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Abstract—We present an electrical distributed parametric oscillator to realize a passive CMOS frequency divider with low phase
noise. Instead of using active devices, which are the main sources
of noise and power consumption, an oscillation at half of the input
frequency is sustained by the parametric process based on nonlinear interaction with the input signal. To show the feasibility of
the proposed approach, we have implemented a 20-GHz frequency
divider in a 0.13- m CMOS process. Without any dc power consumption, 600-mV differential output amplitude is achieved for an
input amplitude of 600 mV. The input frequency ranges from 18.5
to 23.5 GHz with varactor tuning. The output phase noise is almost
6 dB lower than that of the input signal for all offset frequencies up
to 1 MHz. There is a good agreement among analysis, simulation,
and 10-MHz measurement results. To the best of our knowledge,
this is the ﬁrst passive frequency divider in a CMOS process.
Index Terms—Dispersion, distributed system, frequency divider, low phase noise, low-power design, nonlinear capacitor,
parametric ampliﬁcation, phase matching.

I. INTRODUCTION
HE frequency divider is an essential block in phase-locked
loops (PLLs) and frequency synthesizers. The design of
the frequency-divider block in any system is critical, since it
consumes a large portion of the overall system power and it is
one of the key contributors to the phase noise. The design of
the frequency divider becomes even more challenging at high
frequencies due to the limited speed of digital gates in a conventional digital frequency divider [1]. At these frequencies,
an injection-locked frequency divider has been a good candidate due to its high speed and low power consumption [2]–[4].
Although there have been several works to further minimize
the power consumption of the injection-locked frequency divider, the use of transistors for sustaining oscillation limits these
efforts. Moreover, the channel noise caused by transistors degrades the output phase noise at a large offset frequency or near
the edge of the locking range [5]–[8].
To overcome these limits, we use parametric ampliﬁcation in
which the nonlinear interaction with a pump results in the signal
gain by transferring the energy from the pump to the signal [9],
[10]. Since this method does not use any active devices, low
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noise performance can be achieved [9]. However, parametric
ampliﬁcation has rarely been implemented as an ampliﬁer in
CMOS technology because it requires high quality factor inductors and varactors for sufﬁcient gain. On the other hand, parametric oscillator, which is a harmonic oscillator sustained by
the parametric ampliﬁcation, can be CMOS compatible since it
only needs enough gain to compensate the resonator loss. The
oscillation frequency in the parametric oscillator is synchronized to one of the subharmonics of the pump signal. This phenomenon can be exploited to make a frequency divider. There
have recently been a few works on parametric frequency dividers on printed circuit boards (PCBs). However, the operation frequency is limited to 2 GHz, and these designs are not
CMOS-compatible.[11]–[13].
In this paper, we use the concept of parametric oscillation
to design the ﬁrst passive 20-GHz CMOS frequency divider.
It consists of two parallel nonlinear transmission lines using
MOS varactors, forming a reﬂective distributed resonator. Its
operation principle is the electronic analogue to that of the optical parametric oscillator [14], [15]. This distributed structure
enables a stable startup condition and a broad range of frequency tunability. Moreover, the reﬂective resonator minimizes
the number of components and forms a standing wave, which
suppresses the pump signal at the output while maintaining a
large output signal amplitude. In addition to zero static power
consumption, the proposed frequency divider shows better
phase-noise performance even at high offset frequencies since
it does not have the channel noise from the transistors.
The remainder of this paper is organized as follows. Section II
explains the basic concept of the distributed parametric ampliﬁcation. Section III discusses the theoretical analysis of
parametric oscillation, the standing wave formation of the
reﬂective resonator, and a unique input-matching characteristic.
Section IV discusses the phase-noise performance and compares it with the injection-locked frequency divider. Section V
summarizes the design procedure and the measurement results.
Finally, Section VI compares the proposed divider with other
dividers with no static power consumption and its applications.
II. DISTRIBUTED PARAMETRIC AMPLIFICATION
Assume a uniform artiﬁcial transmission line consisting of
inductors and voltage-dependent (and hence nonlinear) capacitors shown in Fig. 1. By applying KCL at node , whose voltage
with respect to ground is , and applying KVL across the two
inductors connected to this node, one can easily show the voltages of adjacent nodes on this transmission line are related via
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,
, and is
where
the signal propagation constant. Here, “ ” denotes the complex
conjugate.
and
are slowly varying functions over
. In other words,
.
For a simple case, the pump is a sinusoidal function at a frequency of
. The initial phase difference between signal
and pump is at
. Then, the pump can be written as

