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MOLECULAR CLOCK

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/623,214 filed Jan. 29, 2018 which
is incorporated by reference herein in its entirety.

GOVERNMENT RIGHTS

[0002] This invention was made with Government support
under Grant Nos. FA8702-15-D-0001 and PO 7000376241
awarded by the U.S. Air Force, and Grant No. ECCS-
1653100 awarded by the National Science Foundation. The
Government has certain rights in the invention.

BACKGROUND

[0003] As is known in the art, electronic devices (includ-
ing mobile electronic devices) require highly stable, por-
table, and energy-efficient reference signal sources which
provide a reference signal having a stable output frequency
(such reference signal sources are sometimes simply
referred to as “reference sources” or “clocks”™).

[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 is particularly important in equipment
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.

[0005] Mechanical oscillators, such as crystal oscillators
(e.g. quartz crystal oscillators) and microelectromechanical
systems (MEMS) oscillator have been widely adopted to
fulfill such demands. Although excellent in short-term sta-
bility, 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
(107°) level.

[0006] To address such problems, atomic clocks have been
used. Atomic clocks lock onto the electron transition fre-
quency of atoms. By locking onto the electron transition
frequency of atoms, an atomic clock improves the long-term
frequency stability. Outstanding long-term stability may be
achieved by atomic clocks, such as those using cesium
133Cs, rubidium 8”Rb, and hydrogen atoms, which lock the
clock signals to electron transition frequencies. Most of
these clocks are, however, power hungry and bulky.
[0007] Chip-scale atomic clock (CSAC) technology min-
iaturizes conventional atomic clocks based upon coherent
population trapping (CPT). Chip-scale atomic clocks opti-
cally probe the hyperfine-state transition of alkali metal
atoms and thus can provide excellent long-term stability via
a small physical dimension. Using optical coherent popula-
tion trapping (CPT), chip-scale atomic clocks (CSAC) suc-
cessfully realized clock miniaturization.

[0008] As one example, the SA.45s CSAC achieves a
frequency stability (expressed as Allan deviation, (o,) of
3.0x107*° for a short-term averaging time T of 1 s and
1.0x107 for a long-term T of 10° s. It consumes a DC
power of 120 mW and occupies a volume of 16 cm?>.
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[0009] However, CSACs involve complicated construc-
tion of electro-optic components and hence have a high cost,
which hinders their wide applications. The hyperfine tran-
sitions used in CSACs is also sensitive to external electric/
magnetic fields, which therefore necessitates dedicated
shielding in the alkali gas cell for long-term stability.
Another disadvantage of such CSACs is the long “start-up”
time (~several minutes), which resultant from the alkali-
metal evaporation and related thermal stabilization.

[0010] Lastly, an electronic servo loop inside a clock
typically have a maximum loop bandwidth limited by the
absolute linewidth of the spectrum under probing, which is
down to kHz-level for CSACs. The resultant low bandwidth
(hence slow response time) of the servo loop degrades the
capability of correcting fast-changing frequency deviations
caused by, for example, clock vibration.

[0011] During 1940s to 1970s, the inversion spectrum of
ammonia had also been actively exploited as a source of
clock references. The inversion of NH3 is essentially vibra-
tional-mode motion, resultant from a Nitrogen atom going
through a barrier formed by three Hydrogen atoms under a
quantum-mechanical tunneling effect. In 1977, an Allan
deviation of 2x107*° for T7=10° s was reported by using a
spectral line (J-K=3-3) of NH; at 23.8 GHz. Due to the use
of a gas cell waveguide with large dimension (half centi-
meter for single-mode propagation) and length (due to the
weak absorption), miniaturization of ammonia clocks is
infeasible. Nevertheless, its fully-electronic operation sig-
nificantly simplifies the clock implementation. And since
ammonia molecules remain in gas phase for a wide tem-
perature range, the clock can be turned on from cold
instantaneously, which is critical for many real-time appli-
cations. Lastly, the higher loop bandwidth due to larger
linewidth enhances the stability of ammonia clock under
mechanical vibration and shock.

SUMMARY

[0012] In accordance with an aspect of the concepts
sought to be protected herein, it has been recognized that
advances in silicon microelectronic technology have
enabled on-chip integration of millimeter-wave/terahertz
(THz) spectroscopic systems. It has also been recognized In
accordance with an aspect of the concepts sought to be
protected herein that there exist opportunities of realizing
low-cost, low-power, miniaturized clocks referencing a set
of frequency bases never before used, namely: rotational-
state transitions of gaseous polar molecules, and in particu-
lar, rotational-state transitions of gaseous polar molecules in
the sub-THz region.

[0013] Thus, in accordance with the concepts, systems and
techniques sought to be protected herein, a molecular clock
which utilizes a rotational spectral line of gaseous mol-
ecules. Such a clock is able to generate a highly stable clock
signal. Such a clock is also capable of achieving frequency
stability characteristics which are the same as or similar to
those achieved using a chip-scale atomic clock (CSAS). In
embodiments, a molecular clock utilizes a rotational spectral
line of gaseous molecules in sub-THz region.

[0014] Preferably, molecules remain in gas phase under a
wide temperature range are used since such molecules do
not require no atom evaporation (i.e. a gas cell heater
typically utilized in traditional atomic clocks for alkali
evaporation, as noted above, is not required). With this
approach, a molecular clock which can be instantaneously
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“turned-on” is provided. This instant turn-on characteristic
makes the molecular clock described herein suitable for use
in numerous applications which require a real-time
response. Eliminating the need for a gas cell heater thus
enables a molecular clock having the aforementioned instan-
taneous “turn-on” feature and also leads to a reduction in
size.

[0015] In embodiments, a molecular clock provided in
accordance with the concepts described herein are able to
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 results in a molecular clock which is robust under
vibration.

[0016] Furthermore, due to the use of gaseous molecules
having a linear structure within a waveguide gas cell, the
molecular clock described herein is insensitive to electro-
magnetic field variation, which results in hyperfine energy
level splitting. A molecular clock having enhanced robust-
ness to electric/magnetic-field disturbance and a high-speed
close-loop adjustment of frequency error, results in a clock
having a timing stability which is higher than conventional
clocks.

[0017] Lastly, in an embodiment, complementary metal
oxide semiconductor (CMOS) technology may be used to
provide a chip-scale integrated molecular clock.

[0018] In accordance with a further aspect of the concepts
described herein, a rotational-mode molecular clock based
upon the absorption spectrum of carbonyl sulfide
(*°0'2C*2C) is described. In one embodiment, Allan devia-
tions of 2.2 x107'* for an averaging time of T=10° s were
measured by probing a harmonic of the carbonyl sulfide
spectral dispersion curve.

[0019] In an embodiment, a 65-nm complementary metal-
oxide-semiconductor (CMOS) silicon integrated circuit (IC)
molecular clock (i.e. a molecular clock chip) is coupled to a
waveguide gas cell. In an embodiment, the CMOS IC is
provided as a 65-nm CMOS IC and the waveguide gas cell
is provided as a compact sub-THz waveguide gas cell
having a measured Allan deviation o, of 3.8 x107'° (t=10°
s) and a DC power consumption of 66 mW. These results
demonstrate a monolithic integration of an “atomic-clock-
grade” frequency reference in mainstream on-chip systems
used in a variety of different applications including, but not
limited to, navigation, communication and sensing applica-
tions (that is, using a molecular clock provided in accor-
dance with the concepts describe herein an “atomic-clock-
grade” frequency reference source may be embedded in
standard electronic systems on a monolithic silicon chip
with an external gas cell coupled thereto).

