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Analytical Parameter Extraction of the
HBT Equivalent Circuit with 7'-Like
Topology from Measured S-Parameters

Ulrich Schaper, Member, IEEE, and Birgit Holzapfl

Abstract—A pure analytical method for extraction of the small-
signal equivalent circuit parameters from measured data is pre-
sented and successfully applied to heterojunction bipolar tran-
sistors (HBT’s). The T-like equivalent circuit is cut into- three
shells accounting for the connection, and the extrinsic and in-
trinsic parts of the transistor. The equivalent circuit elements
are evaluated in a straightforward manner from impedance
and admittance representation of the measured S-parameters.
The measured data are stripped during the extraction process
yielding, step by step, a full set of circuit elements without using
fit methods. No additional knowledge of the transistor is needed to
start the extraction process with its self-consistent iteration loop
for the connection shell. The extrinsic and intrinsic equivalent
circuit elements are evaluated using their bias and frequency
dependencies. This method yields a deviation of less then 4%
between measured and modeled S-parameters.

I. INTRODUCTION

ETEROJUNCTION bipolar transistors (HBT’s) based
J on III-V materials are used for digital, analog, and power
applications due to their excellent switching speed combined
with high current driving capability [1], [2]. In the case of
monolithic microwave integrated circuit (MMIC) applications,
a large-signal mode! has to be used in order to describe the
active HBT properties over the total operating bias range
from dc to more than 20 GHz. The HBT is characterized
at many bias settings by S-parameter measurements over the
frequency range of interest. ‘All these measurement data can
be reduced at any bias to a set of 15 frequency-independent
parameters using a small-signal equivalent circuit with 7'-like
topology. This topology has been used successfully by many
“authors [3]-[5]. We have shown that- this equivalent circuit
can describe the scaling behavior of the HBT with physically
meaningful elements [6]. In all these cases, the parameter
values were found by fitting methods, i.e., minimization of
an error function using optimizers. The disadvantage of this
method is that the optimizer is operating in a mathematical
parameter space with 15 dimensions which usually has many
minima. In order to obtain a minimum which makes sense
from a physical or circuit application point of view, suitable
starting values for the optimization [7] are essential.
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In this paper we propose an analytical determination of
the parameter values of the intrinsic and extrinsic transistor
directly from the S-parameters measured in the range of
1-26 GHz. This method avoids the multiple minima problem
by a definite extraction of the parameter values. An open
structure may be used for transistors with a small emitter
area as an additional test structure for the de-embedding of
the S-parameters from the parasitic environment due to on-
wafer measurements and interconnect metallization [8]. For
the parameter extraction, the bipolar transistor is measured in
the active mode at several bias points to distinguish between
bias dependent and independent elements. In case of FET
modeling, this corresponds to the cold-FET measurement [9],
[10]. A cutoff mode modeling of HBT’s has been discussed in
[11], but only with emphasis on de-embedding techniques. For
circuits without the extrinsic collector capacitance, a method
to constrain the elements during an optimization procedure
[12] is based on analysis of the delay times composing
the transit frequency of the device. An analytical extraction
technique is proposed in [13] based on a circuit without
the extrinsic collector capacitance which displays a coupling
between input and output of the two-port description. This
capacitance is included in our method and directly calculated
from the admittance description of the transistor. The emitter
series resistance is essential for a precise modeling of the
bipolar transistor. An analytical method to extract this bias
independent resistance has been shown by Maas [14]. For
the hybrid-pi representation of the bipolar transistor, a direct
extraction method is given in [15], but further measurements
on additional test structures are necessary for this parameter
extraction of the extrinsic transistor.

