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Abstract—The spectral-domain method is a very fast and powerful cosknz Compensation Functions  Si0knZ
technique to analyze planar microwave circuits. However, available tech-
niques for simulating the excitation of open planar microwave circuits are  Fig. 1. lllustration of the excitation in the direction of current flow.
not very effective at relatively low frequencies. In this paper, new com-

pensation functions are introduced, which correctly model the excitation . . . .
over the whole microwave frequency region. wavelength from a zero of the sine (imaginary part). However, this

truncation requires an extra number of rooftop functions, which is a
large number at low frequencies. Here, in order to overcome this
difficulty and to reach an accurate solution, a function, which is
I. INTRODUCTION named by the authors as tlempensatiorfunction, is introduced
. Lo . . t the interface between the port of the circuit and adjacent feedline.
This paper highlights the lack of information and drawbacks . P ¢ ad)

. L . . S he accuracy and efficiency of the new method is demonstrated by
available excitation modeling techniques for the derivation of the :

S means of numerical examples.

S-parameters of open planar circuits and presents a novel compen-
sation function for efficient excitation modeling.

The details available in the literature for the extraction of the : _ _ i o
S-parameters of planar circuits using the spectral-domain methodor the formulation described in this paper, all circuits are con-
(SDM) or other related techniques are limited in scope, as the to@@l?f_ed to be c_o_nr_lected to a semi-infinite feedline, whose_W|dth_|s
is avoided or ignored in most papers. For shielded planar microwa@éntical to the joining port, at each port. The fundamental microstrip
circuits, theS-parameters at a spot frequency are derived in [1, Ch. BJode is assumed to propagate on the feedlines and, thus, the traveling
from the solution of a matrix equation. In [1], the tangential electrigurrent waves are chosen as current basis functions given in

Index Terms—Excitation, planar circuits, SDM.

Il. IMPROVED EXCITATION MODELING TECHNIQUE

field is assumed to be identically zero because of the sidewalls. e mz—zi) —L+z <2<z
Since they do not exist in open structures, a different method must Jilz) = 0, otherwise
be sought. In addition, the effects of the port/feed arrangement is Gk (2—2;) e
o ' ) —a,e A —L+z<z<z
assumed to be negligible. The extraction of fhparameters from the Jr(z) = {0 otherwise -
>

knowledge of the surface current distribution is achieved by applying —ikn(emzy) .
transmission-line theory to the feedlines (deembedding algorithm) [2], Ji(z) = {‘W ' ; Zo<z< Ltz (1)
but this method can only be used when the line length is bigger 0. otherwise.
than a half-wavelength. A method was introduced by Jackson [3] lttere, k,, is the precalculated wavenumber of the feedlihes the
calculateS-parameters of gap discontinuities in 1985 for open plansgngth of the feedline, which theoretically extends to infinity, but
circuits, but his technique, in contrast to the method described heire practice, is chosen to be an integer number of half-wavelengths
is not complete and efficient at relatively low frequencies. This 8], [4], and z:(s = i,0) is the offset of the port from the origin.
because the cosine portion of the traveling wave is truncated offde letters), ¢, andr indicate the incident, transmitted, and reflected
quarter of a guide wavelength from a zero of the sine. The lengthrrent waves, respectively, and the unknown coefficiepts:, are
of the truncated portion is a function of the operating frequency. A&befficients of the reflected and transmitted current waves which are
low frequencies, its length becomes larger than the entire circuittsbe calculated. For the excited and nonexcited ports, the currents are
Fjimension and a Iarge.number of gxtra rooftpp functions are required Jopat = Ji + Jr Joutpur = J. @
in order to avoid spurious numerical reflections.
In this paper, semi-infinite feedlines, which extend to infinity from As shown in Fig. 1, the current basis functions of the feedlines
the ports, are connected to the ports of the circuit to simplify tHeave a realcos k. z) and an imaginarysiu k,, z) part. The real part
excitation. However, in order to complete the algorithm, an additiong@uses current discontinuities in the direction of current flow because
set of basis functions is required to define the unknown curreffe triangle function as a rooftop function’s component is identically
distribution on the feedlines. Following [4], traveling current wavegero at the interface, whereass(k,.z) has a finite value.
are used as basis functions. With this choice,Skearameters of the ~ Similarly, in the direction perpendicular to current flow, the step
circuit can be directly derived from the coefficients of the travelinfiinction as a rooftop function’s component has a finite value, whereas
waves used. However, the use of the traveling wave as a curreint b, z) is identically zero. Therefore, extra basis functions are still
basis function on the feedline causes a current discontinuity in tfRguired at each interface between the port and adjacent feedline for
interface between the port and feedline. This difficulty was overcortlge correct solution. These functions are introduced and referred to
in [3] and [4] by truncating the cosine (real part) portion a quarteby the author asompensatioriunctions, which are shown in Fig. 2.
The compensation functions are defined for the input port in the
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Fig. 2. Compensation functions for input and output ports.

