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n oscillator is considered a key element of

any modern wireless system. Microwave

oscillators in particular are commonly

used as local oscillators in a number of

applications, such as wireless commu-

nication transceivers, test and measurement equip-
ment, radars, wireless sensors, among others.

Introduction
Since the oscillator performance has a direct impact
on the system characteristics, rapidly growing and
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evolving wireless systems have a constant demand for
oscillator performance improvements. Modern wireless
communication systems require higher data rates and
increased performance. These requirements demand
improvements in key oscillator parameters, such as
operating frequency range and phase noise, to sup-
port high-order modulation schemes and multiple
operating frequency bands, which now extend into
the millimeter-wave spectrum. On the other hand, the
ceaseless demand for wireless equipment miniaturiza-
tion and improved power efficiency has led to increas-
ing requirements on the oscillator form factor and its
power efficiency. Aerospace and military applications
also require oscillators to maintain their performance
under extreme environmental conditions and provide
a good level of immunity to external disturbances,
such as vibration, radiation, etc. Moreover, some emerg-
ing applications, such as quantum computing, require
chip-scale oscillators that must reliably operate at
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data mining, and training of artificial intelligence and similar technologies.
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cryogenic temperatures and provide excellent per-
formance in terms of phase noise and ultralow power
consumption. Today, microwave oscillators used in
commercial communication systems are implemented
using monolithic microwave integrated circuit (MMIC)
or RFIC technologies, which enable a very high level of
device integration. Some applications, such as test and
measurement equipment, continue to employ high-per-
formance microwave oscillators that can use a number
of technologies, including MMICs, hybrid circuits, and
photonics as well as conventional electronic and RF cir-
cuits. In this article, we present a review of the micro-
wave oscillator design trends and technology advances
made in about the past 20 years with an emphasis on
state-of-the-art low-noise oscillators. We also present
some relevant discussions on design techniques that
may help provide a better insight into oscillator optimi-
zation for improved phase noise performance.

Negative Resistance

Oscillator

The negative resistance oscil-

lator, also known as the

Kurokawa oscillator, is by far | Linear

Yi(w)+Yp(A)=0 )

where A is the first-harmonic amplitude.
The same condition can be expressed in terms of the
reflection coefficients:

Fin(A, CO)FL(CD): 1. (2)

It is worth mentioning that modern CAD tools
employ a special probe component, shown in
Figure 2, that allows one to generate an open-loop
circuit at the fundamental frequency and keep the
loop closed at the harmonic frequencies. In this case,
the open-loop gain can be expressed as [2]

2—2 = T4, @)L (0). 4

Once the probe is placed into the oscillator circuit,
a harmonic balance simulator is used to perform a

the most widely used micro- | Network
wave oscillator design [1]. |

Sometimes, it is also referred
to as a reflection oscillator.

A diagram of the negative
resistance oscillator is pre-
sented in Figure 1. In this
approach, the active device

is represented by the nonlin-
ear admittance Ys(V), which
is a function of the voltage
across the device terminals.
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The device admittance has a
negative real part -G, that is
achieved through the use of a
positive feedback introduced
into the active device circuit,

or it can be an intrinsic prop- r,

erty of the device itself, as in
the case of tunnel and Gunn

Figure 1. Negative resistance oscillator.
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contains a linear load rep-
resented by the frequency-
dependent admittance Yi(w)
connected in parallel to the
device. In this case, the linear Zy
load represents the resonator,
which can be coupled to the
active device input or output.
The oscillation condition for
this network is given by

diodes. The oscillator also J
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Figure 2. Negative resistance oscillator with open-loop probe.
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simultaneous A and @ sweep to determine the oscil-
lator operating point. In fact, the same type of auxil-
iary probe component can also be employed in a lin-
ear oscillator analysis to predict a tentative oscillation
frequency satisfying the following start-up conditions:

ITin (A 0)Ti(w)|>1 (4a)

Z(Tin(A, @) (@) =0. (4b)
We note that the negative resistance approach is
widely used in the design of integrated and broadband
oscillators as well as oscillators based on one-port
active devices. However, the main drawback of this
technique is the difficulty in accurately estimating the
resonator loaded Q-factor, which is one of the key oscil-
lator parameters strongly related to the phase noise.

Feedback Oscillator

A block diagram of the feedback oscillator is presented
in Figure 3. In this oscillator model, the active device
represented, for example, by an amplifier is connected
to the positive feedback network comprising a resonator

|_O>utput

Feedback Network

Resonator

Bo By

and a phasing network. This model is especially well
suited for oscillators employing amplifiers with 50-(
input and output impedances and transmission-type
resonators. These types of resonators are very common
at microwave frequencies; they use a high-Q resonant
structure coupled to the input and output transmission
lines. The strength of the coupling is defined using the
input and output coupling coefficients g1 and B2. As
shown in Figure 4, this type of resonator can also be
implemented using the lumped series or parallel tank
circuits commonly used in LC oscillators [3]. Note that,
in the case of equal couplings at the input and output
of the resonator, its Sy response or the voltage transfer
function is given by

2p

1+28 +j2Qo(f;ﬂes

res
S 21 =

©)
)

where f is the coupling coefficientand Q, is the unloaded
Q-factor of the resonator. In the case of the mentioned
series and parallel tank resonators, one may expect them
to have identical loaded Q-factors, Qi = Qo/(1+28),
and insertion losses, L = (1 + 28)*/4p*. However, nota-
bly, the input and output impedances of the series tank
circuit are lower compared to the parallel tank ones by
a factor of (1+ B)*/B*. Thus, the series tank resonator
generally results in a lower phase noise because its low
impedance helps to reduce the impact of thermal noise
and other noise sources within the oscillator circuit.

