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PHASE NOISE REDUCTION IN
MICROWAVE OSCILLATORS

hase noise is the most important figure

of merit of microwave oscillators.!:2 Al-

though a number of publications have
addressed this phenomenon, it still remains
one of the most challenging aspects in oscilla-
tor design. This article briefly summarizes the
research and development effort in the area of
low-noise signal generation. It discusses a gen-
eral noise generation mechanism, the influence
of individual elements on phase noise behavior
as well as various noise-reduction techniques.

A typical feedback microwave oscillator,
shown in Figure I, consists of a passive {re-
quency-determining resonant element and an
active device required to compensate for the
resonator losses in order to start oscillations.
The oscillations are initiated due to small,
noisy signal fluctuations occurring in the os-
cillator components. The active device small-
signal gain has to be greater than the resonator
loss resulting in a rapid increase of the active
device output signal. Obviously, some kind of
limiting mechanism (such as gain compression)
is required to stabilize the output power at a
certain level. The gain compression usually oc-
curs in the active device itself due to its natural
nonlinear behavior. Thus, at steady state the
active device gain becomes equal to the overall

loss in the resonator-feedback path that stabi-
lizes the output signal amplitude. The oscilla-
tion frequency is determined by the resonator
frequency selectivity and phase relationship in
the oscillator-feedback path.

Thus, it is important to understand that two
essential requirements are necessary to realize
an oscillator:

* noisy signal fluctuations in oscillator compo-
nents are required to initiate oscillations

e a limiting, nonlinear mechanism is required
to achieve steady-state oscillations

Unfortunately, these vital features of the mi-
crowave oscillator eventually result in output
spectrum contamination either directly (that is
due to the active device RF noise or resonant-
frequency fluctuations) or indirectly (that is
due to the up-conversion of the active device
low-frequency noise in its nonlinearities). The
oscillator noise behavior has been extensively
investigated®6 and can be represented as fol-
lows:
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Fig. 1 Conceptual block diagram of an
oscillator.

where:

G = active device gain

F= active device noise factor

k = Boltzman’s constant

T = absolute temperature

P = RF power applied to the

resonator

Q = resonator loaded Q-factor

fo = oscillation frequency

fo = active device flicker-corner

frequency

f = offset frequency

This expression is a well-known
modification of Leeson’s equation that
depicts the oscillator phase-noise be-
havior in the offset frequency domain.
Although the formula defines four ba-
sic frequency offset regions, in micro-
wave oscillators the 1/f term is usually
ignored due to the 1/f?noise domina-
tion that leads to the “classical” oscilla-
tor phase-noise profile shown in Fig-
ure 2. For offset frequencies higher
than the resonator half bandwidth
f/2Q, the phase noise is mainly de-
termined by the available RF power
level and the active device thermal
noise. This region shows a nearly flat
response called “noise floor.” For fre-
quencies between the half bandwidth
and flicker-corner frequency f,, the
phase noise increases at a 20 dB per
decade rate. In the last region, where
the flicker noise dominates, the phase
noise increases at 30 dB per decade.
Thus, two important oscillator pa-
rameters, namely the resonator half
bandwidth f/2Q and flicker corner
frequency f,, define the shape of the
phase-noise curve, while its magni-
tude is mainly determined by the %}‘f
term.

This graph gives a simplified yet
very helpful visualization of the phase-
noise behavior as well as some intuitive
ideas on how to reduce its appearance
in the oscillator output spectrum. The
phase noise can be controlled by re-
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Fig. 2 Phase noise behavior of a micro-
wave oscillator.

ducing the flicker-corner frequency f,
and/or the resonator half bandwidth
fo/2Q as shown. The flicker-corner
frequency is mainly determined by a
particular active device and its operat-
ing regime, while the half bandwidth
is set by the frequency resonator and
its coupling scheme. Clearly, utilizing
low-flicker-noise devices (such as sil-
icon-bipolar transistors) and applying
a high-Q frequency resonator technol-
ogy are effective and commonly used
ways to clean up the oscillator output
spectrum.

