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SYSTEMS AND METHODS FOR
SUPPRESSING EVEN HARMONICS IN A
MOLECULAR CLOCK

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C.
§ 119 of provisional patent application No. 62/916,945 filed
on Oct. 18, 2019, which is hereby incorporated by reference
herein in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with Government support
under Grant No. ECCS1653100 and ECCS1809917
awarded by the National Science Foundation. The Govern-
ment has certain rights in the invention.

BACKGROUND

[0003] Electronic devices require highly stable, portable,
and energy-efficient reference signal sources which can
provide a reference signal having a stable output frequency
(such reference signal sources are sometimes simply
referred to as “reference sources” or “clocks”). Such a clock
is described in U.S. Pat. No. 10,739,728, filed on Dec. 27,
2018 and entitled “Molecular Clock,” the content of which
is hereby incorporated by reference in its entirety. This type
of molecular clock and implementation methods are also
described in the following publications, the content of which
is hereby incorporated by reference in their entirety: C.
Wang, X. Yi, J. Mawdsley, M. Kim, Z. Wang, R. Han, “An
on-chip fully-electronic molecular clock based on sub-tera-
hertz rotational spectroscopy,” Nature Electronics, Vol. 1,
No. 7, pp. 1-7, July 2018; C. Wang, X. Yi, J. Mawdsley, M.
Kim, Z. Hu, Y. Zhang, B. Perkins, R. Han, “Chip-Scale
Molecular Clock”, IEEE Journal of Solid-State Circuits
(JSSC), Vol. 54, No. 4, pp. 914-926, April 2018; and C.
Wang, X. Yi, M. Kim, Y. Zhang, and R. Han, “A CMOS
Molecular Clock Probing 231.061-GHz Rotational Line of
OCS with Sub-ppb Long-Term Stability and 66-mW DC
Power,” 2018 Symposium on VLSI Circuits (VLSI), Hono-
lulu, Hi., 2018, pp. 113-114.

[0004] Electronic systems in navigation, telecommunica-
tion network synchronization and various sensing (e.g. mag-
netometry) applications typically utilize high performance
clocks to help ensure proper operation. The use of a high
performance clock can be particularly important in equip-
ment which may operate in environments in which a global
positioning system (GPS) signal is not available (e.g. under-
water sensors). In portable equipment other clock features
such as compact size and high energy efficiency become
increasingly more important.

SUMMARY

[0005] Described herein is a molecular clock system that
includes a spectrometer and an even harmonic eliminator
that, in some instances, is a N-path notch filter. The need for
an even harmonic eliminator is due to the baseband gain
GBB limitations present as a result of the existence of
even-order harmonics. Using a N-path notch filter to filter
out the even-order harmonics can also enable the gain, GBB,
to be boosted by 20 dB as the modulated spectral signal is
processed by the 8-path N-path notch filter. The even
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harmonic eliminator can be fully integrated on-chip due to
the high-impedance buffer stages with NMOS feedback of
the N-path notch filter. In some instances, the system also
includes a low-pass filter used to filter out up-converted
frequency components generated as a result of the 2 fm
clock frequency of the even harmonic eliminator.

[0006] According to one aspect of the present disclosure,
a molecular clock includes: a waveguide gas cell containing
gas molecules having a rotational spectral line with a first
frequency; a voltage-controlled oscillator (VCO) to generate
a clock signal; a transmitter referenced to the clock signal to
generate a probing signal for transmission through the
waveguide gas cell; and a receiver to receive the probing
signal transmitted through the waveguide gas cell and inter-
acting with gas molecules. The receiver can include: a filter
circuit configured to filter out even harmonic components
from the received signal; and a lock-in detector to generate
an error signal indicating an offset between the first fre-
quency and the second frequency, wherein the error signal is
fed back to control generation of the VCO clock signal.

[0007] Insome embodiments, the filter circuit comprises a
N-path notch filter. In some embodiments, the N-path notch
filter comprises an input buffer and an output buffer. In some
embodiments, the input buffer and output buffer each com-
prise a transconductance amplifier. In some embodiments,
the input buffer and output buffer each comprise a high
impedance buffer. In some embodiments, the N-path notch
filter comprises multiple switches, each switch configured to
oscillate at a frequency equal to twice a modulation fre-
quency of the spectrometer. In some embodiments, the
gaseous molecules comprise gaseous molecules having a
linear structure, such as carbonyl sulfide compound (OCS).