Fig. 1. Uniform nonlinear transmission line for parametric ampliﬁcation.

(8)
The nonlinear capacitor is approximated with a ﬁrst-order
function
(2)
where is the capacitance at zero bias and is the C V slope.
For now, we neglect the loss of the transmission line. Equation
(1) can be written as a partial differential equation

(9)
where
is the amplitude of the pump and
is the pump
propagation constant. By substituting (6) and (9) into (5), and
by approximating as
(small dispersion
assumption), we derive the active coupled-mode equations for
and
as
(10)
(11)

(3)

Combining (10) and (11), we will have
(12)

by approximating the node voltage as a continuous variable over
distance:
. Here, is the spacing between
two adjacent nodes and is the section number. We also introduce a unit length inductance
and a unit length capacitance
. For simplicity, we assume that the dispersion
effect caused by discreetness is negligible, due to a small compared with the signal wavelength.
Now, pump and signal are applied to the left end of the transmission line, and the pump frequency (
) is set to be
twice the signal frequency ( ). By inserting
and
(2) into (3), (3) becomes

By applying the boundary condition of the signal in (7), and
from (10) and (12), the complete solution of (12) is obtained as
(13)
where
. Depending on the initial phase difference
between pump and signal , the signal gain can be exponentially
growing or decaying over :
for
for

(max.)
(min.)
(14)
From (14), the maximum parametric gain for the th section
is approximated by

(4)
and
are signal and pump voltages, respectively.
where
The ﬁrst term on the right corresponds to the linear wave propagation, and the second term represents the nonlinear coupling
between pump and signal, which results in the parametric ampliﬁcation. The third term on the right corresponds to the secondorder harmonic generation (SHG) for signal and pump. We assume the signal amplitude is so small that the SHG for the signal
is negligible, and that the SHG for the pump is sufﬁciently suppressed since the cut-off frequency of the transmission line is set
to be lower than the second harmonic of the pump frequency.
With these assumptions, we simplify (4) as
(5)
From coupled-mode theory [16], [17], the signal is deﬁned as
(6)
(7)

(15)
Fig. 2 shows the calculated gain based on (15). The gain increases exponentially with the nonlinear factor,
, as well as
the section number. The nonlinear factor is deﬁned by the multiplication of the varactor C/V slope , and the pump amplitude
. Note that is 0.5 to 1.2 V for an accumulation-mode
nMOS varactor in a typical 0.13- m CMOS process [18]. It is
interesting that the gain grows exponentially in space while in
the conventional distributed ampliﬁer it increases linearly. This
type of ampliﬁcation process where the pump frequency is exactly twice the signal frequency is called degenerate parametric
ampliﬁcation.
In addition, (15) shows that the gain increases with the inductance and the average capacitance at a given signal frequency.
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Fig. 4. Proposed phase-matched line:
compensates for the decrease in the
pump propagation velocity due to the dispersion.
Fig. 2. Maximum degenerate parametric gain versus section number with diffor
10 GHz (
630 pH,
250 fF).
ferent nonlinearity factors

, was set to be exactly twice the signal propagation constant,
. In other words, the signal and the pump were assumed to
co-propagate at the same velocity, or be synchronized for maximum energy transfer from the pump to the signal. However, in
a transmission line that has a cutoff frequency comparable with
the pump frequency for an optimized gain, the dispersion is not
results in
negligible. In this case, the deviation from
a gain drop. It can be shown that, with the phase mismatch of
, the exponential coefﬁcient becomes [9]

(16)
Fig. 3. Illustration of distributed parametric ampliﬁcation using a series of cascaded ampliﬁers.

