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have physical compatibility with microwave integrated cir-
cuits (1). A dielectric resonator (DR) can be used to form the
stabilizing element in an oscillator. Dielectric resonator oscil-
lators (DROs) are characterized by the following properties:
high frequency stability, high efficiency, and low manufactur-
ing cost. They also can be made to provide good temperature
stability.

Two and three terminal active devices exhibit phase noise
characteristics at microwave frequencies. Oscillators con-
structed using these devices can have their phase noise be-
havior improved by the addition of a DR element.

For a three terminal device the dielectric resonator for first
order feedback topologies (2) can occupy one of several posi-
tions within the circuit, as illustrated in Fig. 1.

In Fig. 1(a) the DR is mounted in order to provide parallel
feedback to the three-terminal active device. Here the cou-
pling action is between device ports (3).

In Fig. 1(b) the DR is located so that energy produced as a
result of negative resistance obtained at the device port is
reflected back with correct phasing into the active device by
the DR, which presents a high impedance at the device port.
The DR acts as a bandstop filter, and in this way an oscilla-
tion is set up. This configuration has good phase noise charac-
teristics. However, it is sensitive to load variation and tends
to mode jump due to the presence of two resonant circuits
(4). The configuration in Fig. 1(c) generally provides superior
performance to the other two methods and is compatible with
the off-chip bonding processes required for stabilizing mono-
lithic microwave integrated circuit (MMIC) oscillators. Here
the DR acts as a very high Q resonator element for the series
feedback oscillator giving good frequency stability and low
phase noise. In a field effect transistor (FET) realization,
where the DR is coupled to the gate circuit and the feedback
is common source, the operating point is very insensitive to
load variation due to intrinsic isolation between the input and
output provided by the low gate to drain capacitance of the
active device. A varactor diode can be added for tuning pur-
poses. Higher order feedback implementations (5), for exam-
ple, shunt feedback DRO configurations such as those given
in Fig. 2, are also possible (6). Multiple DR and push-push
frequency doubling oscillator configurations are also possible
(7).

In Fig. 2 the DR behaves as a high Q filter in the positive
feedback path. In Fig. 2(a) part of the output signal is coupled
back to the input port. By adjusting lengths �1 and �2 the
Barkhausen oscillation condition can be satisfied. In Fig. 2(b)
the DR is coupled between two ports and the output is taken
from the third. Here the position of the DR is adjusted in

DIELECTRIC RESONATOR OSCILLATORS order to maximize the negative resistance at the output port
of the active device.

Oscillators producing energy at microwave frequencies are an In the shunt feedback configurations the two coupling co-
efficients in the parallel feedback case cannot be adjusted sep-essential component in most microwave communication sys-

tems, such as communication links, radar, frequency synthe- arately. Also, since the coupling is to an open circuit line
these types of circuits tend to be very sensitive to the lateralsizers, and so on. There are significant commercial pressures

to improve the performance of oscillators with respect to giv- position of the DR.
The selection of the active device for oscillator applicationsing them lower noise characteristics, higher dc to RF effi-

ciency, better temperature and frequency stability, etc. The depends on the frequency of operation. Below 12 GHz, bipolar
junction transistors (BJTs) and HBT find application due todielectric resonator when coupled with two or three terminal

active devices provides a vehicle for producing high quality their superior flicker, l/f , and noise levels (8). In (9) a 4 GHz,
21 dBm series feedback bipolar transistor DR oscillator withfixed frequency or narrowband tunable oscillators. Low loss

temperature stable dielectric materials with high quality Q- a phase noise spectral density of �130 dBc/Hz at 10 kHz
from the carrier was reported. Values of �89 dBc/Hz at 10factors mean that miniature resonators can be formed which
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kHz offset have been reported at 21.4 GHz for a reflection DIELECTRIC RESONATORS
type DRO producing 10 dBm output power (10). Stabilized
Gunn oscillators operating at 35 GHz (11) and HBT DROs at A dielectric resonator (DR) is a high dielectric constant ce-

ramic material formed into a regular geometric shape, usu-25 GHz have also been reported (12).
It is significant to note that generally as frequency in- ally a solid or hollow cylindrical or cuboid shape. The material

usually has a relative dielectric constant of around 30 to 40creases output power can be maintained only at the expense
of increased phase noise, since the DR must be coupled more (but can be as high as 92) and exhibits low loss characteris-

tics. The high permittivity of the material means that energytightly to the circuit.
The key elements to be optimized with respect to oscillator can be stored within the DR. The DR can resonate in various

modes which are governed by the dimensions, geometry, andperformance are:
electrical properties of the DR itself and by the physical envi-
ronment in which it is to operate. The development of temper-Output power
ature-stable high dielectric constant dielectric materials

Start-up stability means that it is now possible to construct resonators which
Phase noise exhibit minimum change in resonant frequency with temper-

ature.DC-RF efficiency
The most commonly used DR shape is a solid cylinder.Tuning range

