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Circuit Analysis and Design of Radial

Pretuned Modules Used for
Millimeter-Wave Oscillators

A. C. DERYCKE AND GEORGES SALMER

Abstract — This paper summarizes the use of the radial pretuned module
for the realization of millimeter-wave IMPATT or Gunn oscillators. Circuit
analysis and derivation of an analytical model for the prediction of the
characteristics of this type of oscillator are reviewed and the design of
optimal structures is reported.

Experimental results are also presented in order to justify the assump-
tions, which have been done to determine the range of validity of this
model. This is done either by direct measurements or by the study of the
behavior of millimeter-wave oscillators. Finally, we summarize the typical
results obtained with this modular approach and its advantages versus
classical ones.

I. INTRODUCTION

ANY MILLIMETER-WAVE applications need in-

expensive and compact Gunn or IMPATT oscilla-
tors. The most classical solutions in this millimeter band
are based on the cap structure or the Kurokawa structure
[1], [2]. These structures give very good performances,
especially for the characterization of nonencapsulated di-
odes [3], but they are not suitable for low-cost mass pro-
duction. MIC’s, on the other hand, present a strong case
for the cost, the weight, the dimensions, and the automa-
tion of their productions.

Microstrips or suspended striplines are widely used for
the realization of MIC’s but meet with some problems
above 50 GHz because the quartz substrate becomes very
thin. Finline or E-plane circuits are other interesting and
growing solutions for millimeter MIC’s. But to our knowl-
edge some problems remain: the biasing and the connec-
tion of the active device to the RF circuits is the first
problem, the difficulty in getting a good thermal resistance
is the second, and a low Q factor is the third.

The first problem is often solved by using standard
packages. But the parasistic elements of these packages
limit the RF performances and introduce sometimes un-
wanted frequency behavior. The second problem leads to
the implementation of small holes in the substrate to access
the ground plane and thermal dissipator.

Another means of overcoming these difficulties is to use
pretuned modules (PTM’s), which were proposed several
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years ago [4]-[6]. This modular approach has been used
successfully over a wide range of frequencies (26 to 100
GHz) for Gunn and IMPATT devices. The purpose of this
paper is devoted to the synthesis of our results and to the
modeling and simulation of such a structure.

In the first part, we present a theoretical modeling of the
pretuned module, which allows us to compute the evolu-
tion of the loading impedance “seen” by the active device
as a function of frequency and of the size of the module.

In the second part, the theoretical model is compared
with several experimental results of the direct measurement
of this loading impedance to determine the validity range
of the model.

In the third part, the model is used for the design of
millimeter-wave oscillators. We present some rules for the
design of optimum structures.

Finally, in the fourth part, a summary of the experimen-
tal results obtained for a millimeter-wave PTM is pre-
sented. These results show a good agreement with the
theoretical predictions and exhibit some characteristics
which justify the interest of such a structure.

II. THEORETICAL ANALYSIS OF THE
PRETUNED MODULE

In this section, we present an analytical model for the
determination of the loading impedance and its depen-
dance on the geometrical dimensions of the module. This
model must be easy to use for the design and mustn’t be
time consuming. These requirements exclude numerical
models based on discretization. So we have chosen to
establish a quasi-analytical formulation for the loading
impedance. This yields some approximations. The major
approximation is to consider that the pretuned module is
located in free space on an infinite ground plane, and not
placed in a rectangular waveguide. However, experimental
studies on the coupling between the PTM and a rectangu-
lar waveguide have shown that the theoretical results are
still valid in our case and that the use of such a model will
be possible for optimization of oscillators with some care.

The electromagnetic system is described in Fig, 1, and it
can be divided into two subsystems. This brings about two
inter-dependant problems: 1) an interior problem (Region
I) related to the propagation of waves between the two
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Fig. 1.
metallic planes and 2) an exterior problem (Region II)
related to the radiation of a circular slot.

In a classical way, the boundary conditions to be fulfilled
by the fields on the aperture (r =r,) give a relation be-
tween the two solutions for the fields in the two regions. It
will be expressed by a radiation admittance Y, located at
r=r,. :

A. The Interior Problem (Region I)

1) The Radial Waveguide: This waveguide is nonuniform
(the transverse section is varying along the propa-
gation direction Or). Our investigations are derived from
Marcuvitz’ works [7]. In the radial waveguide, the wave can
be expressed as a superposition of TE and TM mode
waves. These modes are not defined in relation with the Or
propagation direction but in relation with the Oz-axis.

