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AlGaAs/GaAs HBT Model Estimation Through the
Generalized Pencil-of-Function Method

B. L. Ooi, T. S. Zhou, and P. S. Kooi

Abstract—An efficient technique of extracting the small-signal Cex
model parameters of the heterojunction bipolar transistor (HBT)
is proposed in this paper. The relation between the extrinsic and
intrinsic model parameters, which can be employed to drastically Coe
reduce the search space, is studied in depth. For the first time, the 1t
HBT transistor is characterized by describing S-parameters with

a set of complex exponentials using the generalized pencil-of-func- Ly Ry R, = Re Lc
tion method. The reliable initial values of some extrinsic elements \_/ c
can be determined from the set of complex exponentials. This novel I

approach can yield a good fit between measured and simulated
S-parameters.

Cbe Rbe
Index Terms—AlGaAs/GaAs, generalized pencil-of-function

method, HBT, small-signal model.

Re lIE

I. INTRODUCTION
. . L
M ICROWAVE-CIRCUIT computer-aided design (CAD) E E
requires device models with excellent accuracy, espe-

cially for the active devices. The equivalent-circuit modelingig. 1. Equivalent circuit of AlGaAs/GaAs HBT. Inside the dashed

approach has Commonly been used to Characterlze actlve |m|e_ denotes the intrinsic part, and the outside is the extrinsic part
vices. In the past, different methods for the determination 8f~ “° “P(—/<7):

the heterojunction bipolar transistor (HBT) microwave small-

signal models were studied in depth and numerous improve- !l. EQUIVALENT CIRCUIT OF THEHBT TRANSISTOR

ments on the HBT equivalent-circuit parameter-extraction tech-The adopted equivalent circuit is shown in Fig. 1. As indi-

niques have been proposed [1]-[7]. In these models, the convggted in this figure, the intrinsic part of the HBT transistor is the
tional method requires extra measurements or some approXximart that excludes the elemed®s;, L, R, L, Re, andLc.

tions and is generally difficult, inaccurate, and time consuminghe respective intrinsi&-parameter<,,,; are described as
Other methods, such as the optimization technique, which de-

pends on the starting values, may result in nonunique solutions g Zi Zia @)
of the element values. mt = gl oo
It is noted in [8] and [9] that there is a strong correlation
between the extrinsic and intrinsic model parameters of Gaf\§ere
MESFETs and, by explicitly using this correlation, a smaller
optimization search space is resulted. In this paper, the strong iy = [(1 — @) Zye + Zex] By Z (2a)
correlation between extrinsic and intrinsic elements of the HBT Zye + Zex + Ry ‘
transistor is explored in depth. In addition, by applying the gen- (1— )Zy.Ry
eralized pencil-of-function (GPOF) method, we can approxi- Z1a = Z 1 7.+ R, Zye (2b)
mate theS-parameters of the AlGaAs/GaAs HBT. The set of o
complex exponentials, which provides less data manipulation g0 = [— Zex + (1 — a)Rb]Zbc 7 2¢)
and storage, approximates the measufgrhrameters with ex- 2 Zye + Zox + Ry be
cellent accuracy, as it is very robust in eliminating statistical N7 R
. L. . . ; (1 CM) bc( ex+ 'b)
noise. Good initial values of the extrinsic elements in the HBT Zay = 7+ 7+ R + Zye (2d)
small-signal equivalent circuit by using this set of complex ex- be T e b
ponentials can be obtained. Zpe = Be (2€)
‘ 1 + jWRbere
1
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The extrinsic part of the transistor, which is located outside Fors,, Fors,,

the dashed box of Fig. 1, is related to the intrinsic part 120 60
through (3) and (4), shown at the bottom of this page, where

Ziotal 1S the overall Z-parameters andi..; is the extrinsic

Z-parameters. 150 fore ) 30

I1l. ANALYTICAL DETERMINATION OF THE £
EQUIVALENT-CIRCUIT ELEMENTS

As for the MESFET modeling, Oadit al. [8] and Shirakawa 180
et al. [9] have shown the strong dependence of the intrinsic
parameters on the extrinsic parameters. In this paper, our mair
effort is to identify the strong correlation between the intrinsic
and extrinsic elements for an HBT transistor equivalent circuit.
Once this kind of correlation is obtained, the extrinsic elements
can be optimized individually, and the intrinsic elements can
then be synthesized from the measurement data and extrinsiv g,y - ¢ 261z
elements. Stop: 18GHz ;59

