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Abstract— Wideband and low-noise tunable oscillators at
microwave frequencies are crucial within microwave frequency
synthesizers and key to high-end measurement systems based on
electromagnetic sensing in the microwave range as well as in the
terahertz (THz) and sub-THz range. This paper presents a novel,
wideband, and low-noise differential yttrium iron garnet (YIG)
tuned oscillator. It is based on a SiGe monolithic microwave
integrated circuit and a transmission-type YIG resonator. The
integrated circuit contains a fully differential amplifier as a
part of the oscillator core. The resonator was realized by two
orthogonal, crossed pad-to-pad bonds and an YIG sphere, which
is positioned between those bonds and the integrated circuit.
To design and optimize the oscillator, an equivalent circuit
modeling the resonator was developed. Concerning the tuning
range and the phase noise, the results of the circuit simulations
are in good agreement with the measurements. Two oscillators
with different lengths of the inductive load transmission line
were realized. First, the oscillator with a short transmission
line offers very high-oscillation frequencies with a tuning range
from 32.0 to 48.2 GHz. It exhibits an excellent phase noise of
less than —119dBc/Hz at an offset frequency of 100kHz for
oscillation frequencies up to 42 GHz. Second, the oscillator with a
longer transmission line length offers a tuning range from 19.1 to
41.4 GHz. This configuration exhibits an excellent phase noise
of less than —120dBc/Hz at an offset frequency of 100 kHz for
oscillation frequencies up to 38 GHz.

Index Terms— Low noise source devices, microwave and mil-
limeter wave oscillators, SiGe HBT circuits, ultra-wideband
sources devices, yttrium iron garnet (YIG).

I. INTRODUCTION

ICROWAVE frequency synthesizers are key to high-end
measurement systems based on electromagnetic (EM)
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sensing in the microwave wave range as well as in the
terahertz (THz) and sub-THz range. While they are generating
directly the measurement signal in the microwave range [1],
they act as the reference signal in THz and sub-THz mea-
surement systems [2], [3]. In both cases, the performance of
the measurement system in terms of resolution, precision, and
accuracy is mostly determined by the bandwidth and phase
noise of the synthesizer [1], [4], [5]. Improving this per-
formance is not only beneficial for well-known applications,
such as device characterization [6]-[8] as well as distance
and velocity measurements [1], [9], [10], but it also enables
various new fields of application. These new fields are, e.g.,
material characterization [11], [12], biomedical sensing [13],
[14], security [2], [12], and plasma diagnostics [15].

Generally, high-end microwave frequency synthesizers uti-
lize a wideband tunable oscillator, which generates the out-
put signal. This oscillator is stabilized by the synthesizer,
commonly by means of a phase-locked loop (PLL). While
the PLL determines the close-in phase noise and controls the
output frequency, the tunable oscillator defines the bandwidth.
Moreover, the lower the phase noise of the tunable oscillator,
the lower the loop bandwidth of the PLL and, thus, the inte-
grated phase noise can be [16]. Three different state-of-the-art
types of tunable oscillators are used in microwave frequency
synthesizers.

First, voltage-controlled oscillators (VCOs) based on an LC
tank resonator utilize a varactor to tune the output frequency.
On the one hand, the entire VCO can be implemented in a
single monolithic microwave integrated circuit (MMIC) [17],
[18], which allows for low cost, weight, and size. On the other
hand, the continuously tunable relative bandwidth is limited
and the phase noise is only moderate [17], [18].