TI. THEORETICAL ANALYSIS

The small-signal equivalent circuit is shown in Fig. 1. The
two-port behavior can be described either by impedance (£)
or admittance (Y) matrices which can be converted to the
S-parameter matrix. The equivalent circuit is built up to
three parts like shells. The inner part denoted by Zi (dotted
box in Fig. 1) represents the intrinsic transistor. The emitter
impedance Zr and collector impedance Zg represent the
p-n-junctions. The current source is described by the dc-
current gain o and a rolloff frequency f,. The internal series

0018-9480/95$04.00 © 1995 1IEEE



494

L1 R1 R2 L2
P 1L A e E S IR e 75 1 S
Base Collector
i ll Zg
Emitter

Fig. 1. Small-signal equivalent circuit with T'-like topology. The three shells
composing the circuit are denoted by the impedance or admittance matrices

Z ; (dotted), gj (dashed), and Z " respectively.

resistances of the base and collector layers are Zg and Z¢o
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The outer shell of the equivalent circuit is then built up by
adding the external base {Z;) and collector (Z) impedances.
The impedance matrix Z ., of the whole equivalent circuit is
given by (9), shown at the bottom of the page

Z1 = Ry —}—ijl (10)

Z9 = Ro + jwls. (1n

For simplicity, we have used only one index for each element,
the physical interpretation can be done by referring to the
circuit and device topology [6].

1. PARAMETER EXTRACTION

The construction of two-port matrices from the inner shell
to the outer one is an easy way to go. The measured data of
the transistor are described by the outer sheil given by the
complicated matrix Z . Now one has to go step by step from
the measured data to the inner shell and to the single circuit
elements.

A. Extrinsic Transistor

The first step is to extract Z; and Zs

Zr 75
Tt — Zrin = 71 + 12
k11 k12 1 Zr+ Zo + 2o + 75 (12)
Zr(Zo + Z
Zias — Zugs = Za + —2F\Zq + Zo) 13)

Zr+Zo+Zc+7Zs

The differences of the g . matrix elements given Z; and Z,
can be approximated by

. Co . 1 Rpg
Zri1— Zrio &8 R L Rp—~% — j———
k11— k12 1+ jwls + BG, ijF Ro (14)
. CQ 1
Zk22 — Zyo1 & Ry + jwly — RBC_F + W
J Cq
- 1= == 1
pr( CF> ( 5)

- The approximations in (14) and (15) are based on the assump-

For devices with many fingers, an emitter inductance Lg has
been added in series to Rgy. The base collector capacitance of

tions (16)—(19):

the extrinsic transistor C' is parallel to the internal transistor, Rg > — (16)
both build up the second shell of the equivalent circuit, which wCq
is described by Xj (dashed box in Fig. 1)
— 1
_ 1 (Zp+Zo+Zo-aZe ~Zp Rp+Ro < = an
=i det(éi) —Zg+aZy Zg+ 2B
1 (1 -1 Cq
— — K1 18
*Zr (—1 1) 0 Cr (18)
Zp = L 8 Rex ! 19
= jwCy ©™ wly (19)
- ( 2t T4 In g s R e ) o
4, = Zo+Zo—o0Z ZraZ (Zr+Z)(Za+Zc—aZ
Zp + ZBF+QZQ+%C+Z(; - ZF+ZS+ZZ’+ZB Z2+Zp + FZF‘?“ZQ‘?‘ZC‘T‘ZZ =
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TABLE 1
THE MODEL PARAMETERS WITH THEIR MEAN VALUES AND
STANDARD DEVIATIONS ARE GIVEN AFTER THE BIAS ANALYSIS
1S PERFORMED FOR THREE DIFFERENT B1AS CONDITIONS

bias

Vee \ 1.0 1.0 1.0

Ic mA [6.7 13.2 19.0
parameter |unit

R4 Q (36104 36+t04 3604
ILs pH [62.£8. 63. +4. 62. 5.

Rz Q (47105 47105 4.7+05
L2 pH (65.1£7. 54.+6. 60. + 4.
Cr fF  |51.+1. 54.+1, 61. % 1.

Ro Q 20+03 20+03 20103

Lo pH |<1. <f. <.

Re Q 106+04 06104 06104

Rs Q [|144+07 111206 {84105

Re Q |54+086 24103 14102
ICe pF 21106 38+1. 29+08

Ra kQ [22.+1. 112107 |75103
Ca fF 12.8+0.1 2.7+0.1 3.1+0.1
[+7) 0.866+0.005 (0.870 + 0.003}0.863 + 0.003
[fo GHz (35. +2. 43.+1. 45 + 1.
S-parameter

mean error [% 4.9 [3.9 [5.4

The calculation of Z; and Z, from the differences of the
Z " matrix elements includes corrections by Rp, Rg,Cp, and
Cp. Two pieces of information on these 4 elements can be
extracted already from the outer shell. The ratio Cg/Cr is

given by
Co
I Zroa — 7, N——1- ==
m{( k22 k21)} w ( CF)
Freq < 16GHz (20)

and Rg can be extracted in the low-frequency range

1
Re {(Zrao—Zp21)} = W

The remaining two pieces of information have to be extracted
from the intermediate shell L

Freq < 10GHz. (21)

Y12 & —jwCk. (22)

Now, Rg and Cg are known by (21), (22), and (20), so
Rp can be determined either from the real or imaginary part
of (23).

