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Abstract—This paper reports on an ultra-low phase-noise oscillator based on a GaN HEMT monolithic microwave integrated circuit reﬂection ampliﬁer and an aluminum cavity resonator. It is experimentally investigated how the oscillator’s phase noise depends
on the cavity coupling factor, phase matching, and bias condition
of the reﬂection ampliﬁer. For the optimum bias and cavity position phase noise of 145 dBc/Hz and 160 dBc/Hz at offsets of
100 and 400 kHz, respectively, from a 9.9-GHz carrier frequency
is reached. This is, to the best of the authors’ knowledge, a record
in reported performance for any oscillator based on a GaN HEMT
device. The optimum performance at 400-kHz offset corresponds
to a power normalized ﬁgure of merit of 227 and compensating
for ﬁnite efﬁciency in the reﬂection ampliﬁer, the achieved result
is within 7 dB from the theoretical noise ﬂoor, assuming a linear
theory.
Index Terms—Phase noise, oscillator, cavity, GaN HEMT.

I. INTRODUCTION

L

OW PHASE noise is required in a communication system
to handle advanced modulation schemes such as higher
order quadrature amplitude modulation (QAM) and orthogonal
frequency division multiplexing (OFDM). In modern systems
with high data rates, far-carrier phase noise is of increased importance [1]. Far-carrier phase-noise performance, e.g., white
phase noise, is determined primarily by the noise ﬁgure of the
active device and the power swing over the resonator [2], [3].
In this perspective, GaN HEMT technology, with its high breakdown voltage, is a good choice for the active device. Beside high
breakdown voltage, the GaN HEMT has better noise ﬁgure compared to bipolar technologies such as a SiGe HBT and an InGaP
HBT, and thus better capability for good far-carrier phase-noise
performance.
A few GaN HEMT oscillators have been reported in the open
literature and some of them show promising far-carrier phasenoise performance [4]–[6]. However, near-carrier phase noise
is not as good as required in many application due to signiﬁcant ﬂicker noise. To meet the near-carrier phase-noise speciﬁcations, despite the higher ﬂicker noise, a GaN HEMT oscillator
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based on a high- cavity resonator has been designed and is reported in this paper.
The designed oscillator is based on a GaN HEMT monolithic
microwave integrated circuit (MMIC) reﬂection ampliﬁer and
a rectangular aluminum cavity. It oscillates at 9.9 GHz with an
excellent phase noise of 145 dBc/Hz at 100 kHz and 160
dBc/Hz at 400 kHz. To the best of the authors’ knowledge this
is by far the best performance reported for any oscillator based
on a GaN HEMT device. It is also, regardless of active device
technology, better than many microwave oscillators based on
high- resonators, e.g., metal cavity or dielectric resonators.
The performance of the cavity-based GaN HEMT oscillator
is also benchmarked versus the theoretical noise ﬂoor according
to Everard’s theory [7]. The circuit is designed with ﬂexibility to
adjust the coupling factor between the cavity and the ampliﬁer,
by shifting the offset between the cavity and a microstrip line
coupling to the ampliﬁer. For optimum coupling factor and bias
condition, the measured phase noise is within 7 dB from the
theoretical noise ﬂoor, after compensation for ﬁnite efﬁciency
of the ampliﬁer.
In the theoretical part of this paper, the theoretical noise ﬂoor
according to Everard’s theory [7] is used to express a relation
between power normalized phase-noise ﬁgure of merit (FOM)
[8] and the unloaded quality factor
of the resonator. As
previously reported in [9], maximum achievable FOM depends
only on
according to a linear theory. However, in contrast
to [9], this work takes into account the ﬁnite coupling factor
between the resonator and active device, which gives an about
2 dB harder bound. This affects the effective noise ﬁgure as
proposed in [9].
II. THEORY AND BACKGROUND
Oscillator phase noise at offset frequency
from an oscillation frequency
can be quantitatively modeled by Leeson’s
equation [2]

(1)
where is the Boltzman’s constant,
is the temperature in
Kelvin,
is the RF-power dissipated in the resonator, and
is its loaded quality factor. and
are ﬁtting parameters used for ﬁtting the noise level depending on the active device noise as well as nonlinear noise conversion [10]. Accurate
prediction of the nonlinear noise conversion requires cyclostationary noise calculations [6], [10]–[13].
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Equation (4) can then be differentiated to show that the min,
imum phase noise occurs for an optimum coupling of
which inserted back into (4) yields a minimum
phase noise
of
(5)
is the dc power, and
where is the oscillator efﬁciency,
is the transistor noise factor. Assuming
% and
,
the minimum achievable SSB phase noise expressed in dBc/Hz
becomes

Fig. 1. Schematic picture of the reﬂection oscillator.

