bias dependent. The methodology and the

results of the simulations are presented here.

I. INTRODUCTION

The heterojunction bipolar transistor (HBT) is rapidly emerging
as a significant device for applications at microwave frequencies.
Kim ef al. [1] have reviewed the GaAs device and IC technology
in detail. There has also been a rapid development of the InP /In(Al,
Ga)As HBT technology [2] and the inverted HBT structure is being
explored [3]. A small signal equivalent circuit model has been
developed [4] for this structure. However, for many microwave
applications, it is also necessary to have a large-signal model.

For large signal device modeling, the voltage and/or current de-
pendence of the model elements is required. The dynamic variation
of the element values has usually been assumed to be the same as
the static (or bias) variation. This assumption has been proved to
work quite well for many design applications. The popularity of
this quasi-static assumption is due to the simplicity of small signal
measurements and the subsequent modeling of transistors.

As a first step towards the large signal modeling, we have in-
vestigated the bias dependence of five intrinsic elements of the small
signal model of the inverted HBT having the layer structure shown
in Fig. 1. This has been done through small-signal S parameter
measurements and model fitting using the commercial software
Touchstone [5]. The results are presented in this paper.

II. PROCEDURE

Fig. 2 shows the HBT’s I-V characteristics. Small-signal § pa-
rameters were measured on wafer from 0.05 to 40 GHz at 39 dif-
ferent bias points. These were chosen along constant base current
(I) curves at different V,, values. Since this device has an f; of 23
GHz, measurements above 26 GHz were not used for modeling.
To reduce the computation time, only 16 frequencies were chosen.
These are 0.05, 0.1, 0.2, 0.4, 0.8, 1.6 GHz; 3to 11 GHz in 2 GHz
increments and 11 to 26 GHz in 3 GHz increments.

The small signal equivalent circuit is shown in Fig. 3. Initially
this model was fitted to measurements at the bias point of I, = 150
A, V., = 1.6 V. Due to the large number of parameters (element
values) in the optimization process, it is difficult to judge the phys-
ical validity of the optimized parameters. In order to test the valid-
ity of the clement values, a fit at zero bias (J, = 0 pA, V,, = 0 V)
was performed. Since at zero bias the device is passive (o, = 0)
and both R, and R, (= 1/g,) are very large, three of the five bias-
dependent elements are effectively removed. Therefore, a variation .
of only two bias-dependent elements (namely, C, and C,) should
result in a good fit at zero bias. The fit at (150 pA, 1.6 V) was
modified until the zero bias fit was also acceptable. Fig. 4 shows
the normalized deviation defined by

M-S
M

1
Normalized Deviation = —
39-Bias

where M is the measured and S is the simulated vector §-parameter
and the number of bias points used is 39. The deviation is typically
within 10% except for S, at low frequencies. Due to the small
magnitude of S}, at low frequencies, any error in its measured mag-
nitude or phase results in a significant error in the calculation of
the normalized deviation.
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Fig. 1. Vertical structure of the 5 X 10 um non-self-aligned In-
AlAs /InGaAs inverted HBT (not to scale).
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Fig. 2. Collector current (1) versus collector-emitter voltage (V,.) transfer
characteristics of the HBT, with 50 uA base current steps.

bey)
1]
o
L R R a®i L
BoonO| AR e PN I Rel n&
Cpe=F C L c 'J—R $ =C
be T ©s e—|‘ 123 o T “ee
T Vie
Rg
Le
1
E

sin (@ 7Tc/2) ¢ §@(%c/2+mTp)

olw) =0, 0T T2 T+ o5

, m=0.22

Fig. 3. Equivalent circuit model of the inverted HBT.

Normaiized deviation (%)

0 5 10 15 20 25

Frequency (GHz)

Fig. 4. Normalized deviation of the S parameter fit averagéd over 39 dif-
ferent bias points. .

TABLE 1
Fixep ELEMENT VALUES OF THE MODEL IN UNITS
Q fF, pH, ps
R, + R, 165 L, 30
C . * L, . 49
R, 17 L, 10
Ry 32 Cye 40
Te 1.42 C,. 31
Ty 0.72 Cy. 6.3

*Explanation in text.