[0020] In view of the above it should now be appreciated
that a new physical mechanism—i.e. a rotational spectrum
of linear polar molecules may be utilized for clock genera-
tion (e.g. carbonyl sulfide °0'2C32S, for example in sub-
THz region of 200-300 GHz). It should, of course, be
appreciates that other gaseous molecules having a linear
structure may be used and that operation in other RF
frequency ranges (e.g. frequency ranges below 200 GHz) is
possible and in some applications may be preferred or even
necessary.

[0021] In contrast to the hyperfine transitions used in
conventional atomic clocks, the rotational spectral lines of
OCS can be probed in a fully-electronic manner and have a
low g-factor of about 0.03 (as opposed to g-factor of about
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2 for conventional atomic clocks). Hence, molecular clocks
provided in accordance with the concepts described herein
are more robust to external magnetic field than conventional
clocks.

[0022] Furthermore, compared to ammonia clocks,
molecular clocks described herein have a resonance with a
higher quality factor and absorption intensity, which enables
better short-term frequency stability. In addition, because of
the much smaller wavelength of sub-THz signal, the volume
of'the gas cell required by molecular clocks described herein
is reduced to volume levels in the range of cubic centimeters
(cm®), thereby resulting in a clock which occupies an
area/volume which is small compared with area/volume
occupied by conventional clocks having similar perfor-
mance characteristics (i.e. the concepts described herein
result in clock miniaturization).

[0023] Also described are studies for the rotational spec-
trum of OCS and two clock prototypes. In an instrument-
based molecular clock prototype, utilizing a high order
harmonic dispersion curve of a rotational spectral line, an
Allan deviation comparable with that of a CSAC and ten
(10) times better than that achieved with ammonia clocks
has been measured. The molecular clocks described herein
also share the fast “start-up” feature of ammonia clocks,
since OCS also keeps gas phase above -50° C. In one
embodiment, the achieved time-domain response of a
molecular clock provided in accordance with the concepts
described herein is 1000 times faster than a CSAC, which
results in excellent frequency stability even under a vibrat-
ing environment as well as other environments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The foregoing features may be more fully under-
stood from the following description of the drawings in
which:

[0025] FIG. 1 is a block diagram of a molecular clock
locking to a zero-crossing point of a dispersion curve (FIG.
1A);

[0026] FIG. 1A is a plot of a dispersion curve;

[0027] FIG. 2 is a block diagram of a molecular clock;
[0028] FIG. 3 is a block diagram of a molecular clock;
[0029] FIG. 4 a block diagram of a molecular clock;
[0030] FIG. 5 is a perspective view of a waveguide gas
cell;

[0031] FIG. 5A is a plot of measured S parameters (S11
and S21) of a gas cell vs. frequency;

[0032] FIG. 5B is a plot of transmission of a gas cell vs.
frequency;
[0033] FIG. 5C is a plot of transmission vs. frequency of

measured Doppler limited line width of OCS at {,=267.
530239 GHz using a Cylinder gas cell (FWHM=534 kHz)
and a WR4.3 rectangular waveguide gas cell (FWHM=573
kHz) under pressure of 1 Pascal and RF power of 1 uW.
[0034] FIG. 6 is a block diagram of a fractional-N phase-
locked loop (PLL) for a transmitter, such as the transmitter
used in the system of FIG. 1;

[0035] FIG. 7, is a schematic diagram of a receiver, such
as the receiver used in the system of FIG. 1;

[0036] FIG. 8 is plot of measured phase noise vs. fre-
quency;
[0037] FIG. 8A is plot of receiver noise equivalent power

(NEP) vs. frequency;
[0038] FIG. 9 is an illustration of a packaged CMOS
molecular clock module;
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[0039] FIG. 9A is a isometric view of an illustrative
waveguide gas cell;

[0040] FIG. 9B is a plot of a measured dispersion curve
having a signal-to-noise ratio (SNR) of 445 or 53 dB using
a molecular clock module of FIG. 9;

[0041] FIG. 10 is a plot of measured instantaneous fre-
quency of a closed-loop clock and free running VCXO vs.
time for a molecular clock module;

[0042] FIG. 10A is a plot of measured Allen Deviation vs.
averaging time for a molecular clock module;

[0043] FIG. 11 is a plot of intensity vs. frequency which
illustrates a simulated absorption coefficient within 0.1-1
THz of Carbonyl sulfide (*°0*2C32S, blue) and Ammonia
(**N'H,, red) under pressure of 10 Pascal;

[0044] FIG. 12 is plot of transmission vs. frequency at
injected RF power of 0.1 pW with a measured line profile at
f, versus pressure in a WR4.3 waveguide gas cell;

[0045] FIG. 13 is plot of peak absorption vs. frequency at
injected RF power of 0.1 uW;

[0046] FIG. 14 is plot of transmission vs. frequency at an
injected RF power of 1 uW;

[0047] FIG. 15 is plot of peak absorption vs. frequency at
injected RF power of 1 uW with a measured line profile at
f0 versus injected RF power in a WR4.3 waveguide gas cell
with an OCS pressure of 5 Pascal;

[0048] FIG. 16 is plot of simulated Allen deviation vs.
pressure with T=1 s and an assumed RF power of 10 uW;

[0049] FIG. 17 is plot of Allen deviation vs. frequency
with an assumed OCS pressure of 5 Pascal, an assumed
noise temperature (T, ) of a heterodyne receiver of
2.97x10* K or a noise figure (NF) of 20 dB and an assumed
noise equivalent power (NEP) of a homodyne receiver of
100 pWH/Hz;

[0050] FIG. 18 is a plot of transmission vs. frequency
using wavelength modulation spectroscopy (WMS) and an
instrument based molecular clock and illustrates probing the
rotational spectral line of OCS (£=267.530 GHz) using
WMS;

[0051] FIG. 18A is a plot of power vs. frequency (power
spectrum) of a sub-THz signal with RF power of =13 dBm,
modulation frequency of f,,=100 kHz and frequency devia-
tion of Af=1 MHz;

[0052] FIG. 19 is a series of plots of measured fundamen-
tal, 3’ harmonic, and 5% harmonic dispersion curves of
267.530 GHz spectral line of OCS with an OCS pressure of
10 Pascal;

[0053] FIGS. 20-20B are a series of plots illustrating
measured instantaneous frequency and overlapping Allan
deviation. The measured instantaneous frequency of the
instrument based molecular clock locking onto fundamental,
3’ harmonic and 5% harmonic dispersion curves of 267.530
GHz spectral line of OCS are shown in 22, 22(a) and 22(b),
respectively. The RF power is =13 dBm. The OCS pressure
is 10 Pascal; and

[0054] FIGS. 20C-20E show the respective measured
overlapping Allan deviations.

DETAILED DESCRIPTION

[0055] Before describing a molecular clock which utilizes
a rotational spectral line of gaseous molecules to generate a
reference signal, some introductory information is provided.
Reference is sometimes made herein to a waveguide gas cell
operable with a carbonyl sulfide compound (OCS). It should
be appreciated that such reference is made only to promote
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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 some-
times made herein to '°0'2C32S. 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
16012C338, 16012C34S, 16ol3c32s and 18012C328.

[0056] Referring now to FIG. 1, a molecular clock 10
includes a radio frequency (RF) signal source 12 (here
illustrated as a voltage-controlled crystal oscillator (VCXO)
which provides a clock signal having a frequency f,,.., at an
output thereof.). The phase noise of signal source 12 is
represented as a noise source (“VCXO Noise”) having an
input referred noise spectrum density denoted as V.
Signals from the noise source and baseband circuitry, having
a transfer characteristic as shown in FIG. 1A, are combined
to produce a signal V., which is provided to the RF signal
source VCXO.