Second, tunable opto-electronic oscillators (TOEO) use
sophisticated optical resonators to tune the output frequency
in the microwave range. They offer a high bandwidth of
up to more than one octave and low phase noise at the
same time [19], [20]. However, TOEOs require at least a
laser, an optical resonator, an electrooptic phase or amplitude
modulator, a fast photodiode, a delay line as well as a filter,
and an amplifier for microwave frequencies. High-performance
TOEOs like [19], [20] require even more and sophisticated
components. Thus, TOEOs are expensive and complex.
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Third, yttrium iron garnet (YIG) tunable oscillators (YTOs)
utilize an YIG sphere as the resonator, whose resonance
frequency is tuned by a magnetic field [21]. They offer a high
bandwidth of up to more than one octave and low phase noise
at the same time, like TOEOs. However, unlike TOEOs, YTOs
do not exhibit critical spurs at high offset frequencies and
exhibit a crucial lower noise floor [19], [20], [22], [23]. More-
over, YTOs have a crucial lower complexity. These advantages
make YIG tuned oscillators favorable for high-end microwave
frequency synthesizers. Typically, the adjustable magnetic field
to tune the YTO is generated by the combination of a main
coil and an FM coil [24]. The main coil is realized as a major
electromagnet with ferromagnetic core and is used for slow,
coarse tuning, as it generates the main part of the magnetic
field. The FM coil is typically a small air coil and is used
for fast, fine tuning. The FM coil allows to embed the YTO
in a PLL for absolute and long-term frequency stability [25].
Moreover, the PLL can potentially compensate for temperature
deviations and, in combination with a shielded housing, for
disturbances generated by undesired external magnetic fields
[26]. Although the state-of-the-art YTOs are not as complex
as TOEOs, they commonly use sophisticated designs with
discrete transistors on an alumina substrate, where the YIG
sphere is coupled via transmission lines [22], [27]. Doing so,
the generation of higher frequencies is challenging and the
costs as well as the complexity are higher compared to an
MMIC-based approach. Furthermore, an MMIC-based design
allows for a differential circuitry, which is hardly feasible with
a discrete design. Yet, only [28] presented an approach for a
differential YTO using an MMIC.

In [23], we basically presented a novel, MMIC-based
YTO concept and demonstrated a first approach with limited
bandwidth. In Sections II and III, we expand the theoretical
background of the concept and the modeling of the YIG,
respectively. In Section IV, we describe the circuit design
including simulations of the entire YTO utilizing the model
from Section III. In Section V, we show the realization of
the new YTO with more than an octave bandwidth as well
as the measurement setup. In Section VI, we present and
discuss the corresponding measurement results and compare
them to those obtained in [23]. Moreover, we include a
comparison with the state-of-the-art YTOs, VCOs, and TOEOs
in Section VII.

II. CONCEPT

The oscillation of a YTO is based on the electron spin
precession of YIG, which exhibits a small ferromagnetic
resonance linewidth and, thus, a high unloaded quality factor
at frequencies between approximately 2 and 55 GHz [29]. The
corresponding resonance frequency is

=y - (u-Ho+ [N — Nz]- Mo) 1)

with the external dc magnetic field Hy, the gyromagnetic
ratio of YIG y = 28 GHz T~!, the permeability x of the
environment, the magnetization saturation of YIG My =
0.178 T, as well as the transversal and axial demagnetization
factors N; and N, respectively. As we use a sphere geometry,
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Fig. 1. Principle arrangement of the transmission-type YIG resonator with
a YIG sphere in the center as well as two orthogonal coupling loops and the
external magnetic field Hy, which is orthogonal to both coupling loops.

the demagnetization factors are Ny = N, = 1/3. Therefore,
the resonance frequency is only proportional to the external
dc magnetic field

f _ Ores
res =
2w

To make use of this relationship, we arrange a YIG sphere
as transmission-type resonator, as principally shown in Fig. 1.
While the dc magnetic field Hy is applied in the z-direction,
two coupling loops 1 and 2 are in the xz and yz planes,
respectively. Since the coupling loops are orthogonal to each
other, usually no energy will be transferred between the
corresponding port 1 and port 2. However, at the resonance
frequency fres, the precession of the electron spin causes a
rotation of the ac magnetic field. Thus, only at this resonance
frequency, energy will be transferred from port 1 to port 2 and
vice versa with a phase shift of —z /2 and 7 /2, respectively
[30]. The transmission-type resonator is favorable compared to
a reflection-type resonator, because the first prohibits walker
modes to be transmitted [31], which disturb the desired
oscillation caused by the electron spin precession.

The two main components of the presented YTO are the
MMIC and the YIG sphere. On the one hand, the MMIC
enables the integration of several high-speed transistors. Thus,
it includes a fully differential transmission amplifier as a part
of the oscillator core and an output buffer to increase the
output power and reduce the feedback of the external load
to the oscillator core. On the other hand, the MMIC acts as
a platform to directly couple the YIG sphere by means of
two pairs of dedicated pads. These pads are connected by two
crossed pad-to-pad bond wires. The YIG sphere is positioned
directly between these orthogonal bond wires and the MMIC,
as shown in Fig. 2. Thus, the combination of the bond wires
and the YIG sphere create the aforementioned transmission-
type YIG resonator. The pad pairs are acting as port 1 and
port 2. This means that they are the differential input and
output ports of the resonator as well as the output and input
ports of the amplifier, respectively. The complete YTO is fully
differential.

