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Introduction
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Objective
Determine bit error rate (BER) performance in a passively aligned free space optical link 
(FSOL) utilizing Double clad fibers (DCF) for transmitting and receiving, demonstrating the 
viability of a symmetric bidirectional FSOL using DCF.

Background
Small form-factor pluggable (SFP) transceivers are a low cost, commercial off the shelf
(COTS) implementation of a high data rate free space optical link (FSOL). Long range SFPs
are designed for fiber optic systems using single mode fibers (SMF).

Typical Bi-directional FSOL Bi-directional FSOL using DCF
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Presentation Notes
Our objective was to determine bit error rate (BER) performance in a passively aligned free space optical link (FSOL) utilizing Double clad fibers (DCF) for transmitting and receiving, demonstrating the viability of a symmetric bidirectional FSOL using DCF. A low SWaP solution in implementing a FSOL uses small form-factor pluggable (SFP) transceivers, which are commonly used in fiber optic communications and are available as a commercial off the shelf (COTS) product.  In a typical bidirectional free space system using SFPs, there would need to be two optical paths for each transmit direction. Both using SMF to transmit and a MMF to receive. With a DCF you can transmit and receive through the same optical axis by using the small core for transmitting and a the large inner cladding for receiving.



Background
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Fibers
• Large core multi-mode receiving fibers (MMF) improve misalignment tolerance
• Using MMF to transmit causes power instability in laser beam
• Double clad fibers (DCF) can transmit a stable Gaussian beam through the single mode

core and receive in the large inner cladding
• DCF enable a single bidirectional optical path with symmetric transmit and receive

setups allowing for low size, weight, and power (SWaP)

Core
9 µm

9 µm

105 µm Multi Mode Fiber9 µm Single Mode Fiber 9/105 µm Double Clad Fiber

Presenter
Presentation Notes
This slide displays the cross sections of each of the test fibers. On the left the cross section of the single mode fiber is displayed. The 9 µm core allows only a single mode of light to propagate down the length of the fiber resulting in a stable gaussian beam. In the center is the cross section of the multi-mode fiber tested. The 105µm core increases the field of view but also allows many more spatial modes to propagate which results in power instability of the laser beam when used to transmit. The Double clad fiber has a 9µm single mode core surrounded by a 105µm inner cladding which acts as a secondary core to capture more light. When used as a transmitter the DCF utilizes the single mode core, and while receiving utilizes the large multi mode inner cladding to increase field of view.




DCF Coupler
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SMF

MMF

DCF

The DCF coupler separates the SM core signal from the MM inner cladding signal, enabling the 
separation of the transmitting signal from the received signal.



Modal Dispersion
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Different modes arrive at the end of the fiber at differing times due to different path lengths

This differential mode delay (modal dispersion) causes increases in bit error rates
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Presentation Notes
Using large core fibers to receive an optical signal increases the field of view of the FSOL, however it comes at the cost of increased BER. The large core allows for many spatial modes to be excited in the fiber. These can be represented by the different rays in the top diagram. Because of the different path lengths for these different modes, a signal pulse sent along the fiber will spread out the longer the pulse has to travel. The pulses can leak into the preceding and succeeding pulses causing errors.



BER Experimental Setup
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Methods
• Test combinations of single mode fibers (SMF), multi-mode fibers (MMF), and double 

clad fibers (DCF) in a FSOL setup at various divergence angles
• Tests will be run using vertical and horizontal misalignment

Fiber Core Size (µm) Graded or Step Index Numerical Aperture

Single Mode Fiber (SMF) 9a Graded 0.12b

Multimode Fiber (MMF) 105 Step 0.22
Double Clad Fiber (DCF) 9, 105 Step 0.12, 0.22
aMode Field Diameter. bNot Given, Typical Reported

Presenter
Presentation Notes
This slide displays the experimental set up for the free space optical link. The BERT generates the pseudo random bit sequence using on-off keying and the signal is propagated down the transmit test fiber to the transmitting optics, the laser beam traverses the 2m separation into the receive optics where it is coupled into the receive test fiber and back to the BERT to calculate how many errors were detected in the signal. The transmitting optics were on a horizontal stage and the receiving optics were on a vertical stage. Each set of optics also has a motor to control the separation distance between the fiber end and the lens, thereby controlling the divergence angle of the beam. In Python was used to control the motors and to automate the BER tests. The table shows the fibers which were tested at all transmit/receive combinations.



Transmit Fiber Profiles
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SMF DCF MMF

DCF as a transmitting fiber supports more modes than SMF, but fewer modes than MMF 
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Presentation Notes
These profiles were taken at the end of the transmitting fiber. On the left is the SMF, in the center is the DCF, and on the right is MMF. These demonstrate that the DCF transmits primarily through the single mode core with a few lower order modes in the large core inner cladding. Overall the DCF as a transmitting fiber supports more modes than SMF, but fewer modes than MMF. 



BER vs Power Curve
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BER increases as number of modes supported by the system increases

SMF SMF

DCF

MMF MMF

DCF
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Presenter
Presentation Notes
This figure displays the measured BER vs SFP received power in dBm. The yellow x’s represent the SM-SM, the green triangles represent the DCF-DCF, and the blue diamonds represent the MM-MM. All three follow the same waterfall shape, but as the number of modes that are supported in each setup increases the BER jump. In the SMF-SMF setup the BER vs power measurements follows one single curve. In the DCF-DCF and MMF-MMF setup, the measurements are more spread out along their curves due to the effects of modal dispersion, with the MMF suffering most because that setup supports the highest number of modes. 