[0008] According to one aspect of the present disclosure,
a molecular clock includes: a waveguide gas cell having a
radio frequency (RF) input port, a RF output port and a gas
inlet and outlet; a spectrometer configured to wavelength
modulate a spectral signal from gaseous molecules con-
tained within the waveguide gas cell; and a filter circuit
configured to filter out even harmonic components from the
wavelength modulated spectral signal.

[0009] Insome embodiments, the gaseous molecules com-
prise gaseous molecules having a linear structure, such as
carbonyl sulfide compound (OCS). In some embodiments,
the carbonyl sulfide compound OCS is provided having a
rotational spectrum in the frequency range of about 12 GHz
to about 1 THz or in the range of about 200 GHz to about
300 GHz. In some embodiments, the spectral signal from the
gaseous molecules comprises a rotational spectral line. In
some embodiments, the filter circuit comprises a N-path
notch filter. In some embodiments, the N-path notch filter
comprises an input buffer and an output buffer. In some
embodiments, the input buffer and output buffer each com-
prise a transconductance amplifier. In some embodiments,
the input buffer and output buffer each comprise a high
impedance buffer. In some embodiments, the N-path notch
filter comprises multiple switches, each switch configured to
oscillate at a frequency equal to twice a modulation fre-
quency of the spectrometer. In some embodiments, the
molecular clock can include a low-pass filter configured to
remove up-converted frequency components from the spec-
tral signal.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The manner of making and using the disclosed
subject matter may be appreciated by reference to the
detailed description in connection with the drawings, in
which like reference numerals identify like elements. Ref-
erence characters introduced in a figure may be repeated in
one or more subsequent figures without additional descrip-
tion in the detailed description in order to provide context for
other features of the described embodiments.

[0011] FIG. 1 is a schematic diagram of a molecular clock,
account to some embodiments of the present disclosure.
[0012] FIG. 2 is a plot illustrating an envelope of a
modulated probing signal interacting with gaseous mol-
ecules within a molecular clock.

[0013] FIG. 3 shows dispersion curves for several har-
monics of a modulated probing signal interacting with
gaseous molecules within a molecular clock.

[0014] FIG. 4 is a plot illustrating a fifth order dispersion
curve, which includes a zero-crossing point that the molecu-
lar clock locks onto.

[0015] FIG. 5is a schematic diagram of a molecular clock
configured to surpass even harmonics, account to some
embodiments of the present disclosure.

[0016] FIG. 6 illustrates a schematic of a harmonics filter
that can be used within a molecular clock, account to some
embodiments of the present disclosure.

[0017] FIG. 7 is a plot of a small baseband response to the
harmonics filter of FIG. 6.

[0018] FIG. 8 is a plot of a large baseband response to the
harmonics filter of FIG. 6.

[0019] The drawings are not necessarily to scale, or inclu-
sive of all elements of a system, emphasis instead generally
being placed upon illustrating the concepts, structures, and
techniques sought to be protected herein.

DETAILED DESCRIPTION

[0020] Reference is sometimes made herein to a wave-
guide gas cell operable with a carbonyl sulfide compound
(OCS). It should be appreciated that such reference is made
only to promote clarity in the description of the concepts
sought to be protected and are not intended to be and should
not be construed as limiting. Those of ordinary skill in the
art will appreciate that the molecular clock described herein
may be implemented via any gas with molecules having a
rotational spectrum of linear polar molecules. Reference is
also sometimes made herein to '°02C32S. Again, such
reference is made only to promote clarity in the description
of the broad concepts described herein. After reading the
description herein, those of ordinary skill in the art will
appreciate that that other isotopes, may of course, also be
used. For example, alternative isotopes include, but are not

limited to '°OC?3S, 1°0'1C*S, 0'C*3S  and
18012C328.
[0021] Mechanical oscillators, such as crystal oscillators

(e.g. quartz crystal oscillators) and microelectromechanical
systems (MEMS) oscillator have been widely adopted to
provide a high performance clock in systems where GPS is
not available. Although excellent in short-term stability,
such mechanical oscillators suffer from long-term frequency
drift due to disturbances from the environment, such as
temperature variation and mechanical vibration. This leads
to instability well beyond the parts per billion (10~°) level.
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[0022] Molecular clocks can be used to address the defi-
ciencies in various oscillators. These molecular clocks can
be highly stable time-based generators that stabilize electri-
cal oscillation by locking onto the rotational energy level
transition frequency of polar gaseous molecules such as
Carbony! Sulfide. Such atomic clocks can take advantage of
advances in silicon microelectronic technology that enable
on-chip integration of millimeter-wave/terahertz (THz)
spectroscopic systems, and use such technology to create
low-cost, low-power, miniaturized clocks. These clocks can
reference a set of frequency bases, i.c., rotational-state
transitions of gaseous polar molecules, and in particular,
rotational-state transitions of gaseous polar molecules in the
sub-THz region. Such a clock is able to generate a highly
stable clock signal and achieve frequency stability charac-
teristics which are the same as or similar to those achieved
using a chip-scale atomic clock (CSAC). In many instances,
these molecular clocks can use a rotational spectral line of
gaseous molecules in sub-THz region.

