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Fig. 5. Variation of dielectric attenuation with thickness and permittivity.

mittivity results in a large part of the electromagnetic energy travel-
ing outside the dielectric and, therefore, not contributing to the
dielectric loss.

Radiation loss from the open H-guide structure has been shown
to be significant in certain circumstances [6]. It can, however, be
reduced toalowvalue byincreasing the height of the guide walls.

VI. CONCLUSIONS

Modified H-guide, in which a thin dielectric film is supported
across the guide by channels in the conducting planes, appears
potentially tooffer advantages =aguiding structure for short milli-
meter and submillimeter wavelengths. The channel maybe effective
in suppressing higher order modes and allowing wider plane separa-

tion and, therefore, lower loss. Possible forms of construction are
shown in Fig. l(c) and (d). The use of a higher permittivity thin
film ofdielectric mayreducet helosss tillfurther. H-guide structures
with channels have been investigated experimentally at 3-cm wave-

length and the performance outlined verified. Guides are now being
constructed for 0.3-mm wavelength operation for investigation using
our HCN laser.
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A Simplified Circuit Model for Microstrip

HERBERT J. CARLIN

The advantage of a network model for a physical structure is that

the model, if correctly established, implicitly contains the physical
constraints of the actual system, and these constraints need not sub-
sequently be called into play for every new case. A recent example
is the use of coupled lines [1 ] to model longitudinally uniform but

transversely inhomogeneous waveguides. The network model for a

cylindrical waveguide loaded concentrically with a dielectric rod

comprised a TE and a TM transmission line coupled together, and

the properties of this model demonstrated that, surprisingly, the

smooth lossless waveguide structure could support complex eigen-

values as well as backward waves. The general network idea stems
from Schelkunoff [2] who established that uniform metallic-bound

lossless guide structures can be represented by an infinite number of

coupled TE and TM transmission lines. The practical approximating
network model is obtained by appropriately truncating the infinite
Shelkunoff representation [1].

In this short paper we show how a pair of coupled lines can give
an extremely simple model for microstrip dispersion. We take a TEM

transmission line and a TE line and form a distributed circuit with
these two lines coupled together. The uncoupled lines propagate the

ordinary TEM and TE modes. The coupled circuit automatically
represents a pair of modes which are no longer TEM or TE, but

instead are the two lowest order hybrid modes that exist on the strip-

Iine. In effect, circuit theory does the work in preducing the required

modes.

The pair of coupled lines modeling the microstrip is shown in

Fig. 1. The circuit model for the physical structure is based on the

fact that TEM- and TE-type modes excite each other by virtue of

the pre8ence of the dielectric substrate. It is also assumed in the
model that the uncoupled TEM and TE modes propagate at the

same velocity at very high frequencies, i.e., there is a common value
of ~ for both of the lines.

The series-impedance and shunt-admittance matrices @er unit

length for the pair of coupled lines in Fig. 1 are

Here @= u +ju is complex frequency, and cO, ~0 are the consti-

tutive constants of free space. There are therefore only three con-
stants used for the simple circuit model: ?, the e~ective static dielec-

tric constant; K, the cutoff wavenumber for the uncoupled TE mode;
and the coupling capacitance c12= k:, where 0< k< 1 is the capacitive
coefficient of coupling. The effective dc dielectric constant is given
by the static relation

(2)
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The relative effective dielectric constant is,
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corresponding to the plus sign in the dispersion relation (3). This
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Fig. 1. TEM-TEcoupled-line model perunit length for microstrip.

which is probably more convenient for calculations, especially when
u is small. From (6b) we verify that G(O)==.