TM modes must satisfy the boundary conditions (E, = 0)
at z=0 and z = b. That gives the general relation

H(k,r)
Youn Eocos( 5 )z cos(mw){H;(knr)}. (1)
TE modes: The wave functions are similar
. (nT Hl(k,r)
Yonn ——kEosm( p )z-cos(mtp){H;l(knr)}. (2)

The subscripts m and n are relative to the ¢ and z
coordinates, respectively, and HY%(k,r) are the Hankel

functions of the first or second order which characterize .

the inward and outward waves, respectively, with

ke, =1/ k- ("b") and k = ofpge -

In practice, the optimum dimensions of the millimeter-
wave PTM used for Gunn or IMPATT devices have such
values that the following inequalities are always satisfied:

b/r,<1 b/A,x1.
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Fig. 2. Voltage and current conventions for a radial line and equivalent
circuit for a real PTM.

In this case, for n =1, the wavenumber &, is an imagin-
ary number (k, = ja,) and the related modes must vanish
very rapidly. For n =0, only TM,,, has to be considered.

2) Equivalent Transmission Lines for the Radial Wave-
guide: The radial waveguide can be replaced by a nonuni-
form transmission line [7]. This is a generalization of the

‘Marcuvitz treatment for all the TM,,, modes. Let us

introduce two sets of auxiliary values V,, (pseudo-voltage)
and I,, (pseudo-current). The electric and magnetic fields
are tied to I,, and V,, by the following relations:

v, 1,
Ezm=—7 cos(me) H, =mcos(mq>) (3)

where V,, and I, are only functions of the coordinate
and V,, is a solution of :

1.4( dv, e
rdr( dr ) YVn=0 (4)
where
2_>2_ ﬂz
v =k (r)

The general solutions are Hankel functions o
V, = A,H.(kr)+ B, H)(kr). (5)

From these relations, we can derive a generalized trans-
formation of the admittance between two values of r (7,
and r;). The equivalent scheme is given by Fig. 2. If I, (r,),
L.(r),V,(r,), V,(r;) are the four values at r = r, and r =
and if admittances are introduced with their definitions

TORE O AR

then the following generalized admittance transformation
is obtained:

1 jk+YoZoY(r)c,m(x ¥)$.(x, y)

vz Con(x, ¥)+J ;Z” Y(r,)$.(x, ¥)

Y(r,)=

o (6)
and ¢{,, are given in Appendix I, and where
_m k
° 2ar, v,

where C,

tm> ctm’

2 _ 12 27,2
.Yo—k _m/ro?
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From studies of this generalized admittance transform, it
appears that whatever the value of Y,, for the outer radius,
for all the TM,,, modes (m > 0) the admittance ¥, (r,)
tends to zero when 7, — 0. This means that for centered
active devices of small radius r;, none of the higher modes
could have a significant contribution to the loading imped-
ance.

3) Equivalent Scheme for the Pretuned Module: From the
above discussion, we can deduce an equivalent circuit for
the pretuned module (Fig. 2). The load admittance seen by
the active device of radius », will be calculated from the
terminal admittance Y, by means of the transform relation
(6) applied successively to the two radial lines of height b
and b,, respectively. The discontinuity between the two
radial lines can be taken into account by a capacitance C;
in parallel at r = r,. This capacitance has a small influence
and can be determined in a first approximation from a
quasi-static model (modes TE,,,, and TM,,,, have no signifi-
cant contribution).

4) Determination of Losses for the Fundamental Mode
TM,,: For millimeter-wave operations of the PTM, it is
important to evaluate the losses of such a structure and to
keep them at a minimum level.

These losses are of two kinds: dielectric losses and
metallic losses. The losses must be calculated for a sta-
tionary wave system established in the structure for which
the ratio between outward and inward waves is related to
the admittance Y,. For this purpose, we have applied a
perturbation method on the transmission-line formalism.

The lost power dP in a ring of width dr and radius r is
given by the following relations.

In dielectric:

dP, = V|2 dr (7)
where ¢,(8) is the loss tangent of the material and 4 the
height of the considered radial line.

wetg(8)-m-r
h

In metal:
R, ll(r)l2
de - 27 (8)
a- Fu .
where R, = is the surface resistivity.