The overall measured-parameters are first converted to -90
Z-parameters, and the intrinsi¢-parameters are obtained byFig. 2. Comparison of-parameters between measured and calculated data.
using (3) and (4). Based on the adopted HBT equivalent circ lid lines indicate measured values and crosses indicate calculated values using

AN ) . . & GPOF method.
the intrinsic elements at each frequency point are derived. The
detailed expressions are given as follows:

-180

where
Z12 _Z21
qa=—— 6a
0= Re(a) (5a) Ly —Zn (6a)
cos(wT) 7z
b= 11 12 (6b)
I Z22 _Z21
_ Lt [Ila) (5b)
T Re(a) c=2Zyp—Zn (6¢)
Re(c) d="Zyp—Zn+Zi1—Z (6d)
Cex = Re(dL (DR (5¢) ez +RE(Z22—Z21+Z11—Z12)(Z12—Z22)(Z12—Zn)
| Re(d)Tm(c) — Tm(d)Re(c)| 12 oo Zor) Zo—Zo) :
(6e)
Cpo = Re(d) (5d) Equations (5a)—(6e) indicate that there is a strong correlation
S [Im(d)Re(c) _ Re(d)hn(c)} betv_vee_n t_he extrinsic _and intrinsic elements, and the change in
the intrinsic elements is solely governed by (5a)—(6e).
R — jb[Re(d)Im(C) - Im(d)Re(C)} 5 IV. DETERMINATION OF EXTRINSIC-ELEMENT VALUES FROM
b= Re(d) (5€) THE SET OF COMPLEX EXPONENTIALS
9 9 The GPOF method has been described in detail in [10]-[12]
R, = [Re(e)]” + [Im(e)] (5f) and, for brevity, it will not be discussed in this paper. In the
' Re(e) GPOF method, the objective is to fit a complex function by a
sum of damped complex exponentials, which is given as
—Im(e) o
Cbe = 2 2 (59) ~ k
w{ [Re(e)} + [Im(e)} } Yk = Z Ri(z) (7
=1
Zint = Ztotal - Zext (3)
Ztotal Ztotal
Ztotal = Z%:ct.tal Z%gtal
21 22
_ Rrp+ Rp +ijFj +ijB Rgr +ijF; (4)
et R + jwLg Rp + Re + jwLp + jwLc
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CALCULATED RESIDUES ANDPOLES FORf1(k), f=(k), and f3(k)

Function| . .

1.3728x10 1.1521
1.1666x10™ £ j1.1759x10™ -8.1170x10™ £ j2.0312x10"

ik -1.2312x107 + j4.2263x 107 -7.5074x10™" £ j6.0473x10™
—~2.9241x10™ £ j2.9501x10™ ~5.0857x107" £ j8.5048x10™
-7.8010x107 + j2.0519x10™* 6.5129x107 £ j4.2674x10™
8.8420x107 & j3.3534x107 2.5667x107" £ j5.8600x10™
2.3323 1.0253
—2.2143 9.5853x10"'

£,k —9.9984x10  j4.4485x 107 -1.0178 + ;1.9442x10"
1.8587x10™ £ j5.1330x10™ 5.7463x10” % 9.8801x10™
3.9099x107 + j7.5629x107 6.6298x 10  j5.5764x10™!
~8.4096x107 + j9.1394x107 -4.9938x10™" + j4.7516x10™"
7.1000 1.0011
—2.6449x10 ~6.4959x10"

£, 7.9217 ~1.3274x10"!
2.3445x107 £ j2.2112x107 8.0385x10™ + j4.2205x10™
5.0916x10™ + j4.7298x 10 3.7975x107 £ j8.0370x10™
3.4947 £ j3.8626 ~1.7745x10™" + j7.4907x10™

wherek = 0, 1, ..., N — 1listhe number of sampling dat&; Re(ZSS}fI — ;gzal)

isthe residue;; denotesthe pole, ard is the number of singular
valueso; of Y [10] that satisfies the ratio; /o, > 1073,

The set of complex exponentials can not only describe the
HBT microwave behavior, but can also give approximate infor-
mation on the initial values of the extrinsic elements for the iter-
ative determination of the equivalent circuit. The measurement
frequency range is from 0.2 to 18 GHz. The frequency &ef)
is taken as 0.2 GHz. The total sampled data number is 90, a
the angular frequency is related to the sampling point by

wp =27 Af -k (8)
wherek denotes théth sampling point, andy, is thekth sam-
pling point in the angular frequency.

Following the GPOF method [10]-[12], we obtain various
residues and poles to express ffiparameters as the sum of
complex exponentials. Fig. 2 show the comparison between Wﬁe
measured and calculatédparameters. The solid lines indicate
the measured values and crosses indicate the calculated vafti
by the sum of complex exponentials using the GPOF method.