=7y - u- Ho. ()

III. YIG MODELING

In order to conduct circuit simulations of the entire YTO
and to optimize the design process, an appropriate model of
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Fig. 2. Model used in the 3-D EM simulation to obtain parameters for the
equivalent circuit of the YIG.
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Fig. 3. Equivalent circuit of the transmission-type YIG resonator, used as

model in the circuit simulation.

the YIG transmission resonator is required. Thus, we have
developed an equivalent circuit to model the electrical behavior
of the resonator between port 1 and port 2, as depicted in
Fig. 3. First, the resistance and inductance of the coupling
loops, that are the bond wires, are taken into account by means
of Rp,12 and Ly 1/2. Second, the YIG sphere’s resonance and
coupling to the loops is modeled by the inductance Lyig,i/2
and the gyrator with gyration resistance Gyig [30]. These can
be calculated according to

Gyic=u-V -Ki Ky own 3)
Lyigip = p -V Kip - 0m/ores )
on =27 -y - My 5)

with the volume of the YIG sphere V. Kjp is the ratio
of the ac magnetic field strength generated at the center
of the YIG sphere to the current injected into port 1 and
port 2, respectively. Third, the quality factor is modeled in
the equivalent circuit by means of the resistance

(6)

The unloaded quality factor Qyig of the YIG resonance can
be calculated according [21]

OvY1G = (Wres — 0m)/QRm -y - nAH) @)

with the ferromagnetic resonance linewidth of the YIG sphere
AH, which depends on the quality and surface roughness
of the YIG crystal. In order to achieve high performance,
we utilized a high-quality YIG sphere with a ferromagnetic
resonance linewidth of AH < 0.40e ~ 31.83 A m~! and
a diameter of d = 250 um, corresponding to a volume of
V =0.008 18 mm>.
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Fig. 4. Calculated frequency depending component values of the YIG
resonator’s equivalent circuit and the corresponding polynomial fits.

The magnetization saturation M is the only direct parame-
ter of the YIG sphere, which exhibit a considerable variation
over temperature 7. At room temperature, it is Mo (300 K) =
0.178 T and exhibits a temperature coefficient of approxi-
mately —0.33 mT K~! [32]. As the utilized YIG sphere is
highly polished with 0.05 xm, the ferromagnetic resonance
linewidth AH [33] and the gyromagnetic ratio y [32] are
negligibly varying over the temperature range of interest.
Furthermore, the thermal expansion coefficient of YIG is only
1.04 x 1074,

To obtain the component values of the equivalent circuit,
we applied a 3-D EM simulation using CST MICROWAVE
STUDIO. The corresponding model for the EM simulation is
shown in Fig. 2, including the crucial dimensions. It contains
the gold bond wires, the MMIC as well as the substrate with
top and bottom copper ground planes to embed the MMIC.
The YIG sphere is only visualized for illustration, and thus,
it is only vacuum as the background material in the EM
simulation. The MMIC model in the EM simulation consists
of the silicon substrate and the front end of line including the
dielectric, the copper ground planes, the copper transmission
lines as well as the aluminum pads.

While the EM simulation directly provides Ry 1/2, Lb,1/2,
and Kjp, we calculated the other component values using
equations (3)—(7). The resulting values of the components of
the equivalent circuit are depicted in Fig. 4. As the resistances
and inductances are comparable, that means Rp; ~ Rp2,
Lp,1 =~ Lyp2, Ryigq & Ryigp. and Lyig) =~ Lyigp, only
the values with index 1 corresponding to port 1 are shown.
In order to describe the nonconstant component values in the
circuit simulator, we have fitted those by frequency-dependent
sixth-order polynomials. These are in good agreement with
the original values as shown in Fig. 4. Subsequently, we con-
ducted circuit simulations of the equivalent circuit utilizing the
polynomial fits. Fig. 5 shows the resulting transfer functions
for exemplary resonance frequencies fies. They exhibit a very
small resonance linewidth of 6 MHz < A fes3dp < 16 MHz
over the entire range of resonance frequencies. The attenuation
at the resonance frequency is increasing with the resonance
frequency from 5.8 dB at fes & 20 GHz to 22 dB at fies &
44 GHz. This occurs, as the resonance frequency of the YIG
transmission resonator is getting closer to the self-resonance
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Fig. 5. Simulated transfer function |S71| of the YIG resonator’s equivalent
circuit for different resonance frequencies.

of the bond wires. The self-resonance can be observed by the
highly increasing inductance Lp,; and resistance Ry of the
bond wire toward higher frequencies, depicted in Fig. 4. From
the EM simulations, the self-resonance can be estimated to be
at approximately 51 GHz.