From (1), it can be intuitively understood that minimization of
phase noise requires maximization of the product
, which
is about ﬁnding the optimum coupling, , between the resonator
and the reﬂection ampliﬁer. If the coupling approaches zero,
approaches
, but the power
simultaneously approaches
zero. Contrary if the coupling becomes too strong,
drops.
Thus, there must be an optimal coupling somewhere between.
The purpose here is not to present another method for cyclostationary noise calculation. Instead, the purpose is to discuss
the bound on the minimum phase noise that can be reached for
an oscillator with given restrictions on unloaded quality factor
and
, and to relate this to the power normalized FOM,
as deﬁned by Wagemans et al. in [8]. Similar ideas were presented in [9] and [14]. However, in those works the optimal coupling factor between the resonator and the active device was not
considered. It is unrealistic to maintain
while maintaining 100% conversion efﬁciency, i.e.,
. A better
bound on
may be derived if the optimal coupling between the active device and the resonator is considered [7].
Fig. 1 shows a schematic of a negative resistance-type oscillator based on a series resonator and a reﬂection ampliﬁer
modeled as a negative resistance and a noise source. Fig. 1 may
also be seen as a high-efﬁciency feed-back oscillator with zero
output impedance [15].
Ignoring the transposed ﬂicker noise and the noise ﬂoor region, Everard et al. [7] has shown that the single-sideband (SSB)
phase noise spectrum of a high-efﬁciency oscillator can be expressed in terms of the ratio between
and
,

(6)
with
expressed in mW. Equation (6) presents the minimum
phase noise that may be achieved if a resonator with unloaded
quality factor
is optimally coupled to an active device fed
with dc power
. In reality, the measured phase noise is generally higher due to deﬁciencies in design and technology, e.g.,
ﬁnite
, noise from the active device
, and nonoptimum coupling
, as well as nonlinear conversion. In
many cases it is difﬁcult to spot exactly what is the reason why
has not been reached. However, the difference between measured SSB phase noise
and
can
be used as a FOM for the oscillator, i.e., design efﬁciency as proposed in [14]. In this work, we call the difference the effective
noise ﬁgure (
that can be expressed as follows:

(7)
where, in the last step, the FOM [8] has been used to simplify
the equation.
It should be pointed out that
as deﬁned in (7) is the
effective noise ﬁgure compared to an optimally coupled resonator with 100% efﬁciency, i.e., according to (6). If and
are known, the effect of these parameters may be inserted into
(7) to calculate an operating noise ﬁgure
including the active device noise and its nonlinear conversion in the oscillator,

(2)
where
is the total RF power inside the oscillator, i.e., dc
power efﬁciency.
and
may be related through the coupling coefﬁcient ,
(3)
Inserting (3) into (2), the phase noise can be expressed in terms
of as
(4)

(8)
If the oscillator operates fairly linear,
will be similar to
the active device microwave noise ﬁgure, while if there is
strong nonlinear noise conversion, it will be higher (compare
Hajimiri’s impulse sensitivity theory [10]).
Before ending this discussion about how to benchmark oscillators with FOMs and relative to absolute noise ﬂoor, it is
worth pointing out that the conventionally used FOM [8] does
not relate oscillator phase noise directly to the absolute noise
ﬂoor, and furthermore, it does not normalize versus
of the
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Fig. 2. (a) LF noise measurement of transistor (A /Hz), for different .
V is used in this comparison. (b) Contours of measured LF noise (A /Hz)
and
@ 100 kHz.
versus

resonator. In fact a high- oscillator may have comparatively
good FOM without being particularly well designed, i.e., not
well utilized factor.
Setting
dB in (7), it is found that the maximum
achievable FOM turns out to be bound only by
of the resonator, i.e.,
(9)
Comparing (9) to [9, eq. (6)], there is about a 2-dB difference in
the numerical factor, which originates in the fact that [9] does
not take into account the coupling between the active device and
the resonator.

Fig. 3. IV plots simulated (red square in online version) and measured (blue
circle in online version) for the FET 8 50 m used in the design. (a) versus
, (b)
versus .