The total S-parameters are then converted to #parame-
ters. From (1)—(4), we obtain

total total
RE(lek — Z1% )

(Cex + Cbc)Rbec
) = (T G + B (RaCrnCa? T 1
(9a)
Im(Z{5 — Zigi)
—u)kRgCg Cex
_ N c L
gQ(wk) (Cex + Obc)2 + wl% (RbObCCeX)2 Fenbn

= 9:(0) = (T + w2 (1 CrCon)

- Rb Cbc Cex

5+ R..
(9c)

By approximatingRe(Z{9;! — Zy5i), Im(Zi93! — Z1532),
and Re(Zigi! — Ztetal) individually as the sum of complex
eﬁ%)onentials, namely; (k), f2(k) andf5(k), we have

My
Re(Zig - Zi5") = (k) = Y Rizk (109)
=1

Mo
I (Z55" — Z55) = fak) = > Rizk (10b)
=1

M,
Re(Zig - Zi) = o) = 3 Rizf (100)
=1

reM; = 11, M> = 10,andM3 = 9. The values of?; and

; far f1(k), fo(k) and f5(k) are given in Table |, respectively.
%Squating (9a)—(9c) with (10a)—(10c), and assuming up to the
Second derivative continuity, the following simultaneous equa-
tions are obtained:

9i(wi)lyeo = filB)ho,  1=1,2,3 (11a)
2 2
a Ql(wk) _ 0 fl(k) (11b)
Pk o Pk =0
3 3
9°ga(ws) _ Ph(k) (110)
Pk im0 Pk ro
2 2 .
Postwo)|  _ k)] 10
Pk o Pk =0

In order to obtain a high-order derivatives ff(k), f2(k)

(9b) and f3(k), we apply the central-difference approximation
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TABLE I
Convert S to Z EXTRACTED VALUES OF EXTRINSIC AND INTRINSIC ELEMENTS
parameters
Rpg(Q)  Lg(pH) Rg () Ly(pH) R-() Lo(pH)
l 5.346 15.180 8.753 45.534 9.576 50.410
Initialize

R, LRy, Ly, R, L,

Rbe(Q) Cbe(pF) Cex(pF) Cbc(pF) Rb(Q) a T(pS)

>

v

4203 0.649 0.023 0.047 8.673 0951  4.809
Subtract extrinsic Z
from overall Z
parameters
Fors7| Fors‘z
120
l 60
Determine intrinsic i
elements
150 e 30
. 0616
+/¥
Update S. /8
R..L,.R,,L,R..L. 2 ¥
Determine ¢ Si2
180 0
y
No 150
e <tol
Start: 0.2GHz
Stop: 18GHz
Yes 90

Print results Fig. 4. Comparison of-parameters between measured and simulated data.

Crosses indicate measured values and solid lines indicate simulated values.

extrinsic elementdig, Lg, andL¢ are arbitrarily selected as
Rp = 1.0 Q, Lg = 10 pH, andLs = 20 pH. All element

method [13] with an error of ordek*. Thus, the truncation yalues are updated by Levenberg-Marquardt method [8], [14]

error for the first-order central-difference approximation it g1e |terz§|()|n(sj.;r(1§atls\//vcgzirt ';gll\_/en ": F'g‘t& itter fi
1/30h4fi(°).SimiIarIy, the truncation error for the second-order —' MOdel€ S S contains two emitter fin-

h of which is 2- id d 10- long. The biasi
central-difference approximation 'ﬂs/90114fi(6), and the trun- gers, each OTWRICN IS 2-mm wide an mmong. 1he biasing

. . . .~ condition isl~ = 15 mA andV-g = 3V, and the frequency
cation error for the third-order central-difference apprommaﬂo&nge is from 0.2 to 18 GHz. In the numerical differentiation
is 7/120n4 £{7, whereh is the step size, anff™ (n = 5,6, 7) ' '

> X approximation, we select the step si s 0.01. The element
denotes theth-order derivative of the functiofi (i = 1, 2, 3). PP p Sit &