IV. CIRCUIT DESIGN
A. Technology

We designed the MMIC in Infineon’s high-speed B11HFC
130-nm SiGe:C BiCMOS technology featuring heterojunction
bipolar transistors with f;/fmax = 250/370 GHz [34]. More-
over, it offers MIM capacitors suitable for microwave frequen-
cies, TaN resistors, a metal stack with six copper layers and
a top aluminum layer as well as aluminum pads. The use
of bipolar transistors is crucial for low phase noise of the
oscillator, as they exhibit a low flicker noise corner compared
to MOS transistors. This is due to the fact that the active
region of bipolar transistors is vertical within the bulk silicon,
whereas the active region of MOS transistors is horizontal
along the surface of the silicon [35].

B. Circuitry

The schematic of the oscillator is depicted in Fig. 6. The
oscillator core consists of a fully differential common base
amplifier. The pads 1 and 1’, corresponding to port 1 from
Fig. 1 and Fig. 3, are connected to the collectors of the
transistors T} /T’l. Thus, the differential output signal of the
amplifier is coupled to the YIG sphere via the bond wire
between those pads. As described in Section II, the YIG sphere
transfers the signal at the resonance frequency to the second
bond wire between the pads 2 and 2’, corresponding to
port 2 from Figs. 1 and 3. These pads are connected to
the emitters of the transistors T;/T}. In order to amplify
the differential mode signal and reject the common mode
signal, the emitters are decoupled/connected by the inductance
Lo/Lj,. Subsequently, the differential signal is amplified from
the emitters to the collectors with the inductive loads Ly /L; .

On the one hand, inductive loads exhibit low noise, which is
favorable in oscillators. On the other hand, the inductive loads
influence the bandwidth of the YTO, as the impedance of the
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Fig. 6. Schematic of the fully differential oscillator core with YIG sphere
including the biasing.

inductive load and, thus, the gain of the amplifier decreases
toward lower frequencies. However, this behavior is desired,
as it partially compensates the decreasing attenuation factor
of the YIG resonator toward lower resonance frequencies,
as described in Section III. As a result, the variation in the
loop gain in the range of the oscillation frequencies is reduced.
As the transistors T{/T} are operating in large signal mode,
this also reduces the variation in the operating conditions of
the transistors. Thus, the transistor design can be optimized for
a wide range of oscillation frequencies. Moreover, the value
of the inductive load influences the self-resonance caused by
the parallel arrangement of the load inductance Ly /L; and the
bond wire at port 1. Thus, in principle, the range of oscillation
frequencies can be shifted to higher or lower frequencies by
decreasing or increasing the load inductance. This is still
feasible after fabrication, as the inductances LL/L’L as well
as Lo/Ly are realized as transmission lines with the lengths
IL/1] and lo/lj, respectively. Thus, the length and, therefore,
the inductance of the transmission lines can be adjusted by
means of fuses. In this work, the length lop = I, ~ 950 um
is constant, while the length /. /I{ is 180 xm and 260 um,
respectively, as described in the following.

The emitter bias current Ip = 25 mA as well as the base
bias voltage Vg = 1.6 V are applied at the symmetry point
between the transistors T1/T} and the supply voltage is 3 V.
The appropriate biasing is realized by the resistors in Fig. 6,
which are chosen to Rop = 12 Q, Ro,;1 = 60 Q, Ro2 = 360 Q,
Rp,1 =50 Q, and Rg2 = 290 Q. To maintain a high gain of
the common base amplifier, the capacitors at each base of
the transistors T /T} are designed with 400 fF. Furthermore,
an output buffer is connected to Vi, at the collectors of
the transistors Ty /T). This buffer increases the output power
and reduces the feedback from external load to the oscillator
core, which can disturb the oscillation and cause undesired
modulations as well as spurious. The buffer is realized as a
common differential amplifier and is ac coupled at the input
as well as the output.
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C. Simulations