ﬁxed , and Fig. 2(b) shows the measured LF noise at 100-kHz
offset for different
setting. Simulated and measured I/V
from a transistor on the same batch as the reﬂection ampliﬁer is
shown in Fig. 3(a) and (b). LF noise and dc measurements are
carried out on a transistor in a common source conﬁguration.
In the reﬂection ampliﬁer, a 15- resistance is connected
between the source and ground, causing a difference in the I/V
characteristics (cf. Figs. 3–7).
The noise current density is modeled with the standard ﬂicker
noise model
(10)

III. DESIGN AND EXPERIMENTS
A. MMIC Technology and Device
The ampliﬁer is manufactured in a 0.25- m GaN HEMT
process, TriQuint 3MI process. The model used for design is
Chalmers’ own model [16] extracted from in-house measurements.
To compare measured and simulated results, the low-frequency (LF) noise model parameters of the transistor have been
extracted from measurements, [17]. Fig. 2(a) shows the measured LF noise versus frequency for different drain currents at
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where the involved parameters extracted from measurements
.
shown in Fig. 2 are
is the drain bias current and is the frequency.
B. Reflection Amplifier
To simplify the building practice and minimize the number of
interconnects associated with model uncertainties, the reﬂection
ampliﬁer is integrated on a MMIC. Fig. 4 shows the MMIC
reﬂection ampliﬁer based on a GaN HEMT with 400- m gate
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Fig. 4. Reﬂection ampliﬁer. (a) Chip photograph: size 1.0
Schematics.
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1.0 mm. (b)

Fig. 5. Measured reﬂection gain of ampliﬁer versus frequency with bias condition as parameter.

periphery. To assure oscillation condition, the GaN HEMT has
an inductive termination at the drain, together with a cap for
dc blocking. This inductor is used to set the reﬂection gain. A
parallel LC network is connected to the source, to peak gain at
about 10 12 GHz. A 15- resistor is connected in series with
the source inductance, mostly used for bias stabilization over
temperature and process variations. The source termination and
the drain termination are optimized together to set the desired
instability and reﬂection gain seen at the gate.
Fig. 5 shows the gain magnitude versus frequency for the
reﬂection ampliﬁer shown in Fig. 4. The gain is shaped to
peak in the desired resonance band, and roll off outside to
suppress undesired out-of-band oscillations. Fig. 6(a) and
(b) shows the gain and phase of the ampliﬁer, respectively.
At frequency 10 GHz, the measured reﬂection gain at
V and
mA,
dB, corresponding to a
, when the imaginary part is tuned out.
In Fig. 6(a), higher gain forces the oscillator to run deeper in
compression. There might be a risk that the phase is changed
by bias, and the oscillation frequency will not appear where
is highest. Fig. 6(b) shows that is a minor effect, and can be
neglected.
Bias points for the ampliﬁer compared to simulated results are
shown in Fig. 7. The small source resistance in the bias network
contributes to additional slope in the IV characteristics.

Fig. 6. Measured: (a) gain (dB) and (b) phase (degree) versus bias at the reference plane of the cavity position for the reﬂection ampliﬁer at 10 GHz.

C. Cavity
The metal cavity is made of aluminum suitable for industrial
implementation. It is designed to resonate at 9.9 GHz in the
mode. The frequencies for different modes are given by

(11)
where
and are the width, depth, and length of the cavity.
For the
mode this means that
mm while
to assure maximum margin to other resonant modes. For practical reasons, the corners of the cavity are
rounded, which affects the resonant frequency slightly, but has
no negative effect on the
factor. Fig. 8(b) shows an HFSS
setup of the metal cavity coupled to a microstrip line. The coupling to the resonator is accomplished by a microstrip line recessed in a brass plate acting as a ground wall for the aluminum
cavity. The end of the microstrip line is terminated in 50 ,
which effectively suppresses unwanted resonances.
The coupling factor can be controlled by varying the perpendicular offset position between the microstrip line and the center
of the cavity, changing the offset from 0 to 9 mm,
changes

HÖRBERG et al.: PHASE-NOISE ANALYSIS OF X-BAND ULTRA-LOW PHASE-NOISE GaN HEMT BASED CAVITY OSCILLATOR

2623

Fig. 8. (a) Photograph of the cavity. (b) HFSS model of the cavity with offset
direction indicated.