[0057] The signal source 12 provides an RF signal having
a frequency fvexo to a transmitter circuit (1x) 14 which may
process the signal provided thereto by amplifying, frequency
shifting (e.g. upconverting or multiplying and/or downcon-
verting), or otherwise processing the RF input signal pro-
vided thereto. Transmitter circuit Tx provides an RF transmit
signal a frequency fc at an output thereof. An output port of
the transmitter circuit Tx is coupled to an RF input of a gas
cell 16. An illustrative gas cell will be described in detail
herein below. Suffice it here to say that gas cell utilizes
gaseous molecules having a linear structure such that the
molecular clock utilizes a rotational spectral line of such
gaseous molecules to generate a reference signal having a
high degree of stability as will become apparent from the
description herein below.

[0058] A molecular clock utilizing rotational spectral lines
of gaseous molecules is capable of achieving frequency
stability characteristics which are the same as or similar to
those achieved using a chip-scale atomic clock (CSAS). In
embodiments to be described below, a molecular clock
utilizes a rotational spectral line of gaseous molecules in the
sub-THz region. It should of course be appreciated that
frequencies selected from other than the sub-THz frequency
range (e.g. higher or lower than the sub-THz range) may also
be used. It should be appreciated that one may choose to
provide a molecular clock in the sub-THz range to achieve
a relatively compact gas cell (since the size of the gas cell
is proportional to the wavelength). It should, however, also
be appreciated that the rotational lines distribute from the
microwave to the THz frequency range (GHz~THz) and
most frequencies have the potential to be used in the clock.
[0059] Preferably, molecules which remain in gas phase
under a wide temperature range are used since such mol-
ecules do not require atom evaporation (e.g. a gas cell heater
typically utilized in conventional atomic clocks for alkali
evaporation, as noted above, Is not required). Rather with
the approach described herein, a molecular clock which can
be instantaneously “turned-on” is provided. This instant
turn-on characteristic makes the molecular clock described
herein suitable for use in numerous applications which
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require a real-time response. Thus, eliminating the need for
a gas cell heater enables a molecular clock having the
aforementioned instantaneous “turn-on” feature and also
leads to a reduction in size.

[0060] In embodiments, a molecular clock provided in
accordance with the concepts described herein are able to
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 results in a molecular clock which is robust under
vibration.

[0061] An RF output of the gas cell is coupled to an input
of an RF receiver circuit (Rx) 18. Receiver circuit Rx
receives RF signals from the gas cell, appropriately pro-
cesses (e.g. down-converts or detects e.g. via a square law
detector) the RF signals provided thereto and provides a
receiver output signal (e.g. a baseband signal) at an output
thereof. It should be noted that there are two possible
configuration for the receiver RX. One for heterodyne
detection, which needs mixing with an external local oscil-
lator, and another for square-law detection, which performs
just self-mixing. In the illustrative embodiment of FIG. 1,
the receiver Rx implements square law detection (thus no
local oscillator signal is required). The receiver output signal
(e.g. an intermediate frequency (IF) signal) includes receiver
noise which is here schematically illustrated as being added
to the receiver output signal via a receiver noise source. The
receiver output signal is provided to a baseband circuit 20
where the signal is gain adjusted and filtered (here with a
low pass filter characteristic) and fed back to signal source
12.

[0062] In one illustrative embodiment, a sub-THz signal is
generated by the VCXO (which may include, for example,
a frequency multiplier chain). The receiver receives the
signals fed thereto and generates a signal having a frequency
corresponding to frequency difference between the carrier
frequency of a probing signal f, and f, which signal is
converted to an error signal V,. Frequency locking is then
established by feeding the error signal V, back to an input of
the VCXO after amplification (with gain of G) and low-pass
filtering via baseband circuit 20. Thus, the open loop gain at
DC denoted as G, may be determined as:

Gpe=K, K, -G>>1

In which:
[0063] K, is the transfer response of the signal source

VCXO andv transmitter circuit;

[0064] K, is the K, is the slope at the zero-crossing point
(FIG. 1A, £-f0=0), which stands for the sensitivity of the
system to the frequency deviation between the spectral line
center and current clock frequency; and

[0065]

[0066] It should be noted that there exists two major noise
sources in the system of FIG. 1: (1) the phase noise of
VCXO with an input referred noise spectrum density of
V o and (2) the noise of sub-THz 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:

(Eq. 1)

G corresponds to the baseband gain.
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7 Vor-K, f, O-SNR-T

In which:

[0067] = is the averaging time;

[0068] {, represents the spectral line center;

[0069] K, is a constant, which depends upon the selected
harmonics (e.g. if the fundamental dispersion (N=1) is
selected, K,~0.2);

[0070] Q is a quality factor of the spectral line; and
[0071] SNR is the signal to noise ratio of the spectral line.
[0072] The quality factor of spectral line is defined as

2 =f/FWHM, where f, 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 (2~10"%) for the sub-THz band; and (2) under low
pressure, Doppler effect from the Brownian motion causes
spectral-line broadening.

[0073] 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
quality factor Q, the better the short-term frequency stability
characteristic of the clock signal.

[0074] In addition, the SNR decreases by 6 dB as the
harmonic number N increases by 2, due to the reduction 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 hav-
ing a short-term stability characteristic which is better than
a short-term stability characteristic of a clock signal pro-
duced by a molecular clock locking to a harmonic dispersion
curve.

[0075] 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, fortunately, the non-flatness of the probing
system is much smoother than the absorption of spectral
line. As a result, locking onto a high order dispersion curve
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 is expected.

[0076] Referring now to FIG. 2, an illustrative embodi-
ment of a molecular clock 30 includes a voltage controlled
crystal oscillator 32 (VCXO) which generates a 10 MHz
reference signal and provides the reference signal to an input
of a transmit RF signal generator 34 (i.e. an RF transmit
signal source). The RF transmit signal source provides an
RF output signal to the input of a multiplier (or upconverter)
circuit 36 (which may, for example be implemented as a
so-called multiplier chain). Multiplier circuit receives the
RF signal provided thereto from the RF source at a first
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frequency and provides at an output thereof a second RF
signal at a higher frequency (i.e. a multiple of the frequency
of'the RF input signal). In embodiments, the multiplier chain
transmitter fed by the VCXO generates an output signal
having a frequency in the sub tera Hertz (sub-THz) fre-
quency range.

[0077] The output of the multiplier chain transmitter is
coupled to an input of a waveguide gas cell 38. In one
embodiment, the waveguide gas cell is provided as a rect-
angular waveguide appropriate for operation in the sub-THz
frequency range (e.g. a WR4.3 gas cell). The waveguide gas
cell includes a gas inlet/outlet through which waveguide gas
cell receives molecules having a rotational spectrum of
linear polar molecules.

[0078] An example of one such molecular structure is a
carbonyl sulfide compound (OCS) having a rotational spec-
trum of linear polar molecules in millimeter-wave and
terahertz frequency ranges. An OCS has a characteristic of
having a low temperature coefficient and robustness against
external magnetic fields. In one embodiment, a carbonyl
sulfide compound having a rotational spectrum of linear
polar molecules in the sub-terahertz (THz) frequency range
is used. In one illustrative embodiment, the rotational spec-
tral line (J=19<-18, £,=231.060983 GHz) of OCS is chosen.
In other embodiments, other gases may be used including
but not limited to CH;CN, SO,, H,O and HCN.

