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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 OEQ’s second attractor may be triggered from the off state with a relative
» 78 dB RF injected signal.
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Schematic diagram of an OEO system. The power (P_) 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 (Vin) by an amplified photo-detector and travels through
a bandpass filter, producing the voltage (Vout ) that controls the MZM.
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.. . . .. ... ... ... .o o o 0oL
A schematic of a Mach-Zehnder Modulator relating the output optical
power Pyz to the output voltage Vout, the bias voltage Vgjas, and laser
power P_. 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 Pz . . . . . ... ... ..
A simple photo-detector schematic consisting of a photo-diode, resistor
and voltage bias source. Optical power Pyz(tj T) enters the

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

Experiment configuration of all optical gain, optoelectronic oscillator
subject to RF injection. . . . . . ... ... ... .. ... .. .
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. . . . . . . ..
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Figure 2.3:

Figure 2.4:

Figure 2.5:

Figure 2.6:

Figure 2.7:

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 Py, . 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 lossis 7.085dBat 1 GHz. . .. ... ... ... ...........
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
POWET. . o o ot i e e e e e e e
The dependence of the RF output power on RF input power at 0.974 Pyy, .
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). . . . ... ..
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 Py,. 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. . .. ... ... ... ..
Shown are the OEO transient responses for various filter bandwidths
and optical fiber lengths, while the system gain is fixed at 0.90 Pyy.
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. . . . . . . . ... e
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Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

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 (Vip ).
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. . . ... ... ... .. .. ... .
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. . . . .
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 isused. . . . . .. .. ... ... .. .. ......
OEO RF envelope amplitudes as a function of round-trip gain (®) for
various time delays displaying the first-order bifurcation. Fach 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. . ... ... ..
OEO Round-trip gain of the first-order bifurcation ®¢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. . . . . . . e
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Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

Figure 3.10:

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. . . . . . ... Lo
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
MHzisused.. . . . . ... ..
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 ®y. A central frequency of 1 GHz with a bandwidth of 5
MHzisused.. . . . .. ...
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 ®,. The injection amplitude is set to 0.025, and the vertical axes is
normalized to the first round-trip amplitude given by &' ). . . . . . .
A zoomed-in view of the ¢ F /25 MHz data set from Figure 3.9 to highlight
the direct response time Ty, the ramp-up time T;, and the effective time
delay Tefs 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 ®(' ) 1 (ti T). . . . . ...
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Q7i?2JwJ 7QHHQrb +QbBM2 7mM+iBQM /m2 iQ i?2 HBM2 ~2H2+i' Q@ C
q2 M2ti 2ti2lMRIQ BM+HmM/2 M BMD2+i2/ bB;M H #v //BM; M //BiBQM
cos() iIQi?72 KQ/mH iQ° BMTmi,

- BVout 5 1 d®Vour 4 dVour 2VyP d COSZ' 52
¢- ¢-  dt? dt YPyy, dt 2Vy,

Vout (t i T)'invlei!It AA UkXkV

q?2°% M/, "2 i?2 BMD2+i2/ pQHi ;2 KTHBW(®A)Y M/ KNH B/
7°2[m2M+v Q7 i?2 BMDBH2PDBIO K-HBXx2/ QmiTmi pQHi ;2 Q7 i?2 BMD?2
in Bb i?2 BMD2+iBQM +QmTHBM: 7°QK i?2 bB;M H :2M2.,iBbiQ i?2 JwJ
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i?2QmiTmi KTHBIim/2 +QMTHBM;X .2T2MdB M;\QAR i2n2HLIQ BK2Mi

£sa ;Bp2M BMKXRHED K i+? i?72 KQ/2H iQ i?2 2tT2 ' BK2Mi- i?2 QmiTmi +Qn
#2 MQ K HBx2/iQ i?2 HQbb 7 QK i?2 }Hi2 iQ i?2 JwJ #B b i22X
kX91tT2 ' BK2Mi M/ JQ/2H *? *~ +i2 ' Bx iBQM

hQ 2M #H2 [m MiBi iBp2 +QKT "BbQMb #2ir22M i?2 MmK2 B+ H KQ/2H
}bi+? 7 +i2°Bx2i?2 "2H2p Mibvbi2KT °~ K2i2°'bX q2 b2ii?2 KQ/mH iQ" #
M/ 1.6 ;: BMiQ +QMbi Mip Hm2 r?BH2 imMBM; i?2 P1P QTiB+ H TQr2"
b+ MMBM; i?2 1o0P X IbBM; TQr2 K2i2 -r2 K2 bm '2i?2i TT2/ QTiB+ H
HBM2 "Hv T QTQ 'iBQM HiQ i?2 P1PBMi2™M HQTiB+ HTQr2 X //BiBQN\
2H2+i'B+ H_6 QmiTmi TQr2  mbBM; M Qb+BHHQb+QT2 M/ 2H2+i B+ H

