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Abstract—A new formulation for extracting the elements of the Cpbe
small-signal equivalent-circuit model of heterojunction bipolar Qo = — =
transistors (HBT's) is proposed in this paper. This approach Lo | Ro Cbe Re | Le
avoids the main problem of the conventional extraction methods B—NYLTM« | — amedl
which, in most cases, is the use of brute-force optimization
techniques to extract a large number of parameters. At the Yoe!  |cpe Libe gmVoe 3 RO

beginning, this technique first uses the extraction procedure of
a low-frequency HBT model. An analytical formulation that
allows the reduction of the number of the unknowns of the low-
frequency model to only two, which have to be calculated using
a suitable optimization technique, is described. This makes the
optimization problem much easier to handle and increases the
probability for converging to the actual elements of the model,
thus avoiding the converging to spurious solutions. Secondly, in
order to extend the model to higher frequencies, a statistical
approach is proposed to extract parasitic extrinsic elements. An Fig. 1. Small-signal HBT model.
experimental validation is carried out on three HBT devices and

satisfactory results are obtained up to 30 GHz.
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This leads to the elimination of any optimization process, but

Index Terms—Heterojunction, modeling, semiconductor. unfortunately, requires extra testing structures and additional
measurements.
I. INTRODUCTION In this paper, we propose a technique which divides the

. . extraction problem into two parts. First, we consider a low-
OST OF THE conventional techniques 1o extract t?gequency model in which capacitance and inductance para-

small-signal heterostructure bipolar transistor (HB itit: are neglected [6]. Analytical expressions of all the model

n:ogell eI?_mgnti are b:]sedd |nh\_/ar:|oqs (tjegreleslotn ?humen ents are written as functions of two new independent pa-
global optimization methods which aim o calcuiate Ihe vag, 1o The elements of this model are extracted based on a
ues of these elements by fitting calculat@eparameters to

o two-parameter least square optimization technique. Secondly,
measured ones [1], [2]. However, it is well known that the = -0 0" o i the validity of the model to microwave

main drgwback of these techniques is th_e convergenc_efrlgquencie& the extrinsic inductances and capacitances are
nonphysical element values due to the multiple local solutio Btained using the variance of the intrinsic elements as a

of the optimized objective function. In addition, the obtaine election criteria. In fact, taking into account that the element

solution for the element’s model may strongly depend on tr\'/eollues of the low-frequency equivalent circuit of the HBT are

initial value guests [3]. Several attempts to overcome th| id for high frequency, providing that extrinsic capacitances

problem are to.perform additional meas.u'rements on a set Nd inductances are added, the values of these extrinsic ele-
extra test circuits to calculate the parasitic elements [4], [ ents are determined by minimizing the variance of intrinsic

The effects of the parasitics are then_ su_btr_acted out from £ fements over the operating frequency range as the extrinsic
measureds-parameters to extract the intrinsic element Valueéapacitance and inductance values are swept
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icant effects on the behavior of the transistor, therefore, theproach consists of reducing the number of unknowns to two.
HBT model can be reduced to a simplified one delimited byhese new parameters are defined as follows:

the dashed box, as shown in Fig. 1. This simplified model will R,

be called the low-frequency model. ap =1+ R. (13)
For this low-frequency model, thE-matrix can be calcu- gnd '

lated from theS-parameters measured at low frequencies by R,

conventional transformation equations. ar =1+ R, (14)

On the other hand, thi’-matrix can be expressed asrirstly, to obtain an objective function depending only on these

resistance matrix as shown below: as a function ofa; and a» will be found, as shown in the
Y = (R+Y:H) (1) following section. Secondly, by substituting this expression

int into (13) and (14), the base and the collector resistances will
with be expressed as functions of these new variables. Then, the

Yin-matrix entries become functions only af anda, and

R= (Bt 1l Re (2) measuredy-parameters as follows:
R, R, + R, L L
Yi = (Y = R)” (15)

and Yi“? is th_e |ntr|rTS|cY-param_eter matrix which is reIatgdWhereR is defined by
to the intrinsic equivalent circuit elements by the following

equations: R=RA=R. <‘§1 1 ) (16)
a2
(Yint)11 _ 1 + §w(Che + Che) (3) and, finally, the expressions of the intrinsic elements as
T'be functions ofa; anda, can be obtained using measured values
(Yint)12 = —jwCie (4)  of Y -parameters and (3)—(6).
(Yint)21 = gm — jwChe (5) At this step, all of the extrinsic and intrinsic elements are
and functions only ofa; and a,. This formulation makes the
1 ) optimization problem much easier to handle and increases
(Yia )22 = Ro +jwChe- ©6) the probability for converging to the physical solution of the

. . : . model.
Equations (3)—(6) can be written in matrix format as follows:

Yine = G+ jwC (7) lll. L ow-FREQUENCY MODELING USING

. . Two-PARAMETER OPTIMIZATION TECHNIQUE
where G and C matrices are defined as Q

1 The first step of the solving approach is to find the ex-
— 0 pression of the emitter resistange as function ofa; andas.
G=|[" (8) Then, remaining series resistances and intrinsic parameters will
gm E be written as functions of; anda-, as described below.
To accomplish the first step, (16) is inserted into (11) and
and (12), yielding the following matrix equation:
C = <Cbe_g Cbc _gbc ) . (9) GX =N (17)
be be with
From (1), one can deduce X = RAY,Y"Y, +Y)) + Ly
€ rdy; r 7 Re 7
Yine = Yine RY +Y. (10) — (A, YA YY) (18)
Substituting (7) into (10) and by splitting into its real and and
imaginary party” = Y,. + jY;, we end up with a real matrix 1
equation system, relating the intrinsic elements to the extrinsic N=— Y,,Yi_lA_1 - (Y,,Yi_er +Y). (29)

: R
resistances and the measuiéegparameters as shown below: N

G+ wORY; — GRY, =Y, (11) The left-to-right-hand side of (17) for the entries of the first

row gives
wC — wCRY, — GRY; =Y. (12) 1
_ ' _ S — X1 =Nn (20)
This set of equations forms a nonlinear system with eight in- The
dependent variables. This system can be solved using iterafiV’ 1
techniques or least square optimization techniques. However, — X2 = Npo. (21)
in order to avoid the convergence to nonphysical solutions, "be

both of these approaches require good starting initial gues§¥%4dividing (20) by (21), one can deduce
(which are difficult to obtain in practice). An alternative N1 X0 = NppXq1. (22)
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TABLE |
EXTRINSIC RESISTANCES AND INTRINSIC ELEMENT VALUES FOR THE LOW-FREQUENCY MODEL
Transistor HBT1 HBT2 HBT3
Bias Point V.=1V, =10uA V.=4V, 1,=50uA V.=4V, I,=50pA
Extrinsic resistances and intrinsic elements
RA() 45 1 0.8
R,(€2) 24 11 4
R.(©) 9.1 9 5.6
() 1020 1052 886
2.(mS) 12.55 36 28
R/(KQ) 96 66.2 49.5
Cy(fF) 120 218 269
C...(fF) 35 21 29

gm{ms)

al

a2

Fig. 3. Influence ofz; andas on g, (for HBT1).
Fig. 2. The emitter resistand®. as function ofe; andao (for HBT1).

) , ) Furthermore, as expected, it was found tRatdependency
quatlon (22) represents a third-order .polynomlal R, is, almost constant over the frequency bandwidth.
whlch can be solved analytlcally_ at any single f.requency andBy substituting (23) into the expressions &, R. and
for given values ofa; and a, using the Cardanian formulajny,the intrinsic elements expressions all the low-frequency
[7]. Usually, only one among the three possible solutions gfqqe| elements can be written as functions onlyagfand
this equation is physically meaningful. The remaining hav(%_ Fig. 3 shows the evolution of,,, as function ofa; and
negative, very high, or even complex values. By sweeping ,,, for HBT1.
andas, one can generate a surface describing the dependenci this step, low-frequencys-parameters can be calculated
of R. as function ofa; anda,. It is found thatR. strongly a5 functions ofs; and a,. The values ofa; and a, can be

depends only om; and can be modeled by obtained by performing a least-square optimization method to
= (23) fit the measured and calculatettparameters. The solution
- Par+y obtained fora; and a, allows one to calculate all of the
where«, 3, and~y are scalars. low-frequency model-element values.

In the case of HBT1, the variation df. versusa; andas Table | shows the values of the intrinsic elements and
is shown in Fig. 2. The fitting of this surface with (23) giveshe extrinsic resistances calculated for the three HBT's at a
a =18, 4 =1, andy = —1. frequency of 3 GHz and given bias points.
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Fig. 4. Frequency dependency ©f. with L, as parameter, the remaining Fig. 6. Frequency dependency®@f. with the optimum extrinsic parameters
extrinsic elements are fixed at values shown in Table Il (for HBT1). (&for HBT1).

Ly, = 0 pH. (b) L, = 20 pH. (¢) L, = 40 pH. (d) L, = 60 pH. (e)

Ly, = 80 pH. (f) L, = 120 pH.

Low frequency
S-parameter measurements
0042 e T
(@)

/v\/ Write all of the model’s elements

0.04 ¥ 8 as function of a. and a.
/1\/\
0.038 / ~ ® 3 Calculate a, and a, by least square
) optimization to fit measured and
T calculated S parameters up to 3GHz
0.036 = e
.
/\p \ﬁ\ Calculate the low frequency model’s
0.034 \ 4 element values using equations (3),
% (). (5) and (6
0052 il High-frequency model
and S-parameter measurements
003 |- : : E
!
Sweep the parasitic inductances
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0 5 10 15 20 25 30 35
f(GHz)
no
Fig. 5. Frequency dependency @f. with L, as parameter, the remaining &<t
extrinsic elements are fixed at the values shown in Table Il (for HBT2). (a)
Ly = 0 pH. (b) L, = 20 pH. (¢c) L, = 40 pH. (d) L, = 60 pH, (e) yes
Ly = 80 pH. (f) L, = 120 pH. | Parasitic’s element values |
IV. EXTRACTION OF THE CAPACITANCE AND INDUCTANCE [Refine the model by minimizing e, |
PARASITICS USING STATISTICAL TECHNIQUE