To simulate the entire YTO with the Cadence Specter circuit
simulator, we applied the equivalent circuit from Section III,
which is connected to port 1 and port 2. First, we have
simulated the oscillator with a short transmission line [ =
I{ = 180 pum. This results in a tuning range of 30.9 GHz <
fose < 49.3 GHz, while maintaining an output power of
—3dBm < Py < 1dBm, as depicted in Fig. 7 (top).
At the same time, the phase noise at an offset frequency
of Af = 100 kHz is Laf=100 kuz < —117 dBc/Hz for
oscillation frequencies fosc < 42 GHz and —125 dBc/Hz <
Laf=100 kHz < —98dBc/Hz in the entire tuning range. Sec-
ond, we simulated the YTO with a longer transmission line
length /i, =[] = 260 pm. Whereas, this attests an ultrawide
tuning range of 16.3 GHz < fisc < 45.3 GHz, while main-
taining an output power of —6.3 dBm < Py, < —1.7 dBm,
as depicted in Fig. 7 (bottom). This adjustment exhibits a
low phase noise of Laf=100 kHz < —117dBc/Hz for fre-
quencies 16.3 GHz < fysc < 40 GHz and —127dBc/Hz <
Lag=100 kHz < —102dBc/Hz in the entire tuning range. The
phase noise increases toward higher oscillation frequencies,
as the frequencies are getting close to the self-resonance of the
bond wires.

D. Influence of Temperature and Orthogonality

To investigate the behavior of the YTO itself over the
temperature, we applied the temperature dependencies from
Section III to the YIG model and used the thermal modeling
of the MMIC components from the process design kit. In the
temperature range from 0 °C < T < 80 °C, the resonance fre-
quency, the phase noise, and the output power are only varying
by 372 MHz, 2 dB, and 1 dB, respectively. However, the cor-
responding maximum frequency deviation of 103ppm/K can
be compensated, if the YTO is embedded in a PLL.

The considerations, the YIG modeling, and the circuit
simulations above are referring to orthogonal coupling
loops. However, in practice, there are parts of the coupling
loops, which are not perfectly orthogonal. On the one hand,
the wedges of the bonds are not perfectly in the center of the
pads, which results in a slight deviation of the angle between
the loops. On the other hand, the bond wires are not straight
lines in one plane and exhibit slight bends and buckles, which
causes several not orthogonal sections. These deviations from
perfect orthogonality have two major effects on the YTO.

First, the deviation from the orthogonality of the angle
between the coupling loops Ag is directly added to the
phase of the transfer function of the resonator ¢;. The phase
of the transfer function close to the resonance frequency is
approximately

Aw T
or = arg(Sy1) = —arctan (2. oL ) ——+Ap (8)

wres 2

with the loaded quality factor of the YIG resonator Qf,
and the offset from the angular resonance frequency Aw.
Equation (8) is based on the well-known generic phase of
the transfer function of transmission resonators and takes the
aforementioned phase shift of —z /2 in the forward direction
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Fig. 7. Simulated phase noise L at different offset frequencies Af and
output power Poyt as a function of the oscillation frequency fosc for the
YTO with a length of the load transmission line of /|, = IL = 180 um (top)
and [, = If =260 um (bottom).

into account, which is caused by the YIG and modeled by
the gyrator. The self-resonance of the bond wires is neglected,
as it is far enough from the resonance frequency. Applying (8)
and presuming a loaded quality factor of about O = 1500,
the shift of the frequency and the decrease of the quality
factor is only less than 27.7 MHz and 101, respectively,
for angle deviations |Ag| < 15° over the entire range of
16.3 GHz < fres <49.3 GHz.

Second, the deviation from orthogonality of the angle
between the coupling loops causes an inductive coupling of
the loops. Thus, an ac signal will be transferred between the
ports 1 and 2 even without the YIG. To investigate the effect
of this direct inductive coupling, we applied EM simulations
like in Section III, but the bond wires were modeled with
multiple deviation angles in the range of —30° < Agp < 30°.
In contrast to the circuit simulations above, the scattering
parameters from the EM simulations are directly utilized as
connecting element between port 1 and port 2 instead of the
YIG model. Based on this, again circuit simulations were
applied to investigate the stability of the circuit. As a result,
this circuit does not exhibit any actual oscillations in the
simulations for deviation angles —30° < Ag¢ < 30°. Thus,
even with not perfect orthogonal coupling loops, there will
be no oscillation except from the YIG.