[0079] As will be described in detail further below in
conjunction with FIG. 11, when rotating, the linear OCS
molecule can be approximated as a rigid rotor with quan-
tized rotational energy levels (indicated by quantum number
J). For the transition from energy state J to J+1, the fre-
quency of incident photon should be 4, . =2Bss(J+1),
where B, (=6.081 GHz) is the rotational constant of OCS.
Therefore, the rotation spectrum of OCS comprises of a set
of absorption spectral lines with an equal frequency spacing
of 2B s

[0080] In general, rotational spectral lines of OCS in a gas
cell are described in conjunction with FIGS. 5, 5C and
13-18.

[0081] It should be appreciated that due to the use of
gaseous molecules having a linear structure within a wave-
guide gas cell, the molecular clock described herein is
substantially insensitive to electromagnetic field variation,
which results in hyperfine energy level splitting. A molecular
clock having enhanced robustness to electric/magnetic-field
disturbance and a high-speed close-loop adjustment of fre-
quency error, results in a clock having a timing stability
which is higher than conventional clocks.

[0082] An output of the waveguide gas cell is coupled to
an RF input of a sub-THz heterodyne receiver 40. In this
illustrative embodiment, an Rx RF signal generator 42
provides a local oscillator (LO) signal to an LO input of the
receiver. Thus, the transmitter provides an RF signal to an
RF input of the sub-THz heterodyne receiver (e.g. via the
waveguide gas cell) and the Rx RF signal generator provides
an LO signal to the LO input of the sub-THz heterodyne
receiver. In response to the signals provided thereto, the
sub-THz heterodyne receiver provides an intermediate fre-
quency (IF) signal at an IF output thereof.

[0083] The IF signal produced by the sub-THz heterodyne
receiver has a frequency corresponding to a frequency
difference between the frequency of the RF signal (desig-
nated f,) and the frequency of the L.O signal (designated f,)).
The IF signal is converted to an error signal V,.
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[0084] The IF output of the sub-THz heterodyne receiver
is coupled to an IF low noise amplifier 44 which amplifies
the signal provided thereto and provides a suitably amplified
signal at the IF frequency to a bandpass filter 46 which
appropriately filters the amplified IF signal. The filtered IF
signal is then provided to a detector 48 (which may comprise
a rectifier, for example). The detector produces and envelope
signal which is coupled to an of a lock-in amplifier 50.
[0085] The lock-in amplifier also receives a portion of the
10 MHz clock signal from the VCXO. In response to the
signals provided thereto, the lock-in amplifier generates a
modulation signal (here having a frequency of about 100
kHz—i.e. £,=100 kHz) and which is provided to both an
input of the Tx RF signal generator and to an analog
integrator 52 which integrates the signal provided thereto
and provides a control signal V_,; to a control terminal of the
VCXO.

[0086] Frequency locking is thus established by feeding
the error signal V, back to the crystal oscillator signal source
VCXO after amplification with a low noise amplifier (LNA)
having a gain of G and appropriate filtering (e.g. using a
filter having a low-pass or a band-pass filtering characteristic
to improve frequency selectivity by significantly attenuating
signals at frequencies other than the IF frequency). It should
be appreciated that the illustrative embodiment of FIG. 2
corresponds to a clock prototype, which adopts a filter
having a band pass filter characteristic (i.e. a BPF) for IF
frequency and a filter having filter having a low pass filter
characteristic (i.e. a LPF) for baseband.

[0087] The illustrative embodiment of FIG. 3 on the other
hand, corresponds to a chip-scale prototype, which only
requires a low pass filter. With this configuration, (and as
noted above), the open loop gain at DC may be expressed as:

Gpc=K, K, -G>>1 (Eaq. 1)

in which:

[0088] K, is a transfer response of the transmitter (Tx);
[0089] K, is a transfer response of the receiver (Rx); and
[0090] K, is the slope of a measured dispersion curve (e.g.
as shown in FIG. 1A).

[0091] To test the stability of the VCXO output signal, (i.e.
the clock signal) a portion of the VCXO output signal s
coupled to a first input port of a frequency counter 54 and a
second input port of the frequency counter is coupled to
receive a reference signal Vref having a frequency of 10
MHz from a Rubidium atomic frequency standard signal
source 56. In embodiments, an instantaneous frequency may
be obtained using a frequency counter with a total measure-
ment time of 4000 s (e.g. as shown in FIG. 10A).

[0092] Referring now to FIG. 3 a molecular clock 60
includes a waveguide gas cell 62 having a gas inlet/outlet
624 configured to be coupled to a vacuum pump or any other
a device capable of removing gas molecules from a sealed
volume in order to leave behind a partial vacuum. The
waveguide gas cell is configured to receive gas molecules
having a rotational spectrum of linear polar molecules such
as any of the types described herein. One example of such
a molecular structure is a carbony] sulfide compound (OCS)
having a rotational spectrum of linear polar molecules in
millimeter-wave and terahertz frequency ranges. In one
embodiment, a carbonyl sulfide compound having a rota-
tional spectrum of linear polar molecules in the sub-terahertz
(THz) frequency range is used. In one illustrative embodi-
ment, the rotational spectral line (J=19<-18, {,=231.060983
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GHz) of OCS is chosen. As noted above, in other embodi-
ments, other molecules may be used. The factors to be
considered in selecting a specific molecule to use in a
specific application include, but are not limited to: stability
under environment disturbances (for long-term stability),
sparsity of the adjacent spectral line (for symmetry), absorp-
tion intensity (for SNR) and frequency (for hardware imple-
mentation). After reading the disclosure provided herein,
one of ordinary skill in the art will appreciate how to select
an appropriate molecule and transition lines to suit the needs
of a particular application.

[0093] The waveguide gas cell also include a gas inlet port
63a at which gas molecule are enter the waveguide gas cell
and a gas outlet port 635 at which gas molecule exit the
waveguide gas cell. The waveguide gas cell also includes an
RF input port and an RF output port 64a, 645 cach having
vacuum seal structures provided therein such that gas enter
or exit the waveguide cell through the waveguide cell RF
input and output ports.

[0094] The molecular clock further includes a CMOS
integrated circuit 66 (i.e. a chip) comprising a transmitter 68
and a receiver 70 (and hence the transmitter and receiver are
provided as CMOS circuits). An output of the transmitter is
coupled to the RF input port of the waveguide gas cell
through a chip-to-waveguide transition 72. Similarly the RF
output port of the waveguide gas cell is coupled to an input
of' the receiver through a chip-to-waveguide transition 74. In
this illustrative embodiment, the transmitter includes a delta-
sigma phased lock loop (PLL) with FSK modulation and the
receiver includes a square law detector and lock-in detection
circuitry.

[0095] In an embodiment, the transmitter provides a ref-
erence signal to the receiver (here illustrated as having a
frequency of 16 KHz) and the receiver receives the RF
signal from the waveguide gas cell. In response to the
signals provided thereto, the receiver produces an IF signal
having a frequency corresponding to a frequency difference
between the frequency of the RF signal (designated f,) and
the frequency of the signal provided thereto from the wave-
guide gas cell (designated f,).

[0096] The IF signal is converted to a differential error
signal+/-V, and is coupled to an amplifier 76 (here illus-
trated as an operation amplifier (or Op-Amp) which ampli-
fies the signal provided thereto and provides a suitably
amplified signal at the IF frequency to a filter 78 (which may
have, for example, a low pass or a band pass filter charac-
teristic). The appropriately amplified and filtered signal is
then provided to differential control terminals and differen-
tial crystal oscillator signal source (VCXO) 80 which in turn
provides a feedback signal to the transmitter. Here, the
feedback signal corresponds to an 80 MHz pulse train.
Frequency locking is thus established by feeding the error
signal V, produced by the receiver back to the differential
VCXO after appropriate amplification and filtering.

