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(57) ABSTRACT

A transmitter, receiver and transceiver system that may be
used for both transmitting and receiving modulated signals
are disclosed. The system includes an FElectrical-to-Optical
(E20) converter that receives a Radio Frequency (RF) signal
and transmits an optical signal and/or an Optical-to-Optical
(020) that performs a wavelength translation from one
wavelength to another wavelength. The Electrical-to-Optical
(E20) converter includes a vapor cell that converts the RF
signal to an optical signal.
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METHODS AND APPARATUS FOR
IMPLEMENTING AN OPTICAL
TRANSCEIVER USING A VAPOR CELL

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C.
§ 119(e) of co-pending U.S. Provisional Application No.
62/750,907 filed on Oct. 26, 2018 and titled “METHODS
AND APPARATUS FOR IMPLEMENTING AN OPTICAL
TRANSCEIVER USING A VAPOR CELL,” and also
claims the benefit under 35 U.S.C. § 119(e) of co-pending
U.S. Provisional Application No. 62/750,911 filed on Oct.
26, 2018 and titled “METHODS AND APPARATUS FOR
IMPLEMENTING AN OPTICAL TRANSMITTER
USING A VAPOR CELL,” each of which 1s hereby incor-

porated by reference 1n its entirety for all purposes.

BACKGROUND

[0002] Radio antennas are commonly constructed from
wire or other conductive elements that are resonant with the
signal to be received or transmitted. When receiving, anten-
nas convert an electromagnetic signal to an induced current
in the antenna element. When transmitting, the antenna
converts an internal current to an electromagnetic signal.
This 1s known as reciprocity and 1s fully explained by
Maxwell’s equations.

[0003] Conventional optical intensity modulator technol-
ogy 1s nonlinear by virtue of the techniques used. Typical
modulators are composed of electro-optic material and a
traveling wave electrode structure. This technique, due to
the sinusoidal transfer function, 1s non-linear by nature.
Linearization techniques, such as pre-compensation of the
drive signal have been implemented with limited success.
Conventional modulators introduce frequency spurs 1nto the
optical spectrum. The addition of spurs i1s undesirable
because it wastes energy and can creates interference. There
1s a need for spur-free intensity modulators. In addition,
there 1s a need to reduce the size and complexity of optical
transmitters.

SUMMARY OF INVENTION

[0004] Aspects and embodiments are directed to transmiut-
ting, receirving, and transceiver systems that work on a
fundamentally different principal than radio antennas, and
instead are based on quantum mechanics based devices. In
particular, transmitting, receiving, and transceiver systems
that include a vapor cell. Aspects and embodiments are
directed to optical transceiver technology that may be used
for both transmitting and receiving intensity modulation
(IM), frequency modulation (FM) and phase modulation
(PM) signals. In some examples, the vapor comprises an
Electrical-to-Optical (E20) converter that receives an elec-
tromagnetic signal and converts the electromagnetic signal
to a modulated optical signal. The vapor cell may also
comprise an Optical-to-Optical (O20) converter that per-
forms a wavelength translation from one wavelength to
another wavelength. The vapor cell converts the RF signal to
an optical signal. The vapor cell can be used for either or for
both of transmitting an optical signal and receiving an
electromagnetic signal. One advantage of a vapor cell 1s that
when 1ntensity modulating an optical signal, it reduces the
out of band spurs. In addition, for all modulation types, it
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simplifies the optical system by combining the functions of
both the receiver and transmitter mnto a single integrated
device.

[0005] One embodiment 1s directed to an optical transmiut-
ter. The optical transmitter includes a probe optical source
configured to provide a first optical signal, an electromag-
netic source configured to provide a modulated electromag-
netic signal, and a vapor cell configured to receive the first
optical signal and the modulated electromagnetic signal. The
vapor cell 1s configured to modulate the first optical signal
based on the received modulated electromagnetic signal to
provide a modulated output optical signal. An intensity
modulation of the modulated output optical signal 1s repre-
sentative of a modulation of the modulated electromagnetic
signal.

[0006] In one example, the optical transmitter includes
launching optics configured to receive the modulated output
optical signal and transmit the modulated optical signal.
[0007] In one example, the vapor cell comprises an Elec-
trical-to-Optical (E20) converter converts an electromag-
netic signal to an optical signal.

[0008] In one example, the vapor cell comprises an Opti-
cal-to-Optical (0O20) converter that performs a wavelength
translation from one wavelength to another wavelength.

[0009] In one example, wherein the vapor cell contains
cesium atoms.
[0010] In one example, the optical transmitter further

includes a second source of a second optical signal. With this
arrangement, the vapor cell material may be opaque to a
wavelength of first optical signal, and the second optical
signal 1s provided at a wavelength of light to the vapor cell
to excite atoms 1n the vapor cell to a high principal quantum
number creating a superposition of two coupled degenera-
tive states and a dark state that 1s resonant with the wave-
length of the first optical signal to induce electromagneti-
cally Induced Transparency (EIT) so as to make the vapor
cell transparent to the wavelength of the first optical signal.
With this arrangement, the highly excited electrons of the
vapor cell respond to modulation variations in the electro-
magnetic field, which results 1n a change of the transmis-
s1vity of the dark state of the vapor cell thereby causing an
intensity of first optical signal to be modulated as 1t propa-
gates through the vapor cell.

[0011] With thus arrangement, the vapor cell modulates the
output optical signal with the modulation of the modulated
clectromagnetic signal, which can be any of intensity modu-
lation (IM), frequency modulation (FM) and phase modu-
lation (PM).

