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As an example, Fig. 4 shows the results obtained for the mixed-pd14] M.-J. Tsai, C. Chen, and N. G. Alexopoulos, “Sommerfeld integrals
tential Green’s functions in Fig. 3(a) obtained with (9), as compared in m_odeling interconngcts and_microstrip elements in multi-layered
with the Green’s functions obtained using a standard Sommerfeld for- ~ Media,”Electromagnetics (Special Issuepl. 18, no. 3, pp. 267-288,

. . . L2 . 1998.
mulation (10) of the identical problem in Fig. 3(b). Fig. 4 shows the
comparison for both the electric scalar potential and magnetic vector
potential (analogous to the electric scalar potential, but not vanishing
in the walls), when the source is placed at points A and B in Fig. 3, and
as a function of the position of the observer point. As we observe, the
agreement is excellent; therefore, validating the parallel-plate Gree

; . ) Brect Extraction of Linear HBT-Model Parameters Using
functions computed with the new algorithm.

Nine Analytical Expression Blocks

V. CONCLUSIONS Achour Ouslimani, Jean Gaubert, Habiba Hafdallah, Ahmed Birafane,

. - ) Pierre Pouvil, and H. Leier
In this paper, a new and efficient technique for the convergence ac-

celeration of a large class of series arising in electromagnetic problems

has been presented. The technique can be viewed as the successive @pstract—A method to determine the heterojunction bipoloar transistor
plication of the integration-by-parts technique to discrete sequencé$8T) equivalent-circuit elements without numerical optimizations is pre-
therefore, the given name of the “summation-by-parts technique.” sented. It is based on the extraction of nine analytical expressions, which

Th hni has b fi lied to th ical luati q?re referred to here as “blocks.” The model elements are extracted using
e technique has been first applied to the numerical evaluation Qf@iain blocks for some of them and three nonlinear equations derived from

simple canonical series, showing that convergence is greatly enhanegghmbination of four expression blocks for some others. The base and col-
allowing to obtain very small relative errors with just a few operationggctor resistances can be determined at each bias point. The method is val-

The technique described can be applied to many real electromagniéi¢ed treating the on-wafer HBTSs.

problems and, in this paper, it has been used for the efficient numericahdex Terms—Analytical method, heterojunction bipolar transistor, pa-
calculation of the parallel-plate mixed-potential Green'’s functions. rameter extraction.
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We present a new analytical method of parameter extraction. It is
based on the obtainment of suitable organization of combifguh- :
rameter analytical expressions. Each analytical expression is structured
to obtain a polynomial function witty as variable and whose coeffi-
cients depend only on the circuit elements. The polynomial functions

are analyzed in order to choose the most adequate coefficients, referred

to here as “blocks"{(1-b9, as shown in Table ). The model elements
are calculated using certain blocks for some of them and three non-
linear equations for some others. In particular, the base and collector

resistances considered bias independent in the previous methods can be

obtained here at each bias point with the other HBT bias dependent el-
ements. The parasitic inductances are determining taking into account
the influence of the inductive terms due to other HBT parameters. The
effect of base—contact impedance as modeled in [1] is very visible in
low-frequency range and, therefore, its contribution is taken into ac-
count. The procedure is validated treating GalnP/GaAs and GalnP/InP
HBTSs. In this investigation, the procedure is applied to extract the cir-
cuit parameters of a GalnP/GaAs HBT.

Il. THEORY OF PARAMETER-EXTRACTION PROCEDURE

The combined expressions Bftparameters of the equivalent circuit
shown in Fig. 1 can be expressed as follows without approximations:

(Zz4+Rp)go+jwChe Ry +jwCe.Ry A

TABLE |

150 mA: b1 =

R,C+R.C
bloR +—ReCr_  pp=_Bo p3-ReCrRCy

(Cbc+Cc) gmo Rn (Cbc +Cc)
bd= Cpo+C, b5=ReC o RoReCr

Co  20(C+C,)

b6=L, + ReCaReCoe 7 0 4

(Coo +C.)