Here the most common mode of operation is denoted the
Sensitivity to DR placement

TE01� or dipole mode, Fig. 3.
Frequency pushing/pulling For a dielectric constant of 40 only 5% of the electric field

and 40% of the magnetic field exist outside the DR. This en-
ergy decays rapidly as the distance from the DR surface in-For a very high frequency operation into the millimeter wave
creases (17). The resonant frequency of an isolated cyclindri-region, or for very high Q-factor operation in the centimeter
cal DR is given approximately by (18) aswavelength region, DRs operated in whispering gallery mode

(13) are employed (14–16). Here the important dimension is
the circumference rather than the diameter of the DR. This
leads to more practical sized DRs for higher frequency cir-

fGHz = 34
a
√

εr

[a


+ 3.45
]

(1)

cuits.
a, � are in millimeters and 0.5 	 a/� 	 2, while 30 	 �r 	 50.

For operation in fundamental mode the dimensions of the
DR are approximately one guide wavelength; �g � �0/��r.

The lowest frequency of operation is limited by tolerable
DR size; typically this is 1 GHz, while the highest frequency,
about 100 GHz, is governed by internal losses and minimum
resonator dimensions (19). In order to avoid spurious modes
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Figure 2. Shunt feedback topologies. Figure 3. Cylindrical dielectric resonator To1� mode.
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the length of the DR is usually restricted to lie between We is the total electric energy stored in the cavity defined by
the shield enclosing the dielectric resonator.0.175a � � � 0.225a.

The total loaded Q-factor for the enclosed DR is

DIELECTRIC RESONATOR MATERIAL PROPERTIES 1
QL

= 1
Qd

+ 1
Qc

+ 1
Qr

+ 1
Qext

(10)
The Q-factor and temperature stability provided by dielectric
resonators is invariably impaired by imperfect material pa-

while the unloaded Q-factor isrameters. The material from which the resonator is con-
structed will have losses produced by its finite conductivity
and also by polarization induced damping under radio fre-

1
Qu

= 1
Qd

+ 1
Qc

+ 1
Qr

(11)
quency (RF) excitation conditions (20).

If dielectric loss within the resonator is denoted, Qd, then
Techniques for measuring these quantities have been sug-
gested in Refs. 21–23.

Temperature dependent effects which cause a change inQd = W
Wd tan δ

(2)

the DRs stabilizing function within an oscillator also need to
be quantified.where tan � is the loss tangent of the resonator material. W

The linear coefficient of expansion for a material is definedis the total energy stored in the cavity and Wd is the energy
as the change in length of a rod of the material ��, dividedstored in the dielectric resonator. Qd is often quoted as
by its length L such that

Qd = C
f

(3) �

L
= αT (12)

where C is a constant quoted by the resonator manufacturer.
where � (ppm/�C) is the linear expansion coefficient. As a DRSometimes the loss tangent is given as
puck expands or contracts its resonant frequency will vary
such thattan δ = A + B f (4)

where A and B are constants quoted by the manufacturer.
A more complete description of the losses in the resonator

� f
fo

= −α�T (13)

yields the total dissipated power in the resonator Ptot to be:
The negative sign indicates that as the DR puck becomes
longer its resonant frequency decreases.Ptot = Pd + Pc + Pr + Pext (5)

With a DR its relative permittivity, �r, is also a function of
where: temperature. This variation is expressed very approximately

as
Pd � power dissipated in the dielectric material
Pc � power dissipated in the surrounding enclosed metal
Pr � radiation loss

�εr

εr
= τE�T (14)

Pext � power coupled to the external circuit
where �E is the temperature coefficient of the dielectric reso-
nator (ppm/�C).From this, Q-factors for each term can be related to:

By combining these relationships together we obtain an
approximate equation for the temperature stability of a DRdielectric loss

� f
f

= ∂ f
∂L

�L
f

+ ∂ f
∂εr

�εr

f
(15)Qd = ωWe

Pd
(6)

By denoting the temperature coefficient of the resonant fre-conductor loss
quency of the DR as �DR then:

Qc = ωWe

Pc
(7)

τDR = −α − Tε

2
(16)

radiation loss
This equation implies that by making � have twice the magni-
tude of � and giving it an opposite sense of operation that ��

can be reduced to zero, i.e., the DR can be temperature com-
Qr = ωWe

Pr
(8)

pensated. Note however since the DR will expand as tempera-
external Q-factor ture is increased � must always be negative for temperature

compensation to occur.
Consider now the effect these temperature changes have

on the stability of a DRO. If an unstabilized oscillator has a
Qext = ωWe

Pext
(9)
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negative frequency drift with temperature then a DR with a
positive temperature coefficient is required so that tempera-
ture frequency stabilization can be achieved. The frequency
stability �f of a DRO has been modeled in Ref. 24 as

τf = τDR +
�k + 2

4Qu

�
∂φ

∂τ
(17)

where: ��/�� is the temperature induced phase variation of
the active circuit one port

