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Low-Noise Parametric Resonant Ampliﬁer
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Abstract—We propose a resonant parametric ampliﬁer with an
enhanced noise performance by exploiting the noise-squeezing effect. Noise squeezing occurs through the phase-sensitive ampliﬁcation process and suppresses one of the two quadrature components of the input noise. When the input signal is only in the direction of the nonsuppressed quadrature component, squeezing can
lower that noise ﬁgure by almost 3 dB. The resonant structure of
the proposed ampliﬁer is inspired by a Fabry–Perot laser ampliﬁer
to achieve the squeezing effect using a low number of
elements.
We design and simulate the proposed noise-squeezing parametric
ampliﬁer in a conventional 65-nm CMOS process. A minimum
noise-squeezing factor of 0.35 dB is achieved with a signal gain
of 26 dB for one quadrature component of a 10-GHz narrow-band
signal.
Index Terms—Distributed system, low-noise ampliﬁer (LNA),
noise squeezing, nonlinear capacitor, parametric ampliﬁcation,
phase matching, phase-sensitive gain.

I. INTRODUCTION
N AN RF receiver front end, a low-noise ampliﬁer (LNA)
is a critical block since it mainly determines the noise ﬁgure
(NF) of the entire system. There have been many previous efforts to minimize the NF of LNAs in a CMOS process. A sourcedegenerated CMOS LNA is one of the most prevalent structures, which achieves input matching without a real resistor and
exploits an input resonant network for signal ampliﬁcation [1],
[2].
-boosted and positive feedback LNAs are also attractive
modiﬁcations of a conventional common-gate CMOS LNA [3],
[4]. A sub-0.2-dB NF CMOS LNA was implemented with a
non-50- signal-source impedance [5].
A more exotic approach is to use parametric ampliﬁcation, in
which the gain comes from the nonlinear interaction between
the signal and the pump without using transistors. Parametric
ampliﬁcation was actively studied in the 1960s before the transistor technology dominated the integrated circuit design [6].
Recently, several interesting works have revisited parametric
ampliﬁcation for CMOS technology. Discrete-time parametric
ampliﬁcation has been implemented with a MOS varactor
to achieve a low-power and low-noise performance for low
sampling frequencies [7]–[9]. The parametric process was
also exploited for the frequency conversion of a continuous
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signal [10]–[12]. However, the parametric ampliﬁcation cannot
provide enough gain for high-frequency signals due to low
quality factors of inductors and capacitors in a CMOS process.
In this paper, we propose a parametric ampliﬁer based on
a distributed nonlinear resonator to overcome the limitation of
low quality factor elements. The distributed nonlinear resonator
operates as a regenerative ampliﬁer by supplying the pump amplitude below the oscillation threshold. As a result, the ampliﬁer
achieves a high closed-loop gain using a less-than-unity openloop gain [13]. An important property of the proposed ampliﬁer is its phase-sensitive gain, resulting in noise squeezing. One
of the quadrature input noise components (e.g., out of phase)
is suppressed when the input noise consists of two quadrature
components: in phase and out of phase relative to the pump
signal. This noise squeezing reduces the ampliﬁer output noise
by almost 3 dB compared to the phase-insensitive ampliﬁer with
the same gain. In other words, while a conventional ampliﬁer increases the input noise of both quadratures, the noise-squeezing
ampliﬁer increases the noise of one quadrature and, at the same
time, decreases the other one.
Noise squeezing was originally studied in optics for precise
measurements constrained by the uncertainty principle, which
sets a fundamental limit to the simultaneous observation of
two conjugate parameters, such as the photon number and its
phase [14], [15]. Since the uncertainty principle preserves the
multiplication of the variances of two conjugate parameters,
the degenerate parametric ampliﬁer can suppress one of the
quadrature noise components at the expense of amplifying the
other quadrature component through phase-sensitive ampliﬁcation. Noise squeezing was also demonstrated in the mechanical
systems as classical analogues of the optical systems to beat
the thermal noise limitation [16], [17]. Finally, Josephson’s
parametric ampliﬁer using a superconducting quantum interference device was designed to implement noise squeezing
in an electrical system [18]–[20]. However, this ampliﬁer
requires a very low operation temperature (around 0 K) and is
not integrable. To the best of our knowledge, our work is the
ﬁrst demonstration of noise squeezing for an LNA in a CMOS
process.
The rest of this paper is organized as follows. Section II
explains the theory of distributed parametric ampliﬁcation.
Section III discusses the noise-squeezing effect to enhance the
noise performance. Section IV explains the pump loss effect,
which poses fundamental limits for gain and noise squeezing
in a traveling parametric ampliﬁer. Section V proposes a
resonant parametric ampliﬁer to overcome the limits mentioned in Section IV and analyzes its phase-sensitive gain and
noise-squeezing performance. Section VI summarizes the design procedure and the simulation results. Finally, Section VII
concludes our work.
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Fig. 1. Parametric ampliﬁer using a differential nonlinear transmission line
. An input signal at frequency
with dispersion compensation capacitors
is differentially applied, and a pump is injected at a frequency of
in common
mode.