Intuitively, this is due to the fact that, in a transmission line
with larger inductance and capacitance, the pump and the signal
stay longer within each section, increasing the energy transfer.
In other words, the effective propagation length is increased.
However, the increase in the inductance and capacitance also
leads to a decrease in the cutoff frequency deﬁned by
. The pump amplitude decreases as the cutoff frequency
approaches the pump frequency. Therefore, the cutoff frequency
of the transmission line should be optimized for maximum gain.
Fig. 3 illustrates the principle of distributed parametric ampliﬁcation using a series of cascaded ampliﬁers. The nonlinear
interaction of the signal ( ) and the pump (
) is shown
using a mixer. This interaction generates two components at
(
) and (
). However, (
)
is suppressed due to the cutoff frequency of the transmission
line. Therefore, only (
) remains, and it is added to
the signal constructively or destructively depending on . The
resulting signal enters the next section, with an exponential ampliﬁcation or attenuation (depending on the initial phase difference, ). The main advantage of parametric ampliﬁcation is that
it does not require any active devices, which gives it the potential
for much lower noise ﬁgure than conventional transistor-based
ampliﬁers.
So far, we assumed that there is no dispersion in the transmission line for simple analysis. The pump propagation constant,

From (16), we can see that parametric ampliﬁcation does not
occur when
is larger than
. Inserting the typical
values for
0.5 V and
0.5 V, the allowable
is 12.5% for a nonzero parametric gain. Considering the transmission-line loss caused by a limited quality factor of each element, the range becomes even narrower.
The most critical point is that a small phase mismatch between signal and pump is accumulated as the signal propagates
over multiple sections. If the accumulated phase mismatch
reaches a certain point, further propagation gives attenuation
instead of ampliﬁcation following the expression of
in
(14). The allowable accumulated phase mismatch is between
and
, depending on the system parameters such as
pump amplitude and varactor nonlinearity.
In optics, a method of quasi-phase matching is proposed to
resolve this problem by changing the degree of the nonlinearity
periodically over the propagation distance [19]. Here, we
propose a simpler solution based on two parallel nonlinear
transmission lines with “dispersion compensation capacitors”
as shown in Fig. 4. In this scheme, the signal is applied differentially to two parallel lines while the pump is a common-mode
signal. For differential signals, the net average capacitance
is
due to the virtual ground. However, the net average
capacitance for the pump drops to
in series with (
) due
to the dispersion compensation capacitor. This decreases the
pump propagation delay without changing the signal propagation, cancelling the dispersion of the nonlinear transmission
line. Fig. 5 shows the effect of proposed phase matching on
parametric ampliﬁcation using Spectre in Cadence.
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to the resonator loss. The amplitude of the differential component will increase up to the point where the gain and the loss
are equal due to the gain saturation. The gain saturation occurs
through pump depletion which means that the pump level is depleted due to the large energy ﬂow from the pump to the signal
frequency.
In order to calculate the steady-state output amplitude, we
start with the coupled-mode equations (10) and (11) in Section II
for
. After adding the transmission-line loss and the
pump depletion in these equations, the coupled-mode equations
can be modiﬁed to
(17)
(18)
Fig. 5. Effect of the dispersion compensation capacitor
(
10 GHz,
20,
pH,
250 fF,

(19)

for phase matching
1.2 pF).

and
are the attenuation constants of the transmiswhere
is
sion line at signal and pump frequencies, respectively,
the input amplitude into each transmission line of the resonator,
and
represents the increase in the pump amplitude inside the resonator due to the input signal. The signiﬁcance of
this term will be seen for the standing wave resonator when
reﬂections are taken into account, which will be presented in
(26). In (19), the second term on the right corresponds to the
pump depletion. This term can be easily obtained by adding the
second-harmonic generation of the signal in (4) to (5).
For the steady-state solution where gain and loss are equal,
so that the signal amplitude is constant over the propagation,
,
,
are set to be zero. In this case, combining (17) and (18) results in
or

(20)

Nonzero output condition leads us to choose
in (20) and to insert this into (19), which can be
rearranged as1
Fig. 6. Distributed resonator with two reﬂective ends and different standing
wave formation for pump and signal.

