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Abstract—A physical, yet simple, small-signal equivalent circuit for
the heterojunction bipolar transistor (HBT) is proposed. This circuit was
established by analyzing in detail the physical operation of the HBT. The
model verification was carried out by comparison of the measured and
simulated S- and Z-parameters for both passive (reverse-biased) and
active bias conditions. A feature of this model is that it uses a direct
extraction method to determine the parasitic elements, in particular, the
parasitic capacitances. The excellent agreement between the measured
and simulated parameters was verified all over the frequency range from
0.25 to 75 GHz. (a)

i
The equivalent circuit of a transistor must be determined b

considering its physical operation, particularly for high frequencie
and/or the optimization of the performance of the transistor. In th
case of the field-effect transistor FET (MESFET and HEMT) there i
only one circuit commonly used [1], however there are two differenj
equivalent circuits used for the bipolar transistors (BTBépology, |
w-topology) [2], [5] due to the two different physical approaches foil
modeling this transistor. |
With the commonly used HBT equivalent circuits [2]-[5], even thel
one proposed by Costa [2], we found that the measured and compu'!
Z-parameters do not agree well, especially at low frequencie!
although theS-parameters appeared to be correct. Furthermore, tt'
required values of some elements of the equivalent circuit were (b)
sensitive to the initial starting \_/alues, e.g., the access rg_sistang%s_, 1. (a) Sketch of the HBT cross section. (b) Resulting circuit,
Ry, R, R., the dc current gain, or even the pad parasitics. We
also noticed that the f|tted Values Of some intrinSiC elementS WereA” the transistors characterized were GalnP/GaAs hole-barrier-

sensitive to the initial starting values. These observations promp‘lﬁﬁolar-transistors (HBBT's) with emitter areas frahx 20 ym? to
us to reconsider not only the extraction but also the topology of the; . 9 pum? [5]. The MOVPE-grown device layer structure consists
equivalent circuit. So, we investigated the HBT circuit topology tef 3 15004 GaAs emitter cap-layer doped™n(7 - 10'* At/cm®),
establish what had to be modified or/and improved in the previous)g00A GaAs emitter layer doped (7 - 10'" Aticm?), 1004 InGaP
published circuits. (NID), 1000A GaAs base layer dopedp(6.5-10'" At/cm®), 5000-
Generally, the intrinsic device is modeled with a simple lumpegy GaAs pre-collector layer doped n(10*¢ At/cm®), and 15004
element circuit. As shown in Fig. 1(a) and (b), however, a numbesaAs collector layer doped™(7-10'® Atcm®). All of these layers
of RC distributed circuits are possibly required: one beneath thgere grown on a semi-insulating substrate.
emitter and another between the base and the collector. Ignoringefore investigating the validity and performing the extraction of
these distributed effects can limit the accuracy of the lumped-elemeRé intrinsic equivalent circuit model, however, the values of the
circuit. As a consequence, but to keep the circuit as simple Bggrasitics must be determined. By using a test structure, however, we
possible, therRC' distributed circuit appearing between the base arghd a strong disagreement between their measured and fitted values,
the collector was replaced by a simpteRC circuit. That way, we more particularly the parasitic capacitances. This technique is inac-
derived a more physical equivalent small-signal circuit of the activgjrate since, among other things, the fringing capacitances and the
HBT, as depicted on the Fig. 2, but also of the passive (reversgguctances induced along the “fingers” are ignored. Unfortunately
biased) HBT{3 = 0}. up to now, no better solution has been proposed. So, we undertook a
To verify the validity of our resulting circuit, we then performedstydy to establish an direct extraction method for the parasitics useful

S-parameter measurements throughout the frequency range from Ggf&he HBT like the one available for the FET [1]. Then we validated

the equivalent small-signal circuit elements were fitted by using the
EEsof Touchstone program once the values of the parasitic elements 1l. EXTRACTION OF THE PARASITIC ELEMENTS
had been assessed.