[0012] According to one embodiment, a transceiver device
includes an optical transmitter that includes a probe optical
source configured to provide a first optical signal, an elec-
tromagnetic source configured to provide a modulated elec-
tromagnetic signal, and a vapor cell configured to receive the
first optical signal and the modulated electromagnetic signal.
The vapor cell 1s configured to modulate the first optical
signal based on the received modulated electromagnetic
signal to provide a modulated output optical signal. An
intensity modulation of the modulated output optical signal
1s representative of a modulation of the modulated electro-
magnetic signal.

[0013] In one example, the transceiver device also
includes an optical Transmit/Receive (1/R) switch that
routes the modulated output optical signal to one of a first
output and a second output. The optical transceiver device
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further comprises an optical amplifier coupled to the first
output of the optical T/R switch that amplifies the modulated
output optical signal to an increased power level and pro-
vides as an amplified modulated optical signal to the launch-
ing optics. In one example, the launching optics are free
space launching optics that receive the amplified modulated
optical signal and launch the amplified modulated optical
signal into free space.

[0014] In one example, the transceiver device also
includes an optical detector coupled to the second output of
the T/R switch. The optical detector receives the modulated
output optical signal and provides a detected signal for
processing. In one example, the transceiver device 1s
coupled to and/or includes a processor that receives the
detected signal and processes the detected signal to recover
the modulated data from the signal.

[0015] One embodiment 1s directed to a method of trans-
mitting a modulated optical signal. The method comprises
providing a first optical signal at a first wavelength, provid-
ing a modulated electromagnetic signal, and modulating the
first optical signal by vapor cell that receives the first optical
signal and the modulated electromagnetic signal. The vapor
cell modulates the first optical signal based on the received
modulated electromagnetic signal to provide a modulated
output optical signal, where an intensity modulation of the
modulated output optical signal 1s representative of a modu-
lation of the modulated electromagnetic signal.

[0016] In one example, the modulated output optical sig-
nal 1s launched into free space.

[0017] In one example, the method further comprises the
vapor cell providing an Electrical-to-Optical (E20) conver-
S1011.

[0018] In one example, the method further comprises the
vapor cell providing an Optical-to-Optical (O20) conver-
S1011.

[0019] In one example, the method further comprises
providing the vapor cell with cesium atoms.

[0020] In one example, the method further comprises
providing a second optical signal to the vapor cell at a
wavelength of light to excite atoms 1n the vapor cell to a high
principal quantum number creating a superposition of two
coupled degenerative states and a dark state that 1s resonant
with the first wavelength to induce electromagnetically
Induced Transparency (EIT) so as to make the vapor cell
transparent to the first wavelength of the first optical signal.
[0021] In one example, the method further comprises
highly exciting electrons of the vapor cell so as to respond
to modulation varnations in the electromagnetic field, which
results 1n a change of the transmissivity of the dark state of
the vapor cell thereby causing an intensity of first optical
signal to be modulated as 1t propagates through the vapor
cell.

[0022] In one example, the method further comprises
modulating the modulated electromagnetic signal with any
of intensity modulation (IM), frequency modulation (FM)
and phase modulation (PM).

[0023] In one example, the method further comprises
amplifying the modulated output optical signal to an
increased power level and providing as an amplified modu-
lated optical signal.

[0024] In one example, the method further comprises
detecting the modulated output optical signal and providing
a detected signal based on the modulated output optical
signal.
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[0025] In one example, the method further comprises
processing the detected signal to determine a modulation of
the modulated electromagnetic signal.

[0026] One embodiment 1s directed to an electromagnetic
receiver. The electromagnetic receiver includes a probe
optical source configured to provide a first optical signal, a
vapor cell configured to receive the first optical signal and a
modulated electromagnetic signal and that provides a modu-
lated optical signal. The electromagnetic receiver also
includes an optical detector that receives the modulated
output optical signal and provides a detected signal based on
the modulated output optical signal. The vapor cell 1s
configured to modulate the first optical signal based on the
received modulated electromagnetic signal to provide a
modulated output optical signal, wherein an intensity modu-
lation of the modulated output optical signal 1s representa-
tive of a modulation of the modulated electromagnetic
signal.

[0027] In one example, the optical receiver 1s coupled to
and/or further comprises a processor that receives the
detected signal and processes the detected signal to deter-
mine a modulation of the modulated electromagnetic signal.

[0028] In one example, the vapor cell comprises an Elec-
trical-to-Optical (E20) converter converts an electromag-
netic signal to an optical signal.

[0029] In one example, the vapor cell comprises an Opti-
cal-to-Optical (O20) converter that performs a wavelength
translation from one wavelength to another wavelength.

[0030] In one example, the vapor cell contains cesium
atoms.
[0031] In one example, the optical receiver further com-

prises a second source of a second optical signal. With this
arrangement, the vapor cell material 1s opaque to a wave-
length of first optical signal, and the second optical signal 1s
provided at a wavelength of light to the vapor cell to excite
atoms 1n the vapor cell to a high principal quantum number
creating a superposition of two coupled degenerative states
and a dark state that 1s resonant with the wavelength of the
first optical signal to induce electromagnetically Induced
Transparency (EIT) so as to make the vapor cell transparent
to the wavelength of the first optical signal. With this
arrangement, the highly excited electrons of the vapor cell
respond to modulation variations in the electromagnetic
field, which results 1n a change of the transmissivity of the
dark state of the vapor cell thereby causing an intensity of
first optical signal to be modulated as 1t propagates through
the vapor cell.

[0032] With this arrangement, the modulation of the
modulated electromagnetic signal can be any of intensity

modulation (IM), frequency modulation (FM) and phase
modulation (PM).

[0033] One embodiment includes a method of receiving a
modulated electromagnetic signal. The method comprises
providing a first optical signal at a first wavelength to vapor
cell, recerving a modulated electromagnetic signal at vapor
cell, and modulating the first optical signal based on the
received modulated electromagnetic signal to provide a
modulated output optical signal. With this arrangement, an
intensity modulation of the modulated output optical 1s
representative of a modulation of the modulated electromag-
netic signal.
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[0034] Inone example, the method further includes detect-
ing the modulated output optical signal and processing the
detected signal to determine a modulation of the modulated
clectromagnetic signal.