Frequency GHz

Fig. 3. Magnitude ofS-parameters for a open microstrip line.

to the right-hand side of the equation, and (8) becomes
and for the output port

Z). 1], = [Z]; 9
J‘/(Z):{l_i_szzo‘ Zo—l;,ﬁlﬁﬁo (5) [ ] [] [ ] ( )
- 0, otherwise . .
. whereZ,, consists of the elements related to unknown current basis
Je(z) = {_ T Fo T <2<z (6) functions andZ; is a column vector containing the elements related
0, otherwise to incident current waves. The unknown coefficients are found by

solving (9). TheS-parameters of théV-port circuit are actually the

wherel. is the size of the compensation functions in the directiofyefficients of the reflected and transmitted current waves.
of propagation.

J.(z) in (3) and Fig. 2(a) transfers the effect of the cosine portion
of the incident current wave in the direction of current flow, whereas
J.(z) in (4) and Fig. 2(a) transfers the effect of the sine portion of It must be noted that the Jackson excitation technique is used
the incident current wave in the direction perpendicular to the curreffith no extra rooftop functions to complete the truncated portion
flow. Similarly, J.(z) in (5) and Fig. 2(b) transfers the current waveof the current wave. This is due to using an identical number of
to the output port in the direction of propagation, wheréas:) in (6)  basis functions in each model and illustrating the improvement in the
and Fig. 2(b) transfers the current wave in the transverse directiggcuracy for an identical number of basis functions.

Including all current basis functions of the entire system, the total
current is expressed as A. Microstrip Line

IIl. NUMERICAL RESULTS

The microstrip line, which is of length 2.8 mm, width 0.7 mm on
the substrate of thickness 0.381 mm, relative permittivity 11.7, and
relative permeability 1, has been chosen. The reason for this choice
is that the geometry is very simple, ilsparameters are very easy to
predict. The dimensions of the circuit have been intentionally chosen
to be relatively small in order to highlight the deficiency of Jackson’s

where V' is the number of ports],.. refers to the basis functions tgchnique and to illustrate the improvement in the accuracy which
of the microwave circuitd,ore, is either the sum of the incident .4 pe obtained.

and reflected current wave for the excited port or the transmittedgg,; sets ofS-parameter results are plotted in Fig. 3. These are
current wave for unexcited ports, adiehup,, is the Fourier transform e resylts calculated by using 42 rooftop functions in total, having
of the compensation function. To calculate theparameters of the yimensions of, = w/4 = 0.157 mm andl. = L/8 = 0.35 mm).
circuit, a,, must be known. The method of moments is employeglirst the test structure is analyzed by using truncated traveling
to find the unknown coefficients. A total df weighting functions - crrent waves for excitation. The minimum operating frequency in
must be defined to complete the algorithm. These are chosen toyle analysis is 1 GHz and the corresponding length of the truncated
a triangle function, which straddles the lines separating each pgfsine portion is 26.25 mm, which is 75 times bigger than the size
and the feedline in the direction of current flow and a precalculateg e overlapping rooftop. For the maximum operating frequency
basis function in the direction perpendicular to current flow. Aftegt 20 GHz, the corresponding length of the truncated portion is 1.25
application of the method of moments, the matrix equation yields mm  which is still more than three times larger than the rooftop.
Therefore, the cosine portion of the incident current wave never
(Z][1] = [0]. (8) reaches the input port of the circuit in this frequency range and the
circuit behaves like an open-end discontinuity, as shown in Fig. 3.
Since two traveling waves, which are the incident current wavin get the accurate results by Jackson’s technique for this frequency
with unit amplitude and the reflected current wave with unknowrange, 888 extra rooftop functions are required.
amplitude, are used for the feedline connected to the input port of theFinally, the introduced excitation modeling is used for the analysis
circuit, Z is not a square matrix and contains unknown coefficient&gr the test structure, and the improvement in the accuracy is
as well as the known unit amplitude. The column of the impedantéghlighted in Fig. 3 by using a compensation function for each port
matrix corresponding to the incident current wave products is movatstead of 888 extra rooftop functions. In this model, the effects of

