
 

Space communication: developing a one
photon-per-bit receiver using near-noiseless
phase-sensitive amplification
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Conceptual diagram of a free-space communication link with a PSA pre-
amplified coherent receiver. S signal; P pump, I Idler, PLL phase-locked-loop,
PSA phase-sensitive amplifier. Credit: Light Science & Applications, doi:
10.1038/s41377-020-00389-2

During space-communication researchers require high-space
intersatellite data transfer connectivity for deep-space missions while
monitoring Earth. The technology is fundamentally influenced by
available transmission power and the aperture size of receiver sensitivity.
The transition from radio-frequency links to optical links is now under
consideration due to its ability to significantly reduce the channel loss
caused by diffraction during communication. In a widely used approach,
researchers can develop power-efficient formats along with nanowire-
based photon-counting receivers cooled to a few Kelvins to function at
speeds below 1-Gigabytes per second (Gb/s). In order to achieve data
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transfer at data rates of multi-GB/s (as expected for future space
applications) the systems will have to rely on pre-amplified receivers
together with advanced signal generation and processing techniques,
including fibre communications.

The sensitivity of such systems can be determined by the noise figure
(NF—that measures the degradation of noise-to-signal ratio) of the pre-
amplifier. Phase-sensitive optical amplifiers (PSA) promise to provide
the best possible sensitivity for long-haul free-space links. In a new
report now on Nature Light: Science & Applications, Ravikiran Kakarla
and a team of scientists in photonics, microtechnology and nanoscience
at the Chalmers University of Technology in Sweden developed a new
approach using a phase-sensitive optical amplifier (PSA)-based receiver
in a free-space transmission experiment. The team achieved an
unprecedented bit-error free, black-box sensitivity of one photon per
information bit (PPB) at an information rate of 10.5 Gb/s. While they
only transmitted the signals across one meter during the study, they
believe the outcomes will validate scaled-up communication across
space.

Space exploration and satellite-borne sensors

Space exploration conducted by agencies such as NASA, ESA and 
JAXA, and their data output of satellite-borne sensors impose significant
demands on communication systems to operate at higher data rates and
reach further into space. The receiver sensitivity should be improved as
an important step to enhance data throughput with as few photons
received as possible. A better receiver sensitivity will allow longer reach,
higher data throughput and the potential to use more compact optics.
Common approaches currently in development to improve sensitivity
suffer from a low spectral efficiency (SE) and can only achieve modest
net data rates due to the trade-off between sensitivity and bandwidth.
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https://phys.org/search/?search=fibre+communications&s=0
https://phys.org/tags/sensitivity/
https://www.sciencedirect.com/topics/engineering/system-noise-figure
https://www.osapublishing.org/josa/abstract.cfm?uri=josa-70-3-263
https://www.nasa.gov/
https://www.esa.int/
https://global.jaxa.jp/
https://www.osapublishing.org/opn/abstract.cfm?uri=opn-27-5-24
https://www.sciencedirect.com/topics/chemistry/photon
https://www.sciencedirect.com/topics/engineering/spectrum-efficiency
https://link.springer.com/book/10.1007%2F978-0-387-28677-8


 

  
 

  

Experimental results with 10.52-Gbaud QPSK data, showing BER versus
received power (also expressed in photons per symbol) before and after FEC
decoding for: EDFA pre-FEC (the brown line with open circles as the measured
points); EDFA post-FEC (the brown solid diamond markers); PSA pre-FEC (the
red line with open circles as the measured points); PSA post-FEC (the red
diamond markers). Credit: Light Science & Applications, doi:
10.1038/s41377-020-00389-2

For example, scientists widely consider pulse position modulation (PPM)
during space communications since it can reach an excellent sensitivity
at low signal-to-noise ratios (SNRs), however, the method can result in
an ineffective spectral efficiency. As a result, they can employ photon
counting receivers to receive pulse position modulation symbols and
establish sensitivities of a few photons per bit. However, the resulting 
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https://ieeexplore.ieee.org/document/5892914
https://ieeexplore.ieee.org/abstract/document/1095577
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/7608/760827/Photon-counting-detectors-for-space-based-laser-receivers/10.1117/12.846983.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/7608/760827/Photon-counting-detectors-for-space-based-laser-receivers/10.1117/12.846983.short