Alternatively, the entire noise curve
can be shifted down, as shown in Fig-
ure 3, by increasing the oscillator sig-
nal-to-thermal noise ratio. This can be
practically achieved by maintaining a
higher power level in front of the res-
onator and/or reducing the active de-
vice noise factor, while the active de-
vice gain should be set to its optimum
value (determined by the resonator
coupling as will be discussed below).
Thus, extracting a higher power from
the active device can provide a consid-
erable effect: the entire phase-noise
curve is shifted down, dB for dB.
However, the output power increase
should be implemented very carefully,
since a severe phase-noise degrada-
tion can occur because of the active
device noise elevation at compression.
Thus, the active device should be
preferably operated in a small-signal,
“linear” regime in order to keep its
noise characteristics unaffected. This
may sound confusing since in order
to get steady-state oscillations, a lim-
iting mechanism is required—that is
something has to be nonlinear. How-
ever, “something” does not necessar-
ily mean the active device itself. The
limiting mechanism can be effectively
spread through oscillator components
or even moved from the active device
to a less critical (from the noise gen-
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Fig. 3 Another method for phase noise
reduction.

eration point of view) component. In
a more general sense, the main idea
here is to reduce the influence of os-
cillator nonlinearities on the phase
noise generation process that can be
achieved with a variety of linearization
and noise suppression techniques.

In summary, the key principles in
designing low-noise microwave oscil-
lators are as follows:

* reducing the oscillator half band-
width frequency by utilizing a high-
Q resonator and optimum coupling
scheme.

e reducing the flicker-corner frequen-
cy by choosing an appropriate active
device and its operating regime.

* increasing the oscillator signal-to-
thermal noise ratio by choosing an ac-
tive device with a low noise figure and
maintaining high signal level in front
of the resonator.

* preventing the active device noise
elevation by optimizing the oscilla-
tion-limiting mechanism as well as ap-
plying active device linearization and
noise-reduction techniques.

The frequency resonator element
has the most considerable impact
on oscillator phase-noise and tuning
characteristics. Modern microwave
oscillators utilize various resonator
technologies, based on electromag-
netic, electro-acoustic and electro-
optical principles.

An air-filled metal cavity is a typical
example of a high-Q electromagnetic
resonator, which confines the electro-
magnetic energy inside a shielded vol-
ume.” The cavity is usually a cylinder
made from a temperature-stable ma-
terial such as Invar, while its internal

walls are plated and thoroughly pol-
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ished to minimize the surface resistiv-
ity. Since dielectric dissipation and ra-
diation loss are eliminated, the achiev-
able Q is mainly limited by the loss in
the metal walls and can be fairly high
(10,000-70,000). In spite of the high
achievable Q-factors and excellent
power handling capabilities, the im-
practically large size of cavity resona-
tors restricts their application in signal
generation.

Smaller sizes are realizable using
dielectric resonators. The practical
frequency range for the dielectric
resonators is between 1 and 40 GHz,
while their Q-factor typically reduces
linearly with increasing frequency. A
Q of 10,000 at 4 GHz is an average
representative of commonly used ma-
terials.5-10

Ceramic  resonator  oscillators
(CRO) offer a low-cost solution for
frequencies between a few hundred
MHz and a few GHz. The resonator
is a silver-plated length of tempera-
ture-stable ceramic, shorted on one
end; achievable Q-factors are compa-
rable to the dielectric resonator pucks.
Their low cost and easy implementa-
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tion make them an excellent candidate
for low-cost CRO modules, which are
commercially available up to 8 GHz.1!

Much higher Q-factors are achiev-
able using sapphire resonators. The
resonator is a cylinder made from a
single crystal Al;O; material known
as sapphire. The material features
extremely low dielectric loss at mi-
crowave frequencies. The typical Q-
factor of a sapphire resonator used
in the fundamental TE,;y mode is
40,000-50,000. The higher-order, so-
called “whispering-gallery” modes
are utilized to isolate the electromag-
netic energy inside the resonator, and
therefore reduce the influence of the
external elements. Q-factors greater
than 200,000 at room temperature
have been reported.12-16