66'

The expression of P, and P, are given in Appendix II.
The attenuation coefficient concept is meaningless in our
case, so we have expressed the losses as a resistance R, in
series with the loading impedance

_ 2P, +P,)+2(P, +P, )
’ 1(r)1?

where subscripts 1 and 2 are related to the two radial lines.

)

B. The Exterior Problem

The problem to be solved is the determination of the
equivalent radiating admittance Y. To obtain Y7, in real
and imaginary parts, this determination must be achieved
by a near-field approach to take into account the stored
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power near the aperture. For this purpose, the electromag-

netic fields of the two regions are expressed in the form of

a modal expansion. The application of the continuity equa-

tions between these fields at r = r, leads to the determina-

tion of the coupling factors and then to the admittance Y.
1) The Choice of the Modal Expansion:

a) Radial waveguide: Only the quasi-TEM mode is
assumed to exist in the radial region (the higher modes of
the same periodicity as the TEM mode, corresponding to
n+ 0 and m = 0, are far under their cutoff frequencies).

The two components of the electric fields are deduced
from (1)
2

B2 (r) = 2o

-H(kr)

H; (r)=— E,kH{'(kr) (10)

and
Yr=1(r,)/V(r,). (11)
b) The exterior region: The real system presents such a
geometry that the choice of a simple modal expansion is
not easy. What is more difficult is to describe the fields
above the structure in the vicinity of the metallic disc. We
have chosen a modal expansion similar to that encountered
for a spherical antenna [8] fed by a radial waveguide. We
will introduce later a corrective term for the determination
of Y, to take into account the real structure. The elec-
tromagnetic fields are given by the following relations in
the spherical coordinates (¢, 8, r):
1 B, H(ky) 4

rH, = — z
¥ 2m p;35P(P+1) H(k lo) b

g (B,cos(0))
(12)

—5(P,cos(8))
(13)

where [, =r, /sin(#) and where 7, and k, are the wave
impedance and wavenumber, respectively, in region II, and

H(kor) ( ko) [p+1/2(k0’)—j¥p+1/z(ko")]

is the spherical Hankel function, fII; (kor) its spatial
derivative, and P, the Legendre function of the pth order.
2) Determination of the Terminal Admittance Yr:

a) The spherical model: To write the continuity equa-
tions at the interface between the two regions, we must
express the fields on the cylindrical aperture at » = #,.

In order to simplify the calculations, several assumptions
can be introduced. The structure is chosen so that

b/Ag<02 b/r,<1

Z B, a (ko") d

_135p(p+1) H)(koly) de

J2'7T

and

r,/sin(8)=r,.

The continuity equations can be written as

[r.H; (r,) dz = fﬁroH%( r,) dé (14)
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and
E;(ro) = Eoe(ro)‘

By following a resolution method similar to that of
Schelkunoff’s [8], we can obtain

2
Y, = 7? 2(p +1) b
22771, 135P(P+1) p i ‘/bz-l-roz
(15)
where
+_ _jf{p(koro)
"70H1f(k0"o)

is the spherical wave admittance

b) Admittance Y of the PTM: The aforementioned
expression for Y, was obtained with the assumption that
the upper part of the structure has a hemispherical geome-
try. A corrective term must then be introduced to obtain
the admittance Y, of the real structure. This is accom-
plished by introducing an excess capacitance C,

Yi=Yp+ joC,. (16)

C, is the difference of capacitance between the hemispheri-
cal cap and the circular disc cap, and is given by

[1-log (7 — 18X (b/r,)+0.52]
cos(1g7*(b/r,)) '

CA= 4€0'ro

We have used this value Y7 in conjunction with the trans-
form relations relative to the equivalent circuit. A com-
puter program has been developed which is easy and fast
to use (in practice only p=7 or 9 spherical modes are
enough to accurately describe the structure).

II1.

We have performed some experiments to show the valid-
ity of the model and to determine its validity limits for the
prediction of the characteristics of a PTM located inside a
rectangular waveguide.

ExPERIMENTAL CHECK OF THE MODEL

A. Measurements in Free Space

To compare our theoretical model with experimental
results, we have made several structures using a scaling
method down to the centimeter-wave range where the
hardware is easier to make and systematic measurements
are more accurate. The load impedance Z; is measured
over a wide frequency range (0.5-6 GHz) with an auto-
matic network analyzer by substituting a small coaxial
probe to the active device [9], for a PTM located in free
space.