R
b8=Rg +R . + bCre
(&m Ry + D(Cpe +C,)
R.C

b= (R +RiC- 1)L

Ry
En= et ¢ V‘T %o
T3 = 0.5ps

gm0=223; &= 0812, in mS
Cbc=29y Cc= 51, in fF
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ANALYTICAL EXPRESSIONS OF THEBLOCKS. THE VALUES FORV g = 2V,
558,02 = 14107° S,b3 = 58.2 (), b4 = 34 fF,
b5 = 26 ,b6 = 168 pH, b7 = 58.9,b8 = 20 Q, b9 = 58.2 pH

Ziw—Zio =Zp+ Y +jwly R, =260 Q, Cr =308 fF
(1) R,=145,R; =15, R;=15,in Q
1 . R, =21 ©,C;= 600 fF

Loy — Z1s =Rc+ =+ jwL. 2 1 >l

29 12 + % +jw 2 L.=10, L,=55,L =3, in pH

VVILZﬂ'
Zis — Zyy = I @ . . .
Y Fig. 1. HBT linear equivalent circuit.

Wlth ZW = (R'x)/(l + jWRWCﬂ')v C = (Cbccc)/(cbc + Cc)u Y =
Jw(Crpe + Co)(1 + jwCRy) A+ go(1 + jwCheRy), A =14 (g0 +
g ) Z=,andg,, = gmoe ’“T¢, whereg,,o is the dc transconductance. The S-parameter measurements are performed from 0.3 to 40 GHz
The structured polynomial functions are obtained from (1)—(3) usiramd converted taZ-parameters to determing,, C, and the nine
the hypothesis summarized in Table I, and as shown in (4)—(12), at tilecks. The resistancBx and the ideality factoiVs are extracted
bottom of this page, witlR. = (R:)/(1+ gmoRx) from block 8 measured at different emitter currents. The inductances

I1l. EXTRACTION OF THE CIRCUIT PARAMETERS

go ReC’erC 2
W(Zss — Z1) = bl — == (R.Cy — Ta)w
ReallZe2 = Z12) = O R 2 (G Cof? T T (G Gy T Cm = T0) @
RO&I(;) =2 — (Che + Co)(RCr + Ry C)w” (5)
Z12 - Z‘Zl
—go R,C(R.Cr — T4)w?
Real(Zoy — Zy2) = b3 , 6
el = 2 = R O G T T T T (G ) ©
Imag(:;) =bdw — [Td(ReCw - 74) + ReCWRbC](CbC + Co)w’ @)
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R
Real(Z11 — Z12) = m + b5 (8)
[RW(CbC +Ce) — Rbcbc] 1 R.C.R:C
Tmag(Zo) = 2 4 pBuw — [ Dermitbbe .C. — "3
mag(Zi2) = go (B £ D2 (Con O + b6 < T +R,RbC)(RC‘ 74) Ry Cw 9)
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tmag(Ze: = Z12) 1 4 [=Lo(gumoRe + 1)(Che + Co) + ReCa(R.Cx + Roc: = )]
Real(Z19) = b8 + %(Rﬁcﬁ + RyC — 7g)w” (11)
be c
1 2 2 2] 4
—wl Zoo — Zi1o) = bYw” —b eLr — Tq S 12
wlmag( Zso 12) G Br F 1) (CoeF C) + 09 9[(]?1)0) + (R.Cr — 14) ]u 12)
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TABLE I TABLE il
HYPOTHESIS ANDHYPOTHESISNUMBER H; (i = 1to4). AS AN EXAMPLE, FREQUENCY RANGE WHERE EACH BLOCK VALUE IS EXTRACTED
(9)—(13)AND (16) ARE OBTAINED USING H; AND H; HYPOTHESIS
hypothesis H; bi freqency range
1 {8/ [(ng Ry +1)2(Cbc +Cc)]
R.C, << C. +C bl > fyy =—J
BoRebn be T e Uo2m R (C, +C)+R.C,
2oRCaR,Che << (Cpe + CL)(RCpr + R, C—14 H; fect 1 [R(Cp+C)+RC,
<< ="
" 2n Y R,CR,C,R C,-T,)
ZmoRsn 1 2oTa 1 =
PR RtE f<< T Bk gT S CetCe Hy b2 f<<f,, =EJgo[gmoRn(Cbc+CC)(ReC,t+RbC)]
_l ’gO/[(gmoRn: +1>(Cbc +Cc)]
8oRCrRpCrc > << R, +Rg b3 B> o3 =709 R.C, +R,C
(8moRz +ICye +C,) : RCTRC
= =4 |—=pb T Rebm
2oRR,C fa<fyy, =
<< R, +Rg Hj 21§ TR (R Cy - T4)

