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Abstract— A waveform measurement technique has been suc-
cessfully used to extract the large-signal nonlinear characteristics
of microwave power heterojunction bipolar tramsistors. The ex-
tracted model parameters were compared to those extracted from
dc and small-signal parameters in a conventional manner. It was
found that, for high input drive conditions, the present model
predicts a much longer collector transit time than the conven-
tional model. Therefore, the present model is more consistent
with the physical structure of the transistors and more suitable
for evaluating future design improvement.

1. INTRODUCTION

RADITIONALLY, large-signal models of microwave

transistors are extracted from dc I-V characteristics and
bias-dependent small-signal S-parameters. The model is then
verified against load-pull measurement data. This traditional
approach often has several drawbacks: 1) discrepancy between
dc and small-signal characteristics due to time-dependent
trapping effects, 2) limited bias range of dc and small-
signal data due to thermal and oscillation problems, 3)
error in load-pull measurement, and 4) nonphysical model
due to numerical optimization techniques. In comparison,
time-domain waveforms under real operating conditions
accurately reflect the transistor nonlinear characteristics
[1]-[6]. Therefore, it is desirable to extract and verify a
large-signal model based on the measured waveforms. Further,
before such a technique is fully developed, it will be beneficial
to refine the traditionally constructed large-signal models
using the measured waveforms beside load-pull data. This
is especially true when the large-signal model is harmonic-
balance based, and the power amplifier design requires careful
termination of harmonics.

Recently, the intrinsic nonlinear drain current source for a
MESFET or MODFET has been extracted from the measured
waveforms, assuming all other parametérs, such as the delay
time, are known from bias-dependent S-parameters [7]. As
for HBT’s, the intrinsic base-emitter and base-collector wave-
forms of an HBT have been measured and compared to that
predicted by a conventional model [8]. This paper expands
on [8] by reporting a modified modeling and characterization
technique in detail. In particular, the measured waveforms are
directly used to extract the nonlinear characteristics of the
intrinsic HBT junctions. The base-collector capacitances are
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Fig. 1. Schematics of the waveform measurement setup. The HBT under
test is contacted by a pair of 40 GHz wafer probes, followed by a pair of
bias-T’s. Broad-band couplers and switches are used to allow up to the seventh
harmonic signals to be measured. An HP 71500A transition analyzer is used
to measure the harmonic magnitudes and phases of the input, reflected and
transmitted signals.

allowed to vary with both the collector voltage and current,
while the collector current source is made proportional to only
the conductive part of the emitter current. A vector error-
correction procedure is used, resulting in improved speed and
accuracy.

II. WAVEFORM CHARACTERIZATION TECHNIQUE

The waveform measurement set up is depicted in Fig. 1.
An HP 71500A transition analyzer is used to measure the
harmonic magnitudes and phases of the input, reflected and
transmitted signals. Broad-band couplers and switches are used
to allow up to the seventh harmonic signals to be included. The
HBT is contacted by a pair of 40 GHz wafer probes, followed
by a pair of bias-T’s. The voltage waveforms measured by the
transition analyzer are transformed to the voltage and current
waveforms at the HBT, once the S-parameters of the input and
output circuits are known. An HP 8510B network analyzer is

“used to characterize the input and output circuits. The overall

calibration procedure is described next.

The present calibration procedure takes into account all the
error terms, such as losses, leakages, and source and load
mismatches. As shown in Fig. 2, the input of the incident
coupler is designated Port 1, while the input of the HBT is
designated Port 2. Port 3 is the output of the incident coupler.
Port 4 is the output of the reflection coupler. On the output
side, Port 5 is the output of the HBT, while Port 6 is the output
of the second bias-T. The input circuit between Ports 1 and 2
can be described by a 4 x 4 scattering matrix S™N, while the
output circuit between Ports 5 and 6 can be described by a 2
x 2 scattering matrix SOUT. Let a; and by be the incident
and reflected wave parameters at the Ith port. Assuming the
inputs to the transition analyzer are perfectly matched, then
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Fig. 2. S-parameter representation of the measurement setup. The voltage
waveforms measured by the transition analyzer of Fig. 1 are transformed to
the voltage and current waveforms at the HBT, once the S-parameters of the

input and output circuits. S™N and SOUT are known.