The main disadvantage of the reso-
nators described above is their limited
tuning range, since any resonator de-
tuning adversely affects its Q charac-
teristics. Even frequency locking can
be a certain challenge for high-Q reso-
nators such as sapphire. Yttrium iron
garnet (YIG) resonators are utilized
when wideband tuning and high Q-
factors are simultaneously required.
The YIG resonator consists of a small
(8-20 mils in diameter) sphere placed
between the two poles of a cylindrical-
ly re-entrant electromagnet and cou-
pled with small wire loops. Frequency
tuning is possible since the resonant
frequency of the spherical YIG reso-
nator is in direct proportion to the
applied magnetic field.17-23 Thus, the
resonant frequency and, consequent-
ly, the oscillating frequency can be
controlled by changing the DC cur-
rent injected into the electromagnet
tuning coil. YIG resonators offer a
relatively high Q (greater than 4,000
at 10 GHz), which linearly increases
with frequency. A practical usable fre-
quency range of pure YIG resonators
lies between 2 and 50 GHz, similar to
the frequency range of dielectric reso-
nators. Lower operating frequencies
(a few hundred MHz) are obtainable
by adding special dopants (such as
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gadolinium) however, that, degrades
the Q-characteristics. The highest
boundary is mainly limited by mag-
net saturation and impractically high
power consumption, due to the very
high current required to generate the
necessary magnetic field strength.

Smaller size and lower-cost charac-
teristics are achievable with varactor-
tuned oscillators (usually referred to
as voltage-controlled oscillators or
VCO:s), based on either lumped LC or
distributed microstrip resonators.2425
Frequency tuning is achieved using
varactor diodes, since their capaci-
tance depends on the applied tuning
voltage. Unfortunately, the Q-factors
of these resonators are not high; typi-
cal values are between a few tens to a
few hundreds, depending on a particu-
lar technology and tuning range. Thus,
the VCO free-running noise is signifi-
cantly higher in comparison with YIG-
oscillator numbers. Nevertheless, the
VCO is an attractive choice in design-
ing a multi-loop PLL synthesizer, since
its noise can be suppressed by utilizing
a low-noise, fixed-frequency reference
oscillator (such as an OCXO) as well
as a very wide loop bandwidth. Using
a high-quality, single-frequency ref-
erence oscillator and a low residual
noise, wideband (up to a few MHz)
locking mechanism, the VCO-based
synthesizers can potentially achieve
psec-fast tuning, together with YIG-
like noise performance, without the
use of expensive, bulky and power-
hungry YIG devices.26

A generic electro-acoustic device
combines electrical-to-acoustic and
backward acoustic-to-electrical signal
transducers with a high-Q acoustic
resonator, as shown in Figure 4. A
“classical” representative is the crys-
tal resonator, which has demonstrat-
ed exceptional high-Q and stability
characteristics and has been widely
used in low-noise oscillators from low
RF through a few hundred MHz. At
higher frequencies, surface acoustic
wave (SAW) resonators are the most
commonly used devices. The SAW

ELECTRICAL-TO-ACOUSTIC | |
SIGNAL TRANSDUCER

ACOUSTIC

ACOUSTIC-TO-ELECTRICAL

RESONATOR

SIGNAL TRANSDUCER

Fig. 4 Electro-acoustic resonator concept.
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resonator structure is deposited onto
a low-acoustic-loss substrate (such as
lithium niobate) and exhibits high-Q
characteristics at RF and microwave
frequencies up to 2 GHz.2"28 The
film bulk acoustic resonator (FBAR) is
another representative of the electro-
acoustic resonator family. The resona-
tor is a three-layer structure with the
top and bottom electrodes of molyb-
denum sandwiching a middle layer
of aluminum nitride.2® FBARs can
be used in the frequency range of a
few hundred MHz to approximately 5
GHz, with a typical Q-factor of great-
er than 500 at 2 GHz.

Electro-optical principles are uti-
lized in an elegant optoelectronic
oscillator (OEO), which is capable
of generating a signal at microwave
frequencies.?® The OEO generic ar-
chitecture is essentially a transposed
gain oscillator that utilizes laser light
energy to enable an electro-optical
signal conversion. The laser radia-
tion propagates through a modulator
and an optical energy storage ele-
ment (that is a resonator) and then is
converted to electrical energy with a
photo-detector, as depicted in Figure
5. The electrical signal at the output
of the photo detector is amplified, fil-
tered and fed back to the modulator
to close the oscillator feedback loop.