For the feedback oscillator analysis, a special aux-
iliary probe, as shown in Figure 5, can be employed
[3]. This probe is somewhat similar to the previously
introduced open-loop probe used for the negative
resistance oscillator analysis, and it allows one to break
the oscillation loop in the forward direction while
keeping it closed for the reflected signal. Using the
probe S-parameter matrix given at the fundamental

frequency, one may obtain the
expression for the feedback

ﬂ I I L R oscillator open-loop gain:
” ” II GOL:%2521+_EE§22 6)
o —— (o) =—0Cl } .
L == R where §;; are the S-parameters
of the open-loop network. It

Ores = [L(C+2C1)] 700 Wres = |:L (

ci? Z,Qq
c(c+2Cl) p

(a)

p=

Figure 4. Lumped element two-port resonators.
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B=pQ,C?(2C + C1)C1Z,

(b)

is noteworthy that, according
to (6), Gop may increasingly

-05 deviate from S,; when S;, of
—CC1 )} the amplifier as well as the
2C+C1 reflections from the resonator

increase. Expression (6) can
be used to establish the oscil-
lator’s  well-known start-up
conditions, requiring, at the
oscillation frequency, that the
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loop gain must be greater than unity, and the phase
shift around the loop must be an integer multiple of
2z radians. Employing these conditions, the oscilla-
tion frequency can be found by performing an analysis
of the open-loop circuit and finding the frequency at
which the phase of the open-loop response is zero. The
open-loop gain at the given frequency is also an impor-
tant parameter, referred to as the oscillator gain mar-
gin. For a reliable oscillation, a gain margin of at least
3 dB is recommended.

Moreover, the loaded Q-factor can be found by ana-
lyzing the group delay 7 of the open-loop response. In
the case of a simple single-tank resonator, the loaded
Q-factor and group delay are related by Q1. = w7 /2.

Thus, the analysis of the feedback oscillator open-
loop response allows one to accurately determine most
important oscillator parameters, such as the oscillation
frequency, the gain margin, and the loaded Q-factor.
One of the important details of this method is that
the characteristic impedance of the probe must be set
equal to the input impedance of the loop amplifier; oth-
erwise, one may get inaccurate simulation results.

Oscillator Phase Noise

Phase noise is one of the key oscillator parameters
that describe the spectral purity of its output signal.
Oscillator phase noise originates in a parasitic modula-
tion of the carrier signal by the noise produced in the
oscillator’s electronics. Phase noise is typically defined
in the frequency domain, and it is expressed in terms
of the double-sideband power spectral density S,(f)
[dBc/Hz] representing the noise power relative to the
carrier contained in a 1-Hz bandwidth centered at a
certain offset from the carrier. Along with S,(f), it is
common to characterize the phase noise by its single-
sideband power spectral density L(f) = So(f)/2.

The first simple semiempirical phase noise model
was proposed by Leeson [4]. According to this model,
the phase noise spectral density of an LC oscillator can
be expressed as

S = Sun 1+ 50 7)

where f,, is the offset from the carrier frequency, f,
is the oscillation frequency, Q, is the resonant tank
loaded Q-factor, and Sae(fi) is the spectral density of
the oscillator input phase uncertainty associated with
the intrinsic noise of the active device [5]:

Sae (fm) =bo+ bf’_ﬂl ()

where b, is the additive white noise component, which in
the case of an active device with noise figure NF is given by

_ ksTNF
by = KaTNE o)
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where k; is the Boltzmann constant, T is the ambi-
ent temperature, and Pj, is the power of the signal at
the input of the active device. Meanwhile, the second
term in (8) represents 1/f or the flicker noise. Note that,
unlike for by, the value of b_; is independent of the car-
rier power that is related to the 1/f noise parametric ori-
gin [5]. Strictly speaking, this is a true statement only
when the active device operates in the small-signal or
weak compression regimes. Under large-signal condi-
tions (strong compression), some active devices may
present variations in their 1/f noise and also exhibit
the noise figure degradation that results from different
nonlinear phenomena [e.g., dc bias changes, amplitude-
to-phase modulation (AM/PM) conversion, etc.] [6], [7].

Combining equations (8) and (9), one may find the
frequency at which the white noise and the 1/f noise
terms are equal:

fe= 5 P (10)

This frequency is known as the flicker noise corner
frequency f., and it is often used as a figure of merit
(FoM) for active devices, amplifiers, and oscillators.
Active devices based on different semiconductor tech-
nologies may exhibit very different levels of 1/f noise
and, thus, fc. The most widely used devices allowing
one to achieve a low f. are the heterojunction bipolar
transistors (HBTs), which are available in several tech-
nologies, such as SiGe, AlGaAs/GaAs, and InGaP/GaAs
HBTs. The HBTs are, in general, preferred over the
other active devices, essentially because of their low-
frequency (LF) noise, which can be up to two orders of
magnitude lower compared to that of the GaAs field-
effect devices [10].

Feedback Network

Oscillator Open-Loop

a Probe b2
—
Pl < P2 Amp
bl N a2
b4 l a3
: P4 P3

Sia=841=5x3=1at @y
812: 821 = 824: 1at nag
All Other S;; =0

Figure 5. Feedback oscillator with open-loop probe.

IEEE mMiCrowave magazine

21



22

A typical oscillator phase noise spectrum described
by the Leeson model is shown in Figure 6. As one may
see, apart from the white and flicker noise, the oscilla-
tor spectrum may also contain random-walk fluctua-
tions that have an f ™ slope and can be associated with
frequency fluctuations due to temperature variations
as well as to the intrinsic resonator noise.

A more comprehensive oscillator phase noise
model has been proposed by Rubiola [8]. This model is
based on the linear feedback oscillator approach, and
it manipulates the oscillator loop phase noise using
Laplace transforms. To describe the oscillator feed-
back network, it employs a phase transfer function that
allows one to calculate phase noise at the oscillator
output from the phase fluctuations introduced by the
active device. Thus, in this model, the phase noise spec-
tral density at the oscillator output can be expressed as

So(fu) = S5™ (fu) (H(fu) [P (11)

where H( fu) is the phase transfer function of the oscil-
lator closed loop given by

H(fn) = (12)

1
1—B(jfu)
where B(jf,) is the open-loop phase transfer func-
tion, which can be computed from the open-loop gain
response using the known relation between B(f,) and
the ordinary transfer function of the linear network [8]:

B(j2nfw) =
GOL(jZH(fo +fm)) + GoL (jZﬂ(—fo +fm)) (13)
ZGOL (]Zﬂfo) ’

