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Brenden Rodney Glover

DYNAMICS OF TIME-DELAY COUPLED OPTO-ELECTRONIC OSCILLATORS

This thesis describes the theory, design, and testing of solitary and coupled

optoelectronic oscillators (OEO). It includes the work of four papers: two on solitary

OEOs, one on coupled OEOs, and one on noise characterizations of general OEO systems.

The goal is to derive analytic characterizations then experimentally leverage predictions

for amplification and sensing applications in radio frequency (RF) integrated photonic

platforms. For the single OEO case we experimentally characterize and numerically model

the amplification of RF signals injected into a sub-threshold optoelectronic oscillator.

Further, we characterize the transient temporal characteristics when subject to a pulse

square wave and derive a recursion relationship between the steps of the transient response.

In injected single OEO experiments, a radio frequency gain of 27.5 dB is demonstrated

at an optical power of 0.989 times the threshold optical power. The transient behavior

shows signatures of both the intrinsic time-delay of the optoelectronic oscillator and the

finite bandwidth of the electronic radio frequency filter. Approximating higher-order

group delay contributions of the experimental band-pass filter as an external time-delay

allows the system to be modeled with a well-known optoelectronic oscillator rate equation

model. The solitary rate equation model is generalized to numerically model coupled

OEOs. Linearization, stability analysis, and a modified slowly varying envelope technique

are utilized to derive novel analytic predictions. A second attractor is identified above the

critical point that overlaps the threshold with an exceptional point. Experiments show

that the coupled OEO’s second attractor may be triggered from the off state with a relative

» 78 dB RF injected signal.
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Figure 1.1: Schematic diagram of an OEO system. The power (PL) of the laser

signal is modulated by the MZM. The signal propagates through a long

optical fiber, causing a time delay (T ). The signal is then converted

into a voltage (Vi n ) by an amplified photo-detector and travels through

a bandpass filter, producing the voltage (Vout ) that controls the MZM. 1

Figure 1.2: A figure of a driven and tapped LCR circuit to be used as a voltage filter

relating the input voltage to the output voltage. The circuit consists of

an inductor with inductance L, a capacitor with capacitance C, and a

resistor with resistance R. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Figure 1.3: A schematic of a Mach-Zehnder Modulator relating the output optical

power PM Z to the output voltage Vout , the bias voltage VBi as, and laser

power PL . The voltages vary the index of refraction of photo-voltaic

crystals. The laser’s optical power is split into two beams, accumulating

opposite phase shifts through the crystals. The recombination of the

paths yields the output optical signal power PM Z . . . . . . . . . . . . . 5

Figure 1.4: A simple photo-detector schematic consisting of a photo-diode, resistor

and voltage bias source. Optical power PM Z (t ¡ T ) enters the

photo-detector and is converted to a voltage Vi n through resistance R. 6

Figure 2.1: Experiment configuration of all optical gain, optoelectronic oscillator

subject to RF injection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Figure 2.2: Depiction of an analogous experimental filter (a) and the model filter

(b). The group delay contributions of additional resonators (or order)

are considered by adding a direct time-delay to the model. . . . . . . . . 13
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Figure 2.3: RF output power vs injection frequency for experimental (solid),

numerical (dotted), and analytical (dashed) OEO results. The injection

signal power was fixed to -40 dBm and the optical power P was set to

around 0.891 Pth . The RF injection frequency was tuned between 0.995

and 1.005 GHz for five different time-delays from 0 ns to 200 ns. Note

that the input power into the system did not account for cable losses

going into and out of the system as well as the loss from the directional

coupler output. The input cable loss is 5.0 dB at 1 GHz. The relative

output loss is 7.085 dB at 1 GHz. . . . . . . . . . . . . . . . . . . . . . . . 15

Figure 2.4: The dependence of the RF output power on RF input power for various

percentages below the threshold optical power from the experiment. As

threshold is approached, the RF output power saturates at a lower input

power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Figure 2.5: The dependence of the RF output power on RF input power at 0.974 Pth .