[0035] In one example, the method further comprises the
vapor cell providing an Electrical-to-Optical (E20) conver-
S101.

[0036] In one example, the method further comprises the
vapor cell providing an Optical-to-Optical (O20) conver-
S1011.

[0037] Inone example, the method further includes further
comprises providing the vapor cell with cesium atoms.

[0038] In one example, the method further includes pro-
viding a second optical signal to the vapor cell at a wave-
length of light to excite atoms in the vapor cell to a high
principal quantum number creating a superposition of two
coupled degenerative states and a dark state that 1s resonant
with the first wavelength to induce electromagnetically
Induced Transparency (EIT) so as to make the vapor cell
transparent to the first wavelength of the first optical signal.
With this arrangement, electrons of the vapor cell are highly
excited so as to respond to modulation variations 1n the
electromagnetic field, which results 1n a change of the
transmissivity of the dark state of the vapor cell thereby
causing an intensity of first optical signal to be modulated as
it propagates through the vapor cell.

[0039] Inone example, the method further includes further
comprises detecting the modulation of the modulated elec-
tromagnetic signal with any of intensity modulation (IM),
frequency modulation (FM) and phase modulation (PM).

[0040] Still other aspects, embodiments, and advantages
of these exemplary aspects and embodiments are discussed
in detail below. Embodiments disclosed herein may be
combined with other embodiments 1n any manner consistent
with at least one of the principles disclosed herein, and
references to “an embodiment,” “some embodiments,” “an
alternate embodiment,” ‘“various embodiments,” ‘“one
embodiment” or the like are not necessarily mutually exclu-
sive and are intended to indicate that a particular feature,
structure, or characteristic described may be included 1n at
least one embodiment. The appearances of such terms herein

are not necessarily all referring to the same embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] Various aspects of at least one embodiment are
discussed below with reference to the accompanying figures,
which are not intended to be drawn to scale. The figures are
included to provide 1llustration and a further understanding
of the various aspects and embodiments, and are 1ncorpo-
rated 1n and constitute a part of this specification, but are not
intended as a definition of the limits of the invention. In the
figures, each 1dentical or nearly identical component that 1s
illustrated 1n various figures 1s represented by a like numeral.
For purposes of clarity, not every component may be labeled
in every figure. In the figures:

[0042] FIG. 1 illustrates one example of an optical trans-
mitter using a vapor cell as an E20 converter for transmit-
ting an optical signal;

[0043] FIG. 2 illustrates one example of an optical trans-
ceiver using a vapor cell as an E20 converter for both
transmitting an optical signal and receiving and electromag-
netic signal;
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[0044] FIG. 3 illustrates one example of an electromag-
netic recerver using a vapor cell as an E20 converter for
receiving a modulated electromagnetic signal;

[0045] FIG. 4 1llustrates one embodiment of a method of
transmitting a modulated optical signal based on a modu-
lated electromagnetic signal; and

[0046] FIG. 5 1llustrates one embodiment of a method of
receiving a modulated electromagnetic signal and process-
ing a modulated optical signal to determine information in
the modulated electromagnetic signal.

DETAILED DESCRIPTION

[0047] Aspects and embodiments are directed to transmit-
ting, receiving, and transceiver systems that work on a
fundamentally different principal than radio antennas, and
instead are based on quantum mechanics-based devices. In
particular, transmitting, receiving, and transceiver systems
that include a vapor cell. Aspects and embodiments are
directed to optical transceiver technology that may be used
for both transmitting and receiving intensity modulation
(IM), frequency modulation (FM) and phase modulation
(PM) signals. In some examples, the vapor comprises an
Electrical-to-Optical (E20) converter that receives an elec-
tromagnetic signal and converts the electromagnetic signal
to a modulated optical signal. The vapor cell may also
comprise an Optical-to-Optical (O20) converter that per-
forms a wavelength translation from one wavelength to
another wavelength. The vapor cell converts the RF signal to
an optical signal. The vapor cell can be used for either or for
both of transmitting an optical signal and receiving an
clectromagnetic signal. One advantage of a vapor cell 1s that
when 1ntensity modulating an optical signal, 1t reduces the
out of band spurs. In addition, for all modulation types, it
simplifies the optical system by combining the functions of
both the receiver and transmitter imnto a single integrated
device.

[0048] The underlying principle 1s as follows: When a
laser 1s shone on an opaque material, the photons emitted by
the laser are absorbed by electrons of like energy levels 1n
the opaque material. Since the photons are absorbed by the
clectrons, there are no photons available to exit the material;
hence, making the material opaque. However, one phenom-
enon that 1s exploited by various aspects and embodiments
disclosed herein 1s that 1f these electrons could be made
unavailable to absorb the photons, then the material would
become transparent at the wavelength(s) of the otherwise
energy-absorbing electrons. Making an opaque material
transparent to a particular wavelength of light or range of
wavelengths of 1s achieved using a technique known as
Electromagnetically Induced Transparency (EIT). EIT cre-
ates the superposition of two coupled degenerative quantum
states, which results 1n a dark state. Two or more different
states of a quantum mechanical system are said to be
degenerate 1f they give the same value of energy upon
measurement. A dark state 1s the state of an atom that cannot
absorb or emit photons of a particular wavelength.