[0023] Referring to FIG. 1, a molecular clock 100 includes
a transmitter 102, a waveguide gas cell 104, a receiver 106,
and baseband circuitry 108. The transmitter 102 includes an
RF voltage-controlled oscillator (VCO) 110 and transmit
circuitry 112. VCO 110 is configured to generate a clock
signal 114 having a frequency £, (e.g., f.,,.,=80 MHz). In
some embodiments, VCO 110 may be provided as a voltage-
controlled crystal oscillator (VCXO). VCO 110 can be
controlled by a control signal 138 (V_ ). VCO 110 may be
subject to various types of noise (e.g., phase noise) which is
represented in FIG. 1 by noise signal 142 with noise
spectrum density V,, that is added to control signal 138
(V,,) to generate a “noisy” VCO control signal 140, as
shown.

[0024] Transmit circuitry 112 can include circuit compo-
nents to generate a probing signal 116 having a center
frequency f. (e.g., £~231.061 GHz). The probing signal
center frequency, f,, may be selected to approximately
match the frequency, f,, of a rotational spectral line of OCS
or another gas molecule contained within gas cell 104 (e.g.,
£,=231.060983 GHz in the case of OCS). Probing signal 116
can be modulated using, for example, wavelength modula-
tion or frequency-shift keying (FSK) with modulation fre-
quency f,, and frequency deviation Af. One or more com-
ponents of transmit circuitry 112 can be referenced to the
clock signal 114 provided by VCO 110.

[0025] Waveguide gas cell 104 includes an RF input port
coupled to an output port of transmitter 102 and an RF
output port coupled to an input port of receiver 106. In some
embodiments, the gas cell 104 input/output port can be
provided as chip-to-waveguide transitions using quartz
probes. Gas cell 104 may contain gaseous molecules having
a linear structure, such as OCS molecules. Gas cell 104 may
include gas inlet and outlet ports via which gas can be
pumped into and out of the gas cell 104. The gaseous
molecules within gas cell 104 have a rotational spectral line
with frequency f,. The probing signal 116 passes through
gas cell 104 and interacts with the gaseous molecules therein
to generate an RF output signal 118.

[0026] Turning briefly to FIG. 2, plot 200 illustrates how
a probing signal 202 with center frequency f., modulation
frequency f,, and frequency deviation Af can generate
envelope fluctuation, V_, (t), 204 due to the absorption
profile (Lorentz shape) of the rotational spectral line 206. A
frequency offset (f.—f;,) can lead to an absorption imbalance
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and cause envelope fluctuation (at f,,). As will be described
further below, such fluctuations can be used to generate an
error voltage in the receiver 106 and, in turn, establish a
dynamic frequency compensation for VCO 110.

[0027] Referring again to FIG. 1, receiver 106 includes
receive circuitry 120, a square-law detector 122, a low-noise
amplifier (LNA) 124, and a lock-in detector 126. Receive
circuitry 120 in combination with square-law detector 122
can include circuit components to down-convert the RF
output signal 118 to generate a baseband signal 128. Base-
band signal 128 is sometimes referred to herein as the
envelope signal, V_,,,(t). Receive circuitry 120 can include
other components to process the RF output signal 118
including, for example, a band-pass filter to filter out
unwanted frequency components of the RF output signal
118. It should be noted that there are at least two possible
configurations for receive circuitry 120: one for heterodyne
detection, which requires mixing with an external local
oscillator; and another for square-law detection, which
requires self-mixing. In the illustrative embodiment of FIG.
1, receiver 106 implements square-law detection 122 and,
thus, an external local oscillator signal is not needed. LNA
124 can amplify the baseband signal 128 with gain Gz, and
the amplified baseband signal 130 can be provided to lock-in
detector 126. In some embodiments, LNA 124 can be
provided as a low-noise folded-cascade operational ampli-
fier (op-amp).