The parasitic elements, C,,E, Cyes Ceo» Ly, L, L., contact resis-
tors, Ry, R., Rg, and the intrinsic base resistor, Rj,, were assumed
to be linear and invariant with bias. The base and collector trarisit

. times, 7, and 7,, weré also assumed to be constants. Due to the

heavy doping of the base, the basewidth and therefore the base
transit time does not change with bias. The existence of the base-
collector undoped transition layer makes the depletion width and
therefore 7, insensitive to bias. To a first approximation, the total
depletion width of this junction is w = (W? + w2)'/2 where w, is
the transition layer width and w, is the depletion width of the same
junction without the transition layer. For the device considered
here, the maximum change in total depletion width is less than 20%
for relevant values of V. Table I shows the fixed element values.
As a practical matter, it is found that since Ry, is much smaller than
R,,, it is impossible to separate C, (the extrinsic base-emitter de-
pletion capacitance) from C,, and R;, from Ry, in any meaningful
way. Thus in Table I we list R;, + R,,, rather than the individual
values of R;, and R,,. Furthermore in the discussion below of the

* bias dependence of C,, it sh()uld be kept in mind that the results

actually represent (C; + C,) rather than C, alone even though C,
is not bias dependent.

The five bias-dependent intrinsic elements are R,, C,, C,, «,,
and g,. Considering o, and g,,, the low frequency S,; and S,, values
(being insensitive to reactive elements and most sensitive to a, and
g.) were used for the manual tuning of these two elements. The
bias variatioiis of «, and g, as calculated from the'I-V character-
istics (Fig. 2) were taken as a starting point during this manual
tuning. «, and g, were then fixed during optimizations. The three
parameters R,, C, and C, were subsequently optimized.

III. ReSuLTS:

The results of the simulations are shown in Figs. 5-9. As ex-
pected, the variation of «, and g, agrees with the I-V characteris-
tics. g, increases as the bias approaches the saturation region, and
for large V,, and I, values when avalanching occurs. o, decreases
as bias approaches the saturation region and initially increases with

. increasing collector current béfore its value saturates. Fig. 7 shows

that R, has a strong inverse dependence on I;. Fig. 8 shows that C,
starts at 0.12 pF and increases monotonically with increasing I,.
The dependence of both R, and C, on I, agrees with the simple
homojunction case where R, = kT/ql, and C, = C;, + 7ql,/kT
where C, is the base-emitter depletion capacitance. Figs. 7 and 8
also show that R, and C, are relatively insensitive to V,,. At the
base eurrent of 150 xA, Fig. 8 shows a large variation in C, with
respect to V. This variation could be du¢ to the numerical optim-
ization routiné rather than physical phenomena. Fig. 9 shows that
C. varies with both V,, and I,. The inverse dependence of C, on
V., fits the simple pn-junction theory in that as V,, increases, V,,
also increases, and therefore C, decreases. Fig. 9 also shows that,
as *he bias approaches the saturation region of the I-V character-

Jstics, the dependence of C, on I, becomes significant. Close to
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Fig. 5. Plot of the current-transfer ratio («,) with variation in the dc bias.

..(

0011 \——0—0—0—0—""‘. T
oot T/-/I.—’P'Al”—n I
0.4 0.8 1.2 1.6 2.0

Vee (V)

Fig. 6. Plot of the output conductance (g,) with variation in the dc bias.

i \;\;\E |
100 F ~ b
[}
@ '-/\‘\/'
1F O, 1
04 0.8 1.2 1.6 2.0
Vce (V)
Fig. 7. Plot of the dynamic emitter resistance (R,) with variation in the dc
bias.
2.0 T T T T
16 -8 4
& 1t2f 1
8
+ 08 E
k4
o
04} E
0.0
0.4 0.8 1.2 1.6 2.0

Vee (V)

Fig. 8. Plot of the emitter-base diffusion and depletion capacitance (C, +
C,) with variation in the dc bias.

Ce (pF)

001 L L L )
Vee (V)

Fig. 9. Plot of the collector-base junction capacitance (C,) with variation
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saturation, as [, increases, V,, decreases and since ¥V, is small, the
increase in junction capacitance is significant.

IV. ConNcLusiON

A small signal model has been fitted to S parameter measure-
ments of an inverted InGaAs /InAlAs /InP heterojunction bipolar
transistor. The fit was determined over a set of bias values covering
the entire useful range of the I-V characteristics. As a result of this
measurement and modeling effort, it is clear that consideration of.
the bias variation of only five intrinsic elements is sufficient to ob-
tain a model valid over a large bias range. Further work on the
contribution of each bias dependent element to the overall inter-
modulation distortion and harmonic distortion is in progress.
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On the Representational Nonuniqueness of Uniform
Waveguide Eigenvalue Formulas

P. L. Overfelt

Abstract—In the following, we find that for uniform perfectly con-
ducting waveguides characterized by rectilinear boundaries and exact
eigenvalue formulas, such formulas are not representationally unique.
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