The second constant, the coefficient of coupling k, is easily found

from the following reasoning. When the microstrip is excited, the

fields outside the dielectric decay to a negligible level within a wave-

Iength A of the dielectric interface. Thus, as~~m, k~O, the fields

may be considered as entirely confined within the substrate and we

may assume e,(m) =e,, thedielectric constant of the substrate mate-

rial. This should be true for all modes. However, because of the simple
form of the model, wecanonly impose theinfinite frequency condi-

tiononthe fundamental mode [plus sign in (3)]. Using this constraint
in (6a) gives

e,—z
k=—. (7)

z

,—-__———_l

90w-
I, II, m,m, . .. MEASURED DATA (GETSINGER)

Y,+++ MEASUREO OATA (Z YSMAN-VARON)

50 I 1

0246 S1012

FREQuENCY (GHz)

There is only one more parameter to be determined, the TE cut-

off wavenumber K. This is found by equating the frequency for the

point of inflection w calculated from (6) to the value given by Getsinger
[4]. From (6) we set

Fig.2. Coupled lkeversuz experimental dispersion cuwesfor microstrip. d% o
.

dw’

where the characteristic impedances of the microstrip arezo with air
dielectric, and~o with substrate relative dielectric constant ~,. The
values of ZOand E=e, (0) in the examples that follow are taken from
Getsinger’s data [4] which inturnare based ontheprogram Ms’rMP
[3]. However, Wheeler’s equations for characteristic impedance [6]
give nearly the same fit, though somewhat poorer, to experimental
dispersion data. Thus for the microstrip dimensions listed on curves
I, II, III, and IV, in Fig. 2, wehave the following:

which yields

CW2 R R_ (2<?– 1)’/’
——. —,
U.z k 6“

(8)

The Getsinger [4] equation gives

where b is the substrate thickness, and G is a semi-empirical pa-
rameter that depends on 20. In our circuit model for best average fit

weusethe relation for G (differing from Getsinger [4])
Getsinger Wheelera

Fig. 1 Zo 6,(0) ~o %(0)
G = ().s()O+0.()Ol~03/2. (9)

Then from (8)
I 17.25 8.36 17.01 8.51

II 29.0 7.38 28.4 7.64
III 48.5 6.88 48.3 6.87
IV 89.5 6,24 88.7 6.24

8 Calculated using P. Penfield’s program MmmH.4.

k (2rr)’ - 2, 2
~2 =__

R 12Gb2e ()
——
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We now merely calculate the three parameters of (2), (7), and
(10), alldetermined solely from themicrostrip physical dimensions
and the dc substrate dielectric constant. Our simple model (Fig. 1)
and dispersion relations (6a), (6b) are then completely specified. No
recourse to interpolation to specific experimental dispersion data is

The squared eigenvalues y’ associated with Z Y are given in normal-

ized form as

(3) required.

Fig, 2 shows dispersion curves calculated from our simple two-

couded line model and compared with experimental data i4 ], [5].The normalized angular frequency is
Th~ simple network model fits the Getsi~ger data very weli. The

same model also fits the measured dispersion data of Zysman and

Varon [5], as shown.
Fig. 3 shows dispersion curves calculated from the model for the

mode which propagates to dc compared with the mode which is cut-

off below a finite frequency. Note that as we would expect, the mode

which is cutoff at dc exhibits a higher and higher cutoff frequency as
its paired propagating mode becomes less dispersive in character.
By setting (3) to zero and using the minus sign, we obtain

(4)

where CO.is the cutoff frequency of the uficoupled TE line, and the
free-space velocity is
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Fig. 3. DC propagating and cutoff modes in microstrip from coupled-line model.

WV,2

’02=:(1 – L4)
(11)

where coois the cutoff frequency of the mode which does not propagate
at dc. This relation probably should be used with some caution since

the parameters of the model are based solely on the functional mode,
but (11) may be useful when considering the high-frequency limita-

tions of microstrip.
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A Small-Signal and Noise Equivalent Circuit for

IMPATT Diodes

MADHU-SUDAN GUPTA

.4bstracf-A frequency-independent smrdl-signsf equivalent cir-

cuit for an IMPATT diode is proposed. It incorporates five circuit ele-

ments, including a negative resistance, and is valid over an octave
range of frequency. With the addition of two white noise sources it

also serves as a noise equivalent circuit.

lNTRODUCT1ON

An equivalent circuit of an electron device is a linear network

having the same terminal properties as the device. Equivalent-
circuit representations have been established for many electron