[0028] Lock-in detector 126 can process the amplified
baseband signal 130 to generate a receiver output signal (or
“error signal”’) 132 having a voltage which indicates the size
and offset of the frequency offset (f.~f,). Lock-in detector
126 can be referenced to the transmitter modulation fre-
quency, f,,. For example, transmit circuitry 112 can provide
a modulation reference output signal which lock-in detector
126 can compare with amplified baseband signal 130 to
determine the size and offset of the frequency offset. An
illustrative lock-in detector that can be used within molecu-
lar clock 100 is shown and described in “A CMOS Molecu-
lar Clock Probing 231.061-GHz Rotational Line of OCS
with Sub-ppb Long-Term Stability and 66-mW DC Power,”
2018 Symposium on VLSI Circuits (VLSI), Honolulu, Hi.,
2018, pp. 113-114. Transmitter 102 and/or receiver 106 may
be subject to various types of noise which is represented in
FIG. 1 as a transceiver noise signal 134 with noise spectrum
density of V, , that is added to output signal (V) 132 to
generate a “noisy” error signal 136.

[0029] Baseband circuitry 108 includes circuitry to pro-
cess the noisy error signal 136 to generate the VCO control
signal 138. In the example of FIG. 1, baseband circuitry 108
includes an amplifier 144 to gain adjust (G,) the noisy
error signal 136 and a low-pass filter comprising resistor 146
and capacitor 148. The VCO control signal 138 provided as
output of baseband circuitry 108 is fed back to transmitter
VCO 110, thereby establishing frequency locking within the
molecular clock 100 and providing a highly stably clock
signal 114.

[0030] Transmitter 102, receiver 106, and baseband cir-
cuitry 108 may be collectively function as a spectrometer
that wavelength modulates a probing signal which interacts
with gaseous molecules contained within the waveguide gas
cell 104.

[0031] By utilizing rotational spectral lines of gaseous
molecules, molecular clock 100 may be capable of achiev-
ing frequency stability characteristics which are the same as

Apr. 22,2021

or similar to those achieved using a chip-scale atomic clock
(CSAS). In some instances, molecular clock 100 can utilize
a rotational spectral line of gaseous molecules in the sub-
THz region. A molecular clock using frequencies in the
sub-THz range can achieve a relatively compact gas cell
since the size of the gas cell is proportional to the wave-
length. It should, however, also be appreciated that the
rotational lines can be distributes from the microwave range
of frequencies to the THz frequency range (GHz~THz), and
most of the frequencies within these ranges can be used by
molecular clock 10.

[0032] In some embodiments, molecular clock 100 can
use molecules which remain in the gas phase under a wide
temperature range; these types of molecules do not require
atom evaporation carried out by a gas cell heater or other
mechanism and typically used in conventional atomic clocks
for alkali evaporation. Instead, molecular clock can be
substantially instantaneously “turned-on” thereby enabling
the molecular clock to provide a real-time response while
eliminating the need for a gas cell heater and reducing the
size of molecular clock 100.

[0033] In some instances, molecular clock 100 can
achieve an absolute line width of about 1 MHz which is on
the order of 1,000 times that of a CSAC and has a loop
bandwidth of about 100 kHz. Such a relatively wide loop
bandwidth produces a molecular clock that is largely unaf-
fected by vibration.

[0034] Turning to FIG. 3, by scanning f_ around spectral
line center f, and monitoring the frequency components of
V,,.(1) at different harmonic frequencies, dispersion curves
with different harmonic indexes can be obtained. For
example, dispersion curve 301 may correspond to a first
order harmonic (N=1), dispersion curve 302 may correspond
to a second order harmonic (N=2), dispersion curve 303 may
correspond to a third order harmonic (N=3), dispersion
curve 304 may correspond to a fourth order harmonic (N=4),
dispersion curve 305 may correspond to a fifth order har-
monic (N=5), and dispersion curve 306 may correspond to
a sixth order harmonic (N=6).

[0035] It is appreciated herein that a zero-crossing point
exists at the spectral line center (f=f.), and only exists for
dispersion curves having odd order harmonics (e.g., N=1, 3,
5, etc.). For even order harmonics (e.g., N=2, 4, 6, etc.), a
peak output voltage exists at the same location. To achieve
a molecular clock with locking, a dispersion curve with an
odd order harmonic must be used. In such a dispersion
curve, the spectral line center contains not only the ampli-
tude but also the phase information, which can be used to
determine the frequency difference between the probing
signal and spectral line center. Once this frequency differ-
ence is determined, a corresponding frequency adjustment
can be conducted for clock stabilization.