P
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Figure 4. Equivalent circuit of DR coupled to microstrip line.τDR = 1
fo

d fo

dT

The second term just stated indicates that for a free running
The loaded Q is used in oscillator design to express the widthoscillator the frequency drift is amplified by an amount pro-
of the phase slope and resonance curve, including the effectsportional to the coupling coefficient of the DR.
of external components. As a consequence QL is dominated byBy arranging Eq. (17) it is possible to find the desired
components external to the DR which have their own Q fac-value for �DR which yields zero �f

tor, called, Qext.
The unloaded Q-factor, Qu, is used when the Q of the reso-

nant circuit is determined only by dissipation losses in the
τDR = −

�k + 2
4Qu

�
∂φ

∂τ
(18)

resonator. These various Q-factors are related as follows
Here ��/�� and �DR are unknown. The in-situ value for �DR

when placed in its operating configuration can be found using
a load pull technique.

1
QL

= 1
Qu

+ 1
Qext

(21)

Alternatively if ��/�� is assumed to be constant for a small
change in coupling coefficient k, then Eq. (17) can be used to For oscillator design QL can be used in the determination of
form two simultaneous equations from which the in-situ �DR single sideband noise prediction.
can be directly obtained. This second method should be used
with caution since ��/�� is nonlinear.

From this discussion it is clear that judicious selection of
LUMPED ELEMENT COUPLING MODELS�DR and coupling coefficient can be used to compensate for

temperature induced DRO frequency drift (24).
By assuming that the aspect ratio of the DR and the fre-
quency of operation have been selected such that only a single
mode is excited then an isolated DR can be represented as aQUALITY FACTOR
series resonant circuit with equivalent circuit components
Rr, Cr, and Lr (26).Quality or Q factor relates energy stored to average power

Figure 4 shows a DR coupled to a short section of micro-loss. In a DR based circuit, this is of critical importance since
it is a measure of the resonator bandwidth, which is inversely strip line, at reference plane pp1, which is represented by R1,
proportional to Q factor. Temperature stability and AM/FM C1, and L1. When the resonator is excited in To1� mode the
noise performance of dielectric resonator oscillator circuits coupling can be represented by a mutual inductance term
also depend on the Q factor. Lm, which is proportional to the separation distance d, be-

tween the microstrip line and the DR, Fig. 4 (27).
If the microstrip line is assumed to have zero loss in the

coupling region, R1 can be neglected. By neglecting the mi-
crostrip line capacitance the resulting simplified equivalent

Q = ω0
energy stored

average power loss
ω0 = resonant frequency rad/s

(19)

circuit can be expressed close to resonance as a parallel reso-
nant circuit Fig. 5.A second equation for quality factor which relates to group

delay through a resonant circuit is useful for oscillator work
(25). This is the loaded quality factor, QL

QL = ω0
τ

2
= − ω0

720
dφ

df
(20)

Here,

� � group delay(s)

P′P

R

C

L

L1

� � phase of the open loop voltage transfer function (de-
grees). Figure 5. Simplified model of DR coupled to microstrip line.
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where (28), parallel structure reduces to R. From Eq. (27) the value of R
depends on the amount of coupling between the DR and the
line. A coupling coefficient term observed at the input port is
defined as the ratio of the resonator coupled resistance k at
the resonator frequency to the resistance external to the reso-
nator (32)

R = ω2L2
m

Rr

c = Lr

ω2L2
m

L = ω2L2
mCr

k = R
Rex

(27)

The general expression for a parallel resonant circuit is

or
Z = R

1 + j2Q0δ
(22)

k = Qu

Qe
(28)

Hence

for a DR coupled to a matched line Rg � RL � Z0, here
Qu = ω0Lr

Rr
= ω0RC (23)

k = R
2Z0

(29)
ω2

0 = 1
LrCr

= 1
LC

(24)

for a DR coupled to a shorted load RL � 0, here
δ = ω − ω0

ω
(25)

k = R
Z0

(30)
Thus the equivalent circuit impedance, Fig. 4, can be written
as

When a reactive termination loads the resonant circuit this
presents itself in series with the parallel equivalent circuit.
This will cause an imperfect match and will cause an addi-ZT = jωL1 + R

1 + j2Quδ
(26)

tional reactive load to appear in series with the equivalent
circuit (33).These results are valid close to the fundamental resonance

If x1 is the normalized reactance appearing in series withTEo1� mode of the DR where �2 tends to zero. Outside this
the parallel resonant circuit then the definition for couplingfrequency range other DR modes exist, which can be modeled
coefficient observed at the input port becomesby a Foster-type equivalent circuit consisting of a series cas-

cade of parallel tuned circuits (29). With this approach char-
acterization of the ith resonant circuit requires the ith reso- k = R

ZN(1 + x2
1)

(31)
nant frequency, unloaded Q-factor, and effective coupled
resistance to be determined. In addition, when the resonant

and for a short circuitfrequencies of several modes occur in close proximity the indi-
vidual modal performances cannot be easily established due
to mode interaction (30,31). It is useful to note that the TEo1�

mode can be well separated from other modes by correct selec-
k = R

Z0(1 + x2
1)

(32)

tion of DR and enclosure dimensions.
hereWhen integrating the DR into an oscillator by means of a

microstrip connecting line, the parallel tuned circuit in Fig. 5
becomes externally loaded as in Fig. 6.