Manuscript received March5, 1973; revised May7, 1973.
Theauthoris with the Department of Electrical Engineering, Queen’s Univer-

sity, Kingston, Ont., Canada.

devices because they facilitate the study of effects related to the

external circuit. Frequency-independent equivalent circuits are par-

ticularly useful because they permit the use of simple circuit analysis

techniques and aid in the study of the frequency variation of device

performance.
For a nonlinear two-terminal negative-resistance device like an

l~PA’r’r diode, a linear equivalent circuit can be found for the small-
signal (linearized) behavior of thedevice and fora limited frequency

range of validity. The purpose of thk short paper is to present a

small-signal equivalent circuit and a noise equivalent circuit for
lMPAT’r diodes. These equivalent circuits approximate only the termi-
nal behavior of the diode;l no physical significance is attached to

the circuit elements.
No frequency-independent lumped-noise equivalent circuit for

mfPA’rT diodes has been reported so far. Haus el aL [1] have found

a noise model for IMPATT diodes in the form of a transmission line
with distributed noise sources which is not as convenient as a lumped-

noise equivalent circuit. Johnson and Robinson [2] have, on the

other hand, used a frequency-dependent model formed by separating

the lMPA’r’r-diode impedance into avalanche-region and drift-region
impedances and connecting a noise source with the avalanche-region

impedance.
A suitable small-signal equivalent circuit is also not available

in the literature. The results of most theoretical calculations [3 ]– [6 ]
and experimental measurements [7 ]– [9 ] of the small-signal impe-

dance of IMPATT diodes have been expressed as a frequency-depen-

dent admittance. Steinbrecher and Peterson [10] have proposed a
frequency-independent small-signal model which is accurate only in

the limit of low frequency (@7d~ 7r/4, where ~d k the drift-region

transit time) and predicts a diode negative conductance whose
magnitude increases monotonically with frequency to an asymptotic

value. Typical X-band diodes, however, have a maximum negative

conductance at a frequency where @7a= 0.8r, or higher for higher

bias current [11 ], above which the magnitude of conductance de-

creases with increasing frequency; the model in [1 O] is, therefore,
not suitable in the most useful frequency range of the diodes. Hulin
et al., [12] have also reported a circuit representation for the ava-
lanche region of IMPATT diodes.

A frequency-independent small-signal equivalent circuit for an

avalanche transit-time diode operated in the IMPATT mode, incor-
porating a negative resistance as the active element, is presented here,

A noise equivalent circuit can also be derived from this small-signal

model by incorporating two noise current sources in the circuit.

Both sources are constant and frequency independent and are fully

correlated with each other.
The equivalent circuit of the package in which the IMPATT diode

is mounted is usually considered an integral part of the diode, In

experimental evaluation and use of the diode equivalent circuit
presented here, the diode package will have to be accounted for

[7], [8]. An equivalent circuit for the package (which depends upon

the method of mounting the package in a cavity) should, therefore,
be added to the diode equivalent circuit.

METHOD OF DETERMINATION

The two basic methods for determining the equivalent circuit
for a given diode are the following.

Fronz Y.(u) and ~(u)

For accurate modeling, the equivalent circuit is evaluated using

the small-signal diode admittance YD(QI) and the mean-square open-

circuit noise voltage per unit bandwidth ~(u) at the diode terminals.
For a given diode, these maybe determined either directly by experi-
mental measurement (and de-imbedding the diode from its circuit

[10]) or indirectly, by first determining the diode structure (i.e.,

doping profile by CV measurement) and then carrying out theroetical
calculations using a mafel such as the small-signal analysis of Gum-
mel and Blue [6] which can be used for calculating both Y~(w) and
Y% (w) numerical y. In either case, the values of network elements in

I A ,small-signal equivalent cir:uit of the device will b! defined .as ?ne having
approximately ~he same, terminal Impedance as the smtdl-s:gnal ‘dc+ce Impedance,
and a noise equwalent clrcuk of the device as one for which both the Impedance and
the open-circuit noise voltage are close to those for the device. Obviously, a n?ise
equivalent circuit will also serve as a small-signal equivalent circuit upon omittmg
the noise sources from it.