a3:a4:a6:0and
by = S1101 + Si209 ey
by = Sy1a1 + Sazaz 2
bz = S31a1 + S32a2 (3)
by =Sy1a1 + Siaz C)
b5 = 555(15 (5)
be = Sesas- (6)

From (1)—(6). the incident and reflected waves at the HBT
(ag, by, as, and bs) can be calculated from the waves measured
at the transition analyzer (b3, b4, and bg), according to the
following

ag = (—S41b3 + S31b4) /(531842 — S32841) (7
by =[(S21542 — 522541)bs

~ (821532 — 520531)b4]/(S31542 — S32841) (8)
as = bg/Ses ©
bs = (Ss5/Ses)be. (10)

Therefore, the voltage and current waves at the HBT can be
calculated according to

Vs = V/Zo(az + b2) (11)
I =(1//Zo)(az — b2) (12)
Ve =/ Zo(as + bs) (13)
Ie =(1/\/Zo)(as — bs). (14)

Equations (1)-(14) are equally valid for the fundamental and
harmonic signals, provided the input and output circuits have
been characterized at each harmonic frequency. For practical
use, any additional components such as cables, connectors and
attenuators are included in the calibration of the input and
output circuits, placing Ports 3, 4, and 6 right at the transition
analyzer. The attenuators are used to help protect the transition
analyzer and to ensure negligible reflection.

With the above calibration procedure, the error of the
present technique is mainly dependent on the instrument
accuracy. The transition analyzer is estimated to cause an error
of 12% and 12° in the magnitude and phase of by, respectively.
The network analyzer is estimated to cause an error of 3% and
5° in the magnitude and phase of Sy;, respectively. Therefore,
the worst-case error is 16% in magnitude and 20° in phase.
In practice, the measurement was reproducible to within 5%
in magnitude and 7° in phase.
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Fig. 3. HBT hybrid-T equivalent circuit. For typical operations with a re-
verse-biased base-collector junction and without breakdown, the base-collector
conduction is negligible. Contact pad capacitances are not considered because
calibrated wafer probes are used.

TABLE I
SMALL-SIGNAL MODEL PARAMETERS EXTRACTED
FroM S-PARAMETERS Vop = 2 5V I = 25 mA

Bias-Independent Bias-Dependent
Parameters Parameters
Ry =049 Q Ry =150
R.=0.170 Cez = 3.1 pF
R, =0790Q Cgx = 0.18 pF
L, =76 pH Cyc = 0.17 pF
L. = 78 pH a, = 0.98
L, = 8pH 7= 0.5 ps
Ry =190

III. HBT MODELING METHOD

The HBT input and output waveforms have been measured
under various bias and drive conditions. To extract the intrinsic
characteristics from the measured waveforms, it is necessary
to extract first the HBT parasitics from bias-dependent S-
parameters. As shown in Fig. 3, a hybrid-T equivalent circuit
was used in conjunction with a previously developed direct
extraction method [9]. Notice that, for typical operations with
a reverse-biased base-collector junction and without break-
down, the base-collector conduction is negligible. Contact
pad capacitances are not considered because calibrated wafer
probes are used. Constant values for terminal resistances and
inductances (Rp1, Ro, Rg, L, Lc, and Lg) were obtained
from the open-collector S-parameters. The base resistance, as
well as the intrinsic and extrinsic base-collector capacitances
(Rp2,Cpe, and Cgx ) were obtained from the S-parameters
under 56 typical bias conditions. Since Rpgo exhibited little
bias dependence, an average value was subsequently used for
all biases. Cgc and Cgx, on the other hand, were fitted to
the following formula

Cgc =[(1—v)/7]Cex
Cex =c1+ c2y/[(es — Ic)/(ca — Vron)]

where c¢1, ¢z, cs,c3, and vy are fitting constants. B’ and C’
refer to the HBT internal nodes as indicated in Fig. 3. As an
example, Table I lists typical small-signal model parameters
for one particular bias point.