7i2° /2i2°KBMBM; i?2 i? 2b?QHPQ/FiB2 MHQTRrdBK2 HH QTiB+ H TQr:
"2H iBpPg, MQh?2 1o0P imM2b i?2 QTiB+ HTQr2 -; BM- M/ mHIiBK i2Hv i?2
i?7°2b?QH/X M miQK iBQM b+"BTi /2i2°KBM2b i?2 HBM2 ~ }i Q7 i?2 P11
TQr2 rBi? QTiB+ HTQr2 iQ /2i2"KBM2

g2 MQi2i? ii?2P1P KQ/2H Bb # b2/ QM } ' bi@Q /2  }Hi2 -?2Qr2p2° ?B
rbmb2/2tT2°"BK2Mi HHvX g2 /2i2 ' KBM2/i? ii?2?B;?2 " @Q /2 ;"QmT /2
i?72 2tT2 ' BK2Mi H }Hi2  +QmH/ #2 ++QmMi2/ 7Q  rBi? M //BiBQM H 2ti2
rBi?BMi?2KQ/2HX b /2TB+i2/ BM6B;m 2kU V- M M HQ;Qmb 2tT2 BK2|
+QKTQM2MibBM+ 2 b2i?2;"QmT/2H vX h?2 KQ/2H }Hi2 -/2TB+i2/BM 6
7Q i?BbBM+°2 b2 BM ;°QmT /2H v rBi? /B 2+i iBK2@V2H7/viR2h?2 iQi H
KQ/2H Bb bZI'iﬁEQXﬁE,&iZ%i_—lq:XTexp Bbi?2/2H vK2 bm '2K2Mi Q7 HH P1P +QKTQ
2ti2°™M HiQi?2 }Hi2> M/ MBbi?2Q /2  MmK#2 Q7 i?2 }Hi2 X h?2 2ti2"M
rBi? M2irQ'F M Hvx2 X h?2 # M/rB/i? mb2/ rBi?BM i?2 KQ/2H Bb 2[mB
# M/rB/i? 77QK /B 2+i K2 bm 2K2Mib Q7 i?2 p "BQmb }Hi2 b mbBM; M2i

/[/IBiBQM H T ~ K2i2°b K2 bm 2/ mbBM; M2irQ'F M HWw@R "2 T QpB.
* #H2 M/ +QKTQM2Mi HQbb2b r2°2 272 °2M+2/ iQ i?2 _6 bB;M H / By
BMi2 'K2/B i2 +QKTQM2Mi HQbb2b- BM+HmM/BM; +QmTH2 b- 2 ++Qml
h?2 BMD2+iBQM HQbbr b K2 bm ™2/ 7°QK i?2 BMTmi bB;M H+ #H2 iQ i?2
QmiTmi HQbb BM+HmM/2/ HH HQbb2b 7°QK i?2 # M/@T bb }Hi2 iQi?2 1a
i72 HQbb 7°QK i?2 # M/@T bb}Hi2 iQi?2JwJX h?2 +? ~ HAi2VBbiB+ pQHi
rbQ#i BM2/ #v BMBiB HHv }M/BM; i?2 bK HH bB;M HHQbb 7' QK i?2 BMT
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6B;m 2 kKXKB+iBQM Q7 M M HQ:Qmb 2tT2 'BK2Mi H}Hi2 UV M/i?2 KQ
"QmT /2H v +QMi'B#miBQMb Q7 //BiBQM H "2bQM iQ'b UQ  Q /2 V 2
/B 2+i iBK2@/2H viQ i?2 KQ/2HX

22 QmiTmi Q7 i?2 T?2QiQ/2i2+iQ" M/ bm ¥p B[N RARI B b QBHPBM: 7Q°

1 5Rout R
Pin_ gy, P el UKXjV
out V1/4
kX8JQ/2H S 2/B+iBQMb
6Q° "Q#mbi mM/2 bi M/IBM; Q7 i?2 BMD2+i2/ P1P r2 M Hvx2 i?2 bv