Fig. 3 is a comparison between theoretical and experi-
mental results. The evolutions of the real and imaginary
components of the load impedance are presented as a
function of the electrical length kr,. The frequency behav-
tor of X; presented in Fig. 3(a) is close to that of a
single-mode resonant circuit (no TM,,,, modes). The agree-
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Fig. 3. Theoretical and measured values of the components of the load

impedance versus kr,, for a scaled down PTM. ¢, = 50 mm, ¢, =
mm, by =1 mm, b= 3mm¢—-13mm(s -—4forquartzande-38
for polyimide).

ment between experiment and theory is good, especially for
the range of X, which is of interest for operation of Gunn
or IMPATT devices (where 5 & < — X, <40 Q).

The evolution of the load resistance R; is presented in
Fig. 3(b). A logarithmic scale was chosen to magnify the
frequency behavior of the small resistance area, which is of
interest for the realization of millimeter-wave oscillators.

Many comparisons have been performed for a wide
range of geometrical sizes. They have allowed us to point
out the validity range of the theoretical model. This is
expressed by the following inequalities:

b/r,<1/5 and kr,<2.

The first limitation is mainly due to the approximations
done for the derivation of Y. The second is probably in
relation with the existence of vanishing higher TE,, modes
in the aperture for the highest frequencies.

B. Experimental Investigations of a PTM Located Inside a
Rectangular Waveguide

Systematical measurements have been carried out for a
PTM located inside a rectangular waveguide. In the first
step, the waveguide is terminated at both ends by a matched
load. The frequency behavior of the load impedance over
the frequency range of the dominant TE,, waveguide mode
is similar to the one measured or calculated for free space.

In the second step, one of the waveguide ends is
terminated by a sliding short circuit. The locus of the load
impedance at frequencies of practical interest versus the
position of the sliding short circuit is then a circle very
close to the calculated ones. However, some parasitic
frequency resonances may appear if the exterior diameter
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of the PTM is increased up to a value close to the wave-
guide width.

1IV. MILLIMETER-WAVE OSCILLATORS DESIGN

A. Some Important Features for the Realization of the Oscil-
lators

The use of the computer program previously described
gives the values of the load impedance and of the series
resistance due to the PTM losses for each frequency. The
oscillator design is fulfilled by an automatic search of the
oscillator frequency for a given device.

If X,(F) is the frequency-dependent reactance of the
considered diode, the oscillation frequency must satisfy the
first oscillation condition, i.e.,

X, (Fy)+ Xp(F)=0.

(17)

For this frequency, F; (the second condition relative to the
stability, as expressed by Kurokawa [10]) must also be
satisfied. In order to simplify the computation, the active
device is described by a simplified model.

The general expression of diode reactance is of the form

1
Xp= Coy2-m-F"
where the equivalent capacitance C,, is deduced from a
computer simulation that we carried out for each doping
profile, estimated surface, and bias current of such a
device. The n power factor of F is approximated from
these simulations (# goes from one to two). These simula-
tions also give us the dependence of diode impedance
versus the RF voltage, which is important to check the
stability condition of the oscillator.

In this case, the computer program gives the oscillation
frequency, the value of the load impedance (which will fix
the value of generated power), the circuit efficiency, and
the value of the loaded Q factor.

B. The Design of the Oscillators

We have systematically studied the dependence of the
frequency of oscillation and load resistance as a function
of geometrical dimensions of the PTM.

1) External Diameter (¢,= 2-r,): This external diameter
is an important parameter as can be seen in Fig. 4. The
frequency of oscillation is inversely proportional to ¢, for
all the values of the diode area.

The load resistance is nearly constant with ¢, (Fig. 4) or
slowly decreasing, especially in the small diameter range.
This is confirmed by measurements achieved by Doring
and Seebald [11] for a classical cap structure in a rectangu-
lar waveguide.

2) Height b: The frequency of oscillation presents only
smooth variations when b is varied, approximately like a
b~%* law, as shown in Fig. 5. On the other hand, the load
resistance is a nearly linear function of 4 in the mid-range
(Fig. 6). These results are also confirmed by previous
authors [11], [12]. Several experimental and theoretical
studies have shown that for IMPATT or Gunn diodes, the
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Fig. 4. Oscillation frequency and load resistance versus outer diameter
¢, for IMPATT DSR diode of various junction diameters $,. b=150
pm, by =50 pm, ¢, =160 pm. ’

empirical law describing the dependence of the frequency
of oscillation varies from b~% to b0,

3) The Interior Diameter: ¢; also has an important
influence (Fig. 7) on the oscillation frequency, and the load
resistance is proportional to ¢, in the considered range.