Fig. 7. Bias points for the ampliﬁer, measured (blue dots in online version)
versus
. (b)
compared to simulated (red dots in online version). (a)
versus .

from about 7 to 25 . The highest possible
for a weakly coupled cavity is determined by the load termination at the end of
the microstrip line.
The small-signal reﬂection coefﬁcient
of the designed cavity was measured with an E8361A 67-GHz
vector network analyzer (VNA) from Agilent Technologies.
Fig. 9(a) and (b) shows the measured and simulated from the
cavity board at different cavity positions.
The measured was converted to input impedance, and
of the cavity was calculated from the phase slope of the input
impedance
(12)
The measurements show that
is marginally affected by the
offset position while the impedance level is strongly affected.
The measured
, and when the cavity is positioned
for maximum coupling (microstrip line exciting in the middle),
measured
dB, corresponding to
.

Fig. 9. (a) Measured cavity reﬂection at different offset positions deembedded
in phase to reference plane for serial resonance. (b) HFSS simulations. Narrow
at resonance is calsweep: 9.9–10.0 GHz. The remaining serial resistance
culated.

D. Oscillator Test Bench
After characterization of the individual building blocks, i.e.,
the reﬂection ampliﬁer and the cavity, the two parts are merged
together to form a complete oscillator. The ampliﬁer is soldered
on a brass plate, with a printed circuit board (PCB) for biasing.
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Fig. 10. Assembled oscillator. (a) Photograph of complete module, dimension
of air cavity 21.7 10.9 21.7 mm. (b) Equivalent circuit including reﬂection
ampliﬁer, metal cavity, and attenuator at RF output.

This plate is attached to the cavity plate. A clamp presses the
cavity in place [see Fig. 10(a)]. The output power is extracted
through an SMA connector at the end of the microstrip line
on opposite side of the cavity. A 3-dB attenuator, connected
between the microstrip line and the source analyzer, ensures
a good 50- termination suppressing potential spurious resonances.
Fig. 11 shows open loop gain,
, derived
from measurements of the reﬂection coefﬁcients of the reﬂection ampliﬁer for different cavity positions. Fig. 11(a) shows the
magnitude of the open loop gain in dB and Fig. 11(b) shows the
open loop gain around resonant peak in polar form.
Fig. 11 shows that the maximum cavity offset position that
can maintain oscillation, under the given ampliﬁer bias condition, is 6.8 mm. The loop gain variation with bias is illustrated
in Fig. 12, which presents open loop gain versus
and
for
the cavity positioned at 5.9-mm offset. It is seen that the gain
of the reﬂection ampliﬁer is pretty invariant with
while it increases about 4 dB when
is increased from 4 to 15 V. The
gain variation has implications on the phase noise as it will affect the device compression level, an effect that will be further
discussed in Section IV.
The output power at fundamental frequency is measured in
the range from 2 dBm to 15 dBm, and efﬁciency from 5%
to 10% for the swept bias.

Fig. 11. Measured open loop gain of assembled oscillator for different cavity
V/30 mA. (a). Magnitude versus frequency.
positions, bias setting
(b) Narrowband polar plot around the resonant peak (9.9–10 GHz).

Fig. 12. Open loop gain (dB) versus bias for cavity offset 5.9 mm (offset giving
best phase noise).

The cavity oscillator is characterized with a Rhode &
Schwarz signal source analyzer (FSUP50). A direct measurement with the FSUP reveals that the oscillator is capable of
a phase noise comparable to or below the noise ﬂoor of the
measurement system, which is speciﬁed to a typical value of
138 dBc/Hz @ 100 kHz for a 10-GHz signal. Therefore,
a setup based on two almost identical cavity oscillators was
built and the outputs were down-converted to a much lower
measurement frequency [see Fig. 13(a)], where the noise ﬂoor
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Fig. 14. Mixer based PN-measurement (dBc/Hz) @ 100 kHz at best cavity
position of the two cavity oscillators at 30 MHz for different bias setting on the
DUT oscillator.