[0049] A second phenomenon that 1s exploited by various
aspects and embodiments disclosed herein 1s that of Rydberg
atoms. A Rydberg atom 1s an excited atom with one or more
clectrons that have a very high principal quantum number.
Essentially, electrons in a Rydberg atom are further away
from the nucleus of the atom than they are when the
electrons are 1n their unexcited state. These electrons are still
loosely bound to the nucleus.
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[0050] According to various aspects and embodiments,
both EIT and Rydberg atoms are used 1n the implementation
of an Flectrical-to-Optical (E20) converter and/or an Opti-
cal-to-Optical (O20) converter. These devices are made
from a vapor cell. The E20 converter 1s a device that
converts a Radio Frequency (RF) signal impinging on the
vapor cell to an optical signal. The O20 converter 1s a device
that performs a wavelength translation from one wavelength
to another wavelength. Another phenomenon that 1s
exploited by various aspects and embodiments 1s that if the
impinging RF or optical signal exciting the vapor cell i1s
modulated, then the modulation 1s transierred in the process.
[0051] According to certain various aspects and embodi-
ments, the basic component of a transmitter, a receiver, or a
transceiver 1s a vapor cell, functioning as either an E20 or
020 device. A system including the transmitter, receiver or
transceiver also includes a probe laser and a coupling laser.
In certain examples the vapor cell contains cestum atoms.
However 1t 1s appreciated that other elements or compounds
may be used 1n the vapor cell.

[0052] The vapor cell 1s typically opaque to the wave-
length of the probe laser. The probe laser 1s the mechanism
of transport through the vapor cell. According to certain
various aspects and embodiments, a coupling laser 1s used to
both excite the electrons of the cesium atoms to a high
principal quantum number creating a superposition of two
coupled degenerative states and a dark state. The dark state
1s resonant with the probe laser, allowing the probe laser to
pass through the vapor cell. Thus, essentially in operation,
when the coupling laser 1s turned ofl, the probe laser i1s
highly attenuated in the vapor cell. However, when the
coupling laser 1s turned on, the probe laser passes through
the vapor cell.

[0053] Since the electrons 1n the vapor cell at a specific
wavelength are highly excited, they are very sensitive to an
impinging electromagnetic field at the Rabi frequency. Thus,
the highly excited electrons act as tiny antennas. In addition,
if the external electromagnetic field 1s modulated, for
example with amplitude modulation, the electrons respond
to the amplitude varniations 1n the impinging electromagnetic
field. As the electrons respond to the amplitude variations 1n
the impinging electromagnetic field, they change the trans-
missivity of the dark state, thereby causing the intensity of
the probe laser’s signal to vary as 1t exits the vapor cell. This
1s known as the Autler Towns eflect. The intensity modula-
tion imparted on the probe laser 1s reflective of the amplitude
modulation on the external electromagnetic field.

[0054] Thus, when an EIT state exists 1n a vapor cell and
the electrons are properly excited, an external amplitude
modulated radio signal or other modulated electromagnetic
signal causes the probe laser to be intensity modulated with
the same modulation as 1t passes through the cell. Thus, by
directing the probe laser signal exiting the vapor cell onto a
photodetector and measuring the output of the detector, the
amplitude modulation of the incident electromagnetic signal
can be detected. This same structure and technique can also
be used to detect frequency and phase modulation.

[0055] FIG. 11llustrates one example of a vapor cell-based
modulator and optical transmitter 10. The optical transmaitter
includes a vapor cell 12 which comprises any or all of an
E20O converter 14 that converts an electromagnetic signal to
an optical signal, an RF to optical modulator 16 that modu-
lates and optical signal based on a modulation of an RF
signal, and an optical Modulator/Exciter 18 that provides a
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modulated optical signal. The optical transmitter 10 1s
contained within the boundaries of the dashed line box

illustrated in FIG. 1

[0056] Referring to FIG. 1, the operation of the vapor cell
in the optical transmitter 10 will now be described. A
coupling laser 30 provides an output signal 32 that is
configured 1n wavelength and energy to excite the electrons
of the atoms 1n the Vapor Cell 12 to a high principal quantum
number creating a superposition of two coupled degenera-
tive states and thus a dark state in the vapor cell 12 at a
certain wavelength or range of wavelengths. The dark state
1s configured to be at a wavelength or range of wavelengths
that 1s resonant with a signal 34 output by the probe laser 28,
thereby allowing the probe laser signal to pass through the
vapor cell. Thus, when the coupling laser 30 1s turned on, the
probe laser signal passes through the vapor cell 12, and
when the coupling laser 30 1s turned off, the vapor cell
returns to 1ts natural state and the probe laser signal 34 1s
highly attenuated by the vapor cell 12.

[0057] When the coupling laser 30 signal 32 1s coupled to
the vapor cell 12, the electrons 1n the vapor cell at a certain
selected wavelength or range of wavelengths corresponding
to the coupling signal 32 become highly excited. The
clectrons 1n the vapor cell become very sensitive to the
impinging electromagnetic field 24 provided by the micro-
wave exciter 20. In addition, 11 the external electromagnetic
field 24 1s modulated, for example with amplitude modula-
tion, the electrons in the vapor cell 12 respond to the
amplitude variations in the impinging electromagnetic field
24. As the electrons respond to the amplitude variations 1n
the impinging electromagnetic field, they change the trans-
missivity of the dark state of the vapor cell 12, thereby
modulating the intensity of the probe laser signal 34 to vary
as 1t transmits through the vapor cell 12. When an EIT state
1s created 1n the vapor cell 12 by coupling laser signal 32 and
the electrons are properly excited, the amplitude modulated
clectromagnetic signal 24 (RF/microwave or other fre-
quency or other form of modulated electromagnetic signal
24) causes the probe laser signal 34 to be intensity modu-
lated with the same modulation as the modulated electro-
magnetic signal 24 as 1t passes through the vapor cell 12.