The results displayed are the experiment (solid blue with error bars),

numerical simulation (orange points), transcendental solution (yellow

dashes), and linear approximation (purple dash and dots). . . . . . . . . 18

Figure 2.6: Transient response to pulsed RF signals. The RF input power (blue)

is fixed at (a) -20 dBm, (b) -10 dBm, (c) 0 dBm, and (d) 10 dBm.

The system gain is fixed at 0.90 Pth . Discrete steps are captured in

the output response. The global transient response time for the output

signal is dependent on the input signal’s power. . . . . . . . . . . . . . . 21

Figure 2.7: Shown are the OEO transient responses for various filter bandwidths

and optical fiber lengths, while the system gain is fixed at 0.90 Pth .

For (a) and (b), as the experimental results approach the model as the

filter bandwidth is decreased. (c) and (d) show that the step sizes of

the responses increase as lengths of optical fibers inserted into the OEO

system increases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
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Figure 3.1: Schematic diagram of our model OEO system. A laser produces an

optical signal of power P. The MZM amplitude modulates the optical

signal power and then travels through a fiber optic cable, causing a time

delay (T ). A photo-detector converts the signal power to a voltage (Vi n ).

The voltage signal then travels through a band pass filter producing

the voltage (Vout ) that drives the MZM, completing the feedback loop.

An amplifier may be placed in the fiber optic path (as shown) or the

electronic (RF) path. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

Figure 3.2: Plots of the absolute frequency difference of the three largest spectral

peaks for simulated (black dots, black stars) and analytic (red dashed,

yellow dashed, blue line) solutions just after the second bifurcation. The

frequency difference is with respect to the center frequency of the filter.

The absolute frequency difference of the 2nd highest peaks are equal and

overlap. The time delays were all set to filter resonant multiples. . . . . 29

Figure 3.3: OEO RF envelope amplitudes as a function of round-trip gain (®)

for a time delay of 600.5 ns, which depics a zeroth-order, first-order,

second-order, and third-order bifurcation. Each data point is a local

maximum of the numerical integration of (3.1). The central frequency

is set to 1 GHz. To improve the clarity of the higher-order bifurcations,

a bandwidth of 50 MHz is used. . . . . . . . . . . . . . . . . . . . . . . . . 31

Figure 3.4: OEO RF envelope amplitudes as a function of round-trip gain (®) for

various time delays displaying the first-order bifurcation. Each data

point is a local maximum of the numerical integration of (3.1). A central

frequency of 1 GHz with a bandwidth of 5 MHz is used. . . . . . . . . . 32

Figure 3.5: OEO Round-trip gain of the first-order bifurcation ®cr 1 as a function of

time delay T is plotted for successive resonant time delays. The predicted

values from simultaneous solutions of (3.7,3.19,3.20) are plotted as the

blue line. The simulation results are found from visual inspection of the

amplitude splitting in Figure 3.4 and are plotted as black dots. The

error bars of the simulated results are determined by the ® resolution of

Figure 3.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
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Figure 3.6: A simplified experimental schematic of an OEO subject to RF injection.

A signal generator injects a weak signal into the OEO through an RF

unidirectional coupler. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Figure 3.7: Numerical (dotted) and analytical (dashed) plots of RF gain as a

function of the frequency of the injected signal for various round-trip

gains (®). Simulated results are obtained from the numerical integration

of (3.22). Analytical results are plots of (3.28). For all data sets the time

delay is 250.5 ns. A central frequency of 1 GHz with a bandwidth of 5

MHz is used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

Figure 3.8: Numerical (dotted) and analytical (dashed) plots of the RF gain

as a function of frequency of the injected signal for various time

delays. Simulated results were obtained from the numerical integration.

Analytical results are plots of (3.28). For all data sets the round-trip

gain is .98 ®th . A central frequency of 1 GHz with a bandwidth of 5

MHz is used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

Figure 3.9: Simulated transient response of a sub-threshold OEO subjected to a

pulsed RF signal (shown in blue). The filter bandwidths (¢ F) are

associated with experimentally narrow, moderate, and wide examples.