T2 bT2+iBp2b, 2tT2'BK2Mi- MmK2 B+ HKQ/2H- M/ M HviB+ HbQHmMIiB
:Bp2b i?2 //BiBQM H #2M2}i Q7 7 bi U+QKT "2/ iQ MmK2'B+ H BMi2;
T 2/B+iBQMbX g2 /2°'Bp2 M TT QtBK i2 M HviB+ H T 2/B+iBQM 7Q" i
P1P #v bi "iBM; 7°QK i?2 +QKTH2t 2[ kBKX HE2Mib@ M K2Xb QHMiBQMb Q7 i~
7Q Yot £FAHW X h?22 }'bi@Q /2  HBM2 " 2tT MbBQM "QmM/ bK HH KTHB
U9V ;Bp2b - \

, ,
i~ OR1/E— sin(RA) el ' TA QUL N oiny, UKX9V
| ¢- P A

r?2°2r2 bbmK2i?22QmiTmiVERHYR22M+/i@ i?72 BMTmiVIX2[m2M+v U
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h?2 KQ/mHmb M/ T? BXWELLHRQMWp2/ 7Q° KTHBIim/2 ; BMX q2 }M/

A “out in®

T r — UkX8V
L2
I i ®cos(u)§ ®2(cos(n)j 1A ',2;—0 A1
r?2 @A&g-sinA) M/
O!Zi-S o I_I_l
=2 ®sin(!
uﬁEtan‘l@”B'I ( )AA!T UkXeV
1A®cos(! T)
/IBIBQM HHv-r2 M/ i° Mb+2M/2Mi H "2H iBQMb?BT i? i 2ti2M/b iQ i’

7Q i?72 bT2+B H!'#b2EAYT r?2 2Bb Mv BMi2;2 X hQ +?B2p2 i?Bb-r2 mi
i?72 C +Q#B@ M;2" 2tT kb’BQRI QM 727X XUQ BbQH i2 i?2 "2H2p Mi +2Mi"
7°2[m2M+v +QMi B#miBQMb (Rk)X g2 }M/i?2i Mb+2M/2Mi H 2[m iBQM

H 1

2V, Y, Cin Y

AETL @O C_ ARy, UkXdV
Va “out 2Vy, 2Vy,

r?2°2(x) Bbi?2 1} bi"2bb2H 7mM+iBQM Q7 i?2} bi FBNaX. h? 25 HQ# H K tBI
6/10 HBKBib i?2 bi2 /v@bi i2 AR ViHBi@8/(2/) @ Pre C 36(Vy, out ®)2/(RY)2 X

_2H2p Mi "2bmHKXO 7 A8+ mbb2/ #2HQKMBXR2 6B;m 2

kXe_ 2bmHib

kXeXKTHB}+ iBQM pb AMD2+iBQM 6°2[m2M+v

AM ;2M2° H-i?2 b2MbBiBpBiv Q" "2bTQMb2 Q7 /2pB+2 /2T2M/b QM i
i?72 T2 im # iBQMX hQ M Hvx2 i?2 7°2[m2M+v "2bTQMb2 Q7 i?2 bvbi2l
M 2ti2M H _6 bB;M H Bb BMD2+i2/ BMiQ i?2 P1PX h?2 KTHBim/2 Q7
}t2/- M/ i?2 BMD2+i2/ 7 2[m2M+v Bb b+ MM2/X h?Bb T°'Q+2/m 2 Bb T2
MmK2 B+ HHv- M/ M HviB+ HHvX hQ M Hvx2i?2 2bTQMb2-r2T°Q/m+:
pb BMD2+iBQM 7°2[m2M+v U:>xV THQi i }t2/ _6 BMD2+iBQM bi 2M;i?
+Q 2bTQM/BM; iQ @9y /PK- MYbyTRINBRp2HVX h?2 "2bmHib "2 b?2QrM BN
kKXeXXRAM //BiBQM- r2 BM+HmM/2 i?2 "2bTQMb2 7Q° KmHiIiBTH2 iBK2@/2
"2bmHib "2 /BbTH v2/ #v i?2 bQHB/ HBM2bX KkX2eXBR4122+M H2bBR@7 6B;m
T 2/B+iBQMb T QpBKXMBEWML[IR2UQii2/ +m p2b "2 i?2 bBKmH i2/ "2bmHi]
MmK2 B+ HHv BMKX&X hBRM;QmiTmiHQbbb2i iQ 2403112 b ;Bp2M
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BM h #XR p Hm@T@ED +Q "2bTQM/b iQ M 2ti2°M H + pBiv/2H v Q7 kNe>
i?72 P1LP b2H7@Qb+BHH iBM; ii?2 +2Mi°" H7°2[m2M+v Q7 i?2 # M/@T |
¢T +Q "2bTQM/b iQ BM+ 2K2Mi HiBK2@/2H v- 8y Tb KmHiIBTH2b- r?B+?
M BKTQ i Mi 2z2+i Q7 i?2 iBK2@/2H v QM i?2 ; BM # M/rB/i? "2bTQMb?2
2bTQMb2 HQM;i?27 2[m2M+v tBb-r?B+? mHIBK i2Hv 2M #H2b 7°2[m2
6 KTHB}+ iBQMX