Note that, by making use of (12) and (13), it can
be shown that for a single-tank resonator with the

S(fm) 4

b_4f~4 (Random-Walk Noise)

b_4f~1 (Amplifier Residual
1/f Phase Noise)

b_sf-3 (1/f Frequency Noise)

b_,f~2 (White Frequency Noise)

by (White Phase Noise)

frequency response given by (5), the closed-loop phase
transfer function becomes

_ 1
H(fu)=1+ 200/ (14)
where Qr=Qo/(1+2p). Substitution of (14) into
(11) yields a phase noise expression identical to the

Leeson formula (7). In fact, taking into account that
Pin = Pout (| S5°1)%, (7) can be written as follows:

Sp(fo) = [BoINE(220 ) B |

2 (15)
e (3]

where P, is the active device output power. Moreover,
assuming that the signal-to-noise ratio kTNE/P,, is
independent of the active device input power, it can be
shown that the phase noise in the f 2 region is mini-
mized when B=0.5 or Q.= Qo/2. In this case, (15)
becomes

min 4kg TNF -
Sq) (ﬁll): %Ou{\]*'i‘%

{1 *(fmféo )Jl -

We point out that the active device noise figure
used in (15) and (16) corresponds to the large-sig-
nal regime and may differ significantly from the
conventional transistor noise figure measured un-
der small-signal conditions. Thus, in [6] it has been
shown that low-noise bipolar junction transistors
(BJTs) may exhibit a considerable increase in their
noise figure at power levels beyond the device 1-dB
compression point (P1dB). On the other hand, GaAs
pseudomorphic high-electron mobility transistor
(pHEMT) devices operating
beyond P1dB were proved to
have fairly weak NF depen-
dence on the input power
[7]. However, as mentioned
earlier, the GaAs pHEMT de-
vices typically exhibit much
higher levels of 1/f noise as
well as a pronounced genera-
tion—-recombination noise [11],
so they are rarely used in low-
phase-noise oscillators. To re-
duce the active device noise,
in some works it has been
proposed to utilize a diode

fe

Figure 6. Typical phase noise spectrum of a microwave oscillator.
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f/2Q,

limiter or an automatic ampli-
tude control loop that would
help to keep the amplifier in
the linear regime [9].

BNl 4
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It is important to note that, to
reduce 1/f noise upconversion, an

TABLE 1. Comparison of high-Q resonator technologies.

active device must be operated at ~ Resonator Typical Frequency

the bias point, where a small Sy, Technology Range, GHz Q-Factor Q-f, GHz
phase sensitivity to the bias cur- SAW 0.25-1.6 5,000-15,000 12,000'

rent is observed [5]. Moreover, FBAR 0.3-3 500-2,000 >4,000 [16]

it is essential to provide a clean HBAR 0.3-4 26,000-53,000 79,500 [19]
oscillator supply voltage using a  cgayial resonator 0.3-6 70-1,320 4,900°
low-noise linear voltage regulator. DR 15-40 1.200-35,0007 430,000 [23]
Apart from that, toreduce the LE ) - o ¢ 45-20 100,000-350,000  1.8-10° [29], [32]

noise, it is recommended to use
passive bias networks, preferably
those having low impedance at
low frequencies.

Oscillator FOM

Note that there are always tradeoffs between the oscil-
lator phase noise and other parameters, such as power
efficiency, output power, and frequency tuning range
(FTR). Additionally, in accordance with the Leeson
formula, the phase noise increases with the square of
the oscillator frequency. Given this situation, it is cus-
tomary to benchmark microwave oscillators in terms
of the FoM, which accounts for the mentioned design
tradeoffs and takes into account the oscillator operat-
ing frequency. The most frequently used FoM defini-
tion accounts for the tradeoff between the phase noise
and the dc power consumption as well as the oscillator
frequency f.s, and it is given by

foe V1

foM= ( 2 ) PaL(fo) )
where L(fn) is the single-sideband phase noise power
spectral density and P, is the power consumption in
milliwatts. FoM is measured in inverse watts, and it is
often expressed in decibels (or dBc/Hz) relative to 1
mW. Another form of FoM that includes the oscillator
output power is given by

fose | Pous
FoMp—< T ) Pal(f): (18)
FoMp is often used for oscillators operating at milli-
meter-wave frequencies, where a difficulty in generat-
ing a sufficiently high output power may exist.
Another widely used definition of FoM that takes
into account both P4, and the FTR is given by

_ fOSC ’ FTR 2 1
FoMr = <7) (T) m )

where  FTR=100(fmax— fmin)/(1/2) (fmax+  fmin), with
fmin and fmax being, respectively, the minimum and
maximum oscillator frequencies. We note that FoMy is
normalized to the 10% tuning range that is a typical
requirement in some wireless systems.
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'Commercially available SAW resonators (TAI-SAW Technology Co., Ltd.).

2Commercially available DRs (www.exxelia.com).

SCommercially available ceramic coaxial resonators (www.trans-techinc.com).

SAW: surface acoustic wave; FBAR: film bulk acoustic resonator; HBAR: high-overtone bulk acoustic resonator; SLC:
sapphire loaded cavity; DR: dielectric resonator.

Ultimately, in some applications where dc power
consumption is not critical and the oscillator operates
at a fixed frequency, another simplified form of FoM
independent of power and FTR can be used:

fo\' 1
FoMpn —( 2 ) Z(fn) (20)

In general, to achieve an excellent FoM, it is essential
to both reduce the oscillator phase noise and increase
the dc-to-RF conversion efficiency. The preceding
FoMpy definition is clearly more favorable for oscil-
lators, whose phase noise can be reduced by increas-
ing P, for example, by using multiple parallel active
devices or multiple coupled oscillators.

Single-Frequency Oscillators

Single-frequency oscillators (SFOs) are used to provide
a microwave signal at one particular fixed frequency.
In some applications, SFOs are required to have a
narrow-band frequency tuning that typically does not
exceed the 3-dB bandwidth of their resonant tank cir-
cuit. The main requirements for this type of oscillator
are high spectral purity (i.e., low phase noise) and good
frequency stability. SFOs are built using high-Q reso-
nators, which can be based on a number of technolo-
gies depending on the oscillator requirements, such as
phase noise, frequency stability, form factor, etc. Table 1
shows the main resonator technologies with their basic
characteristics, including frequency range, Q-factor,
and best reported Qf product, which is frequently used
to benchmark different types of resonators.