|. INTRODUCTION

Pansinw Area Y Arier Afed

First of all, we focused on the extraction of the parasitic capac-
Manuscript received February 14, 1996; revised September 23, 1996. Titémces, which remains up to now the most difficult to obtain by
Wogk“xV%S_I_S“ppo”ed by the European Community within the “Human Capitgleasurements. On the other hand, techniques similar to those used

an obility” program. .
The authors are with the Fraunhofer-Institutir f Angewandte for the FET have glready been proposed to extract .the inductances
Festiorperphysik, D-79108 Freiburg, Germany. as well as the emitter and the collector access resistances [6], [8]
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Fig. 5. Typical evolution of the measured capacitanf€s.,, Cy,c, Cous }
versus the inverse square root of the applied potential.
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Fig. 3. HBT equivalent circuit when reverse-biased used to extract the EXPERIMENTAL EVOLUTION OF THE CAPACITANCE
parasitic capacitances. Cce AS A FUNCTION OF THEAPPLIED POTENTIAL
Circuit Element Vp=0V Vh=-1V Vp=-2V
A. Parasitic Capacitances Cce (fF) 6 5 5

It has been already suggested to reverse-bias the HBT to estimate
the values of the intrinsic capacitances [7], a method similar to the
one proposed for the FET’s by Dambrine [1], but without being ab@Vven by the theory [5]. Indeed, the value of the junction capacitance
to extract directly from the measurement the parasitic capacitances:nc due to the depletion region in an abrupt p-n junction is as
Thus, by analogy with Dambrine or Lee [1], [7], consider thdollows as a function of the applied reverse voltage:
simplified equivalent circuit of the HBT when reverse-biased (Fig. 3) , k
valid as long as the influence of the inductances and resistances Ciunet = 5 - W 2)
remains negligible, tour circuit has a simptetopology, and it '
contains only capacitances. So,¥tsparameters are expressed simplyvhereS is the area of the junctior; is function of the acceptor and
as follows [see (1)]: donor doping levelsy; is the built-in voltage, and’, is the applied
) a reverse voltage. So, by plotting the values of the input capacitance
1=jw n=Y+1 Cin, the feedback capacitancg,. and the output capacitan€e, ..
Yo=j-w-Che with Yo=Y =-Y5 (1) versus the inverse of the square roof ¢f + V. }, we may determine
Y =j-w-Cou Voo = Vs 4 Yo the values of the parasitic capacitances by extrapolating the resulting
- ' - plots up to the ordinat¢V, — oc) (see Fig. 5).
where{C1, + C.} equalsCi,, {Cpbe + C. + C;} equalsCh,. and As shown in the Fig. 4, the theoretical expressions of the imaginary
Cpe equalsCouyy. part of theY; [see (1)] predict well the experiment&l-parameter
Now the problem consists of distinguishing the parasitic capa@volutions versus the frequency. And when we plot the value of the
tances from the junction capacitances. In that case, an answer wagacitances obtainéd’,,, Ci., Cout) Versus the inverse square root
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Fig. 7. Plots of the real part of1, and{Z22 — Z12} versusl/I,. Fig. 9. Comparison between the measured and the calcufatameters
of an HBT{I;, = 1 mA, I. = 9.4 mA and V.. = 2.5 V} in the frequency
range from 0.25 to 75 GHz (with or without capacitance in parallel \&th).
»
IO'E the emitter, confirming other published suggestions [4]. Since the
. i value of this capacitanc€'. is quite small (see Table I), however,
a8 1 the circuit can be simplified by adding it directly to the valuegt,
9 : at least in the case of small-signal applications.
5 6
’g .‘.‘ =23Q B. Parasitic Inductances
f 444, To get the value of the parasitic inductances, we also used the
4 T method described by Dambrine [1] for the FET or for HBT's by
R o] EE— . Maas [6]. Indeed, as for the FET, when the HBT is forward-biased
and especially for high base—current densities, the influence of the
0 et parasitic capacitances remains negligible in comparison with the
0 20 40 60 80 100 inductances. Moreover, the junction resistance values tend to zero and
DC base current [mA] the junction capacitanceé€’., C.. andC}), thus quite large, become
a short-circuit past a few hundred megahertz so that the intriisic