6B;m 2 kXp, QmiTmi TQr2  pb BMD2+iBQM 7 2[m2M+v 7Q" 2tT2 BK2Mi H
u/Qii2/v- M/ M HviB+ HU/ b?2/V P1P "2bmHibX h?2 BMD2+iBQM bB;M
/"K M/ i?2 QTiB+ RTOr22iiQ "OmMAyX3hRR 6 BMD2+iBOQM 7 2[m2M+v r
imM2/ #2ir22M yXNN8 M/ RXyy8 :>x 7Q  }p2/Bz2 2MiiBK2@/2H vb 7" QK
i? 1i?22BMTmi TQr2 BMiQ i?2 bvbi2K /B/ MQi ++QmMi 7Q  + #H2 HQbb?2
i?72 bvbi2K b r2HH b i?2 HQbb 7' QK i?2 /B '2+iBQM H+QmTH2 QmiTmi.
8Xy /" i R:>xX h?2 "2H iBp2 QmiTmi HQbb Bb dXy38 /" i R :>xX

bb22M BM &KegXiR2 M HviB+ T 2/B+iBQM M/ MmK2 B+ H/ i "2 B/2
i?72 2MiB 2iv Q7 i?2 7 2[m2M+v br22TX h?Bb Bb 2tT2+i2/ #2+ mb2 i?2 +7?
BMD2+i2/ _6 bB;M H M/i?2BMi2°M H; BM Q7 i?2P1P2M7Q +2 QT2 iBC(
"2;BK2X h?2 2tT2 ' BK2Mi H/ i ;°22b #2birBi? i?2 KQ/2H r?2M i?2 BMD2
+HQb2 iQi?2 +2Mi” H7 2[m2M+vX q2 MQi2 i? ii?2 # M/rB/i? Qp2 r?B+?
mMBiv _6 ; BMr b "QmM/ jyy F>xX Ai b?QmH/ #2 MQi2/ i?Bb # M/rB/i?
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#v +? M;BM; i?72 QTiB+ HTQr2  UBX2X BMi2"™M H; BMV Q" iBK2@/2H v |
# M/rB/i?V M/ rBHH /2T2M/ QM BMD2+iBQM bi 2M;i? BMi?2 MQMHBM?2
bi?2 BMD2+iBQM 7' 2[m2M+v TT Q +?2b /2imMBM; M2 " i?2 >q>J |
}JHi2" "2bTQMb2-i?2?B;?2 Q' /2", QmT /2H v +QMi B#miBQMb Q7 i?2 2
HQM:2  #2 i 2 i2/ b +QMbi MirBi? '2bT2+iiQ 7°2[m2M+v p "B iBQMX h?
IBb+ 2T M+B2b +QKT "2/iQi?2 KQ/2H i? ii’2 ibi?2?B;?22 Q' /2" ;°QmT |
b +QMbi Mi 2ti2"M H + pBiv /2KHX%XUb2Hi@B;b2+B}+ ?B;?2 " @Q /2" KQ
+ M #2 [2p2HQT2/ #v T2 7Q KBM; +QKTH2t +m p2 }iiBM; Q7 i?2 }Hi2 "
m;K2MiBM; i?2 " i22[m iBQM KQ/2HiQ BM+HmM/2i?2 ?B;?2 @Q /2 i2 KI
KQ/2H ++m” +v7Q  # Q /2 " M;2Q7BMD2+iBQM 7 2[m2M+B2b #mirBi-
+QbiX
kXeXké PmiTmi pb AMTmi SQr2°

AM //BiBQM iQ i?2 7°2[m2M+v "2bTQMb2- r2 BMp2hbiB; i2 i?2 bvbi2l
M/ MQMHBM2 b im' iBQM +? * +i2'BbiB+b b 7mM+iBQM Q7 _6 BMD
b2H7@Qb+BHH iBM; 7°2[m2M+v M/ BMD2+iBQM 7 2[m2M+v 2 }t2/ i 2
iQi?2 +2Mi°” H 7 '2[m2M+v Q7 i?2 # Mk@BBbBHHIR 1R26BGmMM@iTmi TQr2°
Q7 i?2P1P b 7TmM+iBQM Q7 i?2 BMD2+i2/ _6 TQr2  7Q p BQmb ; BM
TT'Q +22/X h?2 #Hm2- Q" M;2- V2HHQr- Tm TH2- M/ ;'22M /i TQBMib
TQr2'b i yXdNe- yX3NR- yXNO9R- yXNGdO-2IMI2yABIBANHMBK l#2 2 " Q" # b
BM/B+ i2i?2 } bibi M/ //2pB iBQM Q7 _6 QmiTmi K2 bm 2K2MibX