Results were obtained by numerically integrating (3.22). The central

frequency is set to 1 GHz, the delay is set to 250.5 ns, and ® is set to

0.9 ®th . The injection amplitude is set to 0.025, and the vertical axes is

normalized to the first round-trip amplitude given by ®(! )¯ I . . . . . . . 41

Figure 3.10: A zoomed-in view of the ¢ F Æ5 MHz data set from Figure 3.9 to highlight

the direct response time Td , the ramp-up time Tr , and the effective time

delay Te f f given by (3.12). The central frequency is set to 1 GHz, the

delay is set to 250.5 ns, and ® is set to 0.9. The injection amplitude is

set to 0.025, and the vertical axes is normalized to the first round-trip

amplitude given by ®(! )¯ I (t ¡ T ). . . . . . . . . . . . . . . . . . . . . . . . 42
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® Æ®th Æ ¡
1

sin(2Á)cos(! n T )
. �U�j�X�8�V
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n Æn t :Æ�_�P�l�L�.
µ

­ 0T

¼

¶
, �U�j�X�e�V

�r�?�2�`�2 �r�2 �/�2�}�M�2ROUND() �i�Q �`�2�i�m�`�M �i�?�2 �M�2���`�2�b�i �B�M�i�2�;�2�` �Q�7 �i�?�2 �`�2���H �M�m�K�#�2�`�2�/ ���`�;�m�K�2�M�i�X
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�r�?�2�`�2¢ T ÆT ¡ n t ¼
­ 0
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ÆA2
cr 1

(J0(2Acr 1)¡ J2(2Acr 1))2

J1(2Acr 1)2 �U�j�X�R�N�V

�r�?�2�`�2Acr 1 �B�b �i�?�2 �+�`�B�i�B�+���H ���K�T�H�B�i�m�/�2 �Q�7 �i�?�2 �}�`�b�i�@�Q�`�/�2�` �#�B�7�m�`�+���i�B�Q�M�X �l�i�B�H�B�x�B�M�; �i�?�2m Æ0 ���M�/

m Æ1 �b�Q�H�m�i�B�Q�M�b �Q�7 �U�j�X�d�V�- �U�j�X�R�N�V �+���M �#�2 �b�Q�H�p�2�/ �7�Q�`Acr 1�X �P�M�+�2Acr 1 �B�b �7�Q�m�M�/ �Q�M�2 �K���v �/�2�i�2�`�K�B�M�2

�i�?�2 �+�`�B�i�B�+���H �`�Q�m�M�/�@�i�`�B�T �;���B�M®c1 �7�`�Q�K �U�j�X�R�9�V ���b
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sin2(2Á)J1(2Acr 1)2 A2
cr 1. �U�j�X�k�y�V

�A�M �b�m�K�K���`�v�- �i�Q �}�M�/ �i�?�2 �}�`�b�i�@�Q�`�/�2�` �#�B�7�m�`�+���i�B�Q�M �r�2 �b�Q�H�p�2 �U�j�X�d�V �7�Q�`! 0 ���M�/! 1�- �i�?�2�M

�b�m�#�b�i�B�i�m�i�2 �i�?�2�b�2 �p���H�m�2�b �B�M�i�Q �U�j�X�R�N�V �i�Q �}�M�/ �i�?�2 �+�`�B�i�B�+���H ���K�T�H�B�i�m�/�2Acr �r�?�B�+�? �B�M�@�i�m�`�M �;�B�p�2

�i�?�2 �+�`�B�i�B�+���H �;���B�M®c1 �i�?�`�Q�m�;�? �U�j�X�k�y�V�X �6�B�;�m�`�2�j�X�8�T�H�Q�i�b �i�?�2 �T�`�2�/�B�+�i�B�Q�M�b �7�`�Q�K �U�j�X�d�-�j�X�R�N�-�j�X�k�y�V

���M�/ �M�m�K�2�`�B�+���H �`�2�b�m�H�i�b �7�Q�` �i�?�2 �+�`�B�i�B�+���H �;���B�M�-®cr 1�- �Q�7 �b�2�+�Q�M�/ �#�B�7�m�`�+���i�B�Q�M ���b �� �7�m�M�+�i�B�Q�M �Q�7T �X