The optical resonator is usually
constructed using a long fiber delay
line; the Q-factor is proportional to
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the ratio of the delay
time and line loss.
Since fiber lines m ELECTROPTICAL OPTICAL PHOTO
exhibit fairly low MODULATOR RESONATOR DETECTOR

insertion loss (less
than a dB per km),

high-Q  resonators RF OUTPUT

can be constructed.
A loaded Q-factor
of 10,000 has been
reported using a
2 km fiber line;3!
the longer fibers exhibit even higher
Q-factors. Further improvements are
possible with a microspherical optical
resonator that utilizes multiple reflec-
tions inside a fused-silica sphere.32

Resonator coupling is another im-
portant consideration because any
coupling mechanism reduces the re-
sidual (unloaded) resonator Q-factor
to the actual (loaded) value used in
phase-noise calculations. It is a com-
mon design mistake to achieve high
loaded Q values by using a very loose-
ly coupled resonator. Resonator loss is
a function of its unloaded and loaded
Q-factors and is given by:

2

1
L(dB)=10log| Q. 2)
Qu
where Qp and Qy, are the resona-

tor unloaded and loaded Q-factors,
respectively.
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Fig. 5 Opto-electronic oscillator block diagram.

The undercoupling results in in-
creased overall resonator loss requir-
ing an extra amount of gain to com-
pensate it, which in turn, results in
thermal noise increase. Since these
two factors work in opposite ways,
intuitively, there should be a certain
optimum determined by a specific
oscillator topology. For example, for
the simple feedback oscillator shown
previously, the phase-noise minimum
is achieved when the resonator loaded
Q-factor is set to one half of its un-
loaded value (Qy, = 0.5 Qy;) that cor-
responds to a 6 dB resonator loss.3334
Other oscillator schemes may require
different optimum coupling values
due to different design goals and
tradeoffs. For example, near optimum
results with Qy, = 0.375 Qy; coupling
have been achieved for a more com-
plex frequency-locked oscillator de-
sign.3”

Moreover, the coupling structure
does not necessarily have to be sym-
metrical, that is the two resonator
ports may have different coupling co-
efficients, as required by a particular
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Fig. 6 Single port arrangement.

oscillator scheme.?>36 For example, a
circulator-based oscillator, shown con-
ceptually in Figure 6, utilizes a feed-
back signal reflected from one resona-
tor port only, while the second port is
used to extract the output frequency.
The output frequency can be also ex-
tracted from the amplifier output (or
input), thus eliminating the need for a
second resonator port at all. No circu-
lator is required in negative resistance
designs, which utilize single-port res-
onators and are commonly used for
wideband tunable oscillators.

Although oscillators can be con-
structed using various devices (such
as Gunn or IMPATT diodes), bipo-
lar and field-effect transistors are the
most commonly used devices.!? The
transistor gain, maximum oscillation
frequency, output power and noise
characteristics are the main param-
eters affecting oscillator design. These
parameters are heavily dependent on
a particular device; the most common
technologies are silicon (Si), gallium
arsenide (GaAs) and silicon germa-
nium (SiGe).

Silicon-bipolar-junction transistors
have dominated the oscillator field up
to approximately 20 GHz due to their
excellent 1/f noise characteristics.
GaAs FET and HEMT devices on the
other hand have been demonstrated
to oscillate at frequencies beyond 100
GHz as fundamental oscillators. Un-
fortunately, their flicker-corner fre-
quency is also higher, compared to
the silicon-bipolar transistors, which
restricts their application in low-noise
oscillator designs. In practice, it is
more common to achieve millimeter-
wave frequencies by using a lower-
frequency  silicon-bipolar  transistor
oscillator, followed by a frequency
multiplier and bandpass filter. This
arrangement usually results in better
phase-noise performance, compared
to fundamental, GaAs-based oscilla-
tors. SiGe is another very promising
technology that combines excellent
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Fig. 9 Feed-forward concept.
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Fig. 10 Transposed gain oscillator.

noise characteristics with high oscilla-
tion frequencies.

Active device linearization is one
of the techniques that help in pre-
venting noise elevation. The simplest
solution is to avoid or, more exactly,
reduce active device compression by
implementing another, less noisy lim-
iting mechanism. Various techniques
(or their combination) can be used, as
shown in Figure 7.