6Q  i?27Qm  bK HH2  ; BM p Hm2b U#Hm2- "2/- V2HHQr- M/ Tm TH2 |
M/ +Q "2bTQM/BM; ; BMp Hm2b r2°2 /2i2 " KBM2/ #v i?2 i? 2b?QH/ }iiBM
bi? 2b?QH/Bb TT Q +?22/i?2 2ti2M H _6; BMBM+ 2 b2bX

6Q p HM2b b?QrMkBMEI BB b PQMb2 +HQb2bi i QPji?V 2?8 #B iRy XN3 N
H “;2bi; BM- TT QtBK i2Hv kdX8 /"-rBi?BM i?2 PRNBD "TR;BKR2XR2,FQr2p2°
bK HH ~m+im iBQMb Q7 i?2 BMi2M H; BMfHQbb2b M/ iBK2@/2H v + m
i?72 P1P QmiTmi- M/ i? 2b?QH/ Bb Q#b+m 2/X h?Bb 2z2+i //b bB;MB}+
i?7°2b?QH/ }iiBM; H;Q Bi?K- M/i?2°27Q°2r2}ii?22tT2"BK2Mi H+m p2
iQi?2 bbQ+B i2/ HBM2 * T 2/B+kB®M; B2y I X?0 QTiB+ H TQr2" +H¢
i@ U; 22M BM BB L2 i? ii?22 _6QmiTmiTQr2 UQ 2[mBp H2MiHVv i?
#2 BM+°2 b2/ #v /2+°2 bBM; i?2 BMTmifQmiTmi HQbb +Q2{+B2Mib Q7 i



6B:m 2 kX2 /2T2M/2M+2 Q7 i?2 6 QmiTmi TQr2> QM _6 BMTmi TQr2
T2 +2Mi :2b #2HQr i?2 i?°2b?QH/ QTiB+ H TQr2' 7°QK i?2 2tT2 'BK2M
TT 'Q +22/-i?2 6 QmiTmi TQr2 b im > i2b i HQr2 BMTmi TQr2 X

6Q 2t KTH2- QM2 + M BM+'2 b2 i?2 2z2+iBp2 ; BM #v d@/" #v +? M;BM
b?QrM BM &kB¢CRI @K Ry@/"iQ j@/"+QmTH2 X

hQ /2KQMbi™ i2i?2 ++m” +v M/ T 2/B+iBp2 TQr2 Q7 i?2 P1P KQ/2H-
"2bTQMb2 i ; BM p HPp2 UD2 ZX6NBRHBROZmM TH2 / i TQBMibVX g2 +QKT "2
M/ Qp2 'H v i?2 2tT2 ' BK2Mi H "2bmHib- THQii2/ BM #Hm2- rBi? i?72Q 2
6B;mkX8 h?2 MmK2 B+ HHv bBKmH i2/ "2bkiXkib 2t /22/B@M /1 X 182
Q M;2 /Qii2/ HBM2- i?2 v2HHQr / b?2/ HBM2b "2 i° MM MM2Mi H bQHnN
i?72 HBM2 ° TT QtBK iBCGKM&BOQKBIXMU#Y i?2 Tm TH2 / b?2/ M/ /Qii2/ H
h?2 QmiTmioHQblb b2i iQ -#2 4 YXjRRkX h?2 i Mb+2M/2Mi H M/ MmK2"
KQ/2H “2bmHib ;22 rBi? 2tT2'BK2Mi H 2bmHib 7 ° BMiQ i?2 MQMHB)
/IBb+ 2T M+B2b BM i?2 MQMHBM2 * "2;BK2 +QmH/ #2 + mb2/ #v +QK#BN
Im"BM; i?22tT2°'BK2Mi H+? ~ +i2°'Bx iBQM M/ ?B;?2 " @Q /2" MQM@HBN
M/ 2tT2 " BK2Mi H ;722K2Mib r2°27QmM/ 7Q° HH i?2KkX0OM p Hm2b b?Qrl
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6B:m 2 KR, /2T2M/2M+2 Q7 i?2 6 QmiTmi TQr2° QM _6PEMTmi TQr2"
h?2 “2bmHib /BbTH v2/ "2 i?2 2tT2 BK2Mi UbQHB/ #Hm2 rBi? 2°°Q  # b’
UQ  M:;2 TQBMibV-i> Mb+2M/2Mi H bQHmMIiBQM UVv2HHQr / b?22bV- M/ HE
/ b? M/ /QibVX