�h�?�2 �M�m�K�2�`�B�+���H �`�2�b�m�H�i�b�-®cr 1 �U�M�m�K�X�V�- �r�2�`�2 �7�Q�m�M�/ �i�?�`�Q�m�;�? �p�B�b�m���H �B�M�b�T�2�+�i�B�Q�M �Q�7 �i�?�2 ���K�T�H�B�i�m�/�2

�b�T�H�B�i�i�B�M�; �B�M �i�?�2 �`�2�b�m�H�i�b �;�B�p�2�M �#�v �6�B�;�m�`�2�j�X�9�X �h�?�2 �T�`�2�/�B�+�i�2�/®cr 1 �U�T�`�2�/�X�V �Q�7 �6�B�;�m�`�2�j�X�8�r�2�`�2

�7�Q�m�M�/ �m�b�B�M�; �� �+�Q�K�K�2�`�+�B���H �M�Q�M�H�B�M�2���` �b�Q�H�p�2�` �U�J���i�H���# �a�v�K�#�Q�H�B�+ �h�Q�Q�H�#�Q�t�V �i�Q �b�B�K�m�H�i���M�2�Q�m�b�H�v

�b�Q�H�p�2 �U�j�X�d�-�j�X�R�N�-�j�X�k�y�V�X �A�M ���;�`�2�2�K�2�M�i �r�B�i�? �i�?�2 �M�m�K�2�`�B�+���H �`�2�b�m�H�i�b�- �i�?�2 �T�`�2�/�B�+�i�2�/ �b�Q�H�m�i�B�Q�M�b

�p���H�B�/���i�2 �Q�m�` �K�2�i�?�Q�/�b�X �l�i�B�H�B�x�B�M�; �Q�m�` �p���`�B���i�B�Q�M �Q�7 �i�?�2 �b�H�Q�r�H�v�@�p���`�v�B�M�; �2�M�p�2�H�Q�T�2 �K�2�i�?�Q�/�-

�r�?�B�+�? �H�2�/ �i�Q �U�j�X�d�-�j�X�R�N�-�j�X�k�y�V�- �r�2 �?���p�2 �B�M�i�`�Q�/�m�+�2�/ �� �M�Q�p�2�H ���T�T�`�Q���+�? �i�?���i �T�`�Q�p�B�/�2�b ���+�+�m�`���i�2

�T�`�2�/�B�+�i�B�Q�M�b �7�Q�` �i�?�2 �#�2�?���p�B�Q�` �Q�7 �i�?�2 �P�1�P �`���i�2 �K�Q�/�2�H �Q�7 �U�j�X�R�V�X

�.�B�z�2�`�B�M�; �7�`�Q�K �Q�i�?�2�` �T�`�2�/�B�+�i�B�Q�M�b �7�Q�` �i�?�2®cr 1 �7�Q�m�M�/ �B�M �i�?�2 �H�B�i�2�`���i�m�`�2�- �Q�m�` �K�2�i�?�Q�/�b �T�`�Q�/�m�+�2

���+�+�m�`���i�2 �b�Q�H�m�i�B�Q�M�b �7�`�Q�K �i�?�2 �}�`�b�i�@�Q�`�/�2�` �#�B�7�m�`�+���i�B�Q�M �7�Q�` �;�2�M�2�`���H �/�2�H���v �i�B�K�2�b�X �P�i�?�2�` �K�2�i�?�Q�/�b�-

�b�m�+�? ���b �i�?�Q�b�2 �7�Q�m�M�/ �B�M �(�k�)�- ���b�b�m�K�2 �� �H���`�;�2 �/�2�H���v �H�B�K�B�i �r�?�2�`�2 �� �T�2�`�i�m�`�#���i�B�p�2 �b�H�Q�r�H�v�@�p���`�v�B�M�;