Acoustic wave-based devices, including surface
acoustic wave (SAW) resonators, film bulk acoustic
resonators (FBARs), and high-overtone bulk acous-
tic resonators (HBARs) are very attractive choices for
microwave oscillator implementation because of their
high Q-factor, small size, and low sensitivity to envi-
ronmental factors and vibrations. The maximum oper-
ating frequency of the acoustic wave devices typically
does not exceed several gigahertz, while the Q-factor

IEEE mMiCrowave magazine
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ranges from 1,000 to 2,000 in the case of FBARs [15], [16]
and can reach 51,000 for HBAR devices [19].

SAW resonators are the most commonly utilized
types of acoustic devices for oscillator design in
the 0.3-3-GHz frequency range. Because of the high
Q-factor [12], [13], typical SAW-based oscillators oper-
ating below 1 GHz exhibit quite a low phase noise,
close to 150 dBc/Hz at 10-kHz offset [13]. SAW oscil-
lators operating above 1 GHz (typically at 2.4-2.5 GHz)
are reported to have phase noise in the vicinity of 130
dBc/Hz at 10-kHz offset [14]. Some commercial state-
of-the-art SAW oscillators achieve quite remarkable
phase noise values; for example, the Rakon 1-GHz
oscillator (LNO 1000 D1) exhibits a phase noise as low
as —159 dBc/Hz at 10 kHz.

The phase noise of the FBAR-based oscillators can
be 10 to 30 dB higher when compared to the SAW oscil-
lators [16], [17]. However, FBAR technology allows the
implementation of chip-scale oscillators by integrating
the FBAR into the active-circuit chip [16]. Interestingly,
Imani and Hashemi [18] reported an integrated 1.5-
GHz FBAR-based frequency discriminator (FD) and a
phase noise suppression system using 0.13-um CMOS
technology. In this approach, the authors were able to
achieve a phase noise of 128 dBc/Hz at 20-kHz offset
and a noise floor of —166 dBc/Hz. Notably, integrated
bulk acoustic resonators find a use in several of the lat-
est Texas Instruments products (e.g., LMK05318), which
utilize a voltage-controlled bulk acoustic wave oscilla-
tor (VCBO) operating at about 2.5 GHz. The VCBOs
exhibit a phase noise close to 130 dBc/Hz at 100-kHz
offset and outperform state-of-the-art integrated LC
oscillators by approximately 10 dB.

HBARs based on an AIN-sapphire structure offer
the highest Q-factor (typically 19,000-25,000) among
all of the acoustic wave devices. Such a high Q, makes
the HBARs excellent candidates for low-noise micro-
wave and RF oscillators. Thus, HBAR-based low-noise
oscillators operating at around a 2-GHz frequency
and exhibiting phase noise values as low as —120 dBc/
Hz at 1-kHz offset were reported by Boudot et al. [20].
Apart from their low phase noise, HBAR-based oscil-
lators were also proved to have an excellent short-term
frequency stability, which makes them well suited for
atomic clock applications [21].

It is worth noting that the phase noise performance
of the oscillators based on all types of acoustic wave
resonators was found to be limited by the intrinsic res-
onator 1/f noise and linearity [13], [20].

Another type of resonator finding very broad appli-
cation in RF and microwave oscillators is based on
low-loss microwave ceramics. Thus, ceramic coaxial
resonators are widely used at the low end of the micro-
wave spectrum (f < 6 GHz). The unloaded Q-factor
of the commercial coaxial resonators typically ranges

IEEE MiCrowave magazine

from approximately 200 to 1,000, depending on the
ceramic material and the resonator size. According to
the results presented in [22], coaxial resonator oscilla-
tors (CROs) may achieve a phase noise comparable to
that of the SAW-based oscillators. For a 2.488-GHz CRO,
it can be as low as —123 dBc/Hz at 10-kHz offset, while
a 1-GHz CRO proved to have a phase noise better than
-130 dBc/Hz at the same 10-kHz offset.

Another widely used type of ceramic resonator
is the TEps-mode cylindrical or disk dielectric reso-
nator (DR). High-Q DRs are made using low-loss ce-
ramic materials that typically have a high dielectric
constant &, and a low temperature coefficient of fre-
quency Ts. The ceramics exhibiting the lowest di-
electric losses are based on Ba(Mg;,Ta,/;)O; (BMT)
or Ba(Zn;3Ta,/3)O; (BZT) composites. Thus, for BMT,
e-=24, Qf = 240,000-430,000 GHz, and t7=1-5
ppm/°C, while BZT (with dopants) has &, =28-30
and can reach Qf = 140,000-210,000 GHz and 7y = 0-1
ppm/°C [23]. There are other types of low-loss micro-
wave ceramics, e.g, BaO-TiO,-WO; and (Zr,Sn)TiO,,
with higher dielectric constants (e, = 34-38) that also
exhibit quite high Qf values of 40,000-70,000 GHz and
close to zero 7 [23]. Currently, commercially available
DRs cover the 1-40-GHz frequency range and offer Qf
values that range approximately from 10,000 to 230,000.
These resonators, because of their exceptionally high
Q-factors and compact size, are perfect candidates for
low-noise microwave oscillator implementation. To
date, DR oscillators (DROs) remain one of the best solu-
tions in terms of phase noise and frequency stability.
Apart from that, DROs can be designed to have a fairly
small form factor as well as low cost. The best phase
noise results for this type of oscillator were reported in
[24] and [25]. Everard and Theodoropoulos achieved a
remarkably low phase noise of -170 dBc/Hz at 10-kHz
offset for a 1.25-GHz DRO [24]. Meanwhile, Deshpande
and Everard reported a 3.8-GHz DRO based on the
feedback oscillator topology with phase noise of —150
dBc/Hz at 10-kHz offset using a DR with Q, = 30,000
and a low-noise push—pull amplifier [25]. Another low-
noise X-band DRO with wide frequency tuning and a
phase noise of 135 dBc/Hz at 10-kHz offset based on
a BaTiO; DR with Q, = 30,000 and an SiGe HBT ampli-
fier was reported by Sallin et al. [26]. We mention that
Florian et al. reported a 7.61-GHz DRO having a similar
low phase noise of -135 dBc/Hz at 10-kHz offset using
a DR with a significantly lower Q-factor (Q, = 8,800)
[27]. Their design is based on the series feedback topol-
ogy and employs a medium-power InGaP HBT with
low intrinsic LF noise.