N

Jtotal = Jbox(ko:-, ka) + Z (("pn']portn(kra ]‘nk7)

n=I1

+dcn,~]compn(k:c< L"z)) (7)
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Frequency GHz Direct Measurement of Cy,. and Cy,. Versus Voltage

for Small HBT’s with Microwave s-Parameters

Fig. 4. Magnitude ofS-parameters for the edge-coupled filter. for Scaled Gummel—Poon BJT Models

excitation are transferred into the circuit without any loss. Fhe Charles Chang, Peter Asbeck, Peter Zampardi, and K. C. Wang

is almost unity, wherea$§,, is very small, as would be expected.

Abstract—A novel method for determining the junction capacitances
B. Edge-Coupled Filter versus voltage in_ heterojunction t_)ipo_lar transistors _(HBT’s) usir_lg
s-parameters at microwave frequencies is presented. This new technique
In order to further prove the accuracy of the excitation modelingas several advantages over traditional approaches, which include: 1)
introduced here, using a more complicated structure, the analysigtdirofiles capacitance at greater forward bias; 2) it enables the direct
the microstrip edge-coupled filter shown in [5, Fig. 6] is considerefeasurement of minimum geometry transistors; 3) it allows for the

h f d b hib | d accurate extraction of scaled HBT model parameters with emitter
The measurements performed by Shibataal. [6] are used as a length; and 4) it results in improved pad parasitic deembedding for

standard for comparison. accurate modeling. Both the capacitance—voltage and large-signal HBT
As seen in Fig. 4, there is a clear agreement between the introducedlel results are shown.

excitation modeling and measured data. The use of traveling current

waves with truncation yields completely meaningless results because |. INTRODUCTION

the minimum operation frequency is 1 GHz with the corresponding o . . . i
length of the truncated cosine portion being 29.14 mm. This iSThe accurate determination of the heterojunction bipolar tran

almost 46 times bigger than the size of the rooftop in the directic;s'r'lStor (HBT) base-emitter (BE) and base—collector (BC) junction

o he popagaton for he Geiton (= /1 = D315 i 1O00e0EE M etede e o e s e el
andl. = 1/20 = 0.636 mm). Even at the maximum operating bp y P 9 '

frequency, which is 15 GHz, extra raoftops are still required which are limited by the leakage current (which sets maximum

- . . ) tPorward bias) and low frequency of operation (which sets minimum
cover the missing portion. For the maximum operating frequenc

o ) ""Yeasurable capacitance). The first limit prevents measurement in
the length of the truncated portion is 1.78 mm and still three tim p ) P

larger than the rooftop size. Again, for the same accuracy as for tthee voltage regime wheréi,. and Ci.. change significantly (before

. e diffusion capacitance dominated region). In high-speed HBT's
Jackson technique, 540 extra rooftop3(lx and 270z components) . P X gion) . gn-sp .
. o - at low bias,Chre junction Mmay dominateChe diffusion; thus, errors in
are required to complete the missing portions. - '

extrapolationCh. from low Vi, measurements can result in large
errors in predicting the high-speed behavior. In the devices reported
here,Che.depletion > Che,diffusion fOr I < 0.2 mA. The second limit

L . L requires large test-pattern measurements which are then scaled to the
We have shown that realistically complex microstrip circuits C8fevice: thus, resulting in errors for small HBT's due to periphery

be rigorously analyzed at relatively low frequencies using N€Wocts and fabrication tolerances. The proposed CV technique based
compensation functions, which are defined at the interface betweeg.a icrowave (1-50 GHz)-parameters (RF-CV) increases the

port and feedline in the SDM. The compensation functions are Sho‘fYﬂerable forward bias range and allows direct measurement of
to be effective to model the effect of the excitation of the circuit. devices

IV. CONCLUSION
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