(21)
for

III. STANDING-WAVE PARAMETRIC OSCILLATOR:
A FREQUENCY DIVIDER
Parametric oscillation occurs when the parametric ampliﬁcation compensates the loss of a resonator at the resonance frequency. Here, we use this concept to demonstrate a frequency
divider by considering the pump as the input signal. Fig. 6 shows
the structure of the proposed parametric oscillator. It consists
of two transmission lines with four phase-matched LC sections
that are tied at both ends. Oscillation starts from the ambient
thermal noise of the resonator when the pump is strong enough
to compensate the loss. Any arbitrary thermal noise pair on the
differential transmission lines can be represented as the sum of
common-mode and differential components. However, only differential component grows by traveling back and forth between
two reﬂective ends through the degenerate parametric ampliﬁcation since the phase match is achieved as shown in Fig. 4. On
the other hand, the common-mode component is suppressed due

(22)
where a threshold input pump amplitude is given by
(23)
At the resonator end where the pump is injected, the relation
th round-tripped pump amplitudes,
between th and
and
, is
(24)
is the round-trip length of the resonator. In the steady
where
state,
,
linearly increases
for
by inserting
into
with
(19). However,
becomes constant with
once a
1The steady-state solution turns out to be unconditionally stable from nonlinear stability theory.
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Fig. 7. Calculated output amplitude versus input amplitude. (a) Effect of loss represented by different quality factors at 10 GHz. (b) Effect of nonlinearity repre25 GHz,
20 GHz,
50 ,
50 ,
).
sented by C/V slope . (

parametric oscillation starts for
an oscillation threshold, (24) becomes

. Hence, beyond
(25)

Combining (23) and (25),

is reduced to
(26)

From (22) and (26), the steady-state amplitude of the output
signal becomes
(27)
where
(28)
Note that
is a steady-state amplitude of a traveling
wave in one direction and that the measured voltage at output
node is the superposition of forward and backward waves,
forming a standing wave. Therefore, the output voltage measured at
is
where
for a
resonator length of
.
So far, we assumed that the pump is perfectly reﬂected back
at both ends of the resonator. However, we connect the external
signal source with a ﬁnite output impedance,
, at one end
of the resonator to supply a pump. This ﬁnite output impedance
makes the input-side reﬂection coefﬁcient, , smaller than 1,
thereby resulting in additional loss of pump. As a result, we need
to introduce an effective pump loss
to replace
which
solely comes from the transmission-line loss. The pump roundtrip loss including the additional loss due to imperfect reﬂection
can be expressed by
(29)
(30)
where

is the input-side reﬂection coefﬁcient given by
(31)

and is the characteristic impedance of each transmission line.
It is noted that the differential oscillation signal does not see the
signal source impedance due to the virtual ground.
Fig. 7 shows the calculated output amplitude versus the input
with
. To invesamplitude based on (27) after replacing
tigate the effect of the loss and the nonlinearity, we change the
quality factor of the transmission line and varactor C/V slope .
As expected from (28), the oscillation threshold decreases as the
resonator loss decreases and the nonlinearity of the varactor increases. However, the slope of the output amplitude versus input
amplitude varies in a different way: while lower loss still gives
higher slope, the high nonlinearity results in lower slope due to
the higher pump depletion. In a real system, additional losses
from vias and interconnects decrease the effective quality factor
of the line, and the parasitic capacitance around transmission
lines decreases the nonlinearity. These nonideal effects require
careful attention to layout.
The lower part of Fig. 6 shows different standing-wave formations inside the resonator for pump and 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. With the reﬂection at both ends, the signal forms a
standing wave with minimum amplitudes at both ends. On the
other hand, the pump forms a
standing wave with maximum
amplitudes at both ends. The higher modes for pump and signal
are suppressed by the cutoff frequency of the resonator.
The oscillation frequency is determined by the standing-wave
formula
(32)