[0097] The molecular clock further includes a DC bias
signal input through which a DC bias signal is provided to
a power supply 82. The power supply provides power to the
CMOS circuits (e.g. the transmitter and receiver) as is
generally known.

[0098] The molecular clock further includes a control
word signal input through which a digital control word (e.g.
a steam of digital bits) are provided through an interface 84
(e.g. an SPI) to digitally controllable circuits and compo-
nents (e.g. the transmitter and receiver and various compo-
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nents thereof). The frequency of the clock is controlled by
the phase-locked loop, which in some embodiments can be
adjusted with the 40-bit resolution. In other embodiments,
higher or lower resolution may be used (i.e. higher or lower
than 40-bit resolution).

[0099] In embodiments the CMOS chip package may be
implemented in silicon using a conventional 65 nm low
power CMOS process. In embodiments the feedback circuit
and/or the gas cell may also be provided as part of the
integrated circuit.

[0100] Referring now to FIG. 4, a molecular clock 90
which may be the same as or similar to the molecular clock
described above in conjunction with FIG. 3 is shown. The
illustrative molecular clock of FIG. 4 corresponds to a
complementary metal-oxide-semiconductor (CMOS) a
molecular clock.

[0101] In this illustrative embodiment, the waveguide gas
cell contains a carbonyl sulfide compound (OCS) having a
rotational spectrum of linear polar molecules in the milli-
meter through sub-terahertz (THz) frequency ranges. In the
illustrative embodiment, the rotational spectral line
(J=19<-18, £,=231.060983 GHz) of OCS is chosen. In other
embodiments, other gases may be used including but not
limited to CH;CN, SO,, H,O and HCN.

[0102] In this illustrative embodiment, the OCS gas
sample is contained inside a WR4.3 waveguide gas cell 62',
having a length (=140 mm) selected to achieve a signal-
to-noise (SNR) ratio within a desired range of SNR’s. Those
of ordinary skill in the art, after reading the disclosure
provided herein will appreciate how to select such a range.
In embodiments, the length of the waveguide gas cell is
selected to achieve a maximum or near maximum or opti-
mized SNR. Those of ordinary skill in the art, after reading
the disclosure provided herein, will also understand how to
select an appropriate waveguide gas cell (e.g. cross-section
sectional shape, length, width height, etc. . . . ) for use in a
particular application.

[0103] In the example of FIG. 4, a probing signal from a
transmitter Tx (f.=231.061 GHz) is modulated via a fre-
quency-shift-keying (FSK) technique with modulation fre-
quency t,, of 16 KHz (i.e. f,,=16 KHz) and a frequency
deviation Af of 1 MHz (i.e. Af=1 MHz). The intensity of two
sidebands of the FSK signal is then shaped by the line profile
(“shaped meaning being determined by the absorption of the
line profile). Therefore, any frequency errors (defined as the
frequency difference between the frequency of the transmit-
ter signal .. and the frequency of the local oscillator signal
f, provided to the receiver CMOS—i.e. f.—f;) will cause
envelope fluctuation with a period of 1/f,, due to imbalance
of two sidebands.

[0104] The frequency error is converted to the error volt-
age by a square-law detector and lock-in detector at a
frequency of f,, in the receiver Rx. After amplification and
integration, a feedback signal is provided to the differential
voltage controlled crystal oscillator (VCXO) of the trans-
mitter Tx to establish a dynamic frequency compensation
system. It should be appreciated that the transmitter TX in
FIG. 1 may substantially refer to TX RF generator 34 and
multiplier chain 36 of FIG. 2. It also refers to DSM PLL with
FSK modulation. However, as is apparent from the descrip-
tions provided herein, the transmitters TX of FIG. 2 and FIG.
3 are different. However, they serve for the same purpose of
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providing a probing signal at a desired frequency (e.g. a
probing signal having a desired frequency in the GHz-THz
frequency range).

[0105] In an illustrative embodiment, an RF power of 50
uW and OCS pressure of 10 Pascal are chosen to maximize
short-term frequency stability of the molecular clock. In
such an embodiment, measured FWHM and peak absorption
may be about 1.548 MHz and 36.9%, respectively.

[0106] As evident from FIGS. 3 and 4 it is appreciated that
transmit Tx and receive Rx integrated circuits (or “chips”),
may be implemented on the same chip or independently.
Transmit Tx and receive Rx integrated circuits (or “chips”),
may be implemented independently to avoid direct coupling
path of sub-THz signal on chip. The direct coupling path
results in DC level shifting of the dispersion curve and
eventually leads to frequency error. For higher energy effi-
ciency, 231.060983 GHz spectral line (J=19<-18) of OCS is
chosen. Thus, a 224~242 GHz, 40-bit A-X fractional-N
phase-locked loop (PLL) with a frequency resolution of
107'2 is designed for a transmitter Tx. The PLL also per-
forms frequency-shift-keying (FSK) modulation for WMS,
with f,, of 16 kHz and Af of 1 MHz.

[0107] Referring now to FIG. 5, an illustrative metallic
rectangular waveguide gas cell, which may be the same as
or similar to the waveguide gas cells described above in
FIGS. 2 and 3, has an RF input, an RF output and a gas inlet
and outlet. The waveguide gas cell is provided having a
rectangular cross-sectional shape. In an embodiment, OCS is
introduced into the waveguide gas cell. An RF source is
coupled to the RF input and an RF detector is coupled to the
RF output. In one illustrative embodiment, the waveguide
gas cell is provided having dimensions of 1.092x0.546 mm?>
(and thus corresponds to WR-4.3) and a length of 14 cm. The
waveguide gas cell is designed to provide maximum signal
strength, and fits into only 5.6-cm® volume with a meander
profile.

[0108] Referring now to FIGS. 5A and 5B, shown are
measured reflection parameters (S11) and transmission
parameters (S21) (FIG. 5A) of the gas cell of FIG. 5 and the
spectral line (FIG. 5B) with a quality factor of Q=2.6x10°
(Pressure=5 Pascal, Pz~=-20 dBm).

[0109] Referring now to FIG. 5C, curve WGGS illustrates
simulated absorption coefficients within 0.1~1 THz of Car-
bonyl sulfide (*°0*2C>2S, blue) and Ammonia (**N'H,, red)
under pressure of 10 Pascal while curve CGS corresponds to
a measured Doppler-limited linewidth based upon a wide
cylindrical gas cell at room temperature.

[0110] As can be seen by comparing curves WGGS and
CGS, NH; has a 2x lower € due to lighter weight of
molecule. When the gas cell dimension is comparable with
the mean free path of OCS (A,=1.28 mm), the collision
between OCS molecules and the cell wall causes spectral
broadening. Thus the transmission percentage of the cylin-
der gas cell is less that the transmission percentage of
waveguide gas cell. Thus, as can also be seen in FIG. 5C,
collision results in the cylindrical gas cell having a line
width of 573 kHz (2=4.7x10°).

[0111] Referring now to FIG. 6, a fractional-N phase-
locked loop (PLL) for a transmitter, such as any of the
transmitters described above in conjunction with FIGS. 2-4
includes a harmonic oscillator cascaded by a multiplier
chain to generate a probing signal. The embodiment of FIG.
6 illustrates a 224~242 GHz fractional-N phase-locked loop
(PLL) for a transmitter with a 57.8 GHz harmonic oscillator

Aug. 1,2019

cascaded by a multiplier chain to generate the probing
signal. A 40-bit Mash 1-1-1 A-X modulator enables a
frequency resolution of 1072, FSK modulation is performed
by resetting the control word of fractional-N PLL based on
a FSK counter. The f,, and Af of FSK are selectable with a
resolution of 3-bit.