II. DISTRIBUTED PARAMETRIC AMPLIFICATION USING A
NONLINEAR TRANSMISSION LINE
In this section, we review the basic theory behind parametric
ampliﬁcation using a nonlinear transmission line.
Assume a uniform artiﬁcial differential transmission line that
consists of inductors and voltage-dependent (and hence nonlinear) capacitors, as shown in Fig. 1. The nonlinear capacitor
is approximated with a ﬁrst-order function

twice the pump frequency. The SHG of the signal is canceled
out due to the differential signaling in (4).
In (4), the ﬁrst term on the right corresponds to the linear
wave propagation, and the third term represents the loss of the
transmission line. The second term on the right represents the
nonlinear coupling between the pump and the signal, which results in parametric ampliﬁcation.
From the coupled-mode theory [22]–[24], the signal can be
written as
(5)
(6)
where
,
, is the
signal propagation constant, and is the initial phase difference
between the signal and the pump at
. Here, “ ” denotes the
complex conjugate.
and
are slowly varying functions over , which means
.
Assume that the pump is a sinusoidal function at a frequency
of
. Then, the pump can be written as
(7)

(1)
where
is the capacitance at zero bias and is the
slope.
For now, assume that
is very large, which means that the
common node between two lines is ac grounded.
One can easily obtain (2) by applying KCL and KVL and by
using approximate partial derivatives with respect to distance
from the beginning of the line, where the voltage on the line is
[21]. This approximation is valid when the dispersion effect caused by discreetness is negligible due to a small spacing
between adjacent
elements compared to the signal wavelength

(8)
where
is the amplitude of the pump, which is a slowly
varying function over , and
is the pump propagation constant.
By substituting (5) and (8) into (4) and by approximating
as
(small dispersion assumption) and
as
(the dispersion might not be negligible for the pump,
which is at a value that is twice the input frequency), we derive
the active coupled-mode equations for
and
as
(9)

(2)
where
(3)
and , , , and are the unit length inductance, capacitance,
parasitic conductance, and parasitic resistance, respectively.
is the characteristic impedance deﬁned by
.
The pump and the signal are applied to the left end of the
transmission line, and the pump frequency is set to twice the
signal frequency. Note that the signal is differentially applied
between two lines, whereas the pump is in the common mode,
as shown in Fig. 1. Then, (2) can be written for a differential
signal
(4)
where
and
are the signal and pump voltages on the transmission line, respectively.
is the transmission line loss for
the signal frequency. We assume that the second-order harmonic
generation (SHG) of the pump is sufﬁciently suppressed since
the cutoff frequency of the transmission line is set to lower than

(10)
For now,
is assumed to be constant over to obtain an
analytic solution of (9) and (10). This assumption means that we
neglect the pump loss in the transmission line and the transferred
pump energy to the signal frequency. Under this assumption, the
general solution for (9) and (10) is
(11)
where
(12)
and
and
are constants over .
By applying the boundary condition of (6)–(9), the complete
solution is obtained as

where

(13)
(14)
(15)
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and
is the ﬁrst term on the right side of (12). It is
noteworthy that, in (13), we have assumed no dispersion for the
pump
. At the end of this section, we will introduce
a method to compensate the dispersion for the pump, validating
this assumption.
From (13), the parametric gain is

(16)
For the maximum and minimum gains, the signal is exponentially growing or decaying over
for
for

(max)
(min).

(17)

Equation (16) can be converted into the gain equation for the
section number of the discrete transmission line by inserting
,
,
,
, and
, where
is the spacing between two adjacent
sections. , , , and
are the inductance, average varactor capacitance, conductance,
and resistance for one
section, respectively. Using
(18)
(19)
the parametric gain for the -section nonlinear transmission line
is presented by

(20)
where
(21)
(22)
Fig. 2 shows the plot of the calculated parametric gain for
sections based on (20) to show the effect of the initial
20
phase differences between the pump and the signal for different
nonlinear factors, deﬁned by
. The input and pump frequencies are 10 and 20 GHz, respectively. The cutoff frequency, deﬁned by
, is set to 25 GHz, and the characteristic impedance is 50 . We assume that the quality factor of
the transmission line for a signal frequency is 10, which corresponds to
section[25]. As the nonlinear factor increases, the gain plot shows a higher ampliﬁcation and attenuation depending on the phase difference. The phase difference between the maximum and minimum is
, which clearly shows
the phase-sensitive gain for quadrature signals.
Intuitively, at each section of the line, the nonlinear interaction between the signal at and the pump at
generates two
frequency components at
and . The
component is suppressed by the cutoff frequency of the transmission line, and
the component is added to the signal. However, this adding