�2�M�p�2�H�Q�T�2 ���T�T�`�Q���+�? �v�B�2�H�/�b ���T�T�`�Q�t�B�K���i�2 �`���i�2 �2�[�m���i�B�Q�M�b�X �h�?�2�b�2 �Q�i�?�2�` �K�2�i�?�Q�/�b �T�`�Q�/�m�+�2 �b�B�K�T�H�2�`

���M���H�v�i�B�+ �T�`�2�/�B�+�i�B�Q�M�b ���i �i�?�2 �+�Q�b�i �Q�7 ���+�+�m�`���+�v �Q�m�i�b�B�/�2 �Q�7 �i�?�2 �H���`�;�2 �/�2�H���v �H�B�K�B�i�X

�j�9



�6�B�;�m�`�2 �j�X�8�,�P�1�P �_�Q�m�M�/�@�i�`�B�T �;���B�M �Q�7 �i�?�2 �}�`�b�i�@�Q�`�/�2�` �#�B�7�m�`�+���i�B�Q�M®cr 1 ���b �� �7�m�M�+�i�B�Q�M �Q�7
�i�B�K�2 �/�2�H���vT �B�b �T�H�Q�i�i�2�/ �7�Q�` �b�m�+�+�2�b�b�B�p�2 �`�2�b�Q�M���M�i �i�B�K�2 �/�2�H���v�b�X �h�?�2 �T�`�2�/�B�+�i�2�/ �p���H�m�2�b �7�`�Q�K
�b�B�K�m�H�i���M�2�Q�m�b �b�Q�H�m�i�B�Q�M�b �Q�7 �U�j�X�d�-�j�X�R�N�-�j�X�k�y�V ���`�2 �T�H�Q�i�i�2�/ ���b �i�?�2 �#�H�m�2 �H�B�M�2�X �h�?�2 �b�B�K�m�H���i�B�Q�M �`�2�b�m�H�i�b
���`�2 �7�Q�m�M�/ �7�`�Q�K �p�B�b�m���H �B�M�b�T�2�+�i�B�Q�M �Q�7 �i�?�2 ���K�T�H�B�i�m�/�2 �b�T�H�B�i�i�B�M�; �B�M �6�B�;�m�`�2�j�X�9���M�/ ���`�2 �T�H�Q�i�i�2�/ ���b
�#�H���+�F �/�Q�i�b�X �h�?�2 �2�`�`�Q�` �#���`�b �Q�7 �i�?�2 �b�B�K�m�H���i�2�/ �`�2�b�m�H�i�b ���`�2 �/�2�i�2�`�K�B�M�2�/ �#�v �i�?�2® �`�2�b�Q�H�m�i�B�Q�M �Q�7
�6�B�;�m�`�2�j�X�9�X

�:�B�p�2�M �i�?�2 �}�`�b�i �i�r�Q �#�B�7�m�`�+���i�B�Q�M�b �U�x�2�`�Q�i�? ���M�/ �}�`�b�i�@�Q�`�/�2�`�V �7�`�Q�K �Q�m�` �K�2�i�?�Q�/�b ���#�Q�p�2�- �Q�M�2 �+���M

�2�b�i�B�K���i�2 �i�?�2 �b�2�+�Q�M�/�@�Q�`�/�2�` �U���M�/ ���H�H �b�m�+�+�2�b�b�B�p�2�V �#�B�7�m�`�+���i�B�Q�M �m�b�B�M�; �6�2�B�;�2�M�#���m�K�ö�b �/�2�H�i�� �`�2�H���i�B�Q�M

�(�k�)�,

®cr (nÅ1)¼®cr (n)Å(®cr (n)¡ ®cr (n¡ 1))±
¡ 1
F . �U�j�X�k�R�V

�r�?�2�`�2±F ¼4.669 ���M�/®cr (n) �B�b �i�?�2 �b�v�b�i�2�K �;���B�M �r�?�2�`�2 �i�?�2n th �#�B�7�m�`�+���i�B�Q�M �Q�+�+�m�`�b�X �l�b�B�M�; �i�?�2