[0112] In an embodiment, the measured output power of
transmitter Tx and the noise equivalent power (NEP) for the
receiver Rx are —20.2 dBm and 0.5 nW/y/Hz, respectively,
including the ~10 dB loss of quartz probe. The passive
integrator and gain unit are put off-chip for the convenience
of loop parameter adjustment.

[0113] Referring now to FIG. 7, on the receive Rx side, a
sub-THz power detector, a low noise operational amplifier
(op-amp) and an on-chip lock-in detector are integrated to
demodulate the probing sub-THz signal. The waveguide-to-
chip transition based upon a waveguide E-plane quartz
probe is designed to bridge the CMOS chip with the WR4.3
waveguide gas cell.

[0114] In embodiments, The receiver includes a transistor
(e.g. an NMOS transistor) biased under sub-threshold and
utilized as a square law power detector. In embodiments, the
receiver further includes a low noise folded cascode op-amp
which further amplifies the baseband signal. An error signal
produced by the cascode op-amp is detected by an on-chip
lock-in detector, which is clocked by a signal having a
frequency f,,.

[0115] A chip-to-waveguide transition (such as that
described in conjunction with FIGS. 2-4) using a quartz
probe may be used to extract an RF signal from the circuit.
A voltage controlled crystal oscillator (VCXO) and passive
integrator are arranged off-chip to allow for loop parameter
adjustment. It should be appreciated, however, that in other
embodiments the VCXO and passive integrator may be
arranged on-chip.

[0116] In this particular embodiment, the output power of
a signal from the transmitter Tx is =20.2 dBm at a frequency
of 231.061 GHz, which includes the loss of the chip-to-
waveguide transition (~10 dB). The saturation effect of the
molecules is still under the saturation threshold which means
sufficient high power level of probing signal will pull the
molecules off the equilibrium. This effect then reduces the
absorption ratio of the spectral line.

[0117] Referring now to FIG. 8, it can be secen that a
receiver Rx which may be the same as or similar to the
receiver described in conjunction with FIGS. 1-4 and 7,
achieves a measured phase noise of -68.4 dBc/Hz with
frequency offset of 1 MHz.

[0118] Referring now to FIG. 8A, it can be seen that a
receiver Rx, which may be the same as or similar to the
receiver described in conjunction with FIGS. 1-4 and 7,
achieves a noise equivalent power (NEP) of 501 pW/Hz"->
at £ =16 KHz (including the transition loss—e.g. through a
chip-to-waveguide gas cell transition).

[0119] Referring now to FIG. 9, integrated circuits which
may be the same as or similar to the integrated circuits
described in conjunction with FIGS. 2-4, 6 and 7 may be
assembled in a package (i.e. a housing) coupled to a wave-
guide gas cell (herein comprising a WR4.3 waveguide) and
a vacuum pump. In this illustrative embodiment, the wave-
guide meanders along a straight line length (i.e. as measured
along a central longitudinal axis of the housing in which a
channels is provided) of about 30 cm. The housing has input
to accept DC bias, SPI and error signals as well as a 8-MHz
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signal from a VCXO. With this illustrative embodiment, a
SNR of 445 or 53 dB with unit bandwidth is obtained under
an OCS pressure of 5 Pascal.

[0120] Referring now to FIG. 9A is an illustrative wave-
guide gas cell 62' which may be functionally the same as or
similar to any of the gas cells described hereinabove in
conjunction with FIGS. 1, 2, 3, 4, 5, and 9 and suitable for
use with the molecular clock described in conjunction with
FIG. 9. In this illustrative embodiment, the gas cell 62' has
first (or upper) and second (or lower) plates having channels
provided therein. When the first and second plates are
properly aligned and joined, the channels for a waveguide
having inputs and outputs as described above.

[0121] Referring now to FIG. 9B, shown is a fundamental
dispersion curve (FSK, f,=16 kHz, Af=1 MHz) of 231.061
GHz spectral line of OCS measured by a CMOS molecular
clock such as the packaged CMOS molecular clock module
shown in FIG. 9. The molecular clock is locked onto the
zero-crossing point of the dispersion curve. The measured
dispersion curve has an SNR of 445 or 53 dB.

[0122] Referring now to FIG. 10 a measured instantaneous
frequency of closed-loop clock and a free running VCXO is
shown to be within 4000 s. Although the VCXO is disturbed
in short-term due to the limited SNR, the long-term stability
is improved by the spectral line locking (i.e. while disturbing
the short term stability, the long term stability is enhanced).
[0123] Referring now to FIG. 10A, a measured stability
(defined as) of a CMOS molecular clock (which may be the
same as or similar to the types described herein above in
conjunction with FIGS. 3 and 4) and provided in accordance
with the concepts described herein achieves an Allan devia-
tion 6,-2.4x107*° for 7=1 s and 0,=3.8x107'° for ==10° s,
respectively. In embodiments, the CMOS molecular clock
consumes a total DC power of 66 mW, excluding the VCXO.
The total physical volume of CMOS molecular clock is 50
cm’.

[0124] Table I shows measured parameters of a CMOS
molecular clock, an instrument based molecular clock (de-
noted below as “Instrument MC”) and prior art clocks (i.e.
a pair of CSACs, and an NH; Clock) taken respectively
from: [1] D. Ruffieux, et al., ISSCC, pp. 48-49, February
2011; [2] Microsemi. Quantum™, SA.54s chip scale atomic
clock, 2017; and [3] D. I. Wineland, IEEE Trans. Instr.
Meas., pp. 122-132, June 1979 as shown.

TABLE 1
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and volume of 10 cm® are predicted by adopting crystal free
molecular clock design and permanent vacuum sealing.

[0126] The short-term stability of a clock is determined by
the product of signal-to-noise ratio (SNR) and quality factor
(2) of the detected spectral line. Thus, the significantly
enhanced absorption intensity of rotational spectrum of OCS
improves the SNR of the clock.

[0127] As noted above, when rotating, the linear OCS
molecule can be approximated as a rigid rotor with quan-
tized rotational energy levels (indicated by quantum number
J). For the transition from energy state J to J+1, the fre-
quency of incident photon should be 4, ,. 2B ,(J+1),
where B,y GHz) is the rotational constant of OCS. There-
fore, the rotation spectrum of OCS comprises of a set of
absorption spectral lines with an equal frequency spacing of
2B,css as shown in FIG. 11.

[0128] Referring now to FIG. 11, each J-state has 2J+1
degenerated states, explaining the higher absorption in sub-
THz than in microwave range. On the other hand, population
of molecules decreases exponentially with the molecule
energy due to Boltzmann’s distribution. Beyond ~500 GHz
where maximum absorption occurs, this effect becomes
dominant and causes absorption decrease.

[0129] As also shown in FIG. 11, the peak absorption of
the 267.530-GHz spectral line (J=22<-21) of OCS is 4440x
stronger than that at 12.16 GHz (J=1 0). It is also 98x higher
than the inverse spectrum of ammonia (NH;) at 23.87 GHz
(J-K=3-3).

[0130] Referring now to FIG. 12, a plurality of measure
curves show that under increasingly higher pressure, the
more significant inter-molecular collisions become the lim-
iting factor for the spectral line profile.