4) The height b,: at the vicinity of the diode is also an
important parameter, especially for the load resistance.
However, some technological limitations do not allow the
use of these dimensions as tuning elements.

In each frequency range of operations, we have deduced
from the theoretical results some analytical laws. They can
readily provide an estimation of the frequency of oscil-
lation and load resistance relative to a set of dimensions.

For example, for the IMPATT SDR diodes in the
40-60-GHz range

309 94 0.86
Fy(GHz)= ="+ == +75¢, + ~20
O( Z) ¢o b0'4 4)1 (p]
R, (Q)=12.5p+2¢,+ 01061 -21
J

where ¢; = 2r; is the diode diameter, b, is a constant, and
all the dimensions are in millimeters. These laws are valid
for

13<¢,<2 012<b<02 01<¢,502

<o

J

<50 pm
and for the IMPATT SDR with an optimal doping profile.

REMARKS

1) In the case of Gunn diodes, it is of interest to specify
the limit of operation when the ratio X, /R, becomes too
small. It has been shown that this limit is such that this
ratio is always greater than one.

2) The load resistance at the oscillation frequency must
be equal to its optimal value to obtain the maximum RF
power. This value depends on the diode area and varies
from ¢; 3 for low bias currents to ¢; 2 from higher cur-
rents. In the proposed example, the dependence is close to
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Fig. 6. Load resistance R; versus height b (same conditions as in
Fig. 5).

¢; 1. The optimization will then be valid for only a
relatively narrow range of junction diameters.

C. Some General Rules for the Design of the PTM

At first look, the operation characteristics depend on five
main parameters (¢,, ¢,, 9., b, by). In practice, b, is im-
posed by technological constraints and it is difficult to
adjust. The junction diameter is imposed by the power
level requirement or by the maximum dc power which must
be dissipated.

Three parameters are then used to search the optimal
conditions of operation. These parameters must satisfy the
oscillation conditions and the optimal value of the load
resistance R;.

There exists an infinite number of possible sets of di-
mensions. So we must choose the values which provide the

6

14}
Fosg@"l
65

45 50 55 60

Fig. 8. Dependence of circuit losses versus frequency of oscillation with
circuit dimensions as ?a.rameters with given load resistance R; =2 Q.
by =50 um, o0,=10" mho/cm, tgd, =0.001, ¢gd,=0.01 (o, for
sputtered gold, 1gdé; and rgd, are the loss tangents for quartz and
polyimide).

minimum circuit losses and the highest loaded Q factor.
From the examination of Figs. 8 and 9, it appears that, for
an imposed frequency, the exterior and interior diameters
must be as small as possible, while b must be as large as
possible in the limits of the technological feasibility.

The circuit efficiency is better for a Gunn diode because
the optimal values of the load resistance are generally
higher than those met for the IMPATT SDR.
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Fig. 9. Dependence of the loading Q factor versus frequency of oscil-
lation for various ¢,, b, ¢, parameters (same conditions as in Fig. 8).

established a correlation between theory and practice which

R fos has justified our approach.
mW‘\‘ /"\\ Gz
Y J T A. Mode of Operation of a PTM Oscillator Located in a
| 7 ‘I'. Aoy Rectangular Waveguide
‘.\ ’," : /’ The fundamental assumption for the model (i.e., free-
sof 4 | 7~elos '-. ,,’/" space radiation) has already been justified by direct mea-
\ [ \ \ surement in the centimeter-wave range. The study of milli-
; /3 1/ —Lso meter-wave oscillator tuning has also confirmed our choice.
\j" \X! The mechanical tuning range achieved with the sliding
short is narrow (only a few percent), and tuning for maxi-
> 6 8 lemm mum power was shown to be smooth and easily reproduc-
@ ible. Fig. 10 gives an example of the power and frequency
. Foe dependencg versus the sliding—short position for quasi-
W G identical diodes located either in a standard package (W3)
. ' (Fig. 10(b)) or in a PTM (Fig. 10(a)) and operated in a
!(\ Fos & 03 similar waveguide test fixture.
15 '

In the PTM case, the dependences of Pry and F, are
regular and close to the classical dependences following a
—99 sin*(B,L,,) law for the power and a sin(28,L,,) law for
\* the frequency which corresponds to the modulation of R,
and X, due to the variation of the sliding-short position. If
the waveguide is terminated by two matched loads, the
T m oscillator still works and the generated output power and

®) frequency are of the same order as those obtained with a
sliding short.