Yjin+Ypo | 1 1
Yjs2+Yj1i2  RBRg ('RlTQ + (wCQ)Z)
1 wCQ
—J E}; 1 Cn)2 )
(5 + (woar)

For the approximations in (22) and (23), two assumptions in
addition to (16)—(19) are used: Rc <« Rg, and wCg < 1/Rg.
All assumptions made are fulfilled for the devices considered.

This can be checked by the parameters of the example given
in Table I

(23)

For a fixed bias point, an iterative procedure is established
beginning with the determination of Z; and Z5 from (14)
and (15) with Rg and 1/Cp assumed to be zero. Then
the parameters Cr,Cq, Rg, and Rp are calculated from
(20)—(23). These values are used for the correction of Z;
and Z,. This iteration loop converges within a few iteration
steps. The sensitive test parameter for the convergence of
the iteration loop is the capacity C'r. If the values for the
external base and collector impedances are extracted correctly,
then Im {Y;12} from the intermediate shell shows a capacitive
behavior over a wide frequency range describing Cp.

B. Intrinsic Transistor

Once the elements of the outer and intermediate shells
are determined, the circuit elements of the inner shell are
calculated directly from él The value of Rp extracted from

=i

Rp =Re{Zi11 — Zi12} (24)
is very close to the value extracted from Z_ , which confirms
the consistency of the extraction procedure for the extrinsic
transistor. The emitter resistances Rr and R, are in series;
they are given by

RE + Ry = Re {Zz’12}. 25)
The resistance Ry represents contact and sheet resistance
which is bias independent. The base-emitter resistance Rg
varies with 1/]g. Parameter extractions at different bias
settings are done as proposed by Maas [14]. To distinguish
between resistances in series, Ry + R is plotted versus 1/1g.
Once Rg is known, Cg follows from

wCpR% = —Im {Z;12}. (26)
Rg and Cg are determined from

R ! 27

Q=7 5

Re { Z122iZ~L21 }

1
wCo=Im{ ———— (28)
@ {Zi22 = Zyg1 }

which again are used to control the values extracted from the
extrinsic transistor. R is determined from a measurement
in cutoff mode to distinguish this parameter from extrinsic
resistance Ry. The error of R is difficult to reduce since R¢
and R¢ are connected in series. The remaining parameters ag
and f. of the current source are calculated from Z;»; using
Zio and Z;o

Zino = Zyat }
—Red ZA2” 221 29)
o {Zi22 — Z31 ¢
Im { Zrr—Zom }
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Fig. 2. External series resistance R; of the base contact versus frequency.
For each measured frequency f, there js a parameter value R1(f) extracted
from impedance matrix Z, . The frequency independent mean value is R1.
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Fig. 3. Inductance L; of the base contact versus frequency. The induc-
tance L1 (f) is directly calculated for each measured frequency f from the
impedance matrix é o the mean value L7 is displayed as a straight line. The
reactance wlj is of the same order of magnitude as the series resistance R;.

IV. MEASUREMENTS AND RESULTS

Several different types of HBT’s have been investigated
to verify the proposed extraction technique. We examined
one-emitter-finger HBT’s based on the material system
GaInP/GaAs [6] (emitter area Ax = 2.5%*21 pm?, 2.5*100
um?) as well as multiemitter-finger HBT s based on the
material system AlGaAs/GaAs (Ag = 10%*1.5%22.5 um?,
16*2*20 um?). For HBT’s with only one emitter-finger, the
emitter inductance Lg is less than 1 pH and can be omitted.
For all these types of HBT’s, the measurements are described
very well qualitatively and quantitatively by the extracted
parameters. The measurements were done on-wafer with a
microwave probing system. The frequency range was 1-26
GHz for all measurements. The S—parameters were measured
at several bias settings including the cutoff mode with Vo =
OV, Vgg =0V.