Fig. 8. Typical evolution of the real part dfZ11 — Z12} & Rpace @S @ - . . Lo
function of the dc base current. matrix (see Fig. 2) cancels. That way, the HBT equivalent circuit may

be modeled by a simpl&-circuit with its Z-matrix {Z;;} written
of the applied voltage (Fig. 5), we obtained a linear curve in perfe%? follows [see (3)]:

agreement with the theoretical previsions [see (2)], validating our Zn =21+ 22 Zi=Ry+j-w-Ly
approach and enabling the extraction of the parasitic capacitances by Zio=1TJ01 =25 With Zy=R.+j -w-L. 3)
extrapolation. i

We noticed that the output capacitance given by the réatig, Zn=2+ 23 Zs=Re+j-w-Le

appears also to be slightly bias dependent (Fig. 5), implying tikég. 6 shows the evolution of the imaginary part of theparameters
existence of a intrinsic capacitan¢eé. between the collector and of the HBT when forward-biased, indicating excellent agreement
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TABLE I 35
SURVEY OF THE PARASITIC ELEMENT VALUES OBTAINED THROUGH
OuR METHOD. COMPARISON WITH THOSE OBTAINED THROUGH
A TEST STRUCTURE AND THE ONE WE OBTAINED AFTER FIT —
®
Circuit Element| Fitted Value | Test Structure | Extracted Val. = O N—r Measured
Lb (pth 80 70 N
o Modeled with Cy;
Lc (oH) 20 2 g odeled wi bi
<
= 2
Cpb (fF) 16.8 19 15 &
Cpe (fF) 42 19 40
Cpbe (B 16 2.5 21 Modeled without Cy;
. 20
Rb (€ 255 2.3 0 10 20 30 40 50
Re (&) 2.5 2 Frequency [GHz]
Re (Q 10.5 10
e () @
Bo 9.35 94
T (ps) 1.9 15 '
Rpe () 27.5 25-30 /Modeled without Cy;
Ce (pF) 1.85 = 14 Modeled with Cy;
Y
Rpe (kQ) 32 = S
o
Ce (F) 13.5 16 ~N
Ci (B 20 16 s
Rpp () 8.65 E
Rpi (€2) 5.5 E
. 4
Cvi (B 6.1 1 Measured
Cee (fF) 6 5
10
. o . 0 10 20 30 40 50
between the theoretical predictions [see (3)] and the experimental Frequency [GHz]
results, thus validating this extraction method. ®)

; Fig. 10. Comparison between the measured and the calculated parameters,
C. Access Res.lstances ] Z11 and Zq2, of an HBT ([, = 1 mA, I, = 9.4 mA, Ve = 2.5 V) with

As for the inductances, we used the techniques proposed and without capacitance in parallel wif;.
Dambrine [1] and Maas [6] to extract the access resistances. So,

to determine the access resistantBs.s., R.. R.), we have solely ) )
to study the evolution of the real paft-parameters versu%{[b: value was independent of the topology considered. It was also found
b

dc base-current through the junction involyedndeed, the linear that the values of the parasitic elements determined after optimization
extrapolation of the ploReal(Z:») andReal(Zss — Zm),versusl were always in close agreement to those obtained from the extraction

to the ordinate gives us the valuesf and k.. respectively (Fig.j§7). using the previously discussed approach (Table I).