Definition of 
Misalignment Tolerance

Max receive limit

Min receive limit

Lateral misalignment tolerance (Pointing Accuracy Tolerance) = distance 
over which the BER is below 10-8

Min. receive limit 
BER < 10-8Lateral Tolerance

9Location

Power

Presenter
Presentation Notes
Before proceeding to the results from the tests I need to define what the misalignment tolerance is in this system. I define it here as the width of misalignment over which the BER stays below the threshold of 10-8. The x axis here would be location of the beam. As the motors increase the misalignment, the power decreases. As the power decreases, the BER will increase. By using the threshold of BER < 10-8 one can define a decenter span/misalignment tolerance. The required BER threshold will vary depending on the application.



Receive Fiber Results
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DCF and MMF perform similarly as a receiving fiber.
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The results of the misalignment differences between the receiving fibers for a common transmitting fiber are displayed. In this case the DCF was used as the transmit fiber. The DCF closely matched the misalignment performance of the MMF and both outperformed the SMF as expected. As the divergence angle increases, the power density of the beam decreases. The small core in the SM is not large enough to capture enough of the diverged beam and results in lower overall received power, decreasing misalignment tolerance in the system.



Transmit Fiber Results
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DCF and SMF have similar misalignment tolerance as transmitting fibers.
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The results of the misalignment differences between the transmitting fibers for a common receiving fiber are displayed. The blue and green curves compare the DCF and SMF as transmitting Fibers when using a DCF to receive. The red and maroon curves compare the DCF and SMF as transmitting fibers when using a SMF to receive. The DCF closely matched the misalignment performance of the SMF when transmitting. This validates that the DCF can perform well as a transmitting fiber as previous studies have indicated.



Transmit Fiber Results
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DCF-DCF has a similar misalignment tolerance to SMF-MMF, a common solution, and
enables a symmetric setup.

DCFDCF

SMF MMF

Presenter
Presentation Notes
This slide compares the SM-mmf setup with the DCF-DCF setup. The SMF-MMF setup has been investigated previously and is a common solution to an FSOL using SFPs. This figure demonstrates that the DCF-DCF has a similar misalignment tolerance to the SMF-MMF, but also allows for a symmetric bi-directional setup, lowering the SWaP.



Launch Condition Experimental Setup
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Beam Profiler was integrated into the setup to investigate the receive fiber
launch conditions.

Presenter
Presentation Notes
The next stage of the tests was to investigate the effect of misalignment on the signal coupling into the receive fiber. The setup remained the same, but the receive fiber end was removed from the BERT and plugged into the Spiricon Beam Profiler to measure the power profile and investigate the effect of the launch conditions on the BER of the system.



Single Mode Fiber Rx Profile
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Centered Slight misalignment Extreme misalignment

SMF – Centered SMF – 2 mm decentered SMF – 4 mm decentered

Power profile  doesn’t change as misalignment increases only a decrease in power is observed

Presenter
Presentation Notes
The fiber profiles of the SMF are shown here. The SMF keeps the same fiber profile as the system is decentered, Only decreased power levels are observed.



Multi-Mode Fiber Rx Profile
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Centered Slight misalignment Extreme misalignment

MMF – Centered MMF – 3 mm decentered MMF – 5 mm decentered

Rx Power: -28.73 dBm

Power moves outward radially as misalignment increases until skew rays dominate

Presenter
Presentation Notes
The fiber profiles of the MF are shown here. The light tends to progress radially outward as the beam is misaligned. By the time the beam is in the extreme misalignment case, skew rays were observed. Skew rays are when the light corkscrews around the exterior portion of the core and doesn’t occupy the center. This keeps the light from coupling efficiently into the SFP receiver designed for small core SMF.



Double Clad Fiber Rx Profile
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DCF – Centered DCF – 3 mm decentered DCF – 5 mm decentered

Rx Power: -26.75 dBm

Centered Slight misalignment Extreme misalignment

No skew rays observed in the DCF for same conditions

Presenter
Presentation Notes
The fiber profiles of the DCF are shown here. The light tends to progress radially outward as the beam is misaligned, however no skew rays were observed, which was a surprising finding as we expected similar behavior to the MMF. This may be due to not being able to image the fiber profile at lower optical power. The power measured in the Double Clad Fiber was consistently greater than the power measured in the multi-mode fiber for the same misalignment and beam divergence angle.



Conclusion

Summary
• Findings demonstrate the viability of a low-SWaP, bidirectional,

symmetric FSOL utilizing DCF to transmit and receive.
• The BER misalignment performance of the DCF was comparable

to the SMF while transmitting, and to the MMF while receiving.
• Skew rays were observed in the MMF, but not in the DCF,

resulting in receive power losses.

Future Work
• Quantify the effect of skew rays on the BER performance
• Determine if/when skew rays are present in DCF using higher

transmit power
• Setup and test a symmetric duplex FSOL using DCF.
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MMF – 5 mm decentered

DCF – 5mm decentered
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