An original low-noise DRO operating at a higher fre-
quency of 174 GHz was proposed by Xia et al. [28]. Their
approach utilizes the push—push second harmonic
oscillator configuration shown in Figure 7, composed of
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two identical series feedback
oscillators. With this approach,
the authors achieved a phase

0°at f,

Active 0° at 2f,

noise better than -120 dBc/
Hz at 10-kHz offset as well as +
a high fundamental frequency
suppression better than 50 dBc.

It is noteworthy that the
phase noise of the best com-
mercial state-of-the-art DROs
operating in the X and Ku
bands typically ranges from

Resonator

Device 1

Power-
Combining
Network

Active

-120 down to -150 dBc/Hz
at 100-kHz offset (e.g, see the
Analog Devices DRO mod-
ules and Synergy Microwave
DROs). As a good example, the
Synergy Microwave 8.32-GHz
surface-mount DRO GSDRO832-8XT (see datasheet
at https://synergymwave.com/products/dro/datasheet/
GSDRO832-8XT.pdf) exhibits a phase noise as low as -149
dBc/Hz at 100-kHz offset.

DRs with the highest Q-factor are based on sapphire
(ALO,) single crystals known for their extremely low
dielectric losses [29]. Because of their relatively low &,
sapphire resonators employ whispering-gallery modes
with a high azimuthal index (n = 5) characterized by
low radiation losses that help to reduce the impact of
the resonator shielding cavity. These types of reso-
nators are known as whispering-gallery resonators
(WGRs) or sapphire loaded cavity (SLC) resonators. At
room temperature, the unloaded Q-factor of the SLC
resonator can be as high as 200,000 at the X band [29],
while at the C-band frequencies it was found to reach
350,000 [32].

Microwave oscillators incorporating SLC resona-
tors are commonly built using a parallel feedback
topology similar to that shown in Figure 3. Because of
the presence of the numerous spurious modes in the
WGR spectrum, the oscillator loop typically requires
a special narrow-band filter tuned to the frequency of
the operating whispering-gallery mode. Utilizing this
oscillator approach, Cibiel et al. reported a 4.8-GHz
oscillator with a phase noise of —138 dBc/Hz at 1-kHz
offset using an SLC resonator with Q; = 75,000 and a
low-noise SiGe HBT amplifier [30]. Boudot et al. also
reported the development of ultralow noise X-band
oscillators exhibiting a phase noise better than —-120
dBc/Hz at 1-kHz offset [31]. Their design was based on
an SLC resonator operating on WGHg;; mode with Q;
= 80,000 and a commercial low-phase-noise amplifier
with +17-dBm output power.

To further reduce the phase noise of SLC oscilla-
tors, a combined frequency stabilization (CFS) tech-
nique is employed. In this technique, the SLC resonator
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Figure 7. Push-push second harmonic oscillator.

is simultaneously used as a feedback element in the
main oscillator loop and as a dispersive element of
the high-efficiency FD, which, together with some
additional electronics, forms a phase noise suppres-
sion system. A simplified block diagram of the oscil-
lator with CFS is shown in Figure 8. In contrast to a
conventional feedback oscillator, the resonator cou-
pling at the FD input is set close to critical (8 = 11) to
maximize the FD efficiency, while the output resona-
tor coupling B2 is typically reduced to 0.1-0.15. Using
this approach, Ivanov and Tobar achieved a remark-
ably low phase noise of -160 dBc/Hz at 1-kHz offset at
X-band frequencies [33].
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Figure 8. SLC oscillator with combined frequency
stabilization. LNA: low-noise amplifier; VCPS: voltage-
controlled phase shifter; LFA: low-frequency amplifier.
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As follows from the analysis presented in [32], the
phase noise floor of the oscillator with CFS is essen-
tially limited by the low-noise amplifier (LNA) noise:

{1 +<4fn{°QL )2} @1)

where CS is the carrier suppression factor: CS =
(1+B1+B2)/(1—pi+B2), and SE(f,) is the LNA
residual phase noise given by

min _ CLNA 1
S (i) = S5 (fo)

S (fu) = [ IRECS , b )
Pin fn
where PIP is the power at the FD input, NF is the LNA
noise figure, and b_; is the LNA 1/f noise. After substi-
tuting (22) into (21) and considering that Qi = Qo/2,
one gets

min k TNF 1 b—
S5 (o) =+ s 7|

(el "

The preceding expression is very similar to the
minimum phase noise of the feedback oscillator (16)
with the exception that the white noise is reduced by
a factor of four, while the 1/f noise is attenuated by
Cs2. Apart from that, because of the low power level
of the signal at the LNA input, the NF in (23) corre-
sponds to the small-signal noise figure, which can be
several decibels smaller compared to the large-signal
NF used in (16). Thus, in the f -2 region, the oscillator
with CFS is expected to provide at least 6 dB of phase
noise reduction over the optimally designed parallel
feedback oscillator. Interestingly, in the case of the 1/f
noise, the phase noise reduction is considerably higher,
given that the carrier suppression factor can be as high
as 30—40 dB. This result can be explained by consider-
ing very high effective Q-factor of the resonator reflec-
tion response, which is essentially proportional to CS
and can be significantly higher than Q.