kXeXj MbB2Mi *? ~ +i2 ' BbiB+b

qBi?BM i?Bb b2+iBQM- r2 BMp2biB; i2/ i?2 #2? pBQ Q7 i?2 P1P bm#]
bB;M Hb- r?2°2 Qm™> M HvbBb r b T2 '7Q K2/ BM i?2 bi2 /v@bi i2 “2;B]
2MpB QMK2Mi HbB;M Hb 2 MQibi iB+ M/2t?B#BibQK27Q K Q7 KQ/m|
"2bTQMb2 7mM+iBQMb Q7 i?2 bvbi2K-r2 2t KBM2 i?2 2ti'2K2 + b2 r?2°2
TmHb2/ _6bB;M Hb-BX2X b[m “2r p2 KTHBim/2KQ/mH iBQMX 6Q° HH
BMi2 M H; BMr b}t2/ i TT QRBK AMi?BONY2+iBQMbRONX- i2/
#v pBbm H BMbT2+iBQM Q7 i?2 Qb+BHHQb+QT2r?2M i?2 QMb2i Q7 Qb+

>2'2 712272 iQ i?2 iBK2 Bii F2b i?2 P1P iQ "2 +? Bib bi2 /v bi i2 p Hnm
i MbB2Mi "2bTQMb2 iBK2X 6Q  i?2 #Hm2 +m p2 b?QrM BM 6B;m 2 eU
"2bTQMb2 iBK2 Bb TT RXBIK?R2HMQ8 H i’ MbB2Mi "2bTQMb2 iBK2 r b BM
#v Q#b2 pBM; i?2 BMD2+i2/- TmHb2/ _6 bB:M H UBMTmiV M/ i?2 KTHB
i2KTQ> HHv QM M Qb+BHHQb+QT2X h?2 6 TmHb2b r2°2 +'2 i2/ mb
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KTHBim/2 KQ/mH iBQM 7°QK p2+iQ  bB;M H ;2M2" iQ°X h?2 TmHb2 r
2Mbm™2 i? i i?72 KTHB}2/ P1P bB;M H "2 +?22/ bi2 /v bi i2 #27Q 2 i?2 I
im M2/ QzX aBKBH "Hv-i?2 K2 M iBK2 #2ir22M TmHb2br b HQM; 2MQm.
P1P iQ 'BM; /QrM #27Q"2 i?2 M2ti TmHb2 r b BMBiB i2/X IbBM; M Qb+
/'i BbK2 bm 2/ 7Q  /Bz2 2Mi bvbi2K +QM/BiBQMb Ub22 6B;m 2eV BMTr?
BMTmibB;M HTQr2'bU@ky /"K- @Ry /"K-y ["K- M/ Ry /"KVr b 2+Q"/2/;
7Q° HH7Qm BMTmi bB;M Hb Bb TT QtBK i2Hv R :>xX

h?2 ;HQ# H i° MbB2Mi "2bTQMb2 iBK2 /2T2M/b QM i?2 BMD2+i2/ bB
;2M2° H- ;HQ# Hi® MbB2Mi "2bTQMb2 iBK2b /2+ 2 b2 rBi? BM+ 2 bBM;
bB;M HX h?Bb Bb 2tT2+i2/ /m2 iQ i?2 P1P bvbi2Kdéb }MBi2 ; BM M/ BM?
b?QrM BM 6iB¢a?2 bB;M H ;2M2" i2/ #v i?2 P1P TT Q +?2b Dbi2 /v bi i
i?2°Qm;? b2'B2b Q7 bi2Tb r?Qb2 /m” iBQM rBHH #2 272 72/ iQ b i?2 bi
BM 6B X2V i?2 MmMK#2 Q7 bi2T iBK2b "2[mB 2/iQ +2?B2p2i?2 ;HQ# H i
iBK2 Bb TT QtBK i2Hv i?°22-r?B+? Bb bB;MB}+ MiHV KX@bI@i+*VM i?Qb2 I
h?2 bi2T iBK2 b?QrM IBXM\E@®B;MH2 K i+?2b i?2 bvbi2K iBK2@/2H v U 2H i2
bvbi2K + pBiv H2M;i?VkKkXWwW?@Bbm?2 iBK2 bi2T Bb BM/2T2M/2Mi Q7 i?2 E
bB;M HTQr2 X