where is the physical length of the transmission line, is the
spacing between two adjacent nodes, and is the number of sections of the resonator. The varactor capacitance per unit section
is approximated by its average value, . Equation (32) can be
rearranged to
(33)
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The loop gain at a given oscillation frequency in a resonator with
sections is roughly
(34)
This equation shows that the loop gain at a ﬁxed oscillation
frequency does not depend on the number of sections. In our
design, we set to be four for a small footprint and reasonable
attenuation especially for the pump signal. Another reason for
having four sections is that we can exploit the different standingwave formations for pump and signal to suppress the pump frequency at the output.
There are three possible nodes for taking the signal out of
the resonator as shown in Fig. 6. provides the maximum amplitude for both pump and signal, and the pump signal will be
ﬁltered out only if the output signal is taken differentially from
the two transmission lines. However, we need an extra low-pass
ﬁlter for a single-ended output at . On the other hand, or
can suppress the pump even for the single-ended output thanks
to the standing-wave formation. The down side is a lower signal
amplitude compared with . is more appropriate for the suppression of the pump than , because the amplitude imbalance
between forward and backward waves due to the loss is smaller
in this node. In addition, the external connection for the output
adds a parasitic conductance to the resonator, resulting in extra
loss. The power dissipation caused by the additional conduc, which is proportional to the square
tance is
of the pump amplitude. Therefore, connecting the output port
at leads to the maximum loss in the pump amplitude, and it
raises the threshold voltage and decreases the amplitude of the
signal.
The remaining challenge is how to inject pump power into
the resonator effectively. For pump, the resonator is simply two
parallel open-ended transmission lines with a length of . The
input impedance looking into one end of the resonator is [20]
(35)
(36)
(37)
is the characteristic impedance of each transmission
where
line and
is the resonator quality factor at the pump frequency. The input impedance becomes purely real at the resonance frequency and its harmonics. By selecting the right value
for the characteristic impedance for a given quality factor, one
can achieve the input matching without an additional matching
in our design is around 7 in a
network. Considering that
of 50
provides a good input
0.13- m CMOS process,
match to a 50- source according to (37).
IV. COMMENTS ON PHASE-NOISE PERFORMANCE
One of the main advantages of our design is a better phasenoise performance than the conventional injection-locked frequency dividers. In an LC oscillator where transistors are used
for sustaining oscillation, the channel noise makes the main contribution to the phase noise [22]. Although the phase noise of
the injection-locked frequency divider tracks that of the injected

Fig. 8. Simulated phase noise for an input frequency of 20 GHz using Spectre.