It must be pointed out that, despite their excellent
phase noise performance, room-temperature SLC
oscillators exhibit a poor short-term frequency stability
that suffers from the relatively high frequency—temper-
ature sensitivity of the SLC resonator. Thus, SLC oscil-
lators require a sophisticated temperature stabilization
system capable of controlling the resonator temperature
with high accuracy [31]. Recently, Ivanov and Tobar [34]
have shown that high frequency stability and ultralow
phase noise can be simultaneously achieved by lock-
ing the SLC oscillator to a highly stable reference. This
approach allowed them to achieve a phase noise close
to =170 dBc/Hz at an offset frequency of 10 kHz and
a fractional frequency instability less than 2-107" for
integration times from 5 to 50 s.
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Another example of ultralow noise microwave oscil-
lators is that of the cryogenically cooled oscillators. The
main resonator technology used in this type of oscilla-
tor is also SLC resonators, which at the liquid nitrogen
temperature (63-77 K) may achieve a Q-factor of 3-107.
An even higher Q,, close to 2- 10°, can be achieved at
the liquid helium temperature (4—6 K). Because of these
extremely high Q-factors, the cryogenic sapphire oscil-
lators, typically operating around 11 GHz, exhibit a
phase noise as low as -96 dBc/Hz at 1-Hz offset and an
Allan deviation below 107 for integration times of 2
to 1,000 s [35]. Such extremely stable oscillators mainly
find application in astronomy, fundamental physics,
and quantum information experiments [36].

Chaudy et al. [37] recently reported a novel low-noise
cryogenic 1-GHz oscillator based on a planar high-
temperature superconducting resonator. The proposed
oscillator operates at 65 K, has a much smaller form fac-
tor when compared to the cryogenic sapphire oscilla-
tors, and exhibits a phase noise of <137 dBc/Hz at 1-kHz
offset, which is comparable to the best commercial oven-
controlled crystal and SAW oscillators. The phase noise
floor of the reported oscillator is close to —170 dBc/Hz
and is limited by the resonator input power.

Notably, because of Q-factor degradation with
frequency, the phase noise performance of oscilla-
tors based on conventional resonators worsens con-
siderably when the operating frequency extends into
the millimeter-wave bands. To overcome this issue,
recently, several novel high-frequency resonant struc-
tures have been developed allowing one to consider-
ably improve the phase noise of millimeter-wave oscil-
lators. Lia et al. [38] have reported an ultralow-noise
millimeter-wave oscillator based on a novel electro-
magnetic bandgap (EBG) resonator using a periodic
structure implemented on an ultrahigh resistivity sili-
con wafer. Utilizing this approach, the authors were
able to achieve a phase noise of -142 dBc/Hz at 100-
kHz offset, which was mainly possible because of the
very high Q-factor (108,500 at 45.8 GHz) of the EBG
resonator. Another millimeter-wave oscillator operat-
ing above 30 GHz with a remarkably low phase noise of
-149 dBc/Hz at 100-kHz offset was reported by Poddar
et al. [39]. In their design, the authors used a novel
split-ring resonator structure exhibiting an unloaded
Q-factor of 11,658 at 30.2 GHz.

Voltage-Controlled Oscillators

Voltage-controlled oscillators (VCOs) are the most
widely used type of oscillator employed in wireless
communication systems and other microwave and
RF applications requiring a tunable frequency source.
Standalone VCOs are frequently implemented using
MMIC technology, or they can be a part of a larger chip
that may contain multiple RF blocks.
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Currently, there are a number of semiconductor tech-
nologies available for integrated VCO implementation.
CMOS VCOs can be considered one of the most stud-
ied oscillators because of the broad adoption of CMOS
technology. One frequently used CMOS VCO topol-
ogy is the cross-coupled oscillator shown in Figure 9.
This fairly simple configuration uses a pair of identical
MOS transistors having a balanced parallel LC tank as
a load [40]. It can be considered by far the most popular
VCO configuration because of its low phase noise, high
power efficiency, and balanced output.

The phase noise of the cross-coupled VCO is
given by

L(f)= "BTFR”]( f ) ()

where Q; is the equivalent Q-factor of the LC tank, and
V, is the maximum oscillation voltage amplitude, R,
is the tank impedance magnitude, and F is the effec-
tive noise factor of the oscillator. Along with the phase
noise, the VCO FoM introduced earlier (17) is also
considered an important specification, and it can be
expressed as follows [45]:

25)

3
FoM( fu) =— 101og(M>

2Qf2fXVOCI

where a;=imn/Ip is the current conversion efficiency
of the oscillator, and av = Vp/Vpp is the voltage effi-
ciency. The effective noise factor F includes noise con-
tributions from the LC tank, the MOS transistor channel
conductance, and the MOS transconductance. The noise
factor calculation involves the VCO impulse sensitivity

function, which is a key parameter in the linear time-
varying phase noise model. Using expression (25), one
can estimate that for a conventional class-B VCO with
Qi=15, ar=0.55, av=0.8, and F=55dB [45], the
expected FoM is 191.3 dBc/Hz. In practice, a VCO FoM
of 190 dBc/Hz or higher is considered a very good result.

To improve both the VCO phase noise and FoM, a
number of different oscillator classes have been pro-
posed. Table 2 presents a performance comparison for
the VCOs with the best reported FoMs based on dif-
ferent oscillator approaches [41], [42], [43], [44], [45],

Vid

W

VWA

&

Figure 9. CMOS cross-coupled oscillator.

TABLE 2. Comparative performance of CMOS VCOs.

Tuning DC Power, Tank FOM @ 1 MHz, PN @ 1 MHz,
Ref.  VCO Topology Range, GHz mW Q-Factor dBc/Hz dBc/Hz
[41] 350-nm CMOS cross-coupled VCO 2.15-2.35 10 11 192.2 -135
[42] 55-nm CMOS Class B 7.35-8.4 6.3 15 190.4 =12l
[43] 130-nm CMOS Class C 4.9-5.65 1.4 16-17 194.8 —122.5
[44] 65-nm CMOS Class D 3-4.8 8.5 14 190.2 -130'
[45]  65-nm CMOS Class F 5.9-7.6 15 16 190.6 —1257
[46]  65-nm CMOS Class F, 5-6.36 6.1 14.3/19.5%  194.5 -128.4°
[47]  65-nm CMOS Class F,; 18.5-22.4 5 21%* 189 -110.7
[48]  65-nm CMOS Class F~' 3.49-4.51 1.2 14 195.2 -125.1%
[49] 22-nm FDSOI folded DCO 4.15-4.97 1.22 11-17 194.7 -120°
[50] 130-nm CMOS QVCO 23.65-24.85 3.86 20.4/22* 201.1 -119.4
[511  130-nm CMOS Dual Tank 4.8-5.34 74 17.4 192.4 -137°

"Fyco=3 GHz, Vjy=0.5 V.

