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Abstract—We present a new analytical direct parameter-extrac-
tion methodology for obtaining the small-signal equivalent circuit
of HBTs. It is applied to cryogenically operated SiGe HBTs as a
means to allow circuit design of SiGe HBT low-noise amplifiers for
cooled radio astronomy applications. We split the transistor into
an intrinsic transistor (IT) piece modeled as a II-topology, and the
quasi-intrinsic transistor (QIT), obtained from the IT after that
the base resistance ( R;) has been removed. The relations between
Z-Y -parameters of the IT and QIT are then established, allowing
us to propose a new methodology for determining R;. The present
extraction method differs from previous studies in that each of the
model elements are obtained from exact equations that do not re-
quire any approximations, numerical optimization, or post-pro-
cessing. The validity of this new extraction methodology is demon-
strated by applying it to third-generation SiGe HBTs operating at
liquid-nitrogen temperature (77 K) across the frequency range of
2-22 GHz.

Index Terms—Base resistance, cryogenic electronics, microwave
SiGe HBTs, S-parameters, small-signal equivalent circuit.

1. INTRODUCTION

iGe HBT technology has emerged as a viable candidate

for a wide variety of highly integrated communications
systems applications, spanning the RF through millimeter-wave
frequency range. SiGe HBTs possess very low broadband noise
and high gain at low bias current, making them uniquely suited
for low-noise amplifiers (LNAs). Due to their bandgap-engi-
neered nature, the broadband characteristics of SiGe HBTSs
also improve with cooling down to cryogenic temperatures
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[1], making them natural candidates for cooled LNAs that are
needed, for instance, in radio astronomy.

Clearly, however, having an accurate small-signal model of
the SiGe HBT at such cryogenic temperatures is required for
meaningful circuit design, and does not exist in commercially
available design kits.

In the case of field-effect transistors (FETs) (e.g., HEMTs),
small-signal broadband models have generally converged to
a II-topology implementation. For HBTs, however, two dif-
ferent equivalent circuits have been proposed and are used: the
II topology [2]-[9] and the T-topology [10]-[21]. For HBT
small-signal modeling, several different extraction methodolo-
gies have been reported, and can be generally classified into the
following three groups:

1) optimization methods;

2) partial-optimization methods;

3) analytical methods.

The analytical methods can be further sub-classified into the
following:

a) analytical methods requiring forward- or reverse-biased
measurements or pad measurements or electromagnetic
analysis, mainly to calculate the extrinsic elements;

b) direct analytical methods based on device-biased mea-
surements and frequency approximations to determine all
elements.

Optimization-based methods may be realized using commer-
cially available computer-aided design (CAD) software, and
consist of an optimization of the circuit elements until some
predefined error norm is sufficiently low. Circuit elements at-
tained by this means are lacking from a physical interpretation.
Methods such as those proposed in [10], [16], [17], and [19]
can be considered partial-optimization methods. In these ap-
proaches, some circuit elements are first obtained analytically
from dc or RF measurements, and then the remaining model
elements are determined using an optimization routine. In the
direct analytical methods based on frequency approximations,
such as those presented in [4], [6], and [11], mathematical
expressions formulated for different ranges of operational
frequency are employed. On the other hand, analytical methods
based on measurements may be found in [2] and [9]. Fig. 1
depicts the conventional equivalent circuit for HBTs. Here,
211, Z12, 413, Yp1, Yp2, and Y3 represent the parasitic-pad
effects that are not bias dependent. The elements R;, R,, Chpe,
Cr, Ry, G, and 7 represent the intrinsic transistor (IT), and
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Fig. 1. Small-signal equivalent circuit for the SiGe HBT.

are bias dependent. In Fig. 1, the small-signal circuit assumes
the following.

1) The base resistance R}, is composed by two parts: one ex-
trinsic and one intrinsic. The extrinsic part is due to the pad;
therefore, it is bias independent. It is implicitly considered
when Zp is determined measuring a short test structure,
and then removed, whereas the intrinsic Ry is determined
in function of the bias point used.

2) The internal resistances R, and R, are determined by the
linear extrapolation of the plot Real (Z12) and Real (Z3 —
Z19) versus 1/, that gives the ordinate at the origin, whose
values are R, and R, respectively [16]. However, in some
studies, the intrinsic R, can be neglected in active oper-
ation [9] and with the temperature due to a conductivity
enhancement [27].

3) C) is also considered to be a lumped element, and is not
split into intrinsic and extrinsic contributions.

Approaches to use a distributed base—collector capacitance and
base resistance (if needed) have been previously considered
[22], [23]. The distributed effect on R, can be neglected due to
the low frequency range used, i.e., up to 22 GHz [27].