signal at low offset frequencies, the excess noise from the divider degrades the phase noise back to the level of a free-running LC oscillator at higher offset frequencies [6]. Our design
does not have any transistors, thus guaranteeing that it has a low
phase-noise ﬂoor [23].
The other interesting point is that our frequency divider has
high spectral purity because of its phase-selection property, as
shown in (14). Start-up noise such as a thermal noise grows by
the degenerate parametric ampliﬁcation for a pump power over
the threshold. The degenerate parametric ampliﬁcation picks a
limited noise component to be ampliﬁed in terms of phase and
frequency. This is because the degenerate parametric ampliﬁcation works only for
and a speciﬁc initial phase difference between signal and pump as we discussed in Section II.
Fig. 8 shows the simulated phase-noise performance using
Spectre in a 0.13- m CMOS process. The phase-noise difference between input and output is 6 dB over simulation frequencies, which agrees with an ideal value,
dB, for a divide-by- frequency divider [24].
V. DESIGN AND MEASUREMENT
We design a 20-GHz frequency divider based on the parametric oscillator in a 0.13- m CMOS process. First, we set
the cutoff frequency of the resonator for maximum gain as discussed in Section II. In our design, this optimum value is 25
GHz that determines the product of the inductance and capacitance. The number of sections is set to four as discussed before.
These values for the section number and the cutoff frequency
guarantee a resonant frequency of 10 GHz. Then, the dispersion
compensation capacitor is determined by phase-matching condition between the pump and the signal. The phase matching
can be veriﬁed by making sure that the resonance frequency of
is exactly at 20 GHz. Without the dispersion compensation,
has a resonance frequency lower than 20 GHz. Finally, depending on the magnitude of the input matching, the characteristic impedance can be selected which gives the ratio of inductance and capacitance. A buffer is added to the output node as
shown in Fig. 9. Note that the buffer is only needed for testing
purposes using a 50- load. The
of the buffer transistor adds
parasitic capacitance to the nonlinear transmission line, thereby
decreasing the nonlinearity of an LC section where the output
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Fig. 9. Schematic of the frequency divider with buffer and control voltage for
frequency tuning.

Fig. 11. Die photograph of the chip.

Fig. 10. Varactor capacitance versus bias voltage in a 0.13- m process.

node is placed. However, the use of multiple LC sections alleviates this effect. Moreover, the buffer capacitance does not affect
the operation frequency since it is absorbed into the transmission line. There are two output ports, which give us the option
to have single-ended or differential outputs. The oscillation frequency can be tuned by controlling
through the bias tee
at the input port.
We use ground-shielded spiral inductors with quality factors
of around 20 at 20 GHz. In this design, the inductors are around
510 pH and occupy 100 m 100 m. Accumulation-mode
nMOS varactors are used as voltage-dependent capacitors.
The capacitance versus voltage of these capacitors is shown
in Fig. 10. The ratio of minimum-to-maximum capacitances
is around 3.5, which represents the nonlinearity of the system.
The varactors use the multiﬁnger gate structure to optimize the
nonlinearity and the quality factor simultaneously [25]. For
dispersion compensation capacitors, vertical natural capacitors
(VNCAPs) are used due to their high quality factor [18].
Fig. 11 shows the chip photograph implemented in a 0.13- m
CMOS process. The core area of the die is 0.75 0.32 mm ,
not including pads. As the design frequency increases, the sizes
of the inductors are scaled down and the whole structure can be
made of two parallel transmission lines without spiral inductors.
In other words, this frequency divider can easily ﬁt in the entire
system layout with great ﬂexibility.

Fig. 12. Measured input matching for different control voltages from
0.2 V.

0.4 to

The frequency divider is measured using an Agilent E8257D
signal generator for the pump signal and an Agilent 8564EC
spectrum analyzer. To measure the input matching, an Agilent
E8364B network analyzer is used. We de-embed the loss of all
cables, adapters, bias tees, and probes for a more accurate measurement. The bias current for the buffer is set to be 8 mA from
a 1.2-V power supply.
is measured to investigate the input matching while
changing the control voltage. As shown in Fig. 12, our frequency divider has a reasonable matching performance of
dB over 18–22 GHz.
Next, the single-ended output spectrum is measured against
the input (pump) amplitude as shown in Fig. 13. For an input
amplitude below the threshold, the output spectrum only shows
the input frequency,
. However, as the input amplitude increases beyond the threshold, the
component appears and
grows with the input amplitude. Note that the output spectrum
at the input frequency stays almost constant as the input amplitude increases, which means that most of the input energy over
component. This can be
the threshold is transferred to the
also predicted by (20). In addition, the proposed standing wave
formation leads to the suppression of the input frequency at the
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Fig. 13. Measured single-ended output spectrum for the input amplitude of (a)
(
).