Here the DR is loaded by the internal impedance of the
x1 = ωL1

ZN
(33)

generator and the load. If Zg and ZL are assumed to be real
with line lengths �1 and �2 reduced to zero at resonance the ZN is the total impedance loading the DR.

Figure 6. Oscillator DR coupling.
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Also under these conditions the resonant frequency shifts MEASUREMENT OF DR COUPLING COEFFICIENT
to a new frequency fL where:

The most convenient method for experimentally estimating
coupling coefficient k involves a measurement of loaded qual-
ity factor QL which is related to k as:fL = f0

[
1 + x1k

2Qu

]
(34)

and QL = Qu

1 + k
(39)

Qu = QL(1 + k) (35) However Qu is not normally known and has to be determined
by the losses at �0. From (34,35) QL can be established from

When coupled to a matched microstrip line, x1 is usually much the phase of the input impedance locus obtained by a one-port
less than one. measurement made on the DR:

When the microstrip line lengths l1, l2 are not equal to
zero, then the DR is coupled to the generator and load
terminations ZL, Zg via microstrip line segments, �1, �2,

QL = f0

f4 − f3
(40)

Fig. 6.
For a matched line Eq. (28) is valid. For a short-circuit where f 0 is the center frequency; f 3 is the frequency at which

load and assuming lossless line the phase is lagging that at f 0 by 45�; and f 4 is the frequency
at which the phase is leading that at f 0 by 45�. The results
obtained by this method are typically 10% greater than those
obtained by the method of deembedded S-parameters shown

k = R

Z0(1 + tan2(β2))
(36)

next.
By assuming zero radiation loss at the DR microstrip junc-Here maximum coupling occurs at

tion it can be shown from scattering parameter theory that
for a matched system

2 = nλg

4
n = 0, 2,4, (37)

k = 1 − [S11]2 − [S21]2

2[S21]2 (41)
while minimum coupling occurs at

A number of useful computer source codes for computing the
resonant frequency and unloaded Q-factor for shielded DRs2 = mλg

4
m = 1,3, 5, (38)

are given in Ref. 36.

where: �g � effective wavelength of the microstrip line.
The same result occurs when considering the impedance DIELECTRIC RESONATOR COUPLED TO A MICROSTRIP LINE

presented at the input port under similar conditions.
Terminating the line in an arbitrary reactance shifts the The most frequently used method of integrating a DR into a

microwave integrated circuit is to couple it to a microstripmaxima and minima of the magnetic field along the line.
Since the TEo1� mode couples to the magnetic field, line cou- line. Here the problem is confined to the TEo1� mode of a cylin-

drical DR, Fig. 1. Here the suffixes refer to the standing wavepling will be maximized at peaks in the magnetic field stand-
ing wave and minimized at troughs. Coupling to the maxi- pattern in the azimuthal, radial, and axial directions respec-

tively for the fundamental TE mode � � 1.mum point on the standing wave will present the coupling
coefficient given by the equation (29) at n � 0, 2, 4 . . . and A typical coupling configuration is shown in Fig. 7. An ap-

proximate representation of the H-field lines is given in orderso on. Maximum coupling coefficient is reported experimen-
tally to consistently occur at a distance d � 0.7a, where a is to illustrate the inductive nature of the coupling between a

DR in TEo1� mode and the quasi-TEM mode of microstrip line.the radius of the DR puck (33).

Figure 7. DR coupled to microstrip line,
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Here the magnetic field lines match each other principally According to Ref. 45 about a 0.5% tuning bandwidth can
be obtained with this arrangement.on the radial direction of the DR field directly under the mi-

crostrip line. The coupling between the DR and the line is Other techniques such as optical tuning (46), magnetic
tuning (47), and segmented disk tuning also exist (48).inversely proportional to the separation and, between them,

is defined by a mutual inductance coupling coefficient term,
k. With this type of coupling a proportion of energy is radiated

OSCILLATOR BASIC THEORY
away from the DR. Therefore the effect of losses in the micro-
strip substrate, signal line, and enclosure act to perturb the