(8moRz + INCye +C¢)

1 -1
b4 f<< fb4 = aJ[Td(ReCn _td)"’ReCanC]

R.Cp +RC—14

<<R.C Hy
R 1 e R
BmoRx ¥ b5 1+ (R,C,2nf)" » BRRC, (RC
Equation (s) eq.4 €gs. 5-9, 12 eq.10 | eq.11 Coo *Cc  Cye
_1 2[R (Che + C) =R Cye [ngRn +1)7
Hj used Hi, Hp, Hy H1. H Hi [HiH2, Hs v _2nJ(Cbc +CoYLe(Cre +Co )+ RC Ry Cc |

1 [Le (Cbc + Cc) +ReCanCbc:kReCn _Td)_l
f<< fb6z =

are obtained taking into account the influence of the inductive term: 2] RyGRRyUChe +Co)+ RCyRyCre)

Blocks 2 and 7 are used to determiggo and go. The parameters 1 —
Cx, Che, Ce, Ry, R., and 7; are obtained using three nonlinear 7 f<<fb7y=§J[Le(cbc+cc)+ReCanCbc‘Td(ReCn+RhC‘Td)]
equations. The pad capacitances (not shown in Fig. 1) are remov 1

fr?)m measuremgnts p ( g1 fe<fys, =;£f[—Lc (Ce + C)(EmoRy +1)+ Ry Cr(R,Cr + RyC = )]

(Rg +R)(C + C) i
A. Determination of the Value of Each Blodk,( = 1-9) 1 gm Rl

b8 f<< fyg= —
The values of the nine blocks can be extracted using the frequen: 2] RyCoeRCaR Gy #R,C-7y)

dependence of the left members in (4)—(12). Each block value i by f< £y0= L ’_Tl_—z
obtained using linear regression over an adequate frequency ran 2mYR,C)H Ry -7g)

(Table 111'). As an example, the valués andb5 are extracted using the
frequency dependencies®éal( Zoo — Z12) andReal(Z11 — Z12 ), re- ¢ o

a o
spectively [see Fig. 2(a) and (b)]. These resullts confirm the theoretical ,-:N°° =, b M1
evolution described in (4) and (8). The first term of the right-hand-side N N 4 M2
expression in (4) describes the fast decreasBwil(Z22 — Zi2) in Ve o bS
the low-frequency range. The second term has a constantbiater N 'Mwm N *
all frequenmeg_‘bll =0.3 GH2<<_ f < fbly = 254 GHz. Thereby \T; i %‘ o Rt ——— Y
b1 can be easily extracted. In Fig. 2(l¢eal(Z11 — Z,2) decreases Sv¥La e e S o
quickly for f < 20 GHz and becomes frequency independent for 03 ¢/GHz 40 0.3 ¢ IGHz 40
f > 20 GHz. These experimental evolution is well described in (8) @ ®)
and allows us to extraéb. 2
B. Determination of?, C', Rr, and the Access Inductances 08 VeE(V) x wl . BRA+ 1%%
8Talo2 i o °
Fig. 2(b) and (8) are used to determiRe andC; as follows: R 0.6 .i3 :4 x F o 93 L A A 200
Soal % tx 3 | aal % yy, w20
my — bd :L 0'2 ¥ 2 S © x 33 .Z by
1+(R1C1f1)2 0 F R 20 [ oxog ?
and Pl 0 ol 02 03 1 2 3 4
my —by = (13) I mA Veg, V
14+ (R1Ch f2)?
+ (R1C1 f2) © @

wherem; andm; are the values dReal(Z,; — Z) corresponding Fig. 2. Determination of: (a), ()1 andb5; Ry, C1(b). Real(Z1, — Z1s):
to fi and f», respectively. Frequencie§ and f; are chosen over a measured+), simulated withR,, C1 , (++), simulated withouf; , C (x X).
frequency range where the influence of the first term in (8) is importa(t), (d) HBTs capacitances versus bias.