�T�`�2�/�B�+�i�2�/ �+�`�B�i�B�+���H �;���B�M�b �U®th Æ1�- ®cr 1 �U�i�`���M�b�X�VÆ2.3145�V �7�Q�` �� �i�B�K�2 �/�2�H���v �Q�7600.5 �M�b ���M�/

�#���M�/�r�B�/�i�? �Q�750 �J�>�x�- �U�j�X�k�R�V �T�`�2�/�B�+�i�b �i�?�2 �b�2�+�Q�M�/ ���M�/ �i�?�B�`�/�@�Q�`�/�2�` �#�B�7�m�`�+���i�B�Q�M�b ���i �;���B�M�b �Q�7

®cr 2Æ2.59§ .002�- ®cr 3F Æ2.65§ .002 �r�?�2�`�2���b �i�?�2 �M�m�K�2�`�B�+���H �`�2�b�m�H�i�b�- �7�Q�m�M�/ �7�`�Q�K �i�?�2 �/���i�� �B�M

�6�B�;�m�`�2�j�X�j�- �v�B�2�H�/ �p���H�m�2�b �Q�7®cr 3N Æ2.71§ .01�-2.80§ .01 �`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �/�B�b�+�`�2�T���M�+�v �U» 5%�V

�#�2�i�r�2�2�M®cr 3F ���M�/®cr 3N �B�b �M�Q�i �b�m�`�T�`�B�b�B�M�; �F�M�Q�r�B�M�; �6�2�B�;�2�M�#���m�K�ö�b �`�2�H���i�B�Q�M�b�?�B�T �B�b �/�2�`�B�p�2�/ �#�v

�j�8



�i���F�B�M�; �i�?�2 �H�B�K�B�i �Q�7 �b�m�+�+�2�b�b�B�p�2 �#�B�7�m�`�+���i�B�Q�M�b �7�Q�` �H���`�;�2 �b�2�[�m�2�M�i�B���H �#�B�7�m�`�+���i�B�Q�M�b �Ulim n!1 ®cr (n)�V�X

�h�?�m�b�- �m�i�B�H�B�x�B�M�; �U�j�X�k�R�V �b�?�Q�m�H�/ �#�2 �+�Q�M�b�B�/�2�`�2�/ �� �`�Q�m�;�? �2�b�i�B�K���i�2 �7�Q�` �i�?�2 �b�K���H�H �#�B�7�m�`�+���i�B�Q�M �Q�`�/�2�`�b�X

�j�X�8�h�?�2 �A�M�D�2�+�i�2�/ �P�T�i�Q�2�H�2�+�i�`�Q�M�B�+ �P�b�+�B�H�H���i�Q�`

�6�B�;�m�`�2 �j�X�e�,�� �b�B�K�T�H�B�}�2�/ �2�t�T�2�`�B�K�2�M�i���H �b�+�?�2�K���i�B�+ �Q�7 ���M �P�1�P �b�m�#�D�2�+�i �i�Q �_�6 �B�M�D�2�+�i�B�Q�M�X ��
�b�B�;�M���H �;�2�M�2�`���i�Q�` �B�M�D�2�+�i�b �� �r�2���F �b�B�;�M���H �B�M�i�Q �i�?�2 �P�1�P �i�?�`�Q�m�;�? ���M �_�6 �m�M�B�/�B�`�2�+�i�B�Q�M���H �+�Q�m�T�H�2�`�X

�q�2 �M�2�t�i �i�m�`�M �i�Q �Q�M�2 �Q�7 �i�?�2 �K���M�v ���T�T�H�B�+���i�B�Q�M�b �Q�7 �P�1�P�b�- �b�B�;�M���H �b�2�M�b�B�M�;�f���K�T�H�B�}�+���i�B�Q�M�- �#�v

�K�Q�/�B�7�v�B�M�; �i�?�2 ���`�+�?�B�i�2�+�i�m�`�2 �Q�7 �6�B�;�m�`�2 �R �i�Q �B�M�+�H�m�/�2 ���M �B�M�D�2�+�i�2�/ �b�B�;�M���H �r�B�i�? �� �M�2���`�@�`�2�b�Q�M���M�i
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