A signal limiter can be placed ei-
ther before or after the active device,
keeping its output well below the com-
pression level. For example, a close-in
phase-noise reduction of 15 dB has

device output and
adjusts the overall
loop gain with an RF attenuator.2”
The RF signal sampled from the
amplifier output can be fed back to,
and subtracted from, the RF input
signal directly without DC detection,
as depicted in Figure 8. This is es-
sentially a generic feedback concept,
which can be implemented in a variety
of forms ranging from transistor-level
local feedback circuits3839 to more
complex system-level solutions. 4
Active device characteristics can
also be linearized using a feed-for-
ward amplifier approach.*! The feed-
forward amplifier employs two can-
cellation circuits to generate an error
signal and then subtract it from the
main amplifier output, as shown in
Figure 9. By properly balancing am-
plitude and phase characteristics, it is
possible to remove undesired artifact
products created by the main ampli-
fier. This approach is widely used to
suppress amplifier intermodulation
distortion products; however, it can
be effectively utilized for noise reduc-
tion as well.>440 The level of suppres-
sion is mainly limited by amplitude
and phase balance; typical values are
in the 15 to 40 dB range and can be
further improved by applying a more
sophisticated balance adjustment.
Another interesting method (shown
conceptually in Figure 10) is based
on the use of a transposed-gain ampli-
fier.3442 This scheme requires a lower
frequency active device (compared to
the oscillator output frequency) that
is achieved by converting the signal
in the frequency mixers. Thus, low-
flicker-noise silicon-bipolar transis-
tors can be utilized to generate output
frequencies greater than their own
maximum oscillation frequency. The
auxiliary LO noise can be suppressed
(to a certain degree, of course) by ad-
justing the phase delay between the
mixer LO ports.
Frequency-locking is another pow-
erful approach in constructing low-
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noise oscillators.#346 This approach
utilizes a phase detector (usually a bal-
anced mixer) to compare the two sig-
nals coming from a VCO directly and
through a high-Q resonator used as an
external frequency discriminator (see
Figure 11). These two signals are ad-
justed to be in quadrature to increase
the phase detector sensitivity. The
phase detector produces a voltage
that steers the oscillator to suppress
its phase-noise fluctuations. The noise

suppression is limited by the discrimi-
nator sensitivity, which in turn heavily
depends on the resonator Q-factor.
Thus, a VCO phase noise can be
drastically reduced by utilizing a high-
Q external resonator, such as a metal
cavity or sapphire. However, this
circuit exhibits an initial frequency-
lock acquisition problem due to the
high-Q resonator characteristics. The
problem can be elegantly solved by
utilizing a common high-Q resona-
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tor, which is simultaneously used as
both an oscillator resonant element
and frequency discriminator (see Fig-
ure 12). A phase noise of -140 dBc/
Hz at a 100 kHz offset from a 10 GHz
carrier has been achieved using a con-
ventional dielectric resonator with a
loaded Q of 1,500 and an FET-based
transistor amplifier.46

The discriminator sensitivity and
consequently the phase-noise perfor-
mance can be further improved by
putting an additional low-noise ampli-
fier (LNA) in front of the phase de-
tector. However, the incident power
coming to the LNA should be kept
very low to minimize its flicker noise
contribution. This can be practically
achieved by utilizing a near-critical
coupling resonator configuration*”
or an interferometric signal process-
ing.#849 A phase noise of -150 dB¢/
Hz at 1 kHz offset and 9 GHz output
has been achieved using a whispering-
gallery-mode sapphire resonator and
advanced interferometer-based noise
suppression circuit.*

Phase noise remains the most criti-
cal specification and design challenge
for microwave oscillators. Utilizing
low-flicker-noise active devices and
high-Q resonators are the most com-
monly used ways to achieve good
phase-noise characteristics. Further
improvements are brought on by in-
creasing the output power extracted
from the active device and simultane-
ously optimizing its nonlinear behav-
ior with a variety of linearization and
noise-reduction techniques. This ar-

@—

Fig. 11 Frequency-locked oscillator.

Fig. 12 Frequency-locked oscillator with
a built-in discriminator.
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ticle has briefly summarized the main methods; further de-
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