Negative Resistance
electromagnetic field and alter the Q-factor of the DR (37,38).
For oscillator design an equivalent circuit model for the line In order for microwave oscillation to begin, a means to over-

come the resistive losses in the circuit has to be provided.DR coupled arrangement is required. The DR may be fixed to
the line using a low-loss adhesive (39,40). If the adhesive has These losses include undesired stray and parasitic resis-

tances, and also the load into which the oscillator must oper-a slow setting time then reworking of the DR position for tun-
ing can be made. ate (usually 50�). To do this the concept of negative resistance

is introduced. To illustrate the concept consider the simple
equivalent circuit of Fig. 9. If the amount of negative resis-DIELECTRIC RESONATOR TUNING
tance exactly cancels the sum of the positive resistances then
the circuit will have a resonant or oscillation frequency whereFor optimum phase noise designs the oscillator center fre-
the inductive reactance is equal to the capacitive reactance.quency should be equal to that of the dielectric resonator. For
That is,many circuits it is useful to have a DR tuning facility. One

way of achieving this is to use mechanical tuning, Fig. 8.
Here a metal (41), dielectric (42), or DR (43) plunger is 2π fL = 1

2π fC
(43)

inserted in either the top wall or the side wall of the struc-
ture. The presence of the tuning element causes a localized

where f � resonant frequency, L � inductance, and C � ca-distortion of the electromagnetic fields. With a metal plunger
pacitance. This condition is known as the steady state oscilla-the additional losses in the plunger lower the Qu of the reso-
tion condition. In order for oscillation to buildup, an excess ofnator as the coupling between DR and plunger becomes
negative resistance is required. Then, any small perturbationtighter, i.e., as L is reduced. For a metal plunger as L is re-
in the circuit, such as electrical noise, will kick-start a reso-duced the frequency of operation is increased while the re-
nance. As oscillation builds the amount of negative resistanceverse is true for a dielectric plunger. Generally a DRO used
decreases until the steady state condition is met. A negativewith the metal plunger tuning arrangement also produces a
resistor can be formed from an unstable active device withreduced output power as L decreases. With this arrangement
suitable feedback applied. Consider a transistor with feed-about a 3% tuning range can be made.
back such that the magnitude of the input reflection coeffi-With a second DR replacing the plunger top-cap in Fig. 8
cient (S11) is greater than one. This means that when an acthe resultant change in Qu is smaller than for the metal tuner
signal is incident on the port, more energy is reflected than iscase. This arrangement yields about an 8% tuning range.
actually incident. This can be regarded as a negative resis-Electronic tuning of the DR is also possible using a varac-
tance.tor diode as the tuning element. This can be mounted inter-

nally to the DR (44) or more usually as the termination on a
Oscillator Equationline coupled to the DR, Fig. 1. A large tuning range requires

tight coupling between the DR and the varactor, which inevi- The 1-port negative resistance oscillator schematic is illus-
tably leads to a reduction in Qu. trated in Fig. 10. The oscillator can be considered as a 2-port

If Qu is the unloaded Q of the varactor then (45) negative resistance circuit and a 1-port resonator. The re-
sulting oscillator then operates into a 1-port load. The large
signal steady state oscillation condition is given by;Quτ = Qu

2

� f0

� f

�
(42)

�r.S11′ = 1 (44)
where, Qu� is the unloaded Q of the varactor tuned DR and
�f is the change in resonance frequency. where �r is the reflection coefficient of the resonator and S11�

is the large signal input reflection coefficient of the negative
resistance circuit, when terminated in the load. The just

L –R R
C

��
DR

Gnd

R2

R1

L

Figure 8. Mechanical DR tuning arrangement. Figure 9. Simple equivalent circuit of a microwave oscillator.
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Oscillator Graphical Analysis

The solving of the small-signal oscillation condition is illus-
trated graphically in Fig. 11 with reference to Fig. 10. Here
the Z (complex) represents the overall impedance of the closed
loop oscillator, including the load. The frequency at which the
imaginary part goes through zero (that is, resonance) is clear,
and at this frequency there is an excess negative resistance.

N-port Oscillation Condition

It can be shown that the condition for oscillation is also pres-
ent at the output port of the previously discussed negative
resistance circuit. This means we could also solve

1-Port oscillator

Resonator 2-Port NRC

S11′ΓR ΓLS22′

Load

�L · S22′ = 1 (53)

Figure 10. Negative resistance oscillator schematic showing port
where �L is the reflection coefficient of the load and S22� isdefinitions.
the large signal output reflection coefficient of the negative
resistance circuit, when terminated in the resonator. This
condition can be shown to hold at all ports of an N-port oscil-
lator (49).stated reflection coefficients are complex numbers, and so the

equation can be expanded into its magnitude and angle parts;
Oscillator Figures of Merit

|�r|.|S11′| = 1 (45) Frequency Pulling. As the reflection coefficient of the load,
�L, forms a vital part of Eq. (53), and influences the inputAng(�r) + Ang(S11′) = 0 (46)
reflection coefficient S11� in Eq. (44), it is obvious that any
change in its phase will have an effect on the oscillation fre-

If the equations are now expanded into impedance forms then quency. The change in oscillation frequency due to a change
we obtain in the load reflection coefficient is known as frequency pulling.