[0058] Thus, according to certain embodiments, the
microwave modulator/exciter 20 1s used to modulate elec-
trically the optical data 26 signal to be transmitted by the RF
to optical transmitter 10. The microwave exciter 20 trans-
mits RF/microwave energy to the vapor cell 12 via an
antenna 22 (or another form of coupling device), which
couples the RF/microwave energy (signal) 24 to the vapor
cell 12 comprising an E20O converter 14 at the appropriate
resonant frequency and power level required to excite the
electrons of the Rydberg atoms of the vapor cell 12. As has
been discussed herein, the E2O converter 14 converts the
clectrically modulated RF/microwave energy signal to an
optically modulated signal 26 provided at output of the
vapor cell 12. The E20 converter modulates the probe laser
signal 34. The modulated probe laser signal 26 can also be
amplified by an optical amplifier 36 to an appropriate power
level and provided as an amplified optical signal 38. Once
amplified, a modulated optical signal 42 1s launched into free
space by the launching optics 40.

[0059] Thus, aspects and embodiments provide a system
that transmits a modulated optical carrier signal 42. The
optical carrier signal 42 can be amplitude modulated, fre-
quency modulated, or phase modulated. A vapor cell 12 1s
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used as an optical modulator and optical exciter 18. A
coupling laser 30 establishes an energy state of the Rydberg
atoms. The optical carrier signal 34 (provided by probe laser
28) 1s modulated 1n the vapor cell 12, by modulating the
transmissivity of the dark state created by the EIT process.
The modulated probe laser signal 26 1s amplified by optical
amplifier 36 to the appropriate power level for free space
transmission as optical signal 42.

[0060] With this arrangement, the wavelength of the
microwave exciter 1s at resonance with the excited state of
the Rydberg atoms of the vapor cell. A power level of the
RF/microwave signal determines a magnitude (a depth) of
the modulation for IM modulation. With this arrangement,
the amplitude modulation of the probe laser signal 1s linear.
One advantage of this technique and arrangement 1s that 1t
reduces the out of band spurs generated as compared to
conventional technology for amplitude modulation. In addi-
tion, another advantage of this technique and arrangement 1s
that 1t simplifies optical transmitter design by integrating
both the modulator and exciter into a single integrated
device.

[0061] FIG. 2 illustrates one example of an optical trans-
ceiver 100 using a vapor cell 12. The vapor cell 12 can
comprise any or all of an E20 converter and exciter 14 that
provides a modulated optical signal based on a modulated
electromagnetic (RF/microwave or other frequency) signal,
and an RF to optical demodulator 17 that modulates and
optical signal based on a modulated electromagnetic (RF/
microwave or other frequency) signal. The optical transmit-
ter and electromagnetic signal 44 (RF/microwave or other
frequency) recerver are both contained within the boundaries

of the dashed line box 100 in FIG. 2.

[0062] It 1s understood that like reference numbers 1n FIG.
2 correspond to like elements 1n FIG. 1, which make up the
transmitter portion of the optical transceiver 100. For sake of
brevity a complete description of the optical transmitter
portion of the transmitter will not be repeated.

[0063] In summary, the transmitter portion of the trans-
ceiver 100 operates as follows. A coupling laser 30 provides
an output signal 32 that 1s configured in wavelength and
energy to excite the electrons of the atoms 1n the vapor cell
12. When the coupling laser 30 signal 32 1s coupled to the
vapor cell 12, the electrons 1n the vapor cell at a certain
selected wavelength or range of wavelengths corresponding
to the coupling signal 32 become highly excited. The
microwave exciter 20 transmits electromagnetic energy (RF/
microwave or another frequency) to the vapor cell 12 via an
antenna 22 (or another form of coupling device), which
couples the RF/microwave energy (signal) 24 to the vapor
cell 12. The electrons in the vapor cell become very sensitive
to the impinging electromagnetic field 24 provided by the
microwave exciter 20. In addition, if the external electro-
magnetic field 24 1s modulated, the electrons 1n the vapor
cell 12 respond to the amplitude variations in the impinging
clectromagnetic field 24. As the electrons respond to the
amplitude variations 1n the impinging electromagnetic field,
they change the transmissivity of the dark state of the vapor
cell 24, thereby modulating the intensity of the probe laser
signal 34 to vary as 1t transmits through the vapor cell 12, so
that the probe laser signal 34 1s intensity modulated with the
same modulation as the modulated electromagnetic signal
24 as 1t passes through the vapor cell 12. Thus, the micro-
wave modulator/exciter 20 modulates electrically the probe
laser signal 34 to provide the modulated optical data 26
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signal, which 1s to be transmitted by the transmitter portion
of the optical transceiver 100.

[0064] The transceiver 100 also includes an optical Trans-
mit/Recerve (Tx/Rx) switch 46. When the transceiver i1s
operating 1n the optical transmit mode, the Tx/Rx switch 46
1s set to the Tx position and routes the modulated optical
data signal 26 to the optical amplifier 36. The modulated
probe laser signal 26 can be amplified by an optical amplifier
36 to an appropriate power level and provided as an ampli-
fied, modulated optical signal 38. Once amplified, the modu-
lated and amplified optical signal 42 1s launched into free
space by the launching optics 40. Thus, aspects and embodi-
ments of the transceiver transmit a modulated optical carrier
signal 42. The optical carrier signal 42 can be amplitude
modulated, frequency modulated, or phase modulated.