However, the determination of the base-resistance is complicated bxll-|owever, although we always had a good _agreement petween
the fact that beneath the base, there is a distributed diode betwgb% m_easured and fitted-parameters, b_y stu_dylng ch—m_atrlx,

the base and the collector that short-circuits the base (Fig. 1). TH§ Still observed thaiZ,, and Z1» remained incorrectly fitted at
effect becomes all the more dominant as the forward base—colleé%’l\’_ frequencies. This suggestgd that al! ora part of the W*_‘O'e base
current increases, so that the extraction of the entire base—resista{ﬁéés_tance{R"’i’ Ry, and Iy } is '_sho_rt circuited by a capacitance,

is impossible by using the above method. For high base—currélﬁ‘ft71t is to say that a para!ldl’,O cw_cun oceurs _along _the base [2]_'
densities, however, it appears that the value of the base resistaﬁw”y' we found that by introducing a capacitance in parallel with

leads to a constant value (Fig. 8) related to an extrinsic part of thgi+ We obtained the best fit afy, and . for all frequencies
base resistance, called in our circiit (Fig. 2). (Fig. 10). This capacitance has a quite large value (Table II) (a few

picofarads when normally biased, several hundred femtofarads when

reverse-biased), which remains difficult to explain.
Ill. EXTRACTION OF INTRINSIC CIRCUIT

After extracting the parasitics, we performed measurements for
the HBT in an active bias condition, over a wide frequency range as
already stated. In addition, we tested the different intrinsic topologies IV. CoNCLUSION
commonly used{ and w-topology) to finally establish which one We established that the method using a test structure to extract
effectively works well. the parasitics, more particularly the parasitic capacitances, is inac-
So, throughout this part of our study, we always found a goazirate, while the direct extraction method that we propose is a lot
agreement between the measured and fiftgohrameters by using more suitable to exactly extract the values of the parasitics. This
our equivalent circuit as depicted on Fig. 9, thus validating our circuéixtraction method validates also our equivalent circuit since a good
and extraction method of the parasitics. An interesting point is thagreement between the theory and the experiment is obtained for all
this agreement was always obtained whatever the topology considdses conditions. The values of either the parasitics, once extracted,
(T orx), and that the insensitivity of the fitted values to their startingnd the elements that can be assessed through the theory such as
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Ry, 3(a, Gy, ), Once the collector and the base—currents are known, I. INTRODUCTION
remain really close to the fitted ones. Due to the significant position of narrow bandwidth multimode
channel filters in communication satellite payloads [1], rigorous
ACKNOWLEDGMENT electromagnetic (EM) modeling of the filters has become an urgent

task since the circuit theory model [2] was developed by Atia and
The authors acknowledge Siemens for processing the MOVPlliams in the 1970's. An accurate modeling and design of the
wafers for this work. channel filters will considerably reduce or even hopefully eliminate
the manual tuning process. One of the key elements in the EM filter
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Ke-Li Wu and Robert H. MacPhie
Il. THEORY

Abstract—A rigorous analysis is obtained for the problem of scatter- ) ) )
ing at the junction of a cross-shaped waveguide and a larger circular A. Mode Functions in Cross Waveguide

waveguide. The general case of an arbitrary offset and orientation of the The generalized crossed rectangular waveguide considered
cross waveguide axes is considered. The fields matching over the cross

aperture of the smaller guide is facilitated by using the transformation of 1N this paper is depicted in F.ig. 1(a). The modes in .the Cross
the circular cylindrical Bessel-Fourier modal fields of the circular guide waveguide are grouped according to their symmetry with respect
into a finite series of exponential plane wave functions. This permits to the x and y axis. The modal solutions have been discussed in

an analytical finite series solution for the elements of the fields mode [7] " For clarity, the nth mode functions for each group will be
matching matrix, from which the general scattering matrix of the junction mmarized in the followin m t form:

is obtained. The application of the formulation to circular waveguide filter su arize € Tollowing compact torm:
design is emphasized in the numerical examples. Excellent agreements

between theoretical and experimental results are obtained in all the S n_ A n o fTT no X 1 ra(d —y) ~

numerical examples. hnn” == N, Z(I)”{ (ﬁ)Q[P“ (Z B 5)][)[ 2d [z
Index Terms—Modal analysis, waveguide filter design, waveguide junc- g 1 ra(d — y)

fon - (5 ) rwi = 0 sTGm aa)
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