Fig. 2. Calculated gain versus the initial phase difference between the pump
pH,
fF, and
and the signal for different nonlinearity factors (
GHz).

process can be constructive or destructive, depending on the
phase difference between the signal and the pump. A series of
this process over multiple sections enables the gain to exponentially grow (energy transfer from the pump to the signal) or to be
attenuated (energy transfer from the signal to the pump). When
the pump frequency is exactly twice the signal frequency, parametric ampliﬁcation is called as degenerate, mainly characterized by its phase-sensitive gain.
Note that the exponent in (17) is proportional to the propagation constant as well as to the varactor
slope and the
pump amplitude. This is because the increase in the propagation
constant is equivalent to the increase in the effective transmission line length. However, the increase in the propagation constant also lowers the cutoff frequency and decreases the pump
amplitude. Therefore, the propagation constant should be carefully selected.
The aforementioned analysis neglects the effect of dispersion
. However, the discreetness of the artiﬁcial transmission line causes nonnegligible dispersion and results in an
undesired phase shift between the pump and the signal, weakening the parametric coupling between them, as shown in Fig. 3.
Fig. 4 shows how the propagation constant mismatch degrades
the parametric gain. In addition to the drop in the exponential
constant in (12), an even more serious effect comes from the
accumulation of the phase mismatch due to the differences in
the propagation constant. A small phase mismatch is accumulated over multiple sections to reach a certain amount of phase
difference between the pump and the signal, causing attenuation instead of ampliﬁcation and limiting a maximum gain to
the curve of the gain plot over the section number.
To maintain
, we have introduced the dispersion compensation capacitor
at the common node, as shown in Fig. 1.
This capacitor only affects the common-mode pump because the
differential signal does not see it due to the virtual ground in the
middle node. With the dispersion compensation capacitor, the
net average capacitance for the pump drops to
in series with
, decreasing the pump propagation delay without changing
the signal propagation. By selecting the right value for , one
can completely phase match the signal and pump.
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(26)
where the in-phase power gain for -section lossless nonlinear
transmission line (NLTL) ( ) is deﬁned as
(27)
The multiplication of the standard deviations of
is given by

and

(28)
(29)
Fig. 3. Dispersion relation of an artiﬁcial transmission line when the pump
frequency (20 GHz) is comparable to the cutoff frequency (25 GHz).

Equation (29) shows that the multiplication of two quadrature
noise components is preserved since one quadrature noise component (out of phase) is suppressed at the expense of amplifying the other quadrature noise component (in phase) through
phase-sensitive ampliﬁcation.
Here, we introduce a noise-squeezing factor
, which is
equal to NF when the information is placed only in the single
quadrature phase. This needs to be differentiated with the general NF, which usually considers information in two quadrature phases. Assuming that the thermal noise caused by power
dissipation on the transmission line is negligible and that the
signal information is only in the in-phase direction, the noisesqueezing factor of the parametric ampliﬁer is deﬁned as

(30)

Fig. 4. Calculated gain versus the section number for different propagation
pH,
constant mismatches between the pump and the signal (
fF, and
GHz).

III. NOISE OF THE DEGENERATE PARAMETRIC AMPLIFIER
Since the degenerate parametric process uses only reactive
components, potentially, it can achieve a better NF than the
conventional transistor-based ampliﬁers. In addition, its phasesensitive gain shows an interesting property: noise squeezing.
The equipartition theorem suggests that the input noise (usually, thermal noise) is circularly symmetric for two quadrature
components in a thermal equilibrium, and it can be written as
a narrow-band representation of the carrier (signal) frequency
[26], [27]

and is a signal amplitude.
where
Equation (30) shows that the squeezing factor approaches 3
dB as
increases. In other words, the noise is redistributed
from a circular to an oval shape through parametric ampliﬁcation to have a higher SNR in one quadrature direction. Fig. 5
shows the time-domain effect of the noise squeezing and the
noise distribution over the phase. The output of the parametric
ampliﬁer can be written as
(31)
(32)
where

(23)
(24)

(33)

where
and
are the slowly varying functions compared to a sinusoidal function at .
When
is injected into a degenerate parametric ampliﬁer
with -section lossless nonlinear transmission line
pumped at
and when the pump has the right phase so that
experiences the maximum gain, then
has the maximum attenuation based on (17)

and is the phase shift due to the propagation delay over the
transmission line. Equation (32) shows that
contributes
to the amplitude ﬂuctuation, whereas
contributes to
the phase ﬂuctuation. Equations (32) and (33) explain how
the squeezing suppresses the phase (timing) ﬂuctuation at the
output by increasing the amplitude ﬂuctuation with the same
ratio, as shown in Fig. 5(c). This is fundamentally different
from a linear ampliﬁer (phase-insensitive ampliﬁer) that provides the same amount of ampliﬁcation for two quadrature