V. REALIZATION AND MEASUREMENT SETUP

Fig. 8 (top) shows a photograph of the realized MMIC.
It occupies an area of approximately 400 xm?, including the
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Fig. 8. Detailed photograph of the MMIC (top) as well photograph of the
realized oscillator with YIG sphere, MMIC, coupling bonds, and transmission
line (bottom).

pads for the microwave output signal as well as the supply.
The area of the core, which is the rectangle defined by the
pads 1, 1°, 2, and 2’, is 340 um?. The fuses to adjust the
length of the transmission line are visible within the frame of
L/ L/L. In order to create the YTO, the MMIC was embedded
in a Rogers RT/duroid 5880 substrate with a gold-plated 9 xm
top copper layer and a 1 mm bottom copper layer, as shown
in Fig. 8 (bottom). While the pads for the microwave output
signal and the supply, are connected to the top layer lines via
gold bond wires, the pads 1, 1’, 2, and 2’, are connected by
two orthogonal, crossed pad-to-pad bond wires, as described in
Section II. The YIG sphere is mounted on a beryllium oxide
ceramic rod and positioned in the center between the bond
wires as well as the pads 1, 1°, 2, and 2°.

The setup for measuring the YTO is shown in Fig. 9. The
substrate, which contains the YTO, is placed in a laboratory
electromagnet with an air gap of about 5 mm. In order to
measure the magnetic field, a hall probe of a magnetometer
(AlphaLab, Inc. GM1-ST) was placed in the air gap, as well.
An additional power supply (HP 6675A) generated the current
to produce the dc magnetic field in the air gap. The mea-
surements of the YTO’s output signal were performed with a
spectrum and phase noise analyzer (R&S FSWP). As the YTO
offers a differential output signal, only one output was con-
nected to the single-ended input of the R&S FSWP, while the
complementary output was connected to a coaxial 50 Q load.
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substrate
with YTO

Fig. 9. Photograph of the measurement setup, including phase noise and
spectrum analyzer (R&S FSWP), magnetometer with hall sensor and substrate
with embedded YIG oscillator placed in the laboratory electromagnet with
dedicated power supply.

VI. RESULTS

The results of the YTO with a length of the load
transmission line /;, = /[ = 180 um are depicted in Fig. 7
(top) and are comparable to [23]. It reaches a tuning range
of 32 GHz < fusc < 48.2 GHz. Yet, these are the highest
reported oscillation frequencies of a YTO, which is a result
of the short bond wires and the short load transmission
line. At the same time, it exhibits an excellent phase noise.
For oscillation frequencies fosc < 42 GHz, the phase
noise at an offset frequency of Af = 100 kHz is only
Lag=100 xHz < —119dBc/Hz and for the entire tuning range
it is —130dBc/Hz < L =100 kHz < —92dBc/Hz.

Although the relative bandwidth for /i, = 180 um is
already 40.4%, the YTO with [, = 260 um reaches a
relative bandwidth of 73.7% and thus, more than an octave
tuning range. As shown in Fig. 10 (bottom), the range of
oscillation frequencies is 19.1 GHz < fic < 41.4 GHz.
Again, the YTO exhibits an excellent phase noise. For oscil-
lation frequencies fosc < 38 GHz, the phase noise is only
Lag=100 xHz < —120 dBc/Hz and for the entire tuning
range it is —129 dBc/Hz < Lay=100 kHz < —95 dBc/Hz.
Moreover, the YTO offers a wide range of 19.8 GHz < fi5c <
36.5 GHz, where the phase noise is not only very low but
also very constant with L r—100 kHz = (—127 &= 2) dBc/Hz.
The constant phase noise within this range gets even more
visible in Fig. 11, which shows the phase noise as a function
of the offset frequency Af for various exemplary oscillation
frequencies. The traces for the oscillation frequencies within
the region of constant phase noise are pretty equal, except
for the noise floor at high offset frequencies. This is due
to the dissimilar output power at different oscillation fre-
quencies. The flicker noise corner is approximately 30 kHz.
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Fig. 10. Measured phase noise L at different offset frequencies Af and output
power Poyt as a function of the oscillation frequency fosc for the realized YTO
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Furthermore, Fig. 11 contains the phase noise traces for the
oscillation frequencies at the edge of the entire tuning range.
While the phase noise at fosc & 19 GHz is still comparable,
the phase noise at fysc ~ 41 GHz is increased, but still
suitable for low noise applications. The output power of both
oscillators is in the same order as it is in the simulations,
except from the edge of the tuning range, where the YTO
just meets the oscillation condition. However, the output
power is varying unexpectedly over the oscillation frequency.
This is probably due to an insufficient matching between
the MMIC output and the combination of bond wire, trans-
mission line on the substrate, connector, coaxial cable, and
external load.