 

superconducting nanowire-based receivers need to be cooled to 2-4
Kelvin to function effectively. Future space communication systems will
therefore need to exceed current speeds of function, which require
major improvements beyond the existing receiver technology relative to
the data rate and sensitivity. In this work, Kakarla et al. expanded on
preceding work by including a theoretical analysis to achieve sensitivities
with PSAs (phase-sensitive optical amplifiers). The work highlights the
benefits of replacing current radiofrequency technologies with the more
efficient optical systems to meet future demands of space
communication with higher data rates to communicate across greater
distances.

  
 

  

Sensitivity (photon-per-information-bit, PPB) versus spectral efficiency
(bits/s/Hz) with different implementations. Theoretical curves are indicated by
lines, while the experimental data are indicated with symbols. Gordon’s capacity
limits for reliable transmission of information including quantum effects (black),
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https://ieeexplore.ieee.org/document/8357203
https://iopscience.iop.org/article/10.1088/1361-6668/aac180/meta
https://ieeexplore.ieee.org/document/8750400
https://ieeexplore.ieee.org/document/8750400


 

the shaded grey area is thus fundamentally inaccessible; capacity of DQ-coherent
homodyne detector with PSA pre-amplifier (red), PSA with no loss in spectral
efficiency due to the idler (dashed red) and EDFA pre-amplifier (brown);
envelope of all PPM capacities (green) and 64-PPM capacity (grey).
Experimental sensitivity records of photon counting receivers (measured in
incident PPB, i.e., the black-box sensitivity) with PPM technology at net data
rates >100 Mb/s (green markers); record sensitivities of advanced modulation
formats with pre-amplified coherent receivers at net data rates >100 Mb/s
(brown markers), single-quadrature detector (red marker); the PSA result
presented here is denoted by a red star (red filled and unfilled), and the EDFA
result is represented by a brown star. Credit: Light Science & Applications, doi:
10.1038/s41377-020-00389-2

Experimental setup

The scientists used a free-space optical transmission link with a pre-
amplified receiver. Since evolving space communication research has
adopted technology from the optical fibre communication field,
including techniques of advanced forward error correction (FEC), the
scientists used a FEC-encoded binary data stream at the transmitter.
They modulated the data onto the signal with quadrature-phase-shift
keying (QPSK) for a resulting net information rate of 10.52 Gb/s. The
team combined the signal with a continuous-wave pump to generate a
conjugate idler wave containing the same information as the signal using 
four-wave mixing (FWM) in a nonlinear optical fibre.

The team amplified the signal, idler and pump waves to the desired
output power and launched them into the free-space channel. They used
the free-space link to confirm that no additional penalty occurred during
the launch of waves into free space. The pump power used in the study
was significantly lower than the combined signal and idler power,
resulting in a nearly negligible power budget penalty.
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https://patents.google.com/patent/US6842873B1/en
https://www.sciencedirect.com/topics/engineering/quadrature-phase-shift-keying#:~:text=3.3.&text=For%20quadrature%20phase-shift%20keying,constant%20amplitude%20signal%20are%20used.&text=The%20baseband%20modulation%20spectrum%20is,QAM%20modulation%20two%20times%20larger.
https://www.sciencedirect.com/topics/engineering/quadrature-phase-shift-keying#:~:text=3.3.&text=For%20quadrature%20phase-shift%20keying,constant%20amplitude%20signal%20are%20used.&text=The%20baseband%20modulation%20spectrum%20is,QAM%20modulation%20two%20times%20larger.
https://pubmed.ncbi.nlm.nih.gov/20856505/
https://www.sciencedirect.com/topics/engineering/conjugated-phase
https://www.sciencedirect.com/topics/engineering/conjugated-phase
https://www.sciencedirect.com/topics/physics-and-astronomy/four-wave-mixing#:~:text=The%20four-wave%20mixing%20(FWM,three%20lights%20of%20different%20wavelengths.&text=The%20efficiency%20of%20this%20nonlinear%20interaction%20strongly%20depends%20on%20phase%20matching%20conditions.