(25)
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which represent the inductor and varactor losses, respectively.
Combining (35) and (37), the total output noise associated with
the transmission line loss is given by
(38)
From (30) and (38), the noise-squeezing factor becomes
(39)

Fig. 5. Observation of the squeezed output noise by phase-sensitive ampliﬁcation in a time and phase domain compared to linear ampliﬁcation. (a) Input
signal. (b) Output signal through linear ampliﬁcation. (c) Output signal through
phase-sensitive ampliﬁcation. To simplify the notations, the phase of the pump
. In (17), the signal has its maximum and minimum at
is shifted by
and
, respectively.

components, resulting in a circularly symmetric output noise
distribution, as shown in Fig. 5(b).
Next, we take into account the effect of the transmission line
loss in the parametric ampliﬁer squeezing factor
. The parametric ampliﬁer consists of two transmission lines that generate
two independent noises (
and
) at the th node. Because
only the differential signal is ampliﬁed, the output noise contributed by the power dissipation at the th node is
(34)
(35)
The thermal noise power generated at the th node that travels
toward the output is
(36)
(37)
where is the bandwidth over which the noise is measured.
and are the parasitic series resistance and parallel conductance

where the input signal source impedance is matched with the
characteristic impedance . In the absence of the pump
, from (39), the NF or the squeezing factor is simply approximated with
, which is the reciprocal of the transmission
line loss and is expected from a conventional transmission line.
Fig. 6 shows the calculated squeezing factor based on
(39). The signal and pump frequencies are 10 and 20 GHz,
respectively. The cutoff frequency is set to 25 GHz. When
the transmission line is lossless, the ampliﬁer squeezing factor
approaches 3 dB for large nonlinear factors, as shown in
Fig. 6(a). However, the transmission line loss signiﬁcantly
degrades the squeezing factor. The phase sensitivity of the
squeezing factor is also investigated, as shown in Fig. 6(b).
Since the input noise distribution is assumed to be circularly
symmetric and independent of the input signal, the variation of
the squeezing factor is caused only by a change in the signal
gain. The squeezing factor is also calculated as a function
of the section number, as shown in Fig. 6(c). As the section
number increases, the squeezing effect exponentially increases,
resulting in a better squeezing factor. However, in the presence
of transmission loss, the number of noise sources also increases
with the section number. Therefore, for a given nonlinearity,
an optimum number of sections will result in a minimum
squeezing factor.
IV. EFFECT OF PUMP LOSS
The previous sections examined the signal gain and noise performance in the absence of pump attenuation for an analytical
solution. However, pump loss is critical since the signal gain
is an exponential function of the pump amplitude, as shown in
(17).
Fig. 7 shows the simulated pump loss effect on the gain and
squeezing factor based on (9) and (10) when the phase differfor a maximum
ence between the signal and the pump is
gain. When the pump loss is negligible, the log-scale gain is linearly proportional to the section number, following (17). However, as the pump loss increases, the ampliﬁer gain reaches a
peak for a certain number of sections. Before this point, since
the pump amplitude is large, the gain increases as the signal
propagates. After this point, the pump amplitude is too low to
compensate the loss of the transmission line, resulting in a lower
gain. For a higher pump loss, this optimal number of sections
also decreases, thereby resulting in a lower gain peak. Considering that the typical value of the quality factor of the transmission line is around 10 for a pump frequency of 20 GHz, the maximum gain is only 5 dB, with 22 sections. One might consider
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Fig. 7. Simulated pump loss effect on the (a) gain and (b) squeezing factor
pH,
fF,
versus the section number for different pump losses (
, and
GHz).

pump loss due to a limited quality factor, we propose a resonant
regenerative ampliﬁer based on a parametric oscillator structure.
A. Review of the Reﬂective Parametric Oscillator

Fig. 6. Calculated squeezing factor versus the (a) nonlinear factor for different
transmission line loss, (b) initial phase difference between the pump and the
signal for different nonlinear factors, and (c) section number for different nonpH,
fF, and
GHz).
linear factors (

injecting the pump frequency at multiple points of the transmission line to compensate the loss. Unfortunately, this method
would require a higher pump power and would also result in a
more complex design and a higher footprint.
Pump loss also degrades the squeezing factor: loss results in
pump attenuation which, in turn, translates to a lower squeezing
effect. This is shown in Fig. 7(b), where the squeezing factor
increases with the section number.
V. RESONANT PARAMETRIC AMPLIFIER
To overcome the challenges of the traveling-wave structures
associated with a large number of lumped
elements and

