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and [ Eb], by
Eb = Eb[kd(i)]—e, withixn,.
Eb[kc(i)] and Eb[kd(i)] are components of matrix [Eb],.

(30)

III. RESULTS

A simulation program has been developed using the operators
of dilatation and shrinkage defined in Section II. Different
configurations and particularly the structure given in Fig. 4 were
tested. The lines are microstrip 0.2 mm wide, and the spacing
between the lines in the coupling region is s =0.1 mm. The
dielectric substrate has a height A =1.55 mm, a strip thickness
t =35 pm, and a dielectric constant ¢, = 3.0.

The circuit is divided into tubes of one, two, and three lines
with the equivalent impedance matrices given below [5].

For a tube of one line:

[R],=[162] ©

for a tube of two lines:

[159 97
[R]Z"[ 97 159]Q

for a tube of three lines:

158 95 69
[Rl;=] 95 155 95]Q.
69 95 158

The circuit is fed through point (a) by a generator delivering the
signal represented in Fig. 5. While simulating the circuit, the
input signal is approximated by the curve given in Fig. 6. Point
(d) is open ( Zd = o) and the other points are terminated by 50-Q
loads (Zb = Zc = Ze = Zf = 50 ). The output signals are filtered
by the oscilloscope used in the measurements. Therefore, we have
smoothed the theoretical resulis by a theoretical filter with RC =
50 ps.

The simulation results (dashed curves) and those of the mea-
surements (continuous curves) are given in Fig. 7. The excellent
agreement between the experimental and theoretical results proves
the validity of the method.

IV. CONCLUSIONS

In a given integrated or printed circuit, some lines may be
coupled along some part of their length, and are termed partially
coupled lines. The method proposed in this paper provides a
straightforward time-domain analysis of this kind of line. It is
based on the concepts derived from analysis of continuous lines,
and readily applies to any number of nonuniformly coupled lines.
Dividing a structure of partially coupled lines into tubes allows
one to use transient analysis methods described for continuous
coupled lines (modal analysis, characteristics method).

In order to solve the problem of interfaces between tubes of
different order, we have introduced two operators, called dilata-
tion and shrinkage. By testing different partially coupled lines,
close agreement with theoretical results is obtained, proving the
validity of the proposed method. The number of lines is not a
limiting factor, and the method can be applied to nonuniformly
coupled lines [7]. In this case, the nonuniformly coupled lines can

be divided into cascaded tubes with different propagation param-

eters.
Some authors use methods based on a multiport conception
and the scattering matrix to solve the junction problem [8]. The

dilatation and shrinkage operators can also be used in these cases
when the lines are discontinuous.
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FM Noise in Multiple-Device Oscillators
S. SARKAR AND O.S. GUPTA

Abstract — The FM noise in a multiple-device oscillator is analyzed. It is
shown that FM noise depends on the circuit parameters and the number N
of the constituent devices. For a circuit-dependent critical value of N, FM

noise is maximum and it is proportional to N 2 when N is very large.

I. INTRODUCTION

Kurokawa’s analysis [1] shows the FM noise in a multiple-
device oscillator to be inversely proportional to the external Q
and the number of active devices which constitute the oscillator.
The analysis, however, assumes external Q to be independent of
the number of active devices. More recently, it has been observed
that the external @ of a multiple-device oscillator decreases as
the active devices are increased in number [2]-[4]. In view of
these observations, this paper analyzes the circuit dependence of
FM noise in a multiple-device oscillator.

II. RMS FREQUENCY DEVIATION

Typically, a multiple-device oscillator [1] consists of a number
N of identical negative-conductance devices, ecach provided with
a stabilizing conductance G, and equally coupled to a power-
combining cavity. The cavity is equivalent to a parallel combina-
tion of a loss conductance G, that includes circuit losses other
than those in the G,’s, a capacitance C,, an inductance, and an
equivalent load conductance n2G, , where G, is the load conduc-
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tance at the output port of the oscillator and n, is the output
coupling coefficient. If — g, is the optimum negative conduc-
tance of an individual device and n, is the device-cavity cou-
pling coefficient, then high power-combining efficiency can be
achieved, when G, > g, and G, <n’Ng,, [1]. Usually, a
multiple-device oscillator circuit is optimized for maximum power
output. This can be achieved by adjusting the coupling coeffi-
cients n, and n,. In actual practice, however, n, is not an
adjustable parameter, since it is determined by the dimensions
and position of an individual device mount. On the other hand,
n, can be made adjustable by coupling the oscillator output to
the load through adjustable coupling components such as turners.
When the high power-combining efficiency requirements men-
tioned above are satisfied and the output coupling coefficient is
adjusted for maximum power output:

Ngopt (1)
! GL

then the resulting external Q at an operating frequency of f, is

(5]

=n

2a
0 =2y v . /12N) )
8opt
where Cp, is the capacitance of an individual device. Thus, (1)
and (2) indicate that, as the devices are increased in number Q.
decreases, while n, increases.
For a single-device power output of P,, it can be shown that
the power-combining efficiency 1 and the power output P, of the
multiple-device oscillator are

G ~1
) €)

2
n; Ngopt

G
P=NP,/ |1+ < . 4
’ d/( nlzNgopt) ()

FM noise in an oscillator is conveniently expressed by the rms
frequency deviation in a given band width. For the oscillator
under consideration, the rms frequency deviation in a bandwidth
Bis[1]

n=(1+

and

f, [KTB

Af. =2 5
frms Qext Pon ( )

where K is Boltzman’s constant and T is the equivalent noise
temperature of an individual device. Substituting (2)—(4) into (5),

Gc + nlzNgopt
27(C, +n>NCp)

KTB
NP,

Afrms = (6)

If v_f is the mean square noise voltage in a bandwidth B, then

KTB=—=2. (7)

Substituting (7) into (6),

_ Gc + nlzNgopt 03 gopt (8)
2a(C,+n?NCy) | 4NP,

An examination of (8) shows that, in general, as the devices are
increascd in number, the rms frequency deviation first increases,
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Fig. 1. Dependence of rms frequency deviation on the number of active

devices

then it reaches a peak, and then decreases as the active devices
are increased in number.