In this study, a new method to extract the small-signal equiv-
alent circuit is presented. As is common practice today, we as-
sume that the parasitic-pad effects associated with the transistor
measurement structure are first removed by applying open and
short structures. We establish a new procedure for obtaining the
total base resistance Ry, as well as each of the other elements of
the quasi-intrinsic transistor (QIT). Our method of obtaining Ry
differs from previous approaches [24]-[26], and no approxima-
tions or numerical optimization or post-processing are required.
This is important in the present context since Ry 1) is important
in determining the broadband noise; 2) is notoriously difficult to
extract robustly; and 3) is, in principle, strongly temperature de-
pendent and, thus, even more challenging to model at very low
temperatures.

In Section II, our model extraction methodology is described,
including the deembedding process needed to obtain the IT and
the QIT, as well as the methodology for extracting each element
of the IT. In Section III, we validate our method by applying
it to small-signal model extraction of SiGe HBTs operating at
77 K across 2-22 GHz.

II. PROPOSED EXTRACTION METHODOLOGY

Usually the extraction process can be divided in two stages,
which are: 1) the first stage is devoted to obtaining the ex-
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Fig. 2. Methodology for extracting the IT and QIT.

trinsic elements and 2) the second stage is devoted to obtaining
the intrinsic elements. Other methodologies for small-signal
model extraction and deembedding of SiGe HBTs are given
in [27]-[29]. As reported in [2], [16], and [30]-[33], methods
to remove parasitic-pad effects in FETs and HBTs have also
been proposed. Additional methods using open/short test struc-
tures were presented in [2] and [33], while others were based
on forward- and reverse-bias measurements, as discussed in
[16], [30], and [31]. The present method differs from these in
important ways.

Our extraction methodology shown in Fig. 2 is based on a
similar and widely used [30] Y/Z deembedding method. This
procedure is used only as a tool for the deduction of the new
proposed exact equations to determine the intrinsic elements of
the model. Our procedure is divided into four stages.

In the first stage, S-parameters of the active transistor are
measured, and then a standard deembedding process is per-
formed to obtain the IT. In this step, admittance parasitic
elements (Y1, Yp2, and Y,,3) are determined from measure-
ments of an open test structure, as given in [33]. Measured
transistor S-parameters are transformed to Y -parameters and
then Yj1, Y,2, and Y3 are removed. The resultant matrix is
transformed to Z-parameters and then R., R., Z11, Z1.2, and
Z13 are removed, where Z11, Zr1o, and Z13 are determined
from measurements of a short test structure [33].
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In the second stage, intrinsic Ry is calculated, as shown on
point B, beginning from the Z-parameters of the IT.

In the third stage, the QIT is obtained as shown on point C,
after a deembedding process to remove Ry, is performed.

In the fourth stage, each of the elements of the QIT is then
calculated.

A. Theory Connecting the IT and QIT

The deembedding methodology to obtain the IT and the QIT
is illustrated in Fig. 2.

The Z-parameters of the IT are then connected with the QIT
using

Z =Ry + ZH™ (1)
Zy =25 )
Zy = 23" 3)
Z3y = 73" @

where Z; inti .7 € {1,2} represents the Z-parameters for the IT

and qutL . € {1,2} for the QIT.
The Z -parameters for QIT are given by (5)—(8) as follows:
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Zi}ént = in in 12 in in (6)
S R T
) Yqint
Zgint = in in = in in (7)
Y1q1 tY2q2 t Yq tYqu t
. qunt
Zg;nt = in in U in in (8)
S D T
where
Yf]fnt =Y, +Y. )
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V" =Y.+, (12)
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1
Y. = e + jwCy. (15)
B. Extracting Ry
From (1), (5), and (6), we have
. Yqint .
A= Rt — Dl 70" (16)
RS

Substituting (10) and (12) into (16), the difference between
Zint and Z9™ can then be expressed as follows:

Y
Ry + _qulnt

VA ATE % (17)

Now, using (13) and (14), we find

Obc Im {Zlq;‘“} _ jw?bc Re {Z;I;“t} .
(18)

th qut Rb _|_

Since the IT and QIT are connected through Z%t = Z7
the real and imaginary parts of the difference between Zi3t and
Zigt are given by (19) and (20) as follows:

Re {th mt} Rb+ .g) Im {Zlnt (19)
Im {th mt} — gO R {th (20)

Finally, the base resistance can be obtained by substituting
(20) into (19) to obtain
Im {Z}§ — Z{5 } Im { Z3"

int
Rb Re {Z Re {th

— 23} +

2D

Equation (21) shows that R} can be calculated directly from

the measured Z-parameters without any approximations or nu-
merical optimizations or post-processing.