h?2 2z2+ib Q7 }Hi2  # M/rB/i? M/ iBK2@/2H v QM i?2 "2bTQMb2 iBK2
M/ 2tT2 " BK2Mi HHv BMp2biB; i2/- M/ i?2 F2v "2bmHKXd 2 DInKK "Bx2/
bBKmH iBQM r b ;2M2" i2/ #v MmK2 B+ HHv BMi2;  iBM; UkV- rBi? i?2 (
b2i i-Qc £0.334X 6B :bX#l V MXW#H#V b?Qr i?2 i° MbB2Mi "2bTQMb2 7Q" p 'BQ
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QmiTmi bB;M H M/ Bb 2[mBp H2MIXi@Q MNNEIB RODHRIZA2T2M/2Mi Q7 i?2
# M/rB/i? Q7 i?2 }Hi2°X AM +QMi" bi-r2 /2IM2Q42 I KT @BKZI BBKF2b
7Q7i?22QmMiTmi bB; K &l HET@ \WP- r?2&(' ) Bbi?2 bBM;H2 "QmM/@i BT ; E
7Q° ;Bp2M 7' 2[m2M+vX M 2t KTH2 Q7 i?2 /B 2+i M/ > KT@mT 2bTQM
6 B; mji2Ry

h?2 "2bTQMb2 iBK2b THmb M //BiBQM,N 7 KJKIEHKMN K 2B p2 M
BM h #XK h?2 mM+2 i BAm,vrBIM bbmK2/ iQ #2 i?2 T2'BQ/ Q7 i?2 2Mp2H
KTHBim/2 Q" Rty B BM ;" 22K 2Nk rBiP 2/B+i2j XKy 1z2+iBp2Hv-
i?72 # M/rB/i? +ibiQbT 2 /i?2mM+2°i BMivQ7i?2BMD2+i2/ bB;M H6b
1tT2'BK2Mi H bmTTXRKBDQ B p2dyiX#v (

bbmKBM; i?2 iBK2 /2H v Bb b MEEBAMiHVIH2mM2Q @bi2 /v@bi i2 "2H i2k
i?72 i° MbB2Mi bi2T KTHBIim/2¥eAxy bNMiABBA; r2 1M/ "2+m bBQM
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6B;m 2 jXBIKmH i2/ i° MbB2Mi "2bTQMb2 Q7 bm#@i? 2b?QH/ P1P bm#
6 bB;M HUb?QrM BM #Hm2VX hREYHI2 HOQ+B/i2b 1Bi? 2tT2 ' BK2Mi HF
M "Qr- KQ/2  i2- M/ rB/2 2t KTH2bX _2bmHib r2 2 Q#i BM2/ #v MmK2"
UXKKX h?2 +2Mi° H 7°2[m2M+v Bb b2i iQ R :>x- i?2 /2® B/bBd2b2QiQ k8yX¢
yX® X h?2 BMD2+iBQM KTHBI5n/ MBb?R2p2QiB+ H t2b Bb MQ K HBx2/iQ
1'bi "QmMM/@i BT KTHB&MY2XBp2M #v
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6B:m 2 XRQQK2/@BM pBEMI>R2 i b2i 7 QK 6BCNQ 2B;?HB:?2i i?2

/B 2+i "2bTQMpiRK2KT@mT, iBKIZ i?2 222+iBp2 iBK2 RpRM #v

UXRKX h?2 +2Mi° H 7°2[m2M+v Bb b2i iQ R :>x- i?2 /2® B/bBI2b2QiQ k8yX¢
yXNX h?2 BMD2+iBQM KOO4BinM2iBD p2iiiB* H t2b Bb MQ K HBx2/iQ i?:
"QmMM/@i BT KTHBIi®(UZ (BFRM #v

bbmKBM; i?2 BMBiB H KTHBim/2 M/XJ¥XP2 ;BR2%02 Q- M HviB+
T 2/B+iBQM 7Q  i?2 i° MbB2Mi "2bTQMb2X 6m’i?2°KQ 2- bbmKBM; i
"2bQM MFHEBAL)Y- o 7Q° Mv BEMM ;BRI & o- UXj§XjV bBKTHB7V iQ

R _ ¢ L.
AnarABsin(2A)d 2A,A27, UjXjeV

GBM2 "Bj»xB§Xj¥ 7Q  bK HH QmiTmi KTHBim/2 ;Bp2b
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h #H2 Kk, MbB2Mi 2bTQMb2 iBK2D