single-ended output. A
component is also generated by
nonlinear coupling between
and
components. The harmonics higher than
are negligible due to the resonator
cutoff frequency.
The output amplitude versus the input amplitude is simulated and measured in Fig. 14. The measured input threshold
is around 400 mV, while the simulated value is 300 mV. The
slope of the output amplitude versus input amplitude in the measurement is higher than that of the simulation. This difference
can be explained by Fig. 7(b). The drop in the nonlinearity
caused by the parasitic capacitances (which are linear) increases
both the threshold and the slope simultaneously, while some additional loss also contributes to the increase in the threshold.
The output amplitude increases with the input amplitude over
the threshold following a square-root relation as explained in
(27). The 600-mV input amplitude results in a 300-mV singleended output amplitude (600-mV differential output) due to its
high-frequency conversion efﬁciency as well as the standing
wave formation. The calculation result is also plotted in Fig. 14
to verify the analysis in Section III. All of the parameters for
calculation, including quality factors and varactor nonlinearity,
are extracted from the Cadence simulation and the simulated

300 mV (

1841

), (b)

Fig. 14. Output amplitude at

440 mV (

), and (c)

versus input amplitude at

600 mV

.

transfer function of the output buffer is included for accurate
comparison.
The efﬁciency of the frequency conversion is simulated in
terms of pump depletion ratio, which is deﬁned as the ratio of the
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Fig. 15. Simulated pump depletion ratio for investigation of the frequency conversion efﬁciency.
Fig. 16. Measured second and third harmonic suppression ratio at the singleended output.

drop in the pump power to the injected pump power after parametric oscillation. Pump depletion occurs because parametric
oscillation results in power transfer from the pump to the signal.
As the power is transferred, the level of the pump amplitude
on the resonator decreases. Therefore, the higher pump depletion means more efﬁcient frequency conversion. However, there
are some backconversion processes which drop the efﬁciency.
The sufﬁciently grown signal at
generates the second harmonic at
, which returns the power back to the pump. Besides the backconversion by the second harmonic generation,
the interaction between signal and pump generates
component. Then, the interaction between
and
components increases the
component through nondegenerate parametric ampliﬁcation [21]. In Cadence simulation, the pump depletion is found to be 45% as shown in Fig. 15. To exclude the
nonlinearity of the buffer, the pump amplitude is simulated before the buffer. The harmonic suppression ratio at the singleended output is also measured as shown in Fig. 16. The suppression ratio for the second ( ) and third (
) harmonics
are more than 16 dB due to the standing-wave formation and the
resonator cutoff frequency that is lower than
. Transient
signals are also measured for single-ended and differential outputs using an Agilent 86100C digital communication analyzer
with 80-GHz bandwidth as shown in Fig. 17.
We measure the threshold voltages over input frequencies
for different control voltages to ﬁnd the tunability as shown
in Fig. 18. This result demonstrates a wide tuning range from
18.5 to 23.5 GHz (24%). As the control voltage departs from
zero, the C/V slope of the varactor reduces due to the change
of the varactor operation regime as shown in Fig. 10. As a result, the effective nonlinearity decreases, thereby increasing the
threshold voltage. In addition, the dispersion compensation capacitor is still ﬁxed with the change of the varactor, resulting in
some phase mismatch. This is another reason for the increased
threshold voltage. The increased threshold voltage might limit
the use of the proposed frequency divider for low power applications. However, this can be addressed by optimizing the resonator structure and/or increasing the nonlinearity of the varactor: a standing-wave formation can be exploited to maximize
the quality factor of the resonator by spatially manipulating the

Fig. 17. Measured output waveform for a 20 GHz input.