Knowing the terminal resistances and inductances, Vg, Ve,
and Vg are first transformed into the internal values of V}, V{,
and VI, respectively, using standard frequency domain tech-
niques. Next, both the current and voltage waveforms are

5)
16)
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Fig. 4. Measured extrinsic (—) voltage and (. ..) current waveforms at the
base and collector, under a 2 GHz, 11 dBm input drive. A delay of the collector
current with respect to the base current is apparent.
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Fig. 5. Measured extrinsic characteristics of base current versus base-emitter
voltage. The input power is varied from 8, 10, 11, to 12 dBm. The contours
contain large loops, indicating that the displacement current dominates the
conduction current due to the base-collector capacitances.

transformed in the time domain into the most intrinsic values,
Iy, Vj and I according to the following

I'B=1Ig— Cgx0Vpgic /Ot an
Vi = V],B - RBQIIB (18)
IIC =Ic+ CgxOVpicr /Ot + CBcavBuC//at. (19)

Equations (15)—(19) can be solved iteratively by first assuming
Cpc and Cgx to be constant. Self-consistent values are
usually achieved after one or two iterations. Thus, we can
now examine the intrinsic characteristics of the HBT, namely,
how Ir changes with Vprps and how I, in turn varies
with Ig. By analyzing how Ip changes with Vpn g/, Ig can
be separated into conduction current (I%) and displacement
current (0Q pg/0t). Ultimately, the most intrinsic diode char-
acteristics I;(Ig) can be found.

The present results are based on npn GaAs/AlGaAs HBT’s
having an emitter area of approximately 300 pm?. The current-
gain cutoff frequency and the maximum frequency of oscil-
lation are in the range of 30-40 GHz. Details of the HBT
design and performance have been described elsewhere [10].
Because the primary purpose of this study is to demonstrate
the modeling and characterization techniques, the HBT is
conservatively biased Class C with Vpg = 0.8 V and Vog =
4 V. The input drive at 2 GHz was varied from 2-18 dBm. The
maximum drive level is approximately 3 dB below satutation.

IV. RESULTS AND DISCUSSION

Fig. 4 shows the measured extrinsic waveforms of
Vs, Ip, Vo, and I under a drive level of 11 dBm. A delay
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Fig. 6. Measured extrinsic characteristics of collector current versus collec-
tor-emitter voltage. The input power is varied from 8, 10, 11, to 12 dBm.
The load contours are greatly elongated, reflecting the 50 €2 load impedance
of the measurement set up.
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Fig. 7. Measured intrinsic characteristics of emitter current versus
base-emitter voltage. The input power is varied from 8, 10, 11, to 12 dBm.
The base-emitter characteristics measured at dc is included for comparison.
Compared to Fig. 5, Fig. 7 is dominated by diode-like conduction, with only
small loops reflecting the intrinsic base-emitter junction capacitance. (—)
2GHz. (W) de.

of I with respect to Ip is apparent. To further visualize
how these waveforms are related to each other, Figs. 5 and
6 depict the RF load contours under various drive levels at
the base and collector terminals, respectively. It can be seen
that the base contours contain large loops, indicating that the
displacement current dominates the conduction current due to
the base-collector capacitances, thereby masking the intrinsic
characteristics of the base-emitter junction. In comparison,
the collector contours are greatly elongated, reflecting the
50 €2 load impedance of the measurement set up.

Figs. 7 and 8 show intrinsic contours of Ig(Vpig:) and
I.(Ig), respectively. Compared to Fig. 5, Fig. 7 is dominated
by diode-like conduction, with only small loops reflecting the
intrinsic base-emitter junction capacitance Cpg. In Fig. 8 the
contours extend along a 45° slope with increasing drive level.
In addition, unlike the extrinsic collector current (Fig. 6), the
intrinsic collector current is almost always positive.

If only the conductive part of the emitter current, I%;, is
considered, the contours of I, (I};) would coalesce into simple
lines. Here I}, is simply taken as the average of Ir between
the positive and negative swings at the same Vg g

2 =[e(Verp)+ Ie(=Vrp)]/2
8Q55/0t =In — L.

From this point on, it is relatively straight forward to model
the base-emitter current conduction and charge storage in the

(20)
ey
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Fig. 8. Measured intrinsic characteristics of collector current versus emitter
current. The input power is varied from 8, 10, 11, to 12 dBm. The contours
extend along a 45° slope with increasing drive level. In addition, unlike the
extrinsic collector current (Fig. 6), the intrinsic collector current 1s almost
always positive.