. . values extracted using our technique are shown in Table Il. The
Based on (112)~(11d) and by using the appropriate Taylor.%%'mparison between the measured and simuléitpdrameters

fles expansions and the ”“”.‘e”?a' differentiation approx'mat'%der the proposed technique for the AlGaAs/GaAs HBT is pre-
to obtain the high-order derivatives ¢f(k), f2(k) and f3(k), L
. ented in Fig. 4. A close agreement between the measured and
the values offitp, L, andc: can be obtained. The values OfzimulatedS— arameters is noted from these figures
Rpg, Lg,andRc are foundto beRg = 8.012 Q, Lg = 44.895 P . ) 9 _
- In the conventional methods, the selection of the initial values
pH, andRs = 8.990 Q. . .
sometimes affects the final results. In our new method, the re-
liable initial values of some extrinsic elements are determined
automatically from the set of complex exponentials. Therefore,
In our method, the iterative algorithm is the same as that he optimization efficiency and accuracy are greatly improved.
[8]. The initial values ofRg, Lg, and R are determined as As compared with a pure optimization process, our optimiza-
in the above section. The initial values of the three remainitign process based on the GPOF method can result in less data

Fig. 3. Algorithm.

V. RESULTS AND DISCUSSIONS
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TABLE 1l m,,g[m'm'ﬂ
COMPARISON OF THErms ERRORSBETWEEN SIMULATED AND MEASURED 2gw T “
DATA WITH THE DIFFERENTVALUES OF M "
4
RMS Err. (%) ‘ e
M;=8, M,=10, M;=9 2.02 oo
M;=13, M,=10, M;=9 148 T S~
M;=11, M;=8, Ms=9 1.56 e )
M,=11, M,=12, M3;=9 2.03 g
M=11, M;=10, M;=7 1.98 2=
M;=11, M,=10, M3=11 1.91
M;=11, M,=10, M;=9 0.81 ;
1;. T T T T T 0 _-|0i4 L . L L L . L e o
4] 2 4 6 8 10 12 14 16 18
Frequency(Hz) x10°
oq Fig. 7. Comparison of»; between measured and simulated data. Solid lines
05+ &7 0.2 indicate measured values and others indicate calculated values using our new
. *\1 P ~ technique (crosseé: = 0.01, circles:h = 0.001, squareskh = 0.0001).
W ] ® L - n
= e o k=
S E A L I g 1R , : 0
[+'4 ‘ \‘1\@ . - = 1 \Q\q{
o g . 2 0.4 s -
\‘ﬂ g, Q“Ltﬁ n \Rw\ 0.1
W S S 055 E 0.2
Bt f o e 2 H{\Q -0.
e & AN 03
| - B —
05! . ; . L L L . ; 0.6 N ) L 8
0 2 4 6 8 10 12 14 16 18 (A 3}\ L@ ~ 04l
Frequency(Hz) x 10° s & a}‘a“ Lt §
& \ S sy -05 =
b P B
Fig. 5. Comparison of;; between measured and simulated data. Solid lines ,,m/"“’ SR oy
indicate measured values and others indicate calculated values using our n -3 . ‘ & 0.6
technique (crosseé: = 0.01, circles:h = 0.001, squaresh = 0.0001). J\ . = 07
!\O il 5 -
4 ‘ . ‘ s ‘ . ‘ 0.8
0.2 i ‘ ‘ ‘ ‘ 01 0 2 4 6 8 10 12 14 16 18
ot o Frequency(Hz) x 10°
w g
@ =
p P Fig. 8. Comparison of»>; between measured and simulated data. Solid lines
015~ 0075 indicate measured values and others indicate calculated values using our new
E o technique (crosses: = 0.01, circles:h = 0.001, squaresh = 0.0001).
N - o N
3" / %05 % final simulation results. Fok = 0.01 and~ = 0.001, the ex-
& @ /a/ £ tracted model element values are the same and excellent agree-
g/‘" ment between simulated and measured data can be obtained.
S o0 However, forh = 0.0001, the extracted model element values
o are different and the final simulation results are also different.
05 » ‘ ‘ ‘ ‘ ‘ 0
0 2 4 6 8 10 12 14 16 18 Vl CONCLUS|ON

Frequency(Hz)

A novel approach for the HBT small-signal equivalent-circuit

Fig. 6. Comparison of;, between measured and simulated data. Solid linggarameters extraction has been introduced in this paper. The re-

indicate measured values and others indicate calculated values using our igion between extrinsic and intrinsic elements is analyzed in
technique (crosses: = 0.01, circles:h = 0.001, squaresh = 0.0001).

depth and the detailed expressions are obtained. A new tech-
nique for describing the high-frequency behavior of microwave

manipulation and storage. Moreover, it can also lead to fastigvices by using a set of complex exponentials based on GPOF

computation.

method is proposed. Excellent agreements between the mea-

It is observed thafl/ and’ have some effects on the finalsured and simulated values are achieved.
equivalent-circuit parameters and simulation results. If unsuit-

able M values are used, the simulation results will be poor.
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