[0036] The open-loop gain of a disclosed molecular clock
can be determined as:

Gopen-toop=KyK,-Gpp'Gpc>>0 1
where:

[0037] K, is the response of transmitter, K =(f —f,)/
AV 4, and has units Hz/V;

[0038] K, is the response of receiver excluding base-
band amplifier, K,=V,/(f.-1,), and has units V/Hz;
[0039] Gy is the gain at the baseband amplifier which

amplifies the envelope signal V_,,,, (t); and 1

[0040] Gp is the DC gain.

env



US 2021/0119635 Al

[0041] For a precise frequency locking loop, the open-
loop gain G,,,,, 1., should be sufficiently high, e.g. on the
order of 10*. Given that K, and K, are constant for a fixed
setup, only G and G, can be adjusted. A higher gain at
Ggp is preferred to G, because large input DC offset
voltage drift of G, due to temperature can lead to long-
term clock drift. While locking onto an odd order dispersion
curve, the signal amplitude of an even order dispersion curve
is at the maximum. If a high gain is put on G, the amplifier
is easily driven to saturation and nonlinearity and higher
noise can appear. The gain Gy is therefore limited by the
signal amplitude of even harmonic frequency components at
the baseband. Because of the peak signal amplitude of
even-order harmonics at spectral line center, a disclosed
molecular clock which locks onto odd-order harmonics has
limited gain at Gz5. As a result, it is necessary to put a higher
gain on G, instead of G5 thereby leading to a demanding
requirement on the input DC offset voltage drift of DC gain
stages Gp.. Accordingly, to improve the accuracy and
stability of a molecular clock, even order harmonics of the
modulated probing signal should be suppressed to realize a
higher gain on Ggg.

[0042] Of note, there exists two major noise sources in a
molecular clock such as clock 100 of FIG. 1: (1) the phase
noise of VCXO with an input referred noise spectrum
density of V, ,; and (2) the noise of transceiver with a noise
spectrum density of V, . Both of the noise sources are
reduced (and ideally, entirely suppressed) by the open loop
gain G, after locking, if located within the loop bandwidth.
By assuming that the noise spectrum density V, , dominates,
the short-term Allan deviation o, of the molecular clock may
be expressed by the slope of measured dispersion curve K,
and the noise spectrum density V,,, as follows:

v, Ky 2)

Vr K- fo Q-SNR-T

oy(1) =

In which:
[0043] = is the averaging time;
[0044] £, represents the spectral line center;
[0045] K, is a constant, which depends upon the

selected harmonics (e.g. if the fundamental dispersion,
N=1, is selected, K,~0.2);

[0046] Q is a quality factor of the spectral line; and
[0047] SNR is the signal to noise ratio of the spectral
line.
[0048] The quality factor of spectral line is defined as
quality 1Y

Q=f,/FWHM, where { is the center frequency and FWHM
is the full width at half maximum. The quality factor is
determined by several mechanisms including, but not lim-
ited to: (1) the natural linewidth, due to disturbance of
zero-point vibration of electromagnetic fields, is around 0.1
Hz (Q=10'?) for the sub-THz band; and (2) under low
pressure, Doppler effect from the Brownian motion causes
spectral-line broadening.

[0049] As shown in Equation 2, by assuming a Lorentz
line profile, the short-term Allen deviation o), can also be
expressed as the product of quality factor Q and SNR. For
a fundamental dispersion curve, K;=0:2. Thus, there exists
a concomitant relationship between the value of the SNR-
quality factor Q product and short-term frequency stability.
Specifically, the higher the value of the product of SNR and
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quality factor Q, the better the short-term frequency stability
characteristic of the clock signal.

[0050] In addition, the SNR decreases by 6 dB as the
harmonic number N increases by two (2), due to the reduc-
tion of signal amplitude of the harmonic vis-a-vis the
amplitude of the fundamental. Thus, a molecular clock
locking to the fundamental dispersion curve produces a
clock signal having a short-term stability characteristic
which is better than a short-term stability characteristic of a
clock signal produced by a molecular clock locking to a
harmonic dispersion curve.