Commonly, either Gunn or IMPATT diodes are used in multi-
ple-device oscillators. Measurements show that, depending on the
circuit and device used, in a bandwidth of 1 kHz, the rms
frequency deviations in the single-device Gunn and IMPATT
oscillators vary from a few Hz to several hundred Hz [6]. If the
rms frequency deviation is 43.31 Hz in a bandwidth of 100 Hz,
when only one Gunn diode of g, = 3mmho, Cp, = 0.3 pF, and
P, =50 mW operates in a circuit where G, = 0.01 mmho, C, =1.0
pF. and n,=1.0 the v? of the diode as calculated from (8) is
9x10"' V2. Fig. 1 illustrates the dependence of the rms
frequency deviation on the number of such active devices in the
assumed oscillator circuit for three different values of n,. It can
be seen that the number N, of active devices for which the
peak in rms frequency deviation occurs is dependent on the
coupling coefficient. N, is larger for small coupling coefficient.
As a consequence of this, for too small a coupling coefficient
(e.g., n,=0.2), N, may be beyond the device-accommodating
limit of the multiple-device oscillator. In that case, the rms
frequency deviation simply increases as the active devices are
increased in number.

Assuming G, < n;Ng,, from (8) it may be shown that

1 C
Nosakc =5 (9

The dependence of N, on the coupling coefficient is shown in
Fig. 2 for three different values of C, /Cp,.

Normally, the active devices of a multiple-device oscillator are
increased in number with the objective of improving the power
output. If N, of a multiple-device oscillator is small and well
within the device-accommodating capacity of the oscillator struc-
ture, then in addition to the achievement of the above objective,
improvement in FM noise is also achieved as the active devices
are increased in number beyond N,.,. It has been already
mentioned that N, can be reduced by increasing the coupling
coefficient (Fig. 2). Such a reduction of N, of course increases
the rms frequency deviation, but at the same time makes it more
sensitive to a change in the number of active devices (Fig. 1).
Also, as indicated by (3), a larger coupling coefficient yields a
higher power-combining efficiency. Thus, in a multiple-device
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Fig. 2. Npeu as a function of coupling coefficient »,. The parameter is the
C,/Cp ratio.

oscillator of high power-combining efficiency, after a few devices
are added, the rms frequency deviation may be expected to
decrease rapidly as the active devices are further increased in
number. However, much depends on the C,/C, ratio. If this
ratio is small, the rms frequency deviation may fall without
undergoing any rise when the active devices are increased in
number. For example, when the C,/C, ratio is 2 and the
coupling coefficient is 1.0, N,y is 2 (Fig. 2). In such a case, as
the active devices of the multiple-device oscillator are increased
in number from the minimum of 2, the rms frequency deviation
only decreases and does not rise at all. On the other hand, if the
coupling coefficient is small and the C, /Cj, ratio is large enough
for N,.. to be larger than the maximum number of devices that
can be accommodatéd by the oscillator structure, the rms
frequency deviation continues to increase as the active devices
are increased in number. The curve for n, = 0.2 in Fig. 1 is such
an example of a multiple-device oscillator structure with fewer
than 15 devices.

If the active devices are increased in number to the extent that

ntzNgopt > Gc (10)

and '
n*NCp > C, (11)

then from (8)
)
gopt Un gopt

A - B — 12
Joms 2aCp 4NP, (12)

Thus as shown by (12), when a multiple-device oscillator is
comprises a very large number of active devices, its rms frequency
deviation is independent of the coupling coefficient and is in-
versely proportional, to the square root of the number of con-
stituent active devices.

III. CONCLUSIONS

Considering the dependence of external @ on circuit and
active device parameters, an analysis of FM noise in a multiple-
device oscillator is presented. The analysis shows that, with

proper selection of circuit parameters, the rms frequency devia-
tion in such an oscillator decreases rapidly with an increase in the
number of active devices. Increased coupling between the active
devices and the power-combining cavity increases the rms
frequency deviation. This influence of device—cavity coupling,
however, diminishes as the active devices are increased in num-
ber.
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Measurements of Microstrip Effective Relative
Permittivities

STEVE DEIBELE, STUDENT MEMBER, IEEE,
AND JAMES B. BEYER, SENIOR MEMBER, IEEE

Abstract —This paper presents normalized wide-bandwidth measure-
ments of microstrip effective relative permittivities (€ ) which were made
on large-scale microstrip models. The experimental techniques are dis-
cussed, and the data are compared to the predictions of two recent
closed-form design equations. These results agree favorably with the
predictions of Kirschning and Jansen’s model. In addition, suggestions
concerning frequency limitations of microstrip use and comments on the
reliability of CAD packages for microstrip circuils are made.

1. INTRODUCTION

Increased interest has recently been expressed in the char-
acterization of microstrip, one of the popular planar transmission
lines. Microstrip does not support transverse electromagnetic
(TEM) waves and is hence dispersive. Several researchers [1]-[6]
have employed both approximate and rigorous numerical tech-
niques to calculate the phase velocities and the “impedances,”
but the rigorous techniques are quite involved and require too
much computer time to be used directly in computer-aided
design (CAD) applications [7). Furthermore, the approximate
techniques have limited regions of validity. Recently, two groups
of researchers, Kirschning and Jansen [7] and Hammerstad and
Jensen [8], addressed this problem by providing closed-form
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