[0065] In summary, the receiver portion of the transceiver
100 operates as follows. According to certain embodiments,
when the transceiver 100 1s 1n receive mode, the E20
converter 12 1s excited by an externally transmitted electro-
magnetic (RF/microwave or another frequency) signal 44
transmitted from a (distant) microwave transmitter 52, as
shown 1n FIG. 2. The E20 converter converts the received
clectromagnetic signal 44 to a modulated optical signal 1n
the same manner that the transmitted does. In particular, the
coupling laser 30 provides an output signal 32 that 1is
configured 1n wavelength and energy to excite the electrons
of the atoms in the vapor cell 12. When the coupling laser
30 signal 32 1s coupled to the vapor cell 12, the electrons 1n
the vapor cell at a certain selected wavelength or range of
wavelengths corresponding to the coupling signal 32
become highly excited. The received electromagnetic signal
44 1s coupled to the vapor cell 12, for example by an
RF/microwave (or other frequency) antenna (not illustrated).
The electrons 1n the vapor cell become very sensitive to the
impinging electromagnetic field 44 provided by the micro-
wave transmitter 44. In addition, 1f the electromagnetic field
44 1s modulated, the electrons in the vapor cell 12 respond
to the amplitude variations 1n the impinging electromagnetic
field 44. As the electrons respond to the amplitude variations
in the mmpinging electromagnetic field, they change the
transmissivity of the dark state of the vapor cell 12, thereby
modulating the intensity of the probe laser signal 34 to vary
as 1t transmits through the vapor cell 12, so that the probe
laser signal 34 1s intensity modulated with the same modu-
lation as the modulated electromagnetic signal 44 as the
signal 34 passes through the vapor cell 12. Thus, the
microwave transmitter 44 transmitted electromagnetic sig-
nal 44 modulates the modulates the probe laser signal 34 to
provide the modulated optical data 26 signal, which 1s to be
received by the receiver portion of the optical transceiver

100.

[0066] When the transceiver 1s operating in the optical
receive mode, The T/R switch 1s set to the Rx position and
routes the modulated optical data signal 26 to the photo
detector 48. The photodetector receiver the modulated opti-
cal data signal 26 and converts the optical signal to an
clectrical signal for processing by a processor (not 1llus-
trated) and data recovery.

[0067] According to certain various aspects and embodi-
ments, the vapor cell can also be used 1n an electromagnetic
to optical recerver. FIG. 3 1llustrates one example of an RF
to optical recerver 200 using a vapor cell 12. The vapor cell
12 can comprise any or all of an E20 converter that provides
a modulated optical signal based on a modulated electro-
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magnetic (RF/microwave or other frequency) signal and an
RFE/microwave signal to optical demodulator 17 that modu-
lates and optical signal based on a modulated electromag-
netic (RF/microwave or other frequency) signal. The opera-
tion of the vapor cell 12 1n the optical recerver 200 will now
be described. It 1s understood that like reference numbers in
FIG. 3 correspond to like elements 1n FIGS. 1 and 2.

[0068] The receiver 200 includes a coupling laser 30 that
provides an output signal 32. The signal 32 1s configured in
wavelength and energy to excite the electrons of the atoms
in the vapor cell 12. When the coupling laser 30 signal 32 1s
coupled to the vapor cell 12, the electrons 1n the vapor cell
at a certain selected wavelength or range of wavelengths
corresponding to the coupling signal 32 become highly
excited. A microwave/RF signal provided by a remote
transmitter 52 1s received at the receiver 200 and coupled to
the Vapor Cell 12. The excited electrons in the vapor cell
become very sensitive to the impinging electromagnetic
field 44. In addition, 1 the external electromagnetic field 44
1s modulated, the electrons 1n the vapor cell 12 respond to
the amplitude varnations in the impinging electromagnetic
ficld 44. As the electrons respond to the amplitude variations
in the impinging electromagnetic field 44, they change the
transmissivity of the dark state of the vapor cell 24, thereby
modulating the intensity of probe laser 28 signal 34 to vary
as 1t transmits through the vapor cell 12. The result 1s that the
probe laser signal 34 1s intensity modulated with the same
modulation as the modulated electromagnetic signal 44 as it
passes through the vapor cell 12. Thus, the vapor cell 12 uses
the microwave/RF signal 44 transmitted by microwave
transmitter 52 to modulate the probe laser signal 34 to
provide an output modulated optical data 26 signal. The
modulated optical data signal 26 1s provided to the photo
detector 48. The photodetector 48 receives the modulated
optical data signal 26 and converts the optical signal to an
electrical signal for processing by a processor (not 1llus-
trated) and data recovery.

[0069] Thus, in summary, the E20 converter 12 1s excited
by an externally transmitted signal 44 transmitted from a
(distant) microwave transmitter 52. The E20 converter
converts the received microwave signal 44 to a modulated
optical signal. Thus, the microwave transmitter 44 transmit-
ted electromagnetic signal 44 modulates the modulates the
probe laser signal 34 to provide the modulated optical data
26 si1gnal, which 1s to be received by the receiver portion of
the optical transceirver 100 and processed for data recovery.

[0070] Referring now to FIG. 4, there 1s illustrated one
embodiment of a method 400 of transmitting a modulated
optical signal based on a modulated electromagnetic signal.
The method comprises providing a first optical signal 402 at
a first wavelength to vapor cell. The method further com-
prises providing a second optical signal 404 to the vapor cell
at a wavelength of light to excite atoms 1n the vapor cell to
induce electromagnetically Induced Transparency (EIT) so
as to make the vapor cell transparent to the first wavelength
of the first optical signal. In one example, the method
comprises highly exciting electrons of the vapor cell so as to
respond to modulation variations in the electromagnetic
field, which results 1n a change of the transmissivity of the
dark state of the vapor cell thereby causing an intensity of
first optical signal to be modulated as 1t propagates through
the vapor cell. The method further comprises providing a
modulated electromagnetic signal 406 to the vapor cell and
modulating the first optical signal 408 with the vapor cell
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based on the modulated electromagnetic signal. In particu-
lar, the vapor cell comprises an E20 converter that modu-
lates the first optical signal based on the recerved modulated
clectromagnetic signal to provide a modulated output optical
signal, where an intensity modulation of the modulated
output optical signal 1s representative of a modulation of the
modulated electromagnetic signal. The method further com-
prises launching the modulated output optical signal 410
into free space.