At microwave frequencies, intrinsic elements will behave Comolete hieh frequency model

as functions of the extrinsic elements as well as frequencyg. 7. Algorithm of the extraction technique.

depending on the fact that parasitic effects are more and more o _ _

significant at higher frequencies. Fig. 4 shows the frequen¥glues and is given by the following equation:
characteristics o, and Fig. 5 shows the frequency charac- s ,

teristics ofg,,,, HBT1, and HBT2, respectively, while extrinsic e1(Pext) = Z [Py, (wis Pext) = Pr,LF] (24)
elements are swept as parameters. To determine the values of ] Pk, LF

the extrinsic elements, we take into account that the equivalent

circuit has to be valid over the whole operating frequenayhere ﬁk(wia pext) denotes the average over the frequency
range. Parasitic capacitances and inductances are determia@de of thekth intrinsic element varying as a function of
by minimizing the error functior; that represents the variancefrequencyw; and extrinsic elementg.;, andp;, Lr are low-
of the intrinsic elements around the obtained low-frequendsequency intrinsic element values obtained previously.
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Fig. 8. Comparison of measured (solid line) and calculated (dotted Brparameters (for HBT1)a(S;;) denotes the amplitude of;; and p(S;;)
denotes the phase of;;.
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Fig. 9. Comparison of measured (solid line) and calculated (dotted Brpframeters (for HBT2)a(S;;) denotes the amplitude of;; and p(S;;)
denotes the phase of;;.

Fig. 6 shows the frequency characteristic ©f. at the where S;*° and S;gl are measured and calculatest-
optimal values of the extrinsic elements found above fgarameters, respectively.
HBT1. In this minimization only, parasitic capacitances and induc-
Moreover, in order to refine the model, one could use tances are swept. The refined values are within approximately
global least square optimization technique with an objecti89, of those obtained after satisfying the first criteria. Final

function defined as values are given in Table Il for the three HBT'’s.
2 2 Fig. 7 shows the algorithm implemented for the complete
e2(Pext) = D YD S — 5522 (25) extraction technique. The code developed based on this algo-

p=lg=1 w; rithm has been used for modeling three different size HBT's
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TABLE I
EXTRINSIC CAPACITANCES AND INDUCTANCES FOR THE HIGH-FREQUENCY MODEL
HBT1 HBT2 HBT3
Coe(fF) 20 8 12
C.w(fF) i5.6 3 6
C,ee(fF) 172 9 21
L.(pH) 41 36 12
L.(pH) 28 55 72
L.(pH) 96 75 64
a(S11) p(S11) in rad a(812) p(S12) in rad
1 0 0.2 2
08 Sy a(s11)
i Iiianess SN 015 _‘0‘312) a(s12)
06 e et
p(811) 15 04 1
0.4
02 0.05
0 3 0 : 0
0 10 20 30 o 10 20 30
a(s21) p(S21) in rad a(S22) p($22) in rad
4 4 15 0
p(S22)
3 p(s21) S
2 ST 1k
a(s21) S
1 : a(S22)
0 0 05 -1
0 10 20 30 0 10 20 30

Fig. 10. Comparison of measured (solid line) and calculated (dotted finegrameters (for HBT3)a(S;;) denotes the amplitude of;; and p(S;;)
denotes the phase of;;.

manufactured at different foundries. The obtained values fextrinsic and intrinsic elements of the simplified low-frequency
the three HBT high-frequency models are given in Tables | angodel.

ll. Comparison between measured and calculatgrirameters  |n order to extend the validity of the model to higher
are shown in Figs. 8-10 for a frequency range of 1-30 GHgequencies, parasitic capacitances and inductances are added.

The good agreement between the measured and calclatedhejr values are calculated by minimizing the variance of the
parameters for the three different emitter-size HBT's prove theinsic elements over the frequency range.

validity of the extraction approach proposed in this paper. The main advantages of this technique are as follows.

1) The subdivision of the model extraction approach into
V. CONCLUSION two main steps, low-frequency modeling and then high-

A hybrid optimization/statistical technique for the HBT frequency modeling, permits one to reduce the number
model extraction problem is proposed in this paper. This ©f elements to be determined at each step; hence, in-
approach consists of expressing all of the low-frequency model ~ ¢réasing the probability of obtaining a more accurate
elements as function of only two independent variables. An ~ and robust model.
optimization technique is then performed to achieve the best2) The expressions of all the intrinsic and extrinsic low-
fitting between the calculated and the measufguhrameters. frequency elements as functions of only two parameters
The values obtained far; andas, are used to calculate all the make the optimization problem much easier to handle
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