Moreover, Fig. 12 shows the measured and simulated tuning
curves, which means the oscillation frequency as a function
of the external dc magnetic field By = u - Hp, as well as the
corresponding current injected into the electromagnet Imagnet
for the YTO with the load transmission line /[, = l]i =
260 um. As expected from (2), the tuning curve is highly
linear. Only at high oscillation frequencies fosc = 40 GHz,
the measured and simulated tuning curves deviate consider-
ably. However, the measured tuning curve is still highly linear,
whereas the simulated one gets nonlinear. Including the fact
that the realized YTO does not work up to such high oscillation
frequencies as the simulated one, we conclude that the YIG
resonator model from Section III has a limited accuracy near
the self-resonance of the bond wires. However, the tuning
range, phase noise, and tuning curve of the realized and
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Fig. 11. Measured phase noise L at different oscillation frequencies fosc as

a function of the offset frequency Af for the realized YTO with a length of
the load transmission line of [, = IL =260 um.
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Fig. 12.  Measured current injected into the electromagnet Imagnet as well
as oscillation frequency fosc as a function of the external dc magnetic field
By = p - Hy for the realized YTO with a length of the load transmission line
of I, = IL =260 um.

simulated YTOs are generally in good agreement. Even the
increasing phase noise toward higher oscillation frequencies
due to the self-resonance of the bond wires can be observed in
the simulations as well as in the measurements. Thus, the YIG
resonator model from Section III is appropriate for designing
and optimizing of transmission-type YTOs. Moreover, if the
electromagnet is turned off, there are no measurable oscil-
lations in the output spectrum. Thus, even in practice with
not perfect orthogonal coupling loops, there is no oscillation
except from the YIG, as expected in Section IV.

VII. COMPARISON

Table I gives an overview of the state-of-the-art high-
end, wideband tunable oscillators at microwave frequencies.
It focuses on YTOs but also includes recent TOEOs and
VCOs. While one of the best commercial available YTOs,
the MLOS1840 [24], and VCOs, the HMC733 [36], are listed
as well, actual no commercial wideband TOEO is offered.
The publications of different tunable oscillators in Table I
offer different information. The works [24], [27], [28] and
[17] only specify the phase noise at single, but not equal,
offset frequencies. Whereas, the publications [19], [20] and
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TABLE I
COMPARISON OF STATE-OF-THE-ART WIDEBAND TUNABLE OSCILLATORS AT MICROWAVE FREQUENCIES

Ref Year | Type Tuning range BW Rel. BW LAf=10kHz LA f=100kHz LAf=1MHz Pou FoM

(GHz) (GHz) (%) (dBc/Hz) (dBc/Hz) (dBc/Hz) (dBm) | (dB)