Fig. 8 shows the reﬂective parametric oscillator and its
standing wave formation for the signal and pump frequencies
[12]. Parametric oscillation occurs when the parametric ampliﬁcation compensates the loss of a resonator at the resonance
frequency. The resonator consists of two transmission lines
with four phase-matched
sections that are connected at
both ends. Oscillation starts from the ambient thermal noise of
the resonator when the pump is strong enough to compensate
for the loss. The noise component grows by traveling back
and forth between two reﬂective ends through the degenerate
parametric ampliﬁcation, ﬁnally generating a stable oscillation
signal at a half-pump frequency.
The upper part of Fig. 8 shows different standing wave formations inside the resonator for both the pump and the signal.
The differential signal sees the resonator ends as shorts due
to the virtual ground, while the common-mode pump sees the
ends as open nodes. The effective length of the four- -section resonator is equal to a pump wavelength , which is half
of the signal wavelength . With the reﬂection at both ends,
the signal forms a
standing wave with minimum amplitudes at the two boundaries. On the other hand, the pump forms
a standing wave with maximum amplitudes at both ends. The
higher modes for the pump and the signal are suppressed by the
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Fig. 8. Reﬂective distributed parametric oscillator and its standing wave formation for the signal and pump frequencies.

Fig. 10. (a) Conventional resonant ampliﬁer with a negative resistor. (b) Ampliﬁcation using a parametric resonator with a pump level below the oscillation
threshold.

factor provides a larger output impedance around the resonance
frequency given by
, resulting in a higher gain

(40)

Fig. 9. Differential parametric resonant ampliﬁer with an output buffer.

resonator cutoff frequency. The output port is selected at the
“
” location to suppress the pump signal by exploiting the
different standing wave formations for the signal and the pump.

B. Regenerative Ampliﬁer With a Parametric Resonator
By operating the parametric oscillator with a pump below
the oscillation threshold, another form of degenerate parametric
ampliﬁcation can be achieved, as shown in Fig. 9. Based on the
resonator structure in Fig. 8, the input signal is applied to the
middle of the resonator through the drain of a common-source
LNA. The source followers are simply used as output buffers to
drive a 50- output load. The control voltage
enables us
to tune the resonant frequency.
We can intuitively explain the principle of the resonant parametric ampliﬁer by comparing it with a conventional regenerative resonant ampliﬁer that has been recently proposed for
the high quality factor bandpass ﬁltering [28]. As shown in
Fig. 10(a), a negative resistance in a resonator compensates the
loss and results in a higher quality factor. This increased quality

where
is the transconductance of the transistor, is a series
resistance modeling the loss of the resonator, is the inductance
of the resonator, and
is the negative resistance generated
by the external power . We can clearly observe the similarity
between (40) and the parametric gain, which will be presented in
(51). Note that, if the negative resistance
is larger than
the resonator loss , the ampliﬁer turns into an
oscillator.
The same happens to the parametric ampliﬁer when the pump
power is more than the oscillation threshold.
However, the proposed ampliﬁer does not use the extra transistor to compensate for the resonator loss since the gain comes
from the parametric ampliﬁcation. More importantly, the proposed ampliﬁer provides the phase-sensitive gain for the noise
squeezing at the cost of its complicated structure.
For theoretical analysis, we consider the coupled-mode equations of (9) and (10). Adding terms that represent the injection of the input signal and pump into the resonator, these coupled-mode equations are modiﬁed to
(41)
(42)
(43)
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where
and
represent the increase ratios in the signal and
pump amplitudes inside the resonator due to the injected signal
and pump, respectively. The signiﬁcance of this term will be
seen when the reﬂections are taken into account inside the resonator, which will be presented in (47) and (48).
and
are the signal and pump amplitudes that enter the resonator, respectively.
By the structural symmetry of the resonator, we can only consider the left half of the resonator for the following analysis. It
is noteworthy that, even though the pump is only applied to the
left end of the resonator, for our analysis, we can imagine a virtual pump injection from the right end. This is due to the fact
that the resonator length is , which means that the two ends
are in phase for the pump frequency.
For the steady-state response,
,
,
. Combining (41) and (42) to eliminate
, the signal amplitude on the resonator
becomes

), which is half the gain in the absence of the pump.
This sets a fundamental limit of a maximum squeezing ratio of
6 dB in the proposed system. Next, we are going to calculate
the total gain of the parametric ampliﬁer. The voltage gain of
a source-degenerated ampliﬁer that injects the signal into the
resonator, shown in Fig. 9, is [1]

(52)
where
is the input amplitude,
is the cutoff frequency
of
,
is the characteristic impedance of the resonator,
is the signal source impedance, and is the signal frequency,
assuming that the input matching is achieved using a sourcedegenerated inductor .
Combining (49) and (52), the total gain of the parametric resonant ampliﬁer becomes

(44)
(53)

where
(45)

(54)
At the resonator end where the pump is injected, the relation
between the th and
th round-tripped pump amplitudes
(
and
) is
(46)
where
(46),

is the round-trip length of the resonator. Inserting
and
into
is reduced to
(47)

In a similar way,

can be obtained as
(48)