[0071] In one example, the method further comprises
providing the vapor cell with cesium atoms.

[0072] In one example, the method further comprises
modulating the modulated electromagnetic signal with any
ol intensity modulation (IM), frequency modulation (FM)
and phase modulation (PM).

[0073] In one example, the method further comprises
amplifying the modulated output optical signal to an
increased power level and providing as an amplified modu-
lated optical signal.

[0074] Referring now to FIG. §, there 1s illustrated one
embodiment of a method 500 of receiving a modulated
clectromagnetic signal and processing a modulated optical
signal to determine information in the modulated electro-
magnetic signal. The method comprises providing a first
optical signal 502 at a first wavelength to a vapor cell. The
method further comprises providing a second optical signal
504 to the vapor cell at a wavelength of light to excite atoms
in the vapor cell to induce electromagnetically Induced
Transparency (EIT) so as to make the vapor cell transparent
to the first wavelength of the first optical signal. In one
example, the method comprises highly exciting electrons of
the vapor cell so as to respond to modulation variations in
the electromagnetic field, which results 1n a change of the
transmissivity of the dark state of the vapor cell thereby
causing an intensity of first optical signal to be modulated as
it propagates through the vapor cell. The method further
comprises receiving a modulated electromagnetic signal 506
at the vapor cell and modulating the first optical signal 508
with the vapor cell based on the modulated electromagnetic
signal. In particular, the vapor cell comprises an E20
converter that modulates the first optical signal based on the
received modulated electromagnetic signal to provide a
modulated output optical signal, where an intensity modu-
lation of the modulated output optical signal 1s representa-
tive of a modulation of the modulated electromagnetic
signal. The method further comprises detecting the modu-
lated output optical signal 510 and processing the detected
signal 512 to determine a modulation of the modulated
clectromagnetic signal.

[0075] In one example, the vapor cell 1s provided with
cesium atoms.
[0076] In one example, the method further comprises

detecting the modulation of the modulated electromagnetic
signal with any of intensity modulation (IM), frequency
modulation (FM) and phase modulation (PM).

[0077] Some advantages of the herein described embodi-
ments and system include: that the antenna 1s not a function
of the wavelength of the EM wave as 1s the case with
conventional antennas; that the noise floor 1s at the quantum
level, not the thermal level as 1s the case 1n conventional
antennas; and that the system 1s a highly linear system.

[0078] According to various aspects and embodiments, a
vapor cell 1s used as an optical modulator. A coupling laser
establishes an energy state of Rydberg atoms of the vapor
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cell. In response to an RF/microwave signal, an optical
carrier signal (provided by a probe laser) 1s modulated 1n the
vapor cell, by modulating the transmissivity of the dark state
of the vapor cell with the RF/microwave signal. As a result,
a modulated optical signal 1s provided. The optical signal
can be intensity modulated, frequency modulated, or phase
modulated.
[0079] According to various aspects and embodiments, the
modulated laser signal can be transmitted to free space
transmission as a transmitted optical signal.
[0080] According to various aspects and embodiments, the
modulated laser signal can be provided to a photodetector as
a recerved signal for conversion and signal processing of
properties of a recetved RF/microwave signal.
[0081] According to various aspects and embodiments, the
output of the microwave exciter 1s modulated with data to be
transmitted.
[0082] According to certain various aspects and embodi-
ments, the transitivity of the dark state of the vapor cell 1s
modulated by the output of the RF/microwave exciter
instead of a coupling laser. With this arrangement, the
RFE/microwave exciter excites the electrons of the Rydberg
atoms of the vapor cell.
[0083] Having described above several aspects of at least
one embodiment, 1t 1s to be appreciated various alterations,
modifications, and improvements will readily occur to those
skilled 1n the art. Such alterations, modifications, and
improvements are itended to be part of this disclosure and
are 1ntended to be within the scope of the imnvention.
[0084] It 1s to be appreciated that embodiments of the
methods and apparatuses discussed herein are not limited in
application to the details of construction and the arrange-
ment of components set forth 1n the following description or
illustrated 1n the accompanying drawings. The methods and
apparatuses are capable of implementation 1n other embodi-
ments and of being practiced or of being carried out in
various ways. Examples of specific implementations are
provided herein for illustrative purposes only and are not
intended to be limiting. Also, the phraseology and terminol-
ogy used herein 1s for the purpose of description and should
not be regarded as limiting. The use herein of “including,”
“comprising,” “having,” “containing,” “involving,” and
variations thereof 1s meant to encompass the i1tems listed
thereafter and equivalents thereof as well as additional
items. References to “or” may be construed as inclusive so
that any terms described using “or” may indicate any of a
single, more than one, and all of the described terms. Any
references to front and back, left and right, top and bottom,
upper and lower, and vertical and horizontal are intended for
convenience of description, not to limait the present systems
and methods or their components to any one positional or
spatial orientation.
[0085] Accordingly, the foregoing description and draw-
ings are by way of example only, and the scope of the
invention should be determined from proper construction of
the appended claims, and their equivalents.

What 1s claimed 1s:

1. An optical transmitter, comprising:

a probe optical source configured to provide a first optical

signal;
an electromagnetic source configured to provide a modu-
lated electromagnetic signal;

a vapor cell configured to receive the first optical signal
and the modulated electromagnetic signal, the vapor
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cell configured to modulate the first optical signal based
on the recetved modulated electromagnetic signal to
provide a modulated output optical signal; and

launching optics configured to receive the modulated
output optical signal and transmit the modulated optical
signal.

2. The optical transmitter of claim 1, wherein the vapor
cell comprises an Flectrical-to-Optical (E20) converter con-
verts an electromagnetic signal to an optical signal.