Fig. 13. Mixer based experimental phase-noise characterization including two
oscillators. (a) Schematic of the measurement setup. (b) Photograph of the setup.
TABLE I
COMPONENTS USED IN THE SETUP

of the system is better. The IF frequency is 30 MHz due to
slightly different dimensions of the otherwise identical cavities.
On one of the oscillators (the reference oscillator), an isolator is
placed to prevent load pulling, and on the other oscillator [the
device-under-test (DUT)], a small attenuator (0–6 dB) is placed
to form a broadband load. The stability from this isolation was
found sufﬁcient. The external components used in the setup are
listed in Table I.
The two reﬂection ampliﬁers are identical, using the same
batch of active device. In the ﬁrst phase-noise measurement,
both oscillators were tuned regarding cavity position and bias
in the same way, until an optimum phase noise of 141 dBc/Hz
@ 100 kHz was measured for the down-converted signal. The
best value was found at
V. Subtracting 3 dB
from this value, due to the mixing process, it is found that the
minimum phase noise of a single oscillator is 144 dBc/Hz @
100-kHz offset for optimum cavity position and optimum bias
(see Fig. 14). In Fig. 15, the phase noise versus offset frequency
for best bias is shown.
In further measurements, presented in Section IV, the reference oscillator is kept ﬁxed while the DUT is varied to investigate variations with cavity position and bias. All phase-noise
measurements are linearly corrected for the contribution from
the reference oscillator, i.e., 144 dBc/Hz is subtracted. The

Fig. 15. Optimum phase-noise performance achieved for cavity offset of 5.9
. This is the best result that can be
mm and bias condition
achieved in this study, and also sets the limit in the mixer based measurement
setup.

output power from the reference oscillator is about
which is sufﬁcient LO power for the mixer.

10 dBm,

IV. RESULTS AND MEASUREMENTS OF OSCILLATOR
A. Measurements of Oscillator
The optimum phase-noise performance was presented in
Figs. 14 and 15. Comparing Fig. 14 to 12, it is seen that the
variation in phase noise at 100 kHz approximately follows the
variation in small-signal open loop gain. The best phase-noise
performance is seen for low , where the loop gain is small.
At increased , and associated loop gain, the 100-kHz phase
noise quickly increases. The degradation in phase noise with
increased loop gain is expected due to nonlinear noise conversion being more important as the device is forced into harder
compression [10] to keep unity loop gain in the closed loop.
The gain compression can be controlled either by adjusting
the coupling factor to the cavity by changing the distance
of the cavity perpendicular to the exciting microstrip line or
by limiting the gain of the ampliﬁer by choosing lower .
Table II presents optimum oscillator performance for four
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TABLE II
SUMMARY OF OPTIMUM PERFORMANCE FOR DIFFERENT CAVITY PLACING AT OFFSET FREQUENCY 100 AND 400 kHz

understood as an effect of the increased nonlinear noise conversion associated with the increase in open loop gain, cf. Fig. 12.
Similarly, the invariant phase noise seen for increased
can
be interpreted as the balancing of three effects, which are: 1) increased ﬂicker noise degrading phase noise; 2) increased power
improving phase noise; and 3) increased efﬁciency improving
phase noise.
Fig. 17, presenting phase noise at 400 kHz, also shows that
phase noise is invariant to a change in . However, in contrast
to Fig. 16, little variation is seen for a change in . A reason
is that 400 kHz, in contrast to 100 kHz, is primarily in the
region. As 400 kHz is in the
region, it is in accordance to
the theory in Section II a reasonable frequency for calculating
FOMs. At 5.9-mm offset, an excellent FOM of 227 is reached.
It is interesting to compare the measured FOM to the fundamental limit that can be calculated from (9). Given the measured
according to (9). Thus, a 19-dB
difference compared to the theoretical noise ﬂoor, where it is
assumed that the noise of the active device is 0 dB, and the efﬁciency is 100%
, by setting
dB in (7). Out
of this, 12 dB can be deduced to ﬁnite efﬁciency in the reﬂection ampliﬁer. Calculating
according to (8) shows that after
compensation for ﬁnite efﬁciency, a minimum
of 7 dB is
reached for
V/
V. The optimum phase noise,
FOM, and
are reached for an open loop gain near unity,
i.e., a coupling factor near
, and not
as deduced
in the theory. Thus, while useful for comparison versus noise
ﬂoor, a linear theory is inadequate for prediction of optimum
operating condition with respect to phase noise. When it comes
to optimization for low phase noise, it is more important to minimize the nonlinear noise conversion compared to optimizing the
power transfer and loaded quality factor.
Fig. 16. Measured phase noise @ 100 kHz versus bias. (a) Cavity at offset
0.6 mm from the center coupling line. (b) Cavity at offset 5.9 mm from the
center coupling line.