Results of the extraction procedure are discussed for a one-
emitter-finger HBT with 52.5 pum? emitter area. Beginning
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Fig. 4. Capacitance C'r of the extrinsic transistor versus frequency. The
coupling capacitance C'r(f) between input and output of the two-port is
extracted for each frequency f from the admittance matrix g] describing
the intermediate shell. The mean value Cr is determined over the whole
frequency range.
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Fig. 5. Internal base series resistance Rp versus frequency before the bias
analysis is performed. Rp(f) is determined from the impedance matrix Z,

of the inner shell at each frequency; the frequency mean value is Rg.

with the outer shell of the equivalent circuit, the frequency
dependences of R; and L; are calculated. The parameter
values R1(f) and L, (f) extracted at each measured frequency
f are plotted versus the frequency in Figs. 2 and 3. Together
with these values, the frequency independent mean values Iy
and L, are displayed as straight lines. After two steps of the
iteration as described above, the extrinsic collector capacitance
Cr is then already frequency independent up to 24 GHz
(Fig. 4), which is sufficient for the remaining steps in the
parameter extraction. Once the model parameter 71, Zs, and
Cp are known (see Table I), the inner shell of the circuit is
reached. Examples of the model parameters of the inner part
of the circuit are shown in Figs. 5 and 6 for Ep and Cg
versus frequency f; the rolloff frequency f, of the current
source is shown in Fig. 7. The model parameter values are
listed in Table I together with their standard deviation over
the frequency range at three different bias points.
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Fig. 6. Capacitance Cp /(1 —Cgq/Cr) versus frequency. Cg) is calculated
from the mean value and the known value of C'p.
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Fig. 7. Rolloff frequency fo of the current source versus frequency. fo(f)
is extracted as the last parameter from the inner part of the equivalent circuit.
The frequency independency of the mean value f, displays a consistent
overall description of the transistor by the model.

The next step is then to go through the extraction method
at different bias points. The sum of the resistances Ry + Rg
is plotted versus 1/Ig (Fig. 8) to extract the bias independent
parameter Ry = 2.2 Q. This procedure reduces the variance
of these resistances significantly. A corresponding analysis is
done for the contact and sheet resistances Ry, and Ry;. R,
is connected with the bias dependent parameter Rp and Cp
(Fig. 1) and described by (12) and (14). Plotting the real part
of the difference Z;11 — Zx12 versus the base current (Fig. 9)
gives the bias independent value of R;. In this way, the
variance of the internal resistance Rp is reduced significantly.
R; and R¢ are considered in the same way. The frequency
independent mean values of the extracted model parameters
have to describe the measured S-parameters of the transistor.
A comparison between measured and modeled S-parameters
shows a very good agreement (Fig. 10) for all four complex
S-parameters with an error of only 4%; the main contribution
to this error comes from ss;. This parameter set has been
achieved without any fit. The highest deviation occurs at the
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Fig. 8. The total emitter resistances R 4 R versus inverse emitter current.
The bias independent value of Ro is 2 €.
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Fig. 9. Difference of the matrix elements Zy11 — Zr12 (12) versus base
current. The bias independent real input resistance Ry is 3.6 €.
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Fig. 10. Comparison of the measured and modeled S-parameters for
I. = 13.2 mA. The lower part of the figure shows a Smith diagram with
S11 and S22. The measured values can be identified by small measurement
uncertainties in the high-frequency range. The upper part shows a polar plot
for 521 with a radius of 7; S12 in the upper right part uses a radius of 0.2.

high-frequency end where the simple circuit we have used
may be modified.

V. CONCLUSION

An efficient method to determine the small-signal equivalent
circuit of bipolar transistors especially for microwave HBT’s is
presented. The equivalent circuit elements can be determined
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unambiguously. This is not possible with fitting programs
using arbitrary starting conditions: The validity of the descrip-
tion of the transistor by the equivalent circuit is demonstrated
by plotting the element values versus frequency. Comparing
measured and modeled S-parameters, the average error is less
than 4%. This method has been applied successfully to several
HBT’s including multiemitter devices for power applications.
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