TABLE 1T
LARGE-SIGNAL MODEL PARAMETERS EXTRACTED FROM WAVEFORMS
Emitter Emitter Collector
Conduction Displacement Conduction
Current Current Current
I = 1.7X10°Y A Cy = 0.44 pF oy = 0.99
n.= 1.4 V=20V I, =087A
L =12x100%A 75 = 0.1 ps 7¢=3.2ps
n, =20
time domain. Following the Ebers-Moll model
IIE = Ip[exp (qVBHEr/TLFkT) - 1]
+ Iy, [exp (qVBHE//nLkT) — 1] (22)

QBE :IJ,ETB + 2COVBI[1 - \/(1 - VB"E’/VBI)] (23)

where ¢ is the electron charge; & is the Boltzmann constant;
T is the absolute temperature; Ir and Iy, are the transport and
leakage saturation currents, respectively; ny and ny are the
associated ideality factors; 7p is a time constant associated
with the diffusion capacitance; Cy is proportional to the
depletion space charge; Vp; is the built-in voltage of the
base-emitter junction. As an example, Table II lists the model
parameters extracted from the waveforms measured under
an input drive of 11 dBm. The waveforms measured under
other input levels gave similar results. The parameter values,
while all physically reasonable, offer insights into the HBT
operation. For instance, a very small 75 indicates negligible
carrier storage in the base so that the HBT cut-off frequencies
are limited by other factors. Fig. 9 shows that the modeled
and measured intrinsic base-emitter characteristics agree with
each other.

Using (20), the measured I/.(Ig) can be transformed into
I, (1) to determine the current gain factor and the collector
delay time according to the following

Ic(t) = aoIg(t — 7¢) /{1 + It — 7¢)/Ix]*}

where o is the dc current gain factor; T is the collector
delay time; Iy specifies the knee point of gain compression
as a function of current. These model parameters have also
been listed in Table II. Fig. 10 illustrates the excellent fit of

(22)
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Fig. 9. Agreement between (—) modeled and (M) measured emitter current,
for an input power of 11 dBm.
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Fig. 10. Agreement between (—) modeled and (M) measured intrinsic
collector current as a function of emitter current. Input power = 11 dBm.

the model for the intrinsic collector current as a function of
the emitter current.

The above results can be compared with that extracted from
dc and small-signal S-parameters in a conventional manner.
The base-emitter junction diode characteristics measured at
dc has been included in Fig. 7 for comparison. Both the
waveforms and the dc characteristics show similar turn-on
voltages, but the former rises much steeper than the latter.
This is because the base resistances tend to be shunt out
by capacitances under RF. In addition, the waveforms cover
current values which cannot be measured at dc without burning
out the HBT.

Table III compares the delay times extracted from small-
signal S-parameters (Table I) and large-signal waveforms
(Table II), respectively. In the latter case, the small-signal
parameters were derived from the first-order Taylor expansion
of large-signal parameters around the same bias point as in the
former case. In both cases, the total delay time 7 is approx-
imately 5 ps. which consists mainly the collector-transit time
Tc and the base-charging time. 7rc = RppCrpp. However,
Trc dominates in the former case, while 7~ dominates in the
latter case. Phenomenologically, since the two models involve
a comparable 7, they both can fit the S-parameters at all
frequencies. Physically, a longer collector transit time than
the base-charging time is more consistent with the structure of
a microwave power HBT.

V. CONCLUSION

In conclusion, time-domain waveform characterization has
been successfully applied to microwave power HBT’s to ex-
tract their nonlinear characteristics. Compared to the traditional
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TABLE III
TME CONSTANTS EXTRACTED FrROM S-PARAMETERS VERSUS TIME
CONSTANTS EXTRACTED FROM WAVEFORMS Vo = 2.5 V; I = 25 mA

Extraction Base Base Collector Total
Data Charging Transit Transit " Delay
Base Time Time Time Time

S-parameters 4.6 ps NA 0.5 ps 5.1ps

Waveforms 1.2 ps 0.1 ps 3.2 ps 53ps

approach based on dc I-V characteristics and small-signal S-
parameters, the present approach is inherently more direct and
accurate. It allows insight into the HBT physical operation
hence the correct direction for improving the HBT design.
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