different cavity coupling factors. In summary, the lower the
loop gain, the better the phase-noise performance.
To further illustrate how the phase-noise performance varies
with bias condition, Figs. 16 and 17 present phase noise versus
bias condition at offset frequencies of 100 and 400 kHz, respectively, for two different cavity couplings, i.e., the strongest coupling (0.6 mm) and the weakest coupling (5.9 mm).
Fig. 16 shows that 100-kHz phase noise quickly degrades
with
while very little variation in phase noise is detected for
a change in . The phase-noise degradation with
can be

B. Measurements Compared to Simulations
Fig. 18 compares measured phase noise versus offset frequency, with bias condition as a parameter, to simulations using
ADS harmonic balance with LF noise parameters according to
(10) extracted from ﬁeld-effect transistor (FET) characterization. A pretty good agreement is seen for the
region, while
there is signiﬁcant discrepancy in the
region due to nonaccurate representation of the nonlinear noise conversion. This is
due to a stationary handling of the noise sources, and that (10)
is strictly valid only at dc.
Fig. 19(a) and (b) present phase noise versus offset frequency
at 100 and 400 kHz, respectively, with
as a parameter. The
ﬁgure shows simulations both with and without a ﬂicker noise
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Fig. 19. (a) Simulated phase noise at 100 kHz. (b) Simulated phase noise at
400 kHz with and without model considering LF noise (LFN), compared to
V.
measurement at

Fig. 20. Simulated
(b) 400 kHz.

Fig. 17. Measured phase noise @ 400 kHz versus bias. (a) Cavity at offset
0.6 mm to the center coupling line. (b) Cavity at offset 5.9 mm to the center
coupling line.

compared to measurement at

V. (a) 100 kHz.

noise being more important near the carrier. The reason for
showing the simulations without ﬂicker noise is that it makes
it easy to compare to the fundamental noise limit and FOMs derived in Section II.
Fig. 20(a) and (b), respectively, shows simulated and measured
, extracted at 100 and 400 kHz. The simulations
without ﬂicker noise give
dB, which agrees
well with the linear noise ﬁgure of the active device, as expected for a well-designed oscillator. Measured
for a
GaN HEMT in this process is found to be
0.8 dB @ 10
GHz. Calculated
from measurements is found to be 2–3
dB higher at 100 kHz due to more up-converted ﬂicker noise
at this offset.
C. Results Related to Other Work

Fig. 18. Measurements compared to simulations. Dots are the simulated data
to
V,
to 1.6 V. Guidelines
for the same bias range,
for 20 dB/dec, respectively. 30 dB/dec slope are added in graph.

model. At 100-kHz offset, the discrepancy between measurements and simulations including ﬂicker noise is about 5–7 dB,
while it is about 2–3 dB at 400-kHz offset. The larger discrepancy at 100-kHz offset is due to nonlinear conversion of ﬂicker

The result of the cavity oscillator reported in this paper has
been benchmarked versus performance of dielectric resonator
oscillators (DROs) and metal cavity based oscillators in the
open literature.
Table III presents a summary of the benchmark with a focus
on phase noise and FOM at offset frequency of 100 kHz.
It is found that the oscillator of this work performs very well
in the comparison. In fact, only one oscillator with comparable
FOM has been found, it is a DRO based on an InGaP HBT [20],
which has comparable FOM below 100-kHz offset. However,
it should be mentioned that the oscillator in this work is based
on a resonator with a lower factor,
, compared to
for the dielectric resonator in [20]. Compensating
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TABLE III
BENCHMARK OF LOW PHASE-NOISE OSCILLATORS
BASED ON EXTERNAL RESONATORS

400-kHz offset, the power normalized FOM is 227. To the authors’ best knowledge, this is the best phase noise and FOM
reported for any oscillator based on a GaN HEMT device. It is
also state-of-the art for cavity based oscillators regardless of active device technology.
Beside having demonstrated excellent phase noise, this work
has also investigated experimentally how the phase noise depends on the coupling factor and bias conditions. It has been
found that minimum phase noise near carrier appears for relatively low drain voltage (
V), moderate current, and
with open loop gain as low as possible. Compensating for ﬁnite
efﬁciency in the reﬂection ampliﬁer, the measured phase noise
is within 7 dB from the theoretical noise ﬂoor.
This work has demonstrated that oscillators with excellent
phase-noise performance can be designed in GaN HEMT
technology, provided that coupling factor and bias levels are
well controlled in order to avoid nonlinear conversion of ﬂicker
noise.
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100 kHz and 160 dBc/Hz @ 400 kHz from a 9.9-GHz oscillation frequency has been experimentally demonstrated. At
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