=2 - —-—1
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Fig. 10. RF power and oscillator frequency versus sliding short-circuit In the standard package case, the power and frequency
position (a) for a PTM and (b) for a standard package. IMPATT diodes

are issue of the same batch. pehavior are q_uite different. The dependence of frequel.lcy
is larger than in the PTM case, and the mode of operation
is close to a rectangular cavity one (Fig. 10(b)).
V. SYNTHESIS OF EXPERIMENTAL RESULTS OF PTM Another way to justify the interest in the PTM versus the
OSCILLATORS IN THE MILLIMETER-WAVE RANGE

standard package is illustrated in Fig. 11. This figure shows
the theoretical value of the load resistance which can be
achieved for a given frequency (i.e., 94 GHz) and a known
diode capacitance by mechanical tuning and adjustment of
the external diameter (¢,). For the PTM, we obtain some
small circles which point out that the possible range of ¢,
is limited for a given device (hence, the name of pretuned
module). On the contrary, for a standard package, the

Several PTM’s have been made from two different tech-
nological processes: either in the form of a “super device”
[4], or in the form of planar circuits similar to those
described by Sicking [13]. These PTM’s have been designed
with IMPATT (single or double drift) or Gunn diodes for
operation in the R (26-40-GHz) to W (75-100-GHz)
frequency ranges. From numerous experiments, we have
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Fig. 12. Theoretical and expeﬁmental dependences of the frequency of
oscillation versus outer diameter for an IMPATT SDR diode PTM.
¢; =200 pm, by =90 pm, b=193 pm.

range of the possible values of R; is very wide and,
besides, the values of the diode capacitance are not critical.

B. Comparison Between Theory, Design, and Experimental
Results

In the millimeter-wave range, the exact correlation be-
tween theory and experiment is not an easy task. Indeed,
some parameters which are introduced in the computer
program cannot be accurately determined. In our case, the
problem is linked with the technological dispersion which
introduces some uncertainties on the device reactance and
its exact dependance with the dc bias current, as well as on
the dimensions of the radial structure in the vicinity of the
diode (value of b).

In order to make a correlation between theoretical and
experimental results, we have studied mainly the relative
dependence of the frequency of oscillation as a function of
¢, and b, and to overcome the aforementioned problems,
we have always used the same diode.

The different values of ¢, were obtained by successive
etching of the upper metallization. The corresponding re-
sults are presented in Fig. 12. For the study of the in-
fluence of b, the same module was successively overlapped
and remetallized (the results are reported in Fig. 13). From
these comparisons, it appears that the oscillation frequency
follows a ¢, ! law for both theory and experiment, except
for the large values for which the experimental decrease is
slower. This is probably due to the waveguide sidewall
effects on the PTM which are not taken into account in
this model. On the other hand, the theoretical and experi-
mental evolutions of the oscillation frequency versus b are
quite similar (a b~ %4 law).
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Fig. 13. Theoretical and experimental dependences of the frequency of

oscillation versus the height b, for an IMPATT SDR diode PTM.
¢; =200 pm, by =103 pm, ¢,=1.65 mm.

TABLEI
\@.stis Fosc. [N b PgF
Device GHz m o v

Impatt SDR 30 4,5 0,3 500-700

) ’ 3=z

Impatt SDR 50 2 0,2 R 300
Inmpatt SDR 9 1 0,1 150-200
Impatt DDR 94 1,1 0,12 300-400

(800)2

Gunn 35 1,8 0.5 200

Mean characteristics of va}ious PTM for a junction temperature Tj < 200° C.

# State of the arts results for Silicon DDR Impatt diode on diamond heatsink (16])

The discrepancy between theory and experiment are of
the order of a few percent and it can rise to ten percent in
the worst cases. However, we have noted that this error
always follows the same trend: the experimental values of
the frequency are always higher.

C. Summary of Experimental Results for the PTM

We summarize in Table I the mean results obtained in
three frequency ranges with three kinds of active devices
[41, [14].

These results must be compared to those obtained with
standard packaging for frequencies below 60 GHz. For
these frequency ranges, the power levels are of the same
order for diodes coming from the same batch. On the other
hand, PTM’s present some advantages. -

1) The thermal frequency stab1]1ty is increased as com-
pared with the standard package in a noncompensated
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cavity (for example, AF,/F,=4.10—-5/°C for a PTM
Gunn oscillator at 40 GHz).