[0131] Referring now to FIG. 13, a result summary shows
that pressure-induced broadening becomes dominant for
pressure above ~1 Pascal in a WR-4.3 waveguide gas cell,
such as that described above in conjunction with FIG. 10.
Lastly, when the incident power for J+1<-J transition goes
beyond a certain threshold value, the population of mol-
ecules on J-state will be gradually depleted, causing satu-
ration.

[0132] As shown in FIGS. 14 and 15, beyond RF power of

~10 uW, the peak absorption decreases along with the line
broadening due to the saturation.

PERFORMANCE COMPARISON

ADEV (1s) ADEV (10*s) BW (kHz) Size (cm®) Ppc(Mw)
CMOS 2.4 x 107 3.8 x 10710 <100 50 66 + 50
Instrument MC 3.2 x 10710 22 x 1071 <100 N/A N/A
CSAC [1] 4 x 10710 3 x 10710 N/A N/A 26
CSAC 2] 3 x 10710 1x 107 <0.1 16 120
NH, Clock [3] 6 x 10710 2 x 10710 <10 10% 3 x 103
[0125] Although the CMOS clock is still inferior, at least [0133] With the above measured data, the predicted short-

in some respects, to an instrument based clock as shown in
Table I, which is mainly limited by SNR, further perfor-
mance enhancement is highly achievable by loss reduction
and a heterodyne detection. Due to the 880 KHz linewidth,
the clock has a loop bandwidth ~1000 time that of a CSAC.
Excluding the VCXO, it consumes a DC power of 66 mW
and has a volume of 50 cm®. Power consumption of 40 mW

term Allan deviation (t=1 s) of an OCS clock is presented in
FIGS. 16 and 17. Here, state-of-the-art sensitivity perfor-
mance of CMOS homodyne detectors (using Schottky-
barrier diode or field-effect transistor) and CMOS hetero-
dyne receivers (using a frequency mixer driven by a local
oscillator) is assumed. For optimum short-term stability, the
molecular clock should operate slightly above the Doppler-
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limited pressure and saturation power thresholds. A short-
term stability of 107*2 (=1 s) is achievable under such ideal
conditions.

[0134] Referring now to FIG. 18, a wavelength modula-
tion spectroscopy (WMS) is adopted to probe the spectral
line. As can be seen from FIG. 18A, a center frequency f, of
a sub-THz signal varies with a modulation frequency of f,,
and a frequency deviation of Af, where f,,<<Af=FWHM.
When f ~f,, the envelope signal V,, () of the sub-THz
signal fluctuates periodically according to the absorption
intensity of OCS. A lock-in detection of the envelope signal
V,_.(1) is then conducted at fundamental and harmonic
frequencies of £,,.

[0135] Referring now to FIG. 19, by scanning f, (FIG. 18),
spectral curves derived from the f,, 3 f,, and 5 £,, components
of the output signal are obtained, which can also be inter-
preted as the Nth order derivatives of the OCS line with a
Lorentzian profile.

[0136] Referring now to FIGS. 20-20E, by locking the
molecular clock to the three dispersion curves, the measured
instantaneous frequency and Allan deviation are shown. The
measurement time for each curve is 4000 s. The predicted
Allan deviation based on the measured transceiver noise V, ,
may be determined using known techniques and the slope of
zero-crossing point K, is also included. An excellent coin-
cidence exists for the short-term (t<1 s). For the fundamen-
tal, 3’ and 57 harmonics, the Allan deviations o, with t=1
s reach 6.9x107'", 2.0x107°, and 3.2x107'°, respectively.
The fundamental dispersion curve defeats the others due to
higher SNR. It is also noticed that the molecular clock
disturbs the VCXO for short-term in exchange of long-term
stability enhancement. However, a different pattern is
observed for the long-term. The measured long-term Allan
deviation with t=10% s are 1.8x107'°, 5.1x107"?, and 2.2x
107** for fundamental, 3™ and 5 harmonics, respectively.
This is because of the non-flat frequency response intro-
duced by the standing wave and gain slope of the trans-
ceiver. While performing WMS, the dispersion curve is
uneven below f, and above f,. The imbalance shifts the
zero-crossing point. Thus, a small frequency error is gener-
ated, which is proportional to FWHM. In the current pro-
totype, a leakage rate of 0.1 Pascal/hour is observed for our
gas cell, which changes the FWHM and then results in
long-term frequency drift. Dispersion curves of high order
harmonics have improved symmetry, which can be used to
mitigate the frequency drift due to gain flatness. Therefore,
the 5” harmonic exhibits superior long-term stability. The
further analysis of long-term stability on pressure depen-
dency, Stark effect and Zeemann effect are included in
method.

[0137] The SNR for the fundamental, 3" and 5% harmonic
dispersion curves shown in FIG. 5 above are 2.14x10%
1.18x10* and 3.64x10°, respectively.

[0138] Promising stability has been demonstrated on an
instrument based molecular clock. Chip-scale integration on
silicon of such a device can make a molecular clock of the
type described herein competitive with CSAC with respect
to cost, power consumption and size.

[0139] Described herein is a clock based upon a new
physical mechanism: rotational spectral line of gas mol-
ecules in sub-THz region. Promising short-term Allan devia-
tion has been obtained in an instrument based prototype,
which is comparable with CSAC. It also benefits from the
instantaneous “turn-on” feature and wide loop bandwidth.
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No shielding structure for electromagnetic field is applied.
Owing, in part, to the rapid progress of CMOS technology,
chip-scale integration of a molecular clock has also been
realized. It effectively reduces the cost, power consumption
and size. The performance of CMOS molecular clock still
has a significant margin for improvement: (1) There are
many molecules with intensive absorption in THz region.
For instance, a water (‘H,'°0) line at 556.936 GHz
(J=1<-0) presents 47x stronger integrated absorption inten-
sity than OCS (J=22<-21). OCS is not the only choice. (2)
Currently, the SNR of CMOS molecular clock is limited by
the loss of waveguide-to-chip transition, the phase noise of
on-chip PLL, and the noise of homodyne detector. Improved
EM and circuit design are necessary to fill the gap between
the two prototypes. (3) The energy efficiency of the clock
can also be enhanced by removing the VCXO, which
consumes 10~20 mW of DC power. Crystal free molecular
clock is achievable since the usage of VCXO is only for the
“start-up” condition. A total DC power consumption of ~40
mW is highly possible. (4) The volume of molecular clock
can be reduced to below 10 cm®. In the CMOS molecular
clock, the WR4.3 waveguide gas cell only has a volume of
5.7 cm®. Most of the total 50 cm® volume is taken by the
vacuum sealing and flange. Working with spectral line at
higher frequency can further reduce the size of gas cell too.
In total, although the molecular clock in the paper is just on
its initial phase, a highly stable, portable and energy efficient
time generators is highly predictable.

[0140] The 267.530 GHz signal for spectral line probing is
generated by a WR3.4 multiplier chain (x18) from Virginia
Diode Inc. (VDI) driven by a Keysight E8257D signal
generator (f,,=14.863 GHz), A WR3.4 VDI heterodyne
receiver cascaded by a LNA (Mini-circuits ZX60-6013E-
S+), a bandpass filter, a square-law detector (Crystek CPDE-
TLS-4000) and a Stanford Research System SR865A lock-in
amplifier performs error signal detection. The intermediate
signal ;- is 950 MHz. The modulation signal f,, =100 kHz,
generated by SR865A, is feeding to E8257D. All of the
above instruments are referenced to a 10 MHz VCXO (80
MHz Crystek CVHD-950 divided by 8). The analog output
of lock-in amplifier controls the VCXO for the feedback
after integration of a RC filter (C=10 pF, R=50 k). The
baseband amplification is also provided by SR865A. The
overlapping Allan deviation is measured by Keysight
53230A frequency counter, which takes 10 MHz Stanford
Research System SR625 Rubidium time base as the refer-
ence.