[0051] However, high order harmonic dispersion curves
are also not trivial, which exhibit better long-term stability
due to the improved symmetry. In general, the symmetry of
the spectral line is negatively affected by the frequency
non-flatness of the probing system (i.e. the transmitted (TX),
receiver (RX) and gas cell), which will deteriorate the
long-term stability of the clock due to environment varia-
tions. However, the non-flatness of the probing system is
smoother than the absorption of spectral line. As a result,
locking onto a high order dispersion curve (e.g., N=5)
instead of the fundamental dispersion curve, the effect of
mentioned non-flatness will be reduced, but the signal from
spectral line itself still stays significant. Then, better long-
term stability may be achieved. FIG. 4 shows an illustrative
plot 400 having a fifth order dispersion curve 402, which
includes a zero-crossing point 404 that a molecular clock
(e.g., clock 100 of FIG. 1) can lock onto.

[0052] FIG. 5 shows an example of a molecular clock 500
configured to surpass even harmonics, account to some
embodiments of the present disclosure. The structure and
operation of molecular clock 500 of FIG. 5 may be similar
to that of molecular clock 100 of FIG. 1 and, for simplicity
of explanation, like reference numerals identify like ele-
ments between these figures.

[0053] The illustrative molecular clock 500 includes a
harmonics filter 150 coupled between the square-law detec-
tor 122 and the baseband LNA 124 of the receiver 106.
Harmonics filter 150 is configured to receive the (pre-
amplified) baseband signal 128 and to generate a filtered
baseband signal 152 wherein even harmonic components are
suppressed (and ideally eliminated). The filtered baseband
signal 152 can then be fed to the baseband LNA 124, as
shown. In some embodiments, harmonics filter 150 may be
implemented “on-chip,” meaning it can share the same
silicone with other components of the receiver 106, such
baseband LNA 124.

[0054] FIG. 6 shows an example of a harmonics filter 600
that can be implemented, for example, within the molecular
clock of FIG. 5. Harmonics filter 600 can be used to
eliminate the even harmonic components at gain Gz stages.
In contrast to some conventional notch filters, filter 600 can
be used without using external capacitance. Harmonics filter
600 can function as a low-pass, high-pass, or bandpass filter
to select the desired RF channels such as RF channels
associated with odd-order harmonics of a dispersion curve
as discussed herein.

[0055] Harmonics filter 600 includes an input port 602
configured to receive an input signal (e.g., baseband signal
128 in FIG. 5) and an output port 606 configured to provide
a filtered output signal (e.g., filtered baseband signal 152 in
FIG. 5). Input port 602 is coupled to an input buffer 604 and
an output port 606 coupled to an output buffer 608. In some
instances, buffers 604, 608 (or “differential gain stages™) can
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be provided as high-impedance amplifiers capable of ampli-
fying or attenuating an input signal prior to filtering. In other
instances, buffers 604, 606 can be provided as transconduc-
tance amplifiers.

[0056] In the embodiment of FIG. 6, input buffer 604 can
include a transconductance cell 620, a first transistor 622a,
and a second transistor 622b. Transconductance cell 620
includes a first input terminal 620a coupled to a positive
terminal of input port 602 and to a source terminal of first
transistor 622a, and a second input terminal 6205 coupled to
anegative terminal of input port 602 and to a source terminal
of second transistor 6225. Transconductance cell 620 further
includes a first output terminal 620c¢ coupled to a drain
terminal of first transistor 622a, and a second output termi-
nal 620d coupled to a drain terminal of second transistor
6225.

[0057] Also in the embodiment of FIG. 6, output buffer
608 can include a transconductance cell 640, a first transistor
640a, and a second transistor 6405. Transconductance cell
640 includes a first input terminal 640a coupled to a source
terminal of first transistor 640q, and a second input terminal
6405 coupled to a source terminal of second transistor 6425.
Transconductance cell 640 further includes a first output
terminal 640c¢ coupled to a drain terminal of first transistor
642a and to a positive terminal of output port 606, and a
second output terminal 6404 coupled to a drain terminal of
second transistor 64256 and to a negative terminal of output
port 606.

[0058] Transconductance cells 620, 640 can each have a
gain, g, that can be chosen such that the input referred noise
of harmonics filter 600 is lower than that of the molecular
clock lock-in detector (e.g., detector 126 of FIG. 5). That is,
a transconductance cell gain, g,,, can be chosen based on the
input referred noise of an op-amp located between the
harmonics filter and the lock-in detector (e.g., op-amp 124
of FIG. 5).