compared to that of the second term. Using (13), we have

L_mi=b5 . 1— @
- ﬁ C - = m2 — 09 14
Ri=(mi—b5) | 1+ o ® VR Tm—bs () o
mi =05 (fr @rfi)? | —= - |+
mo — bd f1 mo — b f1



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 1, JANUARY 2002 221

— < <t w
N s 17, g° 4
2 F 11 I o8 i o
o < r @ o o
| } 2= 18
&0 L p =Y =
S => ]l &s (=
£s % "3 e

7 S

0.3 40
f/GHz
@

g - =

] -
3 I8 3 ©
2 1 92 2
g s E =

<
op & -
g » EQ

-o <o

f/GHz
© (d)
Fig. 3. Measured<{—) and simulated+ + +) S-parameters.

f/GHz

with (fi = 6.652 GHzm, = 41.71 Q) and (f> = 19.356 GHz,

ms = 31.25 Q) corresponding to pointd/1 and M2, respectively,

we haveR; = 21.5 Q andC; = 0.6 pF.

IV. RESULTS AND DISCUSSION

The method is validated by investigating GalnP/GaAs and
GalnP/InP HBTs at multibias conditions. The bias variation of the
capacitances’; and Cj., shown in Fig. 2(c) and (d), agrees well
with the prevision of physical analysis. The good regularity of the
calculated capacitances demonstrates the unicity of the solution. Fig. 3
shows the measured and model8eparameters over a frequency
range of 0.3-40 GHz. Good agreement in magnitude and phases
is obtained. In particular, the evolution versus frequency of all the
calculatedS-parameters is the same as the measured ones.

V. CONCLUSION

We have demonstrated a new method to directly determine the HBT
small-signal equivalent circuit. No use of numerical optimization, nor
local fitting routines are required in the procedure. It uses the measured
S-parameters to determine independently nine analytical expression
blocks, which allow us to calculate the circuit elements. The procedure
allows us to determine the base and collector resistances at each bias
point with the other bias-dependent elements. In addition to the good
agreement obtained between measured and simulapatameters of

The resistanceR is determined using block 8 measured over #1¢ HBT, the bias dependence of the base—emitter and base—collector
low-frequency rangg < fus at different emitter currents,, such capacitances obtained from the proposed multibias extraction proce-
as in [9]. The parasitic inductances are determined ffoparameters dure agrees well with the prevision of physical analysis.
measured in a nonconducting state and taking into account the influ-

ence of the inductive terms due to certain device parameters that con-
tribute to increase the global inductive effect of the transistor [10].

C. Determination ofR,, ¢mo , andgo

R, is determined from well-known theoritical expressié} =

(NgVr)/(Is),andg..oc andgo are determined using block 7 and block 3]

2, respectivelyy,..o = (b7 — 1)/ R~ andgo = b2gmoR~.

D. Determination of’x, Cs., Ry, R, andry

Expressions of block ii(= 3-6) allow us to write the following

three nonlinear equations:

ReCn ROC
Crot Co T Gy (13)
C R.Cnm .
Rb <m + g0 Cret Ce Cc) =05 (16)
ReCn Rb Cye _ b6 — L. a7

(Coe + Ce) (Cpe + Ce) b4

with z = (C)/Cve,y = Ry, andZ = (6 — L.)/(Cpe + C.).
Equations (15)—(17) can be rewrittenZs- xy(1 — ) = b3,y = Ry,
y(x + g0z) = 05, Zy(l — x) = (b6 — L.)/b4, by namingU = b3,
V = b3, andW = (b6 — L.)/b4, we obtain

Vo2 (L_UVY  (V=U
w2~ woow? )" W

- go) =0. (18)

Using physical solutiorZ* of (18) and knowing the different blocks,

we haveC', = (Z+b4b7)/ Ry, Co = ((b42Z7F (03— Z7))/(b6— L),
and Cy. = b4[1 — (bAZF (3 = Z1)) /(b6 — Lc)], R, =
(06— Lo)/ (142 (1 = (142763 = Z%))/ (06— L)) ), R. = b1
— 7%, andry = b4b3 — (b9 + L.)/(ZT)
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