[0141] The rotational spectral lines of OCS in sub-THz
band provide FWHM of ~1 MHz, 1000x of the electron
transition of alkali atoms in CSAC (FWHW=1 kHz). In
WMS, to concentrate RF energy nearby the spectral line, the
modulation frequency f,, needs to be roughly 10x lower than
FWHM. A loop filter with 3 dB bandwidth at least 10x lower
than f,, is necessary for further integration. By adopting an
one-stage RC filter, the 0 dB open loop bandwidth is defined
as f5,=K K G/(2nRC). f;,<f,, is in demand for loop sta-
bility, since a pole nearby f,, exists for lock-in detection.
Therefore, the maximum loop bandwidth is f, . ~0.1x
FWHM. Molecular clock then has 1000x wider loop band-
width than CSAC. Broader loop bandwidth leads to faster
frequency settling. If a disturbance voltage 0V with step
function appears, the time response is expressed as:
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VaolD) 1 _KyKpG, 3
= +e RC
8V T KyK.G
[0142] The settling time T, that Equation (3) reduces to

twice of its first term is:
T,=RCIn(K K,G)/ (K K,G).

[0143] The instrument based prototype utilizes 267.
530239 GHz (J=22<-21) spectral line of OCS with {,, of 100
kHz, Af of 1 MHz, and open loop gain G, of 9.3x10°. ARC
filter with 3 dB cut off frequency of 0.32 Hz is adopted.
Thus, the 0 dB open loop bandwidth is f;,;,=3.0 kHz, and the
settling time is T,=0:49 ms. Although the current prototype
hasn’t been optimized for the maximum bandwidth, it still
can easily deal with the disturbances below 1 kHz, which is
hard for CSAC.

[0144] The long-term stability of clock is determined by
the systematic frequency drift rather than noise. It includes:
(1) The drift of free running VCXO, which is ~10~% for
t=10> 5. The molecular clock presents a finite open loop gain
of G,=9.3x10%, the drift of VCXO is then reduced to
1x107*2. Sufficient high DC gain is in demand to reduce the
frequency drift of VCXO. (2) The temperature dependency.
The temperature change causes pressure variation due to the
ideal gas law, which doesn’t only broaden the spectral line
but also shift the center frequency because of weak collision
of molecules. The chosen spectral lines (J=22<-21 and
J=19<-18) of OCS have a reported pressure dependency of
3x107'%/Pascal, which is also verified by our measurement.
It corresponds to a temperature dependency of 1x107"/K. In
addition, even under a constant pressure, the line width and
peak absorption intensity will also change under temperature
variation due to velocity dependency of collision cross
section. However, it is less significant than pressure. (3) The
Stark effect that the electrical field twists the dipole of
molecules brings with frequency shift and hyperfine struc-
ture of energy level. The chosen spectral line of OCS has a
power dependency of 3 kHz/W.

[0145] Since the RF power is below -10 dBm, 10%
variation of RF power corresponds to a stability of 1x107%3.
Thus, no special power stabilization is needed.

[0146] The Zeeman effect of the magnetic field is less
prominent compared with Stark effect in most molecules. It
has frequency shift of 107'°/Gauss in our case. Thus, a
common magnetic field shielding of 100x can reduce the
magnetic field dependency to 107'%/Gauss.

[0147] All publications and references cited herein are
expressly incorporated herein by reference in their entirety.

What is claimed is:

1. A molecular clock comprising:

a waveguide gas cell having a radio frequency (RF) input
port, an RF output port and a gas inlet/outlet, said
waveguide gas cell capable of holding gaseous mol-
ecules having a linear structure.

2. The molecular clock of claim 1 wherein the gaseous
molecules having a linear structure are provided as a car-
bonyl sulfide compound (OCS).

3. The molecular clock of claim 2 wherein the carbonyl
sulfide compound is provided having a rotational spectrum
in the frequency range of about 12 GHz to about 1 THz.

4. The molecular clock of claim 2 wherein the carbonyl
sulfide compound is provided as having a rotational spec-
trum in the range of about 200 GHz to about 300 GHz.
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5. The molecular clock of claim 2 wherein the carbonyl
sulfide compound is provided as '°0'*C32S,

6. The molecular clock of claim 1 further comprising:

a transmitter having an RF output port coupled to the RF

input port of the waveguide gas cell;

a receiver having an RF input port and an RF output port
with the RF input port coupled to the RF output port of
the waveguide gas cell; and

a feedback circuit having an input coupled to the output
port of the receiver and having an output coupled to an
input port of the transmitter.

7. The molecular clock of claim 6 wherein the transmitter

further comprises:

a voltage controlled oscillator (VCO) having an input
coupled to the output of said feedback circuit and
having an output coupled to an input of said transmitter
circuit.

8. The molecular clock of claim 7 wherein:

the VCO is provided as a differential voltage controlled
crystal oscillator (VCXO); and

the feedback circuit provides a differential feedback sig-
nal to the differential VCXO.

9. The molecular clock of claim 6 wherein the receiver

further comprises:

a detector capable of detecting an RF signal provided
from the output of the waveguide gas cell and provid-
ing a differential output;

alow noise amplifier (LNA) having a differential RF input
coupled to the differential output of the detector and
having a differential RF output; and

a lock in detector having an input configured to receive a
differential RF output from the LNA and having an
output coupled to the receiver RF output port and at
which an error signal is provided.

10. A molecular clock comprising:

a waveguide gas cell having a radio frequency (RF) input
port, an RF output port and a gas inlet/outlet, the
waveguide gas cell capable of holding gaseous mol-
ecules having a linear structure;

an integrated circuit comprising:

a substrate;
an RF transmitter circuit disposed on said substrate,
the RF transmitter circuit having an input and
having an RF output port;

a first chip-to-waveguide transition coupled
between the RF output port of the transmitter
and the RF input port of the waveguide gas cell;

an RF receiver circuit disposed on the substrate,
the RF receiver circuit having an RF input port
and an RF output port, the RF output port
coupled to the input of the feedback circuit; and

a second chip-to-waveguide transition coupled
between the RF output port of the waveguide
gas cell and the RF input port of the receiver;
and

a feedback circuit having an input coupled to the RF
output port of the receiver and having an output
coupled to the output of the RF transmitter.

11. The integrated circuit of claim 10 wherein the wave-
guide gas cell is capable of holding a carbonyl sulfide
compound (OCS) having a rotational spectrum of linear
polar molecules in one of:

a millimeter frequency range; and

a sub-terahertz (THz) frequency range.
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12. The molecular clock of claim 11 wherein the wave-
guide gas cell is capable of holding '°0'*0*2S having a
rotational spectrum in the range of about 12 GHz to about 1
THz.

13. The molecular clock of claim 10 wherein the inte-
grated circuit is provided as a CMOS integrated circuit

14. The integrated circuit of claim 10 wherein the RF
transmitter comprises a voltage controlled oscillator (VCO)
having an input coupled to the output of said feedback
circuit and having an output coupled to the input of the
waveguide gas cell via the first chip-to-waveguide transi-
tion.

15. The integrated circuit of claim 14 wherein:

the VCO is provided as a differential voltage controlled

crystal oscillator (VCXO); and

the feedback circuit provides a differential feedback sig-

nal to the differential VCXO.
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