By rearranging (44)
(49)

where is the voltage increase ratio due to the standing wave
formation, deﬁned by
(
for the output
taken out at
) [25].
is the gain without the pump
injection, deﬁned by
.
Fig. 11(a) shows the calculated gain enhancement ratio
due to the parametric ampliﬁcation with respect
to the phase difference between the signal and the pump for
different pump amplitudes based on (54). As the pump amplitude approaches the oscillation threshold, the gain plot shows
higher ampliﬁcation and attenuation depending on the phase
difference. The phase difference between the maximum and
minimum is
, which clearly shows the phase-sensitive gain
for quadrature signals. Fig. 11(a) is similar to Fig. 2, which
is obtained from a traveling-wave-type parametric ampliﬁer.
However, the resonant ampliﬁer uses only four
sections
and provides much higher gain due to resonance, resulting from
the robustness to the pump loss effect compared to Fig. 7.
C. Squeezing Factor

where
(50)
From (49), when the pump amplitude is below the oscillation
threshold (
), the maximum and minimum gains are
for

(max)

Finally, the minimum squeezing factor can be simply calculated based on the squeezing effect, assuming that the noise of
the resonator itself is negligible. This is similar to calculating the
NF of a conventional LNA, where we assume that the effect of
the resonator loss is negligible and that the NF is dominated by
the channel noise.1 Under this assumption, the squeezing factor
is

(51)
for

(min).

Based on (51), when the pump power is just below the threshold,
the ampliﬁer has the lowest gain (i.e., maximum attenuation for

(55)
1For typical losses of on-chip passive components, this assumption is valid.
Interested readers can use a similar approach shown in (39) to calculate NF
when the resonator loss cannot be neglected.
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Fig. 12. Accumulation-mode MOS varactor characteristic in the 65-nm
process.

A. Design

Fig. 11. Calculated (a) gain enhancement and (b) noise reduction ratios with
respect to the phase difference for different pump amplitudes.

The design of the proposed ampliﬁer consists of three parts:
a nonlinear resonator for the phase-sensitive gain, an LNA for
the input stage, and a frequency doubler to generate a pump frequency that has exactly twice the input frequency. To design
the resonator, we use the fact that its resonant frequency, which
should be around 10 GHz, is closely related to the propagation
constant , deﬁned by
. Also, as explained in Section II, the cutoff frequency of the
ladder sets
the maximum gain of the ampliﬁer. The optimum cutoff frequency can be obtained from the tradeoff between in (20) and
the pump loss due to the cutoff frequency, which is comparable
to the pump frequency. Using an optimum cutoff frequency of
around 25 GHz for the maximum gain, we need a ﬁne adjustment to satisfy the resonant frequency of 10 GHz. The resonant
frequency is determined from

where
is the noise reduction ratio and
is the NF of the
source-degenerated common-source ampliﬁer. The noise reduction ratio
can be calculated using (30) and (51)

(57)

(56)

where is the length of the resonator, is the spacing between
two adjacent nodes, and is the number of resonator sections.
The varactor capacitance per unit section is approximated by its
average value . Equation (57) can be rearranged to

When
approaches
, the reduction ratio
approaches
1/2.
Fig. 11(b) shows the calculated squeezing factor with respect
to the phase difference between the signal and the pump for
different pump amplitudes based on (55). As expected in the
gain plot, a higher pump amplitude provides a higher noisesqueezing ratio for the in-phase component, whereas it degrades
the noise performance of the out-of-phase component.
VI. DESIGN AND SIMULATION
We designed and simulated the proposed ampliﬁer at around
10 GHz in a 65-nm CMOS technology. The chip consumes 30
mW from a 1.2-V supply. This power includes the pump generation circuit, which consumes 14.5 mW. The estimated area of
the entire chip is 1.5 mm 0.9 mm.

(58)
Inserting the cutoff frequency into (58), the section number is
around 3.9. Because we can only have positive integers, the section number is set to four, which requires the minor adjustment
of the cutoff frequency to keep the resonant frequency at 10 GHz
(for an accurate adjustment, the resonant frequency should be
veriﬁed with Cadence simulation since (57) and (58) are based
on the small dispersion assumption). Knowing the cutoff frequency of the line and the number of sections, we can determine
the
product. To pick the values of the inductors and the varactors, we need to select the characteristic impedance of the
line. Since the resonator is driven with an LNA and since the
output is taken out using a buffer, the impedance does not have
to be 50 . As a result, we select the characteristic impedance to
minimize the loss of the resonator, which is around 40 . In this
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Fig. 13. Schematic of the pump generation block consisting of active balun, frequency doubler, and buffer.