2) The dependence of the RF power versus bias current
are more regular (no hysterisis or power or frequency
jumps). This is probably due to the fact that in the PTM,
the matching circuit is nearly located in the immediate
vicinity of the diode.

For frequencies above 60 GHz, the results obtained with
the PTM must be compared with those obtained with
unpackaged diodes. In this case, the PTM output power is
always 1 to 2 dB below the power obtained for the un-
packaged diodes. However, this last solution is not well
suited for practical applications.

VL

The use of PTM’s is interesting in the millimeter-wave
range for the realization of IMPATT or Gunn diode oscil-
lators. The approximated analytical model presented here
allows a better design of such a structure, in order to
obtain optimal characteristics of the oscillators.

Different realizations between 40 to 100 GHz have shown
that PTM’s have also some interesting features for system
applications of millimeter-wave IMPATT sources. The most
important features are: mechanical ruggedness of this setup,
monotonic dependence of RF power versus bias current,
and smoothness of mechanical tuning.

We have also used this approach for the realization of
voltage-controlled oscillators which have an associated
varactor diode and a Gunn diode inside the same module
for the Ka-band [15]. The PTM approach is also investi-
gated for a power combiner which adds the power of four
to six IMPATT diodes in the 94-GHz frequency range.

CONCLUSION

APPENDIX |
Csm(x> y)= _J",'(y)Ym(xzj_Yn,l(y)Jm(X)
Csm(x,y)__: Jm(y)Y,y’,(X)-("]Ym(_x)J”"(x)
S, (x,y)= Y,é(y)J,,’,(x);]J,,;(y)yn;(x)
Snm(x’ }’)= Jm(y)Ym(x)_[_JYm(y)Jm(X)
where
U=;7-_2— x=kr, y=kr,

and where I, Y,,, I/, and Y, are Bessel functions of the
first and second kind, and their derivatives are

e
_Gn(xy)
Ctm(x’ y) - Snm(x’ y)
£ (5, y) = SmlXe ).
T S, y)
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APPENDIX 11
DieLeCTRIC LOSSES

The power lost into the radial line of height b is

Py= ["ap,= 25 [W(r)Por-dr
o, = wetg(8).

We can express the voltage on the r-axis as a function of
the voltage and the admittance Y, at the r-axis. This
yields

V(r)=v(r,)
[Com(e, )+ Z,BrS (@, ¥) = JZGrSum( e, »)]
where
Y =G+ jBy
a=kr y=kr,.
The report of V¥, into the A-1 relation gives

g, 7 Yo
By= == [l [Conl, 2)+ Z21Tr s, (. )

+2Z,Brs, (e, y)C.,.(a, y)] redr.

This gives some Lommel integral defined as

ro r0
Ap=f r-J¥(a) dr BP:fr Y (a)dr

n

C, =fr"m;,(a)y;,(a) dr, p=0,1.

The expression of P, is then

o1 7iyp?
Pd=dT'-%[Do(ria"o)+Zo2|YT|2E0("n”o)

+2Z,BFy(r,,1,)]-V(1,)|?
where Dy, E,, F, are given by (with p = 0)
D, (r,,r,) = A,Y}(y)+ B, J(y)—-2C, Ji(»)Yi(»)
E,(r,1,) = 4, Y2 (y)+ B, J3(y) =2, Jo(») Yo (»)
F(r,1,)=A4,Y(y)Y(y)+B,Jo(y)),(y)
—=2G,(L(»)Yo(¥) = () T(1)).

We can express the losses under the form of a series
resistance located at the r, position

2P, 2P, 77
RPd= 2 = 2
[(r,)] 'V(’(z))l

where
nb

i 2ar”

The metallic losses are calculated in the same way
R Yo dr
= 5 2=
P m 2ar j; |I (r)| r

where R is the surface resistivity.
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The calculation leads to

73R, y? 2
Pm = ;Eb—22— [Dl(ri9 ro)+ Zo'IYTll"El(ri’ ro)
+2BTZoFl(ri’ ro)] lI/(fa)Iz'

The expressions of D, E,, F, are given by aforementioned
relations with p =1. The series resistance is given by

2Pm
R, =——.
i |7 ( Lf i) |2
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