characteristic impedance [26]. In addition, we can increase the
since the varactor cavaractor nonlinearity by increasing
pacitance is the series combination of the
and voltage-dependent channel capacitance[27]. The CMOS process scaling
can result in this desired increase.
For a ﬁxed varactor bias, the operation bandwidth is relatively small, which is another limiting factor of the proposed
frequency divider. Basically, the proposed structure is a wavebased oscillator and the round-trip phase is equal to at the oscillation frequency which is half of the pump frequency. When
this frequency is the resonant frequency of the structure, the oscillation signal and its nonlinear interaction term with the pump
should have the same phase to maintain the round-trip phase of
. This leads to
in (14), which gives the maximum
parametric gain. However, when the divide-by-two frequency is
deviated from the resonant frequency, the pump selects a signal
phase for oscillation that is different from the nonlinear interaction term. The vector sum of the signal and the nonlinear interaction term results in a certain phase shift to satisfy the round-trip
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A. Comparison With Digital Frequency Dividers

Fig. 18. Measured threshold versus input frequency for different control voltages.

Digital frequency dividers can be also implemented using dynamic latches to achieve no static power consumption. However,
the dynamic latch has a long time constant due to the switching
, and parasitic capacitance of the MOSFET, reresistance,
quiring a rail-to-rail input to minimize the resistance [29]. This
is why current-mode logic (CML) latches are commonly used
for high-frequency frequency division above 10 GHz despite
their high power consumption [30]. Therefore, the proposed frequency divider can operate at higher frequencies than a dynamic
latch frequency divider although both of them have no static
power consumption. In addition, the fan-out capacitance, which
comes from the buffer or the next stage, can slow down the
digital frequency divider [29]. On the other hand, the proposed
structure can absorb the fan-out capacitances to the transmission line structure to increase the operation frequency. However,
the digital frequency divider, which does not use the resonator
structure, provides broader operation bandwidth than the proposed structure.
B. Application in a PLL

Fig. 19. Measured phase noise for signal generator and frequency-divider
output.

phase condition. The deviation from
leads to lower
parametric gain, thereby increasing the threshold.
Fig. 19 shows the measured phase noise. The phase noise difference between input and output is around 6 dB over a wide
range of the offset frequency, which agrees with the simulation
result shown in Fig. 8. Above 1-MHz offset frequency, the noise
ﬂoor of the spectrum analyzer becomes dominant and the measured phase noise difference decreases.
VI. DISCUSSION
Here, we provide comparisons between the proposed frequency divider and a digital frequency divider with no static
power consumption in terms of the operation speed. Additionally, we discuss the application of the proposed frequency
divider in a PLL and its advantages over other types of the
frequency dividers.

Comparing to Miller frequency dividers and injection-locked
frequency dividers, which support a high frequency division, the
proposed frequency divider has simpler structure with no static
power consumption. This is critical since the overall power consumption of a PLL is dominated by the ﬁrst few dividers above
10 GHz [1]. Moreover, the absence of active devices alleviates
the phase noise contribution in a PLL, caused by the ﬂicker noise
and white noise ﬂoor [31].
The distributed structure of the proposed frequency divider
is also advantageous for its use in a PLL to cover a large area
of clock distribution network. Wiring differential transmission
lines in a clock distribution network can be turned into the proposed frequency divider simply by placing the varactors with
appropriate spacing and by connecting both ends. However, the
narrow input bandwidth for a ﬁxed varactor bias should be improved for reliable operation while the proposed frequency divider can be still useful as one of the ﬁrst few frequency dividers
in a PLL [32].

VII. CONCLUSION
We propose the ﬁrst passive CMOS frequency divider based
on the parametric ampliﬁcation process using a reﬂective distributed resonator. The input signal injected into the resonator
transfers its energy into a divide-by-2 frequency component
through degenerate parametric ampliﬁcation. By traveling back
and forth in the resonator, the signal grows and ﬁnally achieves
the steady-state oscillation at a divide-by-2 frequency. Not
having any active devices to sustain oscillation has two important advantages: no static power consumption and low phase
noise. Furthermore, the reﬂective distributed resonator forms
different standing waves for signal and pump, which is exploited to suppress the pump at the output as well as to increase
the signal amplitude. Finally, the proposed divider occupies
more chip area compared to the conventional designs unless it
is implemented as part of the clock distribution network.
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