3. The optical transmitter of claim 1, wherein the vapor
cell comprises an Optical-to-Optical (O20) converter that
performs a wavelength translation from one wavelength to
another wavelength.

4. The optical transmitter of claim 1, further comprising:

a second source of a second optical signal;

wherein the vapor cell material 1s opaque to a wavelength

of first optical signal, and wherein the second optical
signal 1s provided at a wavelength of light to the vapor
cell to excite atoms 1n the vapor cell to a high principal
quantum number creating a superposition of two
coupled degenerative states and a dark state that is
resonant with the wavelength of the first optical signal
to 1nduce electromagnetically Induced Transparency
(EIT) so as to make the vapor cell transparent to the
wavelength of the first optical signal.

5. The optical transmitter of claim 4, wherein the highly
excited electrons of the vapor cell respond to modulation
variations 1n the electromagnetic field, which results 1n a
change of the transmissivity of the dark state of the vapor
cell thereby causing an intensity modulation of the modu-
lated output optical signal to be representative of a modu-
lation of the modulated electromagnetic signal.

6. The optical transmitter of claim 1, which 1s part of a
transceiver device that further comprises an optical Trans-
mit/Receive (I/R) switch that routes the modulated output
optical signal to one of a first output and a second output, the
first output of the optical T/R switch being coupled to and
providing the modulated optical signal to launching optics,
the second output of the T/R switch being coupled to and
providing the modulated output optical signal to an optical
detector that provides a detected signal for processing.

7. A method of transmitting a modulated optical signal,
comprising:

providing a first optical signal at a first wavelength;

providing a modulated electromagnetic signal;

modulating the first optical signal with vapor cell that
receives the first optical signal and the modulated
electromagnetic signal to provide a modulated output
optical signal based on the received modulated elec-
tromagnetic signal,

launching into free space the modulated optical signal.

8. The method of claim 7, the vapor cell providing an
Electrical-to-Optical (E20) conversion.
9. The method of claim 7, the vapor cell providing an
Optical-to-Optical (0O20) conversion.
10. The method of claim 7, further comprising:
providing a second optical signal to the vapor cell at a
wavelength of light to excite atoms 1n the vapor cell to
a high principal quantum number creating a superpo-
sition of two coupled degenerative states and a dark
state that 1s resonant with the first wavelength to induce
electromagnetically Induced Transparency (EIT) so as
to make the vapor cell transparent to the first wave-
length of the first optical signal.
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11. The method of claim 10, further comprising highly
exciting electrons of the vapor cell so as to respond to
modulation variations in the electromagnetic field, which
results 1n a change of the transmissivity of the dark state of
the vapor cell thereby causing an intensity of modulated
optical signal to be representative of a modulation of the
modulated electromagnetic signal.

12. An electromagnetic receiver comprising:

a probe optical source configured to provide a first optical

signal;

a vapor cell configured to receive the first optical signal
and a modulated electromagnetic signal, the vapor cell
configured to modulate the first optical signal based on
the recetved modulated electromagnetic signal to pro-
vide a modulated output optical signal; and

an optical detector that receives the modulated output
optical signal and provides a detected signal based on
the modulated output optical signal.

13. The electromagnetic receiver device of claim 12,
wherein the vapor cell comprises an Electrical-to-Optical
(E20) converter converts an electromagnetic signal to an
optical signal.

14. The electromagnetic 1 receiver device of claim 12,
wherein the vapor cell comprises an Optical-to-Optical
(O20) converter that performs a wavelength translation
from one wavelength to another wavelength.

15. The electromagnetic receiver device of claam 12,
turther comprising:

a second source of a second optical signal;

wherein the vapor cell material 1s opaque to a wavelength
of first optical signal, and

wherein the second optical signal 1s provided at a wave-
length of light to the vapor cell to excite atoms 1n the
vapor cell to a high principal quantum number creating
a superposition of two coupled degenerative states and
a dark state that 1s resonant with the wavelength of the
first optical signal to 1nduce -electromagnetically
Induced Transparency (EIT) so as to make the vapor
cell transparent to the wavelength of the first optical
signal.
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16. The electromagnetic receiver device of claim 185,
wherein the highly excited electrons of the vapor cell
respond to modulation variations i1n the electromagnetic
field, which results 1n a change of the transmissivity of the
dark state of the vapor cell thereby causing an intensity of
the modulated output optical signal to be representative of a
modulation of the modulated electromagnetic signal

17. A method of receiving a modulated electromagnetic
signal, comprising:

providing a first optical signal at a first wavelength to

vapor cell;

recerving a modulated electromagnetic signal at the vapor

cell; and

modulating the first optical signal based on the received

modulated electromagnetic signal to provide a modu-
lated output optical signal; and

detecting the modulated output optical signal and pro-

cessing the detected signal to determine a modulation
of the modulated electromagnetic signal.

18. The method of claim 17, further comprising the vapor
cell providing an Electrical-to-Optical (E20) conversion.

19. The method of claim 17, further comprising the vapor
cell providing an Optical-to-Optical (O20) conversion.

20. The method of claim 17, further comprising;

providing a second optical signal to the vapor cell at a

wavelength of light to excite atoms 1n the vapor cell to
a high principal quantum number creating a superpo-
sition of two coupled degenerative states and a dark
state that 1s resonant with the first wavelength to induce
electromagnetically Induced Transparency (EIT) so as
to make the vapor cell transparent to the first wave-
length of the first optical signal.

21. The method of claim 20, further comprising highly
exciting electrons of the vapor cell so as to respond to
modulation variations in the electromagnetic field, which
results 1n a change of the transmissivity of the dark state of
the vapor cell thereby causing an intensity modulation of the
modulated output optical signal to be representative of a
modulation of the modulated electromagnetic signal.
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