abs. nor.* abs. nor.* abs. nor.*

This | 2019 | YTO, SiGe 19.1...41.4 22.3 73.7 | —100 | —100 | —127 | —127 | —150 | —150 -2 248
work 32.0...48.2 16.2 40.4 —97 —99 | —123 | —125 | —145 | —147 -3 235
[28] | 2014 | YTO, SiGe 2.0...20.0 18.0 163.6 n/a n/a n/a n/a | —150 | —141 0| 253
[22] | 2017 | YTO, discrete 6.0...12.0 6.0 66.7 | —110 | —100 | —133 | —123 | —155 | —145 7T 241
[27] | 1996 | YTO, discrete 3.0... 85 5.5 95.6 | —110 —96 n/a n/a n/a n/a 8 | 238
[24] | 2002 | YTO, commercial | 18.0...40.0 22.0 75.9 n/a n/a —95 -95 n/a n/a 13 | 213
[19] 2015 | TOEO, f-doubler 8.8...37.6 28.8 124.1 —100 -98 | =120 | —118 | —122 | —120 n/a 227
[20] | 2013 | TOEO, WGMR 2.0...15.0 13.0 152.9 | —100 —89 | —120 | —109 | —140 | —129 n/a | 240
[17] | 2018 | VCO, SiGe 50.0...72.0 22.0 36.1 n/a n/a n/a nfa | —105 | —111 6 197
[18] | 2017 | VCO, SiGe 6.5...15.1 8.6 79.6 —80 —71 —88 -79 | —110 | —101 n/a | 201
[36] n/a VCO, commercial | 10.0...20.0 10.0 66.7 —60 —54 —-90 —84 | —119 | —113 31 209

* Phase noise L with center frequency of tuning range normalized to 30 GHz

[18] show the phase noise only at one or two oscillation fre-
quencies, but as a function of the offset frequency. Besides this
work, only [22] and [36] specify the phase noise as a function
of the oscillation frequency and as a function of the offset
frequency. However, to compare the phase noise easily, Table I
shows the absolute phase noise as well as a normalized phase
noise. The normalized phase noise takes the native increase
with the oscillation frequency by 20dB/dec into account.
Applying this relationship, for each oscillator, the phase noise
at the center frequency of the tuning range was normalized
to a center frequency of 30 GHz. Comparing the normalized
phase noise with the state-of-the-art oscillators in Table I, this
work achieves the best phase noise performance.

Due to the aforementioned unequally, not fully specified
phase noise in different works of Table I, the certainly existing
deviation of the phase noise over the wide frequency ranges
as well as the influence of different flicker noise corners of
the tunable oscillators cannot be entirely compared. Moreover,
the power consumption is only determined in [18], [24] and
[36]. Thus, the comparison by means of the figure-of-merit
(FoM) is an indication, which should be considered with
caution but does not allow an entire comparison. The FoM
is defined as

FoM — (o ? (Rel. BW)* 1 ‘
Af 10 Ly

It is based on the FoMyco-r defined by the International
Technology Roadmap for Semiconductors [37], but has been
adapted, due to the not available power consumption. While
the FoM of [27] and [24] is calculated at Af = 10 kHz
and Af = 100 kHz, respectively, the FoM of all other
tunable oscillators is calculated at Af = 1 MHz. This work
achieves the second best FoM compared to the state-of-the-
art oscillators in Table I. Only [28] exhibits a slightly better
FoM. This is just due to the extreme high relative bandwidth
of [28], because the normalized phase noise and the absolute
bandwidth are not as good as those achieved in this work.

©)

VIII. CONCLUSION

We presented a novel fully differential YIG tuned oscillator,
which is based on a SiGe MMIC. The transmission-type YIG
resonator is realized by two orthogonal, crossed pad-to-pad
bond wires, acting as coupling loops, and a YIG sphere posi-
tioned directly between those bond wires and the MMIC. The
MMIC contains a common base amplifier as the oscillator core
as well as an output buffer. Due to an adjustable transmission
line as an inductive load, the range of oscillation frequencies
can be slightly shifted. Therefore, we reached a tuning range of
19.1 GHz < fosc < 41.4 GHz and 32 GHz < fosc < 48.2 GHz
for a length of the load transmission line of I}, = 260 um
and /i, = 180 um, respectively. Yet, the latter exhibits the
highest reported oscillation frequencies of a YTO. Both YTOs
exhibit an excellent phase noise. At an offset frequency of
Af = 100 kHz, the average phase noise is —127dBc/Hz
(I = 260 um) and —123dBc/Hz (I, = 180 um) for a
frequency range of 19.8 GHz < fosc < 36.5 GHz and
30.2 GHz < fosc < 42 GHz, respectively. Compared to state-
of-the-art high end, wideband tunable oscillators at microwave
frequencies, this is the lowest reported phase noise with respect
to the dependence of the oscillation frequency. Moreover,
we developed an equivalent circuit to model the transmission-
type YIG resonator. As the simulations and measurements are
in good agreement concerning the tuning range and phase
noise of the YTOs, the developed YIG model is appropriate
to design and optimize transmission-type YTOs.
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