C. Extracting the Elements of the QIT

Following the deembedding procedure shown in the Fig. 2,
the Y -parameters of the QIT can now be obtained. Using (9)
and (10), the elements of the QIT can be written as

Im { —quzim }

Cb(’ — (22)
go =Re {Yfgm Yzqgm} (23)
— =Re {Yf{m + ng} (24)
IH] { qmt + quzint}
Cr (25)
G = ‘Yqumt - Yfgm (26)
-1 Im {Y2q1i - Y1q2i nt}
7=—"Tan ! — — 27
w Re {Y2q1 = qu2 }

where V", j € {1,2} are the Y -parameters of the QIT. All
elements are now determined exactly using these equations
without any approximations or optimization.

III. EXPERIMENTAL RESULTS

In order to validate the proposed extraction technique, we
have applied it to a third-generation 200-GHz (at 300 K)
0.12 x 10 pm? SiGe HBT [1]. The S-parameter measurements
were made in a cryogenic microwave probing system using a
vector network analyzer over a frequency range of 2-22 GHz
(measurement details are given in [1]). We show data up to
22 GHz, but the device has a calculated f7 more than 244 GHz.

Table I gives the extracted elements for the SiGe HBT op-
erating at liquid—nitrogen temperature (77 K) for the following
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TABLE 1

EXTRACTED SMALL-SIGNAL MODEL PARAMETERS OF THE SiGe HBT AT 77 K

Element| 13=0.00lmA | I13=0.002mA | I5=0.003mA
Vee=1200V | Vee=1.200V | Vce=1.200V
Ic=3.586mA | 1:=6.004mA | 1.=12.296mA

Ry(Q) 17.7247 17.1791 17.4730
R.(Q) 2.921 2.921 2.921

R(Q) 0.1231 0.1231 0.1231
Coc(fF) 12.6816 12.6596 12.6277

Cx (fF) 175.7211 249.5929 536.2895

R.(kQ) 1.6622 1.2937 0.6546

R (kQ) 2.0577 1.1972 0.3749

Gmo(S) 0.2897 0.4683 1.1060
(ps) 0.7483 0.7465 0.3352

& Measured

—Modeled

Fig. 3. S-parameters of the 0.12 X 10 gm? SiGe HBT at 77 K. (a) Ve =
1.200 V, Ib = 0.003 mA, and Ic¢ = 12.296 mA. (b) Vce = 1.200 V,
Ib = 0.002 mA, and ¢ = 6.004 mA. (c) Vee = 1.200 V, Ib = 0.001 mA,
and I'c = 3.856 mA.

three representative bias points.
1) Vee =1.200 V, Ib = 0.003 mA, and Ic = 12.296 mA.
2) Vee =1.200 V, Ib = 0.002 mA, and Ic = 6.004 mA.

3) Vee =1.200V, Ib = 0.001 mA, and /¢ = 3.856 mA.

Fig. 3 compares the directly measured versus modeled S-pa-
rameters for the three bias points at 77 K, from 2 to 22 GHz,
and shows excellent agreement between model and data. The
modeled S-parameters are presented without any optimization
or tuning adjustment. The worst case error in Fig. 3(a) for the
phase was 8° for Sy for frequencies higher than 20 GHz; how-
ever, at lower frequencies, the maximum difference in phase was
only 3°.

The worst case magnitude for the relative error was 4% for
So1. Similar errors were obtained for the other cases. Figs. 4-10
show the extracted model parameters for bias point 2) at 77 K.
The statistical median was used to assign a value to each model
element. This modeling methodology requires no assumptions,
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Fig. 4. Extracted base resistance as a function of frequency.
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Fig. 5. Extracted base—collector capacitance as a function of frequency.
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Fig. 6. Extracted base—emitter capacitance as a function of frequency.

and can be applied to any temperature at which S-parameters
can be validly measured. The resultant small-signal circuit can
then be used to design the requisite circuit. We note that this
assumption-free modeling methodology should be extendable
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Fig. 8. Extracted transconductance as a function of frequency at 77 K.
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Fig. 9. Extracted collector-to-emitter delay time as a function of frequency at
77 K.

to broadband noise modeling of these devices as well, and will
be reported at a later date.

T T T T T T T
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Fig. 10. Output resistance as a function of frequency at 77 K.

IV. CONCLUSION

A new analytical direct parameter-extraction methodology
for obtaining the small-signal equivalent circuit of SiGe HBTs
at cryogenic temperatures is proposed. We have established a set
of closed-form equations to determine each one of the model el-
ements. Our method differs from previous studies in that the el-
ements (and particularly the base resistance) are obtained from
exact equations and, thus, do not require any approximations
or numerical optimization. The proposed method has been suc-
cessfully applied to SiGe HBTs operating at 77 K, and the va-
lidity verified by direct comparison with measured data from 2
to 22 GHz.
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