process, the optimized inductor and varactor values that are used
to achieve the maximum gain (i.e., optimum cutoff frequency)
and minimum loss are 470 pH and 270 fF, respectively.
The inductor is implemented as a spiral whose inductance is
380 pH and whose dimension is
m
m, including
the guard ring. The quality factors of the spiral are 16 and 19
at 10 and 20 GHz, respectively. The coplanar waveguide with
a ground-shielded plane is employed to connect the inductors.
The inductance of these interconnects is around 90 pH. The
transmission line structure is carefully simulated in an E/M simulator (SONNET).
We use an accumulation-mode MOS varactor as a voltage-dependent capacitor. Its capacitance versus voltage characteristic
is shown in Fig. 12. The average capacitance is 270 fF, and the
linearized
slope in (1) ( ) is approximated to be 1.4 around
a zero bias voltage. The quality factors of the varactor are 31
and 15 at 10 and 20 GHz, respectively. The varactors use the
multiﬁnger gate structure to optimize the nonlinearity and the
quality factor simultaneously [29]. Metal–insulator–metal capacitors (MIMCAPs) are used for the dispersion compensation
capacitors.
The design of the LNA for the input stage follows a general
source-degenerated ampliﬁer for an input frequency of 10 GHz.
The input impedance is matched to 50 . The main transistor
(
in Fig. 9) has a width of 96 m for optimum NF and input
matching with a bias current of 3 mA. The width of the cascode
transistor
is selected by considering the tradeoff between
the amount of parasitic capacitances and its noise contribution.
In our design, the width of
is 80 m. Both
and
have
a minimum channel length of 60 nm.
To generate the pump at twice the signal frequency, the frequency doubler is implemented as shown in Fig. 13. It consists
of an active balun, a frequency doubler, and a buffer. Since the
frequency doubler is designed for a differential input signal, an
active balun is employed. The active balun (
in Fig. 13)
is the combination of the common-gate and common-source
ampliﬁers to simultaneously generate the noninverting and inverting outputs [34]. In addition, the common-gate ampliﬁer located in the input port provides a broadband input matching. The
frequency doubler
uses the nonlinearity of the transistor. The even-order harmonics of the differential input signal
(mainly, the second-order harmonic) are picked at the common
node through the resonant network. The last stage
is

Fig. 14. Simulated frequency-doubled output of the pump generation block
versus the input amplitude.

Fig. 15. Calculated and simulated gains and squeezing factors versus the signal
phase in the proposed ampliﬁer for a ﬁxed pump amplitude (500 mV).

a two-stage ampliﬁer that is used as a buffer. The ﬁrst stage ampliﬁes the signal with a high gain, and the second stage drives
the nonlinear resonator. Fig. 14 shows the simulated output amplitude of the pump generation block versus an input amplitude
in Cadence.
B. Simulation
Using Cadence, we simulated our designed ampliﬁer, which
consists of the input stage ampliﬁer and the nonlinear resonator.
The input of the ampliﬁer is a 10-GHz signal (carrier) with a
bandwidth of 500 MHz (data). The pump frequency is ﬁxed
at 20 GHz, which is twice the carrier frequency. The outputs
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Fig. 16. Cadence simulation of the gain versus the frequency for different
pump amplitudes for the (a) maximum and (b) minimum gains.

Fig. 17. Cadence simulation of the squeezing factor versus the frequency for
different pump amplitudes for the (a) maximum and (b) minimum gains.

are connected to 50- loads using the source follower buffers.
The simulation is carried out at a schematic level, including an
interconnect transmission line model veriﬁed by SONNET. We
use periodic noise analysis (Pnoise) and periodic S-parameter
analysis (PSP) in Spectre to simulate the gain and squeezing
factor of the proposed design.
Fig. 15 shows both the calculated and simulated gains
and squeezing factors versus the signal phase for a ﬁxed
pump amplitude of 500 mV. For the calculation, we insert
dB and
dB into (54) and (55) based
on the Cadence simulation.
is set to 0.65 for a best ﬁt
with the simulation. Note that the accurate calculation of
is
difﬁcult due to the voltage-sensitive drain node impedance of
the input ampliﬁer. This is because the standing wave formation
of the pump signal doubles the input pump voltage swing on
the drain node, as shown in Figs. 8 and 9.
The gain ranges from 7 to 20 dB depending on the phase difference between the signal and the pump. The difference between the maximum and minimum gains is around 13 dB, which
determines the magnitude of the noise-squeezing ratio in (55).
As expected in (54), the plots are periodic with a period of ,
and the signal phase difference between the maximum and minimum gains is
, implying a quadrature squeezing. The simulated gain includes a 6-dB loss due to the output buffer, which
is not calibrated (the maximum gain is 26 dB before the buffer,
whereas the graph in Fig. 15 shows 20 dB at its maximum). The
squeezing factor plot is the ﬂip-down image of the gain plot,