2F (o= 7.4 GHz.

3Fyeo =5 GHz, Vyg = 0.4 V.

Fyco =349 GHz, Vjy=0.6 V.

5Fyco = 4.97 GHz, Vg =0.15 V.

®Fyco = 5.08 GHz, V4= 0.85 V.
*Simulated transformer Q-factor (Q/Q).
**Simulated inductor Q-factor.

FD-SOI: fully depleted silicon-on-insulator; QVCO: quadrature voltage-controlled oscillator.
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[46], [47], [48], [49], [50], [51]. As one may notice, most
of the reported VCOs exhibit FoMs > 190 dBc/Hz. The
highest FoMs have been achieved in the VCOs using
class-C [43], class-F, [46], and class-F [48] oscillator
approaches. In particular, an excellent FoM has been
reported for the Class-F! VCO, shown in Figure 10.
It employs a transformer-based LC tank, providing
high-Q resonances at the first and second harmonics
that help to reduce the transistor noise upconversion
by properly shaping the drain voltage waveform [48].
Another CMOS VCO with a remarkably high FoM of
201.1 dBc/Hz at 1-MHz offset was reported by Jalalifar
and Byun [50]. Their design is based on a quadrature
VCO topology that contains two coupled differential
oscillator cores and uses an innovative high-Q trans-
former-based feedback network.

It is worth mentioning that for VCOs with a large
FTR, the phase noise can be strongly impacted by
the varactor frequency tuning network. In this case,
phase noise degradation is caused by both reduc-
tion of the LC-tank Q-factor impacted by the varac-
tor losses and also the nonlinearity of the varactor
C(V) response causing AM-to-PM conversion, which
becomes more pronounced when the varactors are
biased close to 0 V. The AM-to-PM conversion can
be minimized, for example, by using a back-to-back
varactor configuration.

In the case of integrated VCOs, to achieve a wide
FTR and preserve low phase noise, a combination of
coarse and fine tuning is used. For coarse tuning, a
high-Q digitally switched capacitor array with metal—-
insulator-metal or metal-oxide-metal (MOM) capaci-
tors is typically employed. The varactors are utilized to
provide fine, continuous tuning. Thus, in the previous
described Class-F™ VCO, the Cp and Cs employ 6-bit
and 5-bit MOM switchable capacitors, and additional
MOS varactors provide fine tuning,.

Vad

Figure 10. Inverse Class-F CMOS VCO.
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We note that the FTR can also be increased without
sacrificing the phase noise or FoM by using multicore
coupled oscillators with mode switching. Recently,
El-Aassar and Rebeiz [52] reported a transformer-
based dual-core switched-mode VCO with octave tun-
ing that achieved a 191-dBc/Hz FoM. Interestingly,
Wau et al. recently also reported a switchless dual-core
triple-mode VCO intended for a quantum bit con-
trol application that covers a 7.1-15.7-GHz frequency
range and achieves a peak FoM of 2021 dBc/Hz
at 10-MHz offset while operating at a temperature of 3.7
K [53]. In this design, mode switching is implemented
by enabling/disabling different negative transconduc-
tance VCO cells rather than using lossy MOS switches,
thus improving the overall VCO performance.

Asdemonstrated, CMOS VCOs, becauseoftheirlow
supply voltage and high dc-to-RF conversion efficiency,
offer excellent performance in terms of FoM. However,
they exhibit relatively high 1/f noise (f, = 0.1-1 MHz)
as well as a low Q-factor that typically does not exceed
15-20 [54]. As mentioned earlier, microwave oscillators
based on HBTs exhibit the lowest phase noise because
of the inherently low 1/f noise of the bipolar devices.
Currently, these types of oscillators are commonly
implemented using SiGe BICMOS, GaAs, and InP HBT
technologies. In particular, the InP-based HBT technol-
ogy, withitshigh transition frequency ( f;=300-600 GHz)
and high breakdown voltage, is especially attrac-
tive for microwave and millimeter-wave VCOs up to
several hundreds of gigahertz. The best phase noise
results reported for integrated HBT-based VCOs
[55], [56], [57], [58], [59], [60], [61], [62], [63], [64], [65]
as well as for some commercially available MMIC
VCOs (MACOM InGaP HBT-based VCOs) are pre-
sented in Figure 11. As one may observe, below 10
GHz the HBT-based VCOs exhibit a phase noise lower
than -130 dBc/Hz at 1-MHz offset. As expected, the
VCO phase noise increases with frequency, reach-
ing approximately -85 dBc/Hz in the 300-GHz band.
Interestingly, some VCO designs, shown in Figure 11
with diamonds, achieve an 8-10-dB lower phase noise
when compared to the general trend. Thus, Franceschin
et al. reported an ultralow phase noise X-band BiICMOS
VCO based on a series LC tank achieving a phase noise
of —138 dBc/Hz at 1-MHz offset [64]. As reported, this
improvement was possible because of the consider-
ably higher RF power dissipated in the series LC tank
when compared to the commonly used parallel tanks.
Another ultralow noise 20-GHz VCO reported by
Riccardi et al. [65] is based on the large oscillator array
approach, which allowed them to reduce the phase
noise by 10log(N), where N is the number of indepen-
dent oscillator cores. The proposed design employs 16
VCO cores and achieves a remarkable phase noise of
-128 dBc/Hz at 1-MHz offset.
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It is important to note that