[0059] An N-path notch filter 610 connects the input and
output buffers 604, 608. N-path notch filter 610 can include
a plurality of switches 650a, 6505, etc. (650 generally)
configured to periodically oscillate between states (e.g.,
from open to closed, and vice-versa) at a predetermined
switching frequency. In some embodiments, switches 650
are configured to oscillate at a frequency 2f, , where f,, is the
modulation frequency of the molecular clock in which filter
600 is used. The N-path notch filter 610 can have a differ-
ential structure, with N switches connected to a positive
branch and N switches connected to a negative branch (for
a total of 2N switches). On each branch, the switches may
oscillate in non-overlapping manner (i.e., on a given branch,
the phases of the N switches may be staggered between 0
and 360 degrees).

[0060] Inthe example of FIG. 6, N-path notch filter 610 is
an 8-path notch filter with eight (8) switches 650a-650/ on
the positive branch and eight (8) switches 650i-650p on the
negative branch. The positive branch switches 650a-650/
are connected in parallel, each having a first terminal
coupled to output terminal 620c of transconductance cell
620 and a second terminal coupled to input terminal 640a of
transconductance cell 640. The positive branch switches
650a-650/ can be configured to have respective phases O,
45, 90, 135, 180, 225, 270, and 315 degrees. The negative
branch switches 650i-650p are connected in parallel, each
having a first terminal coupled to output terminal 6204 of
transconductance cell 620 and a second terminal coupled to
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input terminal 64056 of transconductance cell 640. The
negative branch switches 650i-650p can be configured to
have respective phases 0, 45, 90, 135, 180, 225,270, and 315
degrees.

[0061] Switches 650 can be a field effect transistor, a
metal-oxide field effect transistor, or any other type of
transistors or switches. Each switch may be coupled in series
with a capacitor, as shown. In some embodiments, the
capacitors used in conjunction with the switches 650 can be
10 pF capacitors that consist of overlapping metal-insulator-
metal and metal-oxide-metal capacitors. It should be appre-
ciated that the capacitors can have any value suitable for
achieving the described N-path notch filtering.

[0062] Harmonics filter 600 can be fully integrated on-
chip. In order to ensure sharp notch filtering at the even-
order harmonic frequencies, and substantially no filtering at
the odd-order harmonic frequencies, the buffers 604, 608
can have a high input impedance. In some embodiments,
transistors 622a, 6225, 640a, 64056 may be provided as
NMOS transistors serving as feedback resistors to achieve a
high input impedance.

[0063] In some instances, harmonics filter 600 can be
implemented on a 65 nm complementary metal-oxide-semi-
conductor (CMOS) process. The design of the filter 600 can
be such that it eliminates even-order harmonics of V_, (1)
with a modulation frequency, f,,=100 kHz. In such a design,
the clock frequency of the N-path notch filter is twice the
modulation frequency, or 2f, =200 kHz. In other instances,
a 2.5V device can be used for larger off-state resistance.

[0064] In still other embodiments, the harmonics filter 600
can include a low-pass filter positioned after the output
buffer 608. This low-pass filter can be configured to remove
the up-converted frequency components generated as a
result of the 2 fm clock frequency of the harmonics filter
600. In other instances, this low-pass filter is not included in
the harmonics filter 600 (even harmonic eliminator) and
included within the molecular clock 100 in the forward path
from the output buffer 608 of harmonics filter 600.

[0065] Illustrated in FIGS. 7 and 8 are respective plots of
small signal and large signal baseband responses to harmon-
ics filter 600.

[0066] In the small signal response of FIG. 7, the gain at
the modulation frequency, f,,, is approximately 18.1 dB
higher than the 2"¢ harmonic at 2f,. For the small signal
response of FIG. 7, there is approximately a 59.88 dB gain
at 100 kHz or f,,. For the large signal response of FIG. 8
(Vin=2 mV), the 2"¢ harmonic rejection achieves 21.7 dB.
For the large signal response of FIG. 8, there is approximate
a47.5 dB gain at 100 kHz or f,,,, and the response is achieved
by using 2f,, (200 kHz) with a 2 mV interference. These
responses demonstrate that the ability of the N-path filter
600 to filter out even-order harmonics is less affected by the
gain compression. In particular, the proposed filter 600 can
reasonably reject all high order even harmonic components.
Therefore, by using the proposed harmonics filter 600 which
locks onto the odd-order harmonic dispersion curves for the
molecular clock feedback loop, the even-order harmonic
components can be significantly suppressed. Additionally,
even-order harmonics can be up-converted to high frequen-
cies by the fast switching of 2f,, clock frequency of the
harmonics filter 600 (even harmonic eliminator). Eliminat-
ing the even-order harmonics can ensure a clean output
spectrum.
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[0067] In the foregoing detailed description, various fea-
tures are grouped together in one or more individual
embodiments for the purpose of streamlining the disclosure.
This method of disclosure is not to be interpreted as reflect-
ing an intention that each claim requires more features than
are expressly recited therein. Rather, inventive aspects may
lie in less than all features of each disclosed embodiment.
[0068] The disclosed subject matter is not limited in its
application to the details of construction and to the arrange-
ments of the components set forth in the following descrip-
tion or illustrated in the drawings. The disclosed subject
matter is capable of other embodiments and of being prac-
ticed and carried out in various ways. As such, those skilled
in the art will appreciate that the conception, upon which this
disclosure is based, may readily be utilized as a basis for the
designing of other structures, methods, and systems for
carrying out the several purposes of the disclosed subject
matter. Therefore, the claims should be regarded as includ-
ing such equivalent constructions insofar as they do not
depart from the spirit and scope of the disclosed subject
matter.