This is usually determined by first measuring the frequency
of an oscillator into a load of known reflection coefficient (of-R + Rn = 0 (47)
ten �12 dB). The phase of the load is then varied from 0 toXL + XC = 0 (48)
360� by means of a phase shifter or sliding load. The maxi-
mum deviation from the nominal frequency is the pulling

where R is the sum of positive resistances, Rn is the negative figure. Pulling can be greatly reduced by isolating the oscilla-
resistance, XL is the inductive reactance, and XC is the capaci- tor’s output from the load. This is usually achieved by use of
tive reactance. Equation (48) simply expands to Eq. (43) and a buffer amplifier with high reverse isolation.
determines the resonant frequency.

We have already stated that before steady-state oscillation Frequency Pushing. The basic function of the DRO is to con-
can be achieved there must be an excess negative resistance vert dc energy to RF. The scattering parameters of the active
to enable resonance to start. At the buildup of oscillation Eqs. device are dependent on the applied bias voltages and cur-
(47) and (48) can be approximated to rents. Even regulated power supply voltages can experience

fluctuations which lead to minute changes in output fre-
r + rn < 0 (49)

xL + xC = 0 (50)

where the resistances and reactances are now small-signal
values. In terms of reflection coefficients the small-signal ap-
proximation to the oscillation condition becomes

|�r|.|S11′| > 1 (51)

Ang(�r) + Ang(S11′) = 0 (52)

where the reflection coefficients are now the more easily mea-
surable small-signal values. It should be noted here that �r

depends on the value of characteristic impedance Z0 used to
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calculate it. Hence it is possible with this approach to find a
startup condition in terms of � in one port but not in another Figure 11. Graphical oscillator solution showing one-port oscilla-

tion condition.for a given Z0.
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Figure 12. Typical DRO Test Set-Up for measur-
ing power output and frequency spectrum.

Stable
power supply DRO

Optional
tuning supply

Spectrum
analyzer

6 dB pad

Power meterDirectional coupler

quency. The change in oscillation frequency with respect to of superior phase noise and stability; this improves long-
term frequency stability.the dc supply voltage is known as frequency pushing. The pa-

rameter is measured by first noting the nominal oscillator fre- • Digital Compensation. Here the performance of an oscil-
quency. The applied dc supply voltage is then varied (by one lator with temperature is measured, and the information
volt, for example) and the frequency deviation measured. Fre- stored in programmable read-only memory. A tempera-
quency pushing is then expressed in units of frequency per ture sensor circuit is then used, in conjunction with a
volt. In practical circuits pushing is minimized by using well look-up table, to apply a correction voltage to the oscilla-
regulated supply voltages. tor in order to hold it at constant frequency.

• By stabilizing the DRO in a temperature-controlled local-
Oscillator Stability ized oven (51).
An oscillator is said to be stable if the output frequency (and

The primary properties of a dielectric resonator oscillator,power) do not vary with temperature and time. Dielectric res-
that is, frequency and output power, can be measured usingonators are good for producing stable oscillators because of
the test set-up illustrated in Fig. 12. The frequency of oscilla-their high Q-factors. Dielectric resonators may be used in os-
tion is measured on a high frequency spectrum analyzer, orcillators in two distinct ways
RF counter. The power can also be read from the analyzer
display, but is often more accurately determined using a sepa-1. As a high-Q passive element coupled to a free running
rate RF power meter.oscillator. Here the DR is not used as the oscillator’s

Frequency pushing can now be determined by observingmain resonator, but is ‘‘locked’’ to this resonance. Such
the shift in oscillation frequency as the supply voltage is var-an oscillator is known as a dielectrically stabilized oscil-
ied. Pulling is measured by replacing the power meter with alator or DSO.
tunable load of known return loss (usually 12dB). The phase2. As a circuit element in the oscillator, whereby the DR
of this load is then varied through 360�, and the resultingactually determines the oscillation frequency.
maximum excursion from the nominal frequency noted.

Phase noise can be measured on the analyzer display atIt is known that free-running oscillators generally have a neg-
suitable offset frequencies. A correction has to be made forative temperature coefficient. Thus the oscillator’s frequency
the filter (resolution) bandwidth of the measuring instrument.falls as temperature is increased. The temperature coefficient
More accurate phase noise measurement (especially close toof a DR can be made positive by careful choice of material
the carrier) requires a dedicated phase noise test-set.composition. Thus the DR can be made to compensate for

The above oscillator parameters are usually determinedfree-running oscillator drift. The temperature stability of a
over a range of temperatures. This enables the variation ofcomplete DRO is dependent on (50)
the frequency and output power with temperature to be deter-
mined.• The coupling coefficient between the DR and the rest of

the circuit
• The Q of the oscillator OSCILLATOR PHASE NOISE
• The rate of change of the active device’s reflection coeffi-

cient phase with temperature The phase noise of an oscillator is an important quantity. Ul-
timately phase noise limits adjacent channel selectivity in a
receiver. The output signal from a physical oscillator is notTypical variations in oscillator frequency with temperature in