. —-80

some of the commercially
M Ref. [65]-[63
available narrow-band VCOs . Ref [551-163] L
.. 90 ef. [64]-[65]
operating in the 5-12-GHz fre- ~ A Commercial InGaP HBT VCOs o
quency range also exhibit ex- % -
cellent phase noise values that a —100
are lower than -135 dBc/Hz at E [ | .
1-MHz offset (e.g, MACOM s -110
MAOC-009262/009871 and %
the Analog Devices HMC-116x o —120 =
family). The FTR of this type S u
of VCO is typically about 20%, % -130 gE ¢
and the FoM is close to 190 i=
= Ap A
dBc/Hz. —-140 A*A
In some applications, typi-
cally below 10 GHz, the VCOs -150
1 10 100 1,000

can also be implemented
using tunable resonators or
filters based on planar tech-
nologies, like microstrips or
coplanar waveguides. In con-
trast to the LC tanks used in the integrated VCOs, this
type of resonator offers a significantly higher Q-factor;
hence, microstrip-based VCOs typically exhibit better
phase noise performance. Rohde and Poddar reported
ultralow noise 1-4-GHz VCOs based on tunable cou-
pled microstrip resonators with phase noise values
better than -114 dBc/Hz and -134 dBc/Hz at 100-kHz
and 1-MHz offsets, respectively [66]. The authors also
reported miniaturized 4-8-GHz and 8-12-GHz VCOs
achieving phase noise values of -130 dBc/Hz and -125
dBc/Hz at 1-MHz offset. These results are comparable
to those of the best state-of-the-art integrated oscilla-
tors; however, because of the innovative design, the
proposed microstrip-based VCOs offer a much wider
tuning range.

Yttrium Iron Garnet Tuned Oscillators

The yttrium iron garnet (YIG) tuned oscillators (YTOs)
are microwave oscillators with broadband electronic
frequency tuning and excellent phase noise perfor-
mance. They are mainly used in test and measurement
equipment requiring a tunable high-performance fre-
quency source. This type of oscillator employs YIG
resonators that rely on spin precession resonance
occurring in the ferromagnetic materials, and their fre-
quency is linearly proportional to the magnitude of the
applied external magnetic field Hy:

fo=vHo (26)
where y = gus/h is a constant known as the gyromag-
netic ratio and is equal to 2.8 MHz/Oe, g is the Landé

factor, up is the Bohr magneton, and # is the reduced
Planck’s constant.
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Figure 11. Phase noise of integrated HBT-based VCOs.

Also, the Q-factor of the YIG is governed by the res-
onance linewidth:

%— %471Ms
Qo= N B 27)

where AH is the resonance linewidth in oersteds, and
the quantity 47Ms is the saturation magnetization
in gauss, which for a pure YIG sphere equals 1,780 G.
Because of the very small linewidth with typical values
of AH =0.4-0.50e, Qo of the YIG resonator can be as
high as 6,000. Interestingly, for YIG, Qo is linearly depen-
dent on the resonance frequency, which is not typical for
the other types of high-Q microwave resonators, which
have constant Qf; i.e,, their Q decreases linearly with fre-
quency. Most YTOs utilize spherical YIG resonators of
small diameter (typically 10-20 mm) with an attached
BeO ceramic rod used as a support. Depending on the
YTO configuration, the YIG sphere may have one or two
coupling loops with a diameter about two times larger
than that of the sphere.

"
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Figure 12. Simplified YTO schematic.
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provides negative resistance
in the wide frequency range,
and a YIG sphere coupled to
the active device using a small
magnetic loop. For the YTO
design, a negative resistance
oscillator model is commonly
used. As an example, Figure
13 presents the reflection coef-
ficient responses of the active

—

device and YIG resonator cal-
culated using a commercial
CAD software. In this par-
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Figure 13. Responses of the active device and YIG resonator reflection coefficients.
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Figure 14. Differential MMIC-based YTO.

Typically, YTOs operate at frequencies between 1
and 40 GHz, providing FTR values of 65%—-85%. Some
YTO designs using composite feedback may achieve an
FTR as wide as 160% [67]. As mentioned, state-of-the-
art YTOs exhibit excellent phase noise values that range
from —125 to —133 dBc/Hz at 100-kHz offset [68]. In con-
trast to the other types of oscillators, the YTO phase
noise has no pronounced dependence on the oscillation
frequency because of the aforementioned YIG Q-factor
increase with frequency. A simplified schematic that
is widely used for YTO implementation is shown in
Figure 12. Essentially, it contains a discrete active
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9 ticular case, the active device
response is optimized to cover
a 2-9-GHz frequency range by
providing proper impedance
at the active device output.

An innovative differential YTO utilizing a ring
oscillator topology with a YIG filter was proposed
by Sweet and Parrott [69]. As shown in Figure 14, this
YTO employs an MMIC-based differential ampli-
fier coupled to the YIG sphere using two coupling
loops. Because of the use of a dedicated MMIC with
flat broadband gain response, the oscillator does not
require the manual tuning that is commonly needed
in YTOs based on discrete active devices. A similar
differential oscillator approach has been used by van
Delden et al. for 19.1-41.4-GHz and 32-48.2-GHz YTOs
[70]. The proposed oscillators use a low-noise MMIC
amplifier based on 130-nm SiGe:C BiCMOS technol-
ogy, and they exhibit excellent phase noise values
lower than —120 dBc/Hz at 100-kHz offset for oscilla-
tion frequencies up to 38 GHz.

We note that state-of-the-art commercial YTOs cover
frequencies from 0.7 to 40 GHz. They typically exhibit
phase noise values better than —120 dBc/Hz at 100-kHz
offset and may provide frequency tuning of up to 160%
(e.g., the Teledyne FS2722 and Micro Lambda Wireless
MLXS-T series). Furthermore, Teledyne permanent-
magnet-based ultralow noise TINYig YTOs offer the
same outstanding phase noise performance and have one
of the smallest form factors in the industry.

Conclusion

In the past 20 years, driven by the wireless industry
and other related technology fields, the performance
of microwave oscillators has seen significant improve-
ments that were made possible by the impressive
advances in both semiconductor and resonator tech-
nologies. The development of more accurate oscillator
models and advanced phase noise reduction techniques
has also played a crucial role in the improvement of
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oscillator spectral purity, which continues to remain
one of the key requirements constantly challenged by
industry demands as well as by emerging technologies
and novel applications.
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