 

  
 

  

Detailed experimental set up of the free-space communication system with a
PSA pre-amplified receiver. EDFA erbium-doped fibre amplifier, HNLF highly
nonlinear fibre, OIL optical injection locking, WS wave shaper, VOA variable
attenuator, WDM wavelength division multiplexer coupler, DVBS2 digital video
broadcasting standard 2 code, PSA phase-sensitive amplifier; the electrical paths
are indicated by red lines; the optical paths are indicated by black lines. Credit:
Light Science & Applications, doi: 10.1038/s41377-020-00389-2

Recovering a stable high-power

The team separated the pump waves at the receiver from the signal and
idler waves using a wavelength division multiplexer, which they then
recovered using optical injection locking – an optical and phase
synchronization technique. After phase-sensitive amplification of the
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https://www.sciencedirect.com/topics/materials-science/wavelength-division-multiplexing
https://www.osapublishing.org/ol/abstract.cfm?uri=ol-43-23-5769


 

recovered wave, they filtered and detected the signal using a standard
coherent receiver and a real-time oscilloscope for digital signal
processing. The scientists measured a Bit Error Rate of the received
signal to understand the performance of the PSA (phase-sensitive optical
amplifier) based pre-amplified receiver. They compared the results with
an erbium-doped fibre amplifier (EDFA) and the PSA performed better
than the EDFA-based receiver. Using the experimental system, Kakarla
et al. showed how error-free transmission could be achieved with a
received power of 1-photon per information bit (PPB) to provide the
best black-box receiver sensitivity reported to date.

  
 

  

Experimental setup of optical injection locking with the PLL. PD photodetector,
PID proportional integrator differentiator, BPF bandpass filter, LPF low-pass
filter, EDFA erbium-doped fibre amplifier; the red lines indicate the electrical
paths, and the black lines indicate the optical paths. Credit: Light Science &
Applications, doi: 10.1038/s41377-020-00389-2
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https://www.sciencedirect.com/topics/engineering/oscilloscope
https://www.sciencedirect.com/topics/engineering/bit-error-rate
https://www.sciencedirect.com/topics/computer-science/doped-fiber-amplifier


 

 Outcomes of the study for space communication

The described method is compatible with additional methods that use a
different nonlinear platform to obtain improved sensitivity. The PSA
approach represented a trade-off between spectral efficiency and
sensitivity for receivers used in free-space communication, alongside
experimental sensitivity records of using these techniques. While the
demonstration focused on applications in deep-space links, they can also
be used in atmospheric links to improve sensitivity. Such investigations
will need to consider the effect of atmospheric turbulence on the PSA
pre-amplified receiver.

In this way, Ravikiran Kakarla and colleagues presented a record black-
box sensitivity of one photon per information bit at 10.5 Gb/s using a
simple spectrally efficient format. They enabled the method using a
phase-sensitive optical amplifier (PSA) approach and ultra-low power
injection locking mechanism to achieve the observed sensitivity in the
presence of a new noise-free, phase-sensitive pre-amplifier. The
outcomes expect to increase the rate of information transmission, while
reducing the size of the optics involved. These results can significantly
contribute to space communication and in light detection and ranging
(LIDAR) applications to monitor Earth.

  More information: Ravikiran Kakarla et al. One photon-per-bit
receiver using near-noiseless phase-sensitive amplification, Light: Science
& Applications (2020). DOI: 10.1038/s41377-020-00389-2 

Bryan S. Robinson et al. 781 Mbit/s photon-counting optical
communications using a superconducting nanowire detector, Optics
Letters (2006). DOI: 10.1364/OL.31.000444

Z. Tong et al. Towards ultrasensitive optical links enabled by low-noise
phase-sensitive amplifiers, Nature Photonics (2011). DOI:

8/9

https://ieeexplore.ieee.org/document/8346152
https://phys.org/tags/receiver/
https://oceanservice.noaa.gov/facts/lidar.html
https://oceanservice.noaa.gov/facts/lidar.html
http://dx.doi.org/10.1038/s41377-020-00389-2
http://dx.doi.org/10.1364/OL.31.000444
http://dx.doi.org/10.1038/nphoton.2011.79
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