DROs are of the order of 4 ppm/�C. This value can be reduced, monochromatic. In a real oscillator, noise sidebands arise
since the frequency of the signal can vary with time due toto values as low as 1 ppm/�C, by several techniques, including
phase noise created by phase modulation of the signal (52).
The usual method for characterizing the noise is to determine• Phase Locking. A high frequency voltage controllable

DRO is phase locked to a low frequency crystal oscillator the single-sideband (SSB) phase noise power spectral density
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at a given frequency offset from the carrier (dBc/Hz). A fre- Leeson’s Eq. (52) and Eq. (54) describe the expected single
sideband (SSB) phase noise power density at a frequency fmquency offset figure of 10 kHz is often quoted.
offset from the carrier for an oscillator using a single resona-The phase noise comes from the various noise sources
tor; here:available in the circuit as well as the active device intrinsic

noise sources. These noise sources induce phase noise by non-
linear device mechanisms causing upconversion of the base-
band noise to the oscillator frequency. Noise sources which

Lpm ≈ 10 log10

[
NRkT

A
1

8Q2
L

� f0

fm

�2
]

dBc/Hz (54)

are due to white noise generally contribute l/f 2 to the spec-
trum of the phase noise, while l/f noise adds l/f 3 to the phase- where NR is the device noise ratio; A � oscillator output
noise spectrum. Individual noise sources are to a first approx- power; QL � loaded Q; f 0 � oscillator center frequency (Hz);
imation considered uncorrelated. In practice up and down and fm � carrier offset (Hz).
conversion can occur leading to correlated amplitude modu- Equation (54) shows that the oscillator SSB phase noise is
lated (AM) and frequency modulated (FM) noise effects. The affected by the loaded Q squared, i.e., 6 dB improvement per
l/f noise acts to alter the frequency of the oscillation. QL doubling, hence the incentive for using a DR with as high

When designing a DRO with low phase noise the unloaded a Q as possible. Leeson’s equation shows that the SSB phase
noise reduces at 6 dB/octave over the range it applies. ThisQ-factor of the resonator should be as high as possible. The
range is for fm greater than frequency f 1, the l/f flicker noisel/f noise of the active device should be as low as possible.
corner frequency and less than below the frequency f 2 whereJFETS then bipolar transistors and HBTs have the lowest
f 2 � f o/2QL. Above f 2 the oscillator upconverted white noisel/f noise with GaAs FETs having the worst l/f performance.
dominates. To correctly apply this equation the l/f noise forAlso it is usual that the center frequency of oscillation of the
the device must be known a priori. In addition the deviceDR should be equal to that of the oscillator. Here the DR acts
noise ratio at its operating power level (assumed to be in theto select the frequency of oscillation. Under these conditions
linear range of operation) and loaded Q for the circuit are alsothe center frequency of the DR will have maximum rate of
required. A detailed discussion of low noise oscillator designchange of phase with respect to frequency, that is, the resona-
and measurement methods can be found in Ref. 56.tor will have its highest Q. Noise power density is split be-

tween AM and PM noise by equal amounts. In addition AM
noise is usually much more dominant than PM noise at offset DESIGN EXAMPLE—10.8 GHz DRO
frequencies far removed from the carrier (53). Close to the
carrier PM noise is the dominant factor. Methods for simulat- Consider the schematic of Fig. 13. The circuit consists of a

common-source MESFET-based negative resistance circuiting oscillator phase noise are given in (54,55).

Figure 13. Circuit schematic for 10.8
GHz DRO example design (�r � 10.0, h �
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in a well spaced metallic environment. In a practical circuit
the resonator will operate at a higher frequency due to the
presence of the thin substrate. The shift in frequency can be
approximated by the analytical formula in Ref. 50. Final tun-
ing to 10.89 Hz by use of a metal tuning screw can then be
achieved.

Step two involves choice of a suitable transistor and bias
condition. For this example a GMMT 0.5 �m gate length/300
�m gate width GaAs MESFET is used. When biased at �5 V
Vds and Ids � 50% Idss the transistor exhibits some 12 dB of
available gain at this frequency. This is more than adequate
for this type of oscillator design.

Next the 2-port NRC is designed. To do this the series ca-
pacitive feedback is varied until the magnitude of the input
reflection coefficient (S11) is greater than one, indicating neg-
ative resistance. In practice a value greater than 1.2 should
be used. This is generally enough to ensure sufficient excess

1.4

1.3

1.2

1.1

1.0

0.9
0.0

Frequency 5.0 GHz/DIV
20.0

S11

negative resistance to kick-start an oscillation. For this tran-Figure 14. One-port input reflection plot.
sistor a value of 0.24 pF results in �S11� being of the order of
1.4 at 11 GHz, as illustrated in Fig. 14.