[0069] Although the disclosed subject matter has been
described and illustrated in the foregoing exemplary
embodiments, it is understood that the present disclosure has
been made only by way of example, and that numerous
changes in the details of implementation of the disclosed
subject matter may be made without departing from the
spirit and scope of the disclosed subject matter.

[0070] All publications and references cited herein are
expressly incorporated herein by reference in their entirety.

1. A molecular clock comprising:

a waveguide gas cell containing gas molecules having a
rotational spectral line with a first frequency;

a voltage-controlled oscillator (VCO) to generate a clock
signal;

a transmitter referenced to the clock signal to generate a
probing signal for transmission through the waveguide
gas cell; and

a receiver to receive the probing signal transmitted
through the waveguide gas cell and interacting with gas
molecules, the receiver comprising:

a filter circuit configured to filter out even harmonic
components from the received signal; and

a lock-in detector to generate an error signal indicating
an offset between the first frequency and the second
frequency, wherein the error signal is fed back to
control generation of the VCO clock signal.

2. The molecular clock of claim 1, wherein the filter

circuit comprises a N-path notch filter.

3. The molecular clock of claim 2, wherein the N-path

notch filter comprises an input buffer and an output buffer.

4. The molecular clock of claim 3, wherein the input

buffer and output buffer each comprise a transconductance
amplifier.

5. The molecular clock of claim 3, wherein the input

buffer and output buffer each comprise a high impedance
buffer.
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6. The molecular clock of claim 2, wherein the N-path
notch filter comprises multiple switches, each switch con-
figured to oscillate at a frequency equal to twice a modula-
tion frequency of the spectrometer.

7. The molecular clock of claim 1, wherein the gaseous
molecules comprise gaseous molecules having a linear
structure.

8. The molecular clock of claim 7, wherein the gaseous
molecules having a linear structure are provided as carbonyl
sulfide compound (OCS).

9. A molecular clock comprising:

a waveguide gas cell having a radio frequency (RF) input

port, a RF output port and a gas inlet and outlet;

a spectrometer configured to wavelength modulate a
spectral signal from gaseous molecules contained
within the waveguide gas cell; and

a filter circuit configured to filter out even harmonic
components from the wavelength modulated spectral
signal.

10. The molecular clock of claim 9, wherein the gaseous
molecules comprise gaseous molecules having a linear
structure.

11. The molecular clock of claim 10, wherein the gaseous
molecules having a linear structure are provided as carbonyl
sulfide compound (OCS).

12. The molecular clock of claim 11, wherein the carbonyl
sulfide compound (OCS) is provided having a rotational
spectrum in the frequency range of about 12 GHz to about
1 THz.

13. The molecular clock of claim 11, wherein the carbonyl
sulfide compound (OCS) is provided having a rotational
spectrum in the frequency range of about 200 GHz to about
300 GHz.

14. The molecular clock of claim 9, wherein the spectral
signal from the gaseous molecules comprises a rotational
spectral line.

15. The molecular clock of claim 10, wherein the filter
circuit comprises a N-path notch filter.

16. The molecular clock of claim 15, wherein the N-path
notch filter comprises an input buffer and an output buffer.

17. The molecular clock of claim 16, wherein the input
buffer and output buffer each comprise a transconductance
amplifier.

18. The molecular clock of claim 16, wherein the input
buffer and output buffer each comprise a high impedance
buffer.

19. The molecular clock of claim 15, wherein the N-path
notch filter comprises multiple switches, each switch con-
figured to oscillate at a frequency equal to twice a modula-
tion frequency of the spectrometer.

20. The molecular clock of claim 9, comprising a low-
pass filter configured to remove up-converted frequency
components from the spectral signal.
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