as we observed in Section III. Assuming that all of the signals
are in-phase components, the noise-squeezing effect suppresses
the squeezing factor even below 0 dB, resulting in a minimum
squeezing factor of 0.37 dB when the gain is maximum. From
(55) and (56), the theoretical squeezing factor is suppressed up
to 3 dB below the NF of the input LNA as the pump input gets
close to the oscillation threshold. However, the simulation result shows a 2-dB suppression of the squeezing factor from 1.6
to 0.37 dB. This is because the additional loss from the drain
node of the input ampliﬁer increases the threshold voltage beyond the varactor saturation region, where the capacitance does
not change with the voltage, as shown in Fig. 12.
We also simulated the gain and squeezing factor for different
pump amplitudes with a ﬁxed signal phase, particularly for the
maximum and minimum gain cases, as shown in Figs. 16 and
17. In the maximum gain case, the increase in pump amplitude boosts the gain by increasing the quality factor of the resonator. The increase in the quality factor can also be veriﬁed
in Fig. 16(a), as well as by observing that the bandwidth becomes narrower with the pump amplitude. Fig. 17(a) shows
that the squeezing factor is more suppressed as the difference
between the maximum and minimum gains increases with the
pump amplitude due to the squeezing effect. On the other hand,
Fig. 16(b) shows that the increase in the pump amplitude decreases the signal gain for a phase at minimum gain. The destructive adding process causes more signal attenuation inside
the resonator with the pump amplitude, degrading the quality
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Fig. 18. Cadence simulation of the noise-squeezing effect (a) for a zero pump
amplitude and (b) for a pump amplitude of 500 mV.

factor. The squeezing factor also becomes worse due to signal
loss, as shown in Fig. 17(b).
The noise-squeezing effect is also clearly observed using the
transient noise option in the transient analysis in Cadence, as
shown in Fig. 18. In the simulation setup, two independent noise
voltages, whose bandwidth is 500 MHz, are generated and combined though
modulation at a 10-GHz LO frequency. The
combined noise signal is injected to the resonant parametric ampliﬁer. After passing through the proposed ampliﬁer, the output
is demodulated to extract the
components and is sampled
for statistical analysis. In the transient simulation, it is noted that
the intrinsic device noise is neglected due to a large-signal input
noise source. Fig. 18 shows the simulated noise squeezing, depending on the presence of the pump. Before the pump injection,
the output noise distribution is still circularly symmetric for the
in-phase and out-of-phase components (hence, it is phase insensitive). However, the out-of-phase noise component is suppressed
in the presence of the pump signal, whereas the in-phase noise
component is ampliﬁed. Note that the input signal is also equally
ampliﬁed with the in-phase noise component. To quantitatively
analyze the suppressed out-of-phase noise component, the histogram is plotted for 960 samples, as shown in Fig. 19. We clearly
observe that the standard deviation of the out-of-phase noise component is signiﬁcantly suppressed with pump injection.
Linearity is simulated in terms of the compression characteristics and the input-referred IP3. Fig. 20 shows that the 1-dB

Fig. 19. Simulated noise histogram (a) for a zero pump amplitude and (b) for
a pump amplitude of 500 mV using Cadence.

output compression point is 2.9 dBm for the proposed ampliﬁer when the pump is not injected. However, when the pump
amplitude is 500 mV, the 1-dB output compression point decreases by around 3 dB since the gain partially comes from
the limited power of the pump. The proposed ampliﬁer provides an IIP3 ranging from 7.2 to 8 dBm depending on the
pump amplitude, as shown in Fig. 21. For comparison, the linear
modiﬁcation of the proposed ampliﬁer is also simulated after
replacing all varactors with MIMCAPs in the resonator. The
1-dB output compression point and IIP3 are simulated to be
2.2 and 6.3 dBm for the linear modiﬁcation, respectively.
Even though the proposed ampliﬁer employs the nonlinear resonator, the degradation in linearity performance is not large
compared to its linear version. This is because the parametric
resonator mainly generates the second-order nonlinearity due
to the ﬁrst-order
characteristic of the varactor, while both
IIP3 and gain compression are caused by the third-order nonlinearity. IIP2, caused by the second-order nonlinearity, is not
considered here since it is not problematic for a narrow-band
ampliﬁer like the proposed one.
VII. CONCLUSION
We have proposed a resonant parametric ampliﬁer with
a low-noise performance using the noise-squeezing effect.
The phase-sensitive ampliﬁcation process suppresses one of
the quadrature noise components and achieves around 3-dB
noise reduction for a single-phase information compared to the
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Fig. 20. Cadence simulation of the gain compression for a zero pump amplitude and for a pump amplitude of 500 mV.

Fig. 21. Cadence simulation of the input-referred IP3 for a zero pump amplitude and for a pump amplitude of 500 mV.

phase-insensitive ampliﬁcation. The resonant structure of the
ampliﬁer, which resembles the Fabry–Perot laser ampliﬁer,
enables parametric ampliﬁcation for narrow-band signals with
a small number of lumped
elements. The signal gain and
squeezing factor are theoretically analyzed based on the continuous transmission line approximation and on the steady-state
assumption. We have achieved a minimum squeezing factor
of 0.35 dB for a 10-GHz narrow-band signal in Cadence
simulation.
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