Next the complete oscillator is simulated to solve the(NRC), with series capacitive feedback. The DR is coupled to
small-signal approximation to the complex condition for oscil-the gate via a 50 � terminated microstrip transmission line.
lation, that is, ��S11 
 1. A model for the coupled DR can beThe substrate for the transmission line is chosen to be 254
developed using the mutually coupled parallel LCR model�m thick alumina (�r � 9.9). The width of the line is 238 �m
and coupling factor, k, as previously discussed. In practice thewhich corresponds to a characteristic impedance of 50 �.
equivalent circuit is merely an RF open-circuit at resonance.The first step is to choose a suitable DR size. As a practical
Therefore the circuit can be simplified to the circuit shown inexample consider the Murata TE01� DRD series (57). The most
Fig. 15. To complete the oscillator design the transmissionsuitable dimensions for a 10.8 GHz circuit are a diameter of
line length l1, at which point the center of the DR is placed,6.5 mm and a thickness of 2.9 mm. It can be shown that this

puck will resonate at approximately 10.34 GHz when enclosed is calculated. For this example a value of 4.427 mm is deter-

Figure 15. Simplified equivalent circuit
for 10.8 GHz DRO example design.
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Here, when the DR is coupled between two of the device ter-
minals, the reflection coefficient at the third terminal �3 is
expressed in terms of the DR and active device scattering pa-
rameters. The position of the DR and hence the coupling coef-
ficient are optimized to maximize �3 and a matching circuit
designed to maximize the start-up condition (61).

Small signal techniques do not necessarily lead to maxi-
mum power oscillators nor do they ensure stability of opera-
tion. Nonlinear large signal techniques are needed to do this.
Broadly two classes exist here, time domain (67) and har-
monic balance (68). The former method uses numerical inte-
gration of state space equations describing the active device
and the embedding circuit. All circuit elements must be repre-
sented in the time variable as voltage dependent current
equations. There are no constraints on the harmonic content,
hence highly nonlinear circuits can be examined. The time
domain approach is well suited to oscillator simulation be-

100.0

50.0

0.0

–50.0

–100.0
18.02.0

Frequency 10 GHz/DIV

Z11

Im [Z11]

Re [Z11]

cause oscillation start-up, transient, and steady response canFigure 16. One-port oscillation condition.
all be obtained on a single analysis run. However, each time
step must be small enough to ensure numerical convergence
of the integration routine. This is a severe limitation when

mined. The resulting oscillation frequency, in terms of real
high Q resonators such as DRs are used (69).

and imaginary parts of the overall impedance, is shown in
With the harmonic balance approach, nonlinear circuit ele-

Fig. 16. The angle goes through zero at 10.8 GHz, with the
ments are analyzed in the time domain and transformed into

resulting magnitude simultaneously being greater than 1.2.
the frequency domain where they are represented by a finite

A large-signal simulation can be performed using a harmonic
number of harmonic currents. Linear elements are solved di-

balance technique to predict output power and other impor-
rectly in the frequency domain. Where linear and nonlinear

tant oscillator parameters. For this example �11 dBm output
components are joined current continuity forms the boundary

power was predicted, with a dc to RF conversion efficiency of
condition for the harmonic balance algorithm. With this ap-

approximately 13%. In addition the phase noise was predicted
proach the high Q circuits are solved by numerically efficient

as �80 dBc/Hz at 10 kHz offset. This is achieved by including
algorithms directly in the frequency domain. However, in or-

important noise parameter values in the nonlinear device
der to simulate circuits with strong nonlinearities many har-

model.
monics are needed for accurate representation of the nonlin-

In practice the circuit is now fabricated by using an arbi-
ear waveforms, thus increasing computational time. In

trary length for l2, and suitably terminating the line in the
addition, the harmonic balance approach yields only steady-

characteristic impedance, 50 �. The circuit is biased as re-
state information about the oscillators behavior.

quired and the DR placed on the alumina in approximately
In a DRO the DR dampens higher harmonics, thus the har-

the correct position. The puck is then moved around until os-
monic balance approach is attractive here (63). In (63) the

cillation of suitable magnitude, Q-factor and phase noise is
device topology was fixed a priori and the circuit element val-

obtained. The resonator is then fixed into position, and me-
ues were numerically optimized to satisfy a prescribed set of

chanically tuned to the exact required frequency.
electrical specifications. An alternative approach is to synthe-

Electronic tuning of the circuit to enable phase locking to
size from the maximum added power condition the general

a crystal reference is possible. To achieve this a �/4 length of
device terminations (70). This approach has been adapted for

transmission line incorporating a tuning varactor is also cou-
DRO synthesis (71,72). Most commercially available indus-

pled to the resonator. Tuning the varactor capacitance
trial circuit simulators for microwave use such as (73) will

changes the phase of the coupled line, resulting in pulling of
handle time domain and harmonic balance simulation with

the DR frequency.
embedded large-signal active device models.
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