¢F UJ>xVIg UMPMAT, UMbNis UMbV UiX[RKU
8yy k8y X8 k8 RX X 8 k8RXR9
ky R8yXjkee& XS keeX9k
8 k8yX[8jR9 X 9X 8 jR9XReE
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+pvganit —>—L AT, UjXjNV
b
M/
qu(Z_l) f -
GRS %) UjX9yV
|
bbmKBMD- UXjd vB2H/b +QKTH2t ;2QK2i'B+ b2°'B2b
. X o . 1iiin_ne1niip ]
AnA W) €F M TERE2) — : UjX9RV
m /D iie® -

r?B+?- 7Q° HQr BMTmi TQr2 b- vB2H/b [mB+F T 2/B+iBQM 7Q" i?2 i
7mMM+iBQM Q7 bi2T MmMK#2  7Q " bm#@i- MbB2Mi bB:M H T Q+2bbBM; T
h?2 T 2/B+i2/i° MbB2Mi 2bTQMb2b :Bp2M #v i?2 MKQWUBM D M/2+m bB

7°QKi?2iQTBM ; 22MV M/ i?2 ;2 XKRUBITORMBZB WYV U2 THQii2/- HQM; r|
i?72 MMK2 B+ H 2bmHi UbQHB/j@WMED\) XY K BIB GBXRRR?2 BMTm |
KTHBIiMAZ#HmM2V Bb b2iiQ yXyk8- M/i?2v@ tBb UpQHi :2bV "2 MQ K HI

i"BT "2bT&RMB)Z, X h?2 H2M;i? Q7 2 +? bi2T KTHBiIim/2- 7Q" #Qi? i?2 MC
;2QK2i"B+ b2 ' B2b Tditbhp@RWQ 1t+2HH2Mi ; 22K2Mi 2tBbib #2ir22M i?2 "2
"2H iIBOQMEPBTMU i?2 MmK2 B+ H "2bmHibX h?2 2 Bb :QQ/ ; 22K2Mi #2il
;2QK2i'B+ bX®RMU MmMK2 B+ H "2bmHib 7Q" i?2 } 'bi bBt bK HH QmiTr
?Qr2p2° MQMHBM2 " 2z2+ib + mb2 T Q; 2bbBp2 ® KR/ QQ Bbbm++22/BM;
12+°2 b2/-i?2 ;2QK2i ' B+ b2 'B2brBHH +QMp2 ;2 rBi?i?2 WQWIHBM?2
M/ bBKmH iBQM “2bmHibX //BiBQM HHv- r2 bi'2bb i? i i72 MQMHBM?2
UXj¥¢ "2BM ;°22K2MirBi? 2tT2 BKAMi_B72b@eBEZ7 QtT2 BK2Mi HHv
M/ MmK2 B+ HHv i MbB2Mi "2bTQMb2 2t?B#BiBM; b2 'B2b Q7 bi2TbX
/12’ Bp2 M M HviB+ 2tT 2bbBQMi? i+ Tim 2bi?Bb b K2 ;' Qri?X aBM+2 +
HBM2 "Hv rBi? /2H v iBK2- bBKmH iBQMb 2p2Mim HHv #2+QK2 BMi~ +i
2hbMmHIXQENEXMR;Bp2 BKK2/B i2 ++m” i2 T'2/B+iBQMb 7Q " 2p2°v bi2T B
/[2H v H2M;i? X

oy
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6B;m 2 jaBRmMH i2/ i° MbB2Mi "2bTQMb2 Q7 bm#@i? 2b?QH/ P1P bm#
6 bB;M HUb?QrM BM #Hm2VX aBKmH i2/ "2bmHib 2 ;2M2" i2/ 7" QK i?
Q7jXKKr?BH2 i?2 "2+m bBQM M/ ;2QK2i B+ "2bmHib 2 i?2 KTHBim/2 -
UXj¥ MXOMRIBi? i2KTQ  HH2M;iXRBP2M Z#w2Mi° H 7°2[m2M+v Bb b2i i
:>x-i?2/2H vBb b2i iQ k®yRI8 BRLi-i@lyXM?2 BMD2+iBQM KTHBim/2 Bb b:
0025- M/i?2 p2 iB+ H t2b Bb MQ K HBx2/iQ i?2} bi QmM/@i BT KTHBI

iXe*QM+HmMbBQM

hQ /2°Bp2 p 'B2ivQ7 M HviB+ HT 2/B+iBQMb i Q> M2 *#B7m + iBC
M HvbBb- HBM2 "Bx iBQM M/ KQ/B}2/ bHQrHv p "VBM; 2Mp2HQT2 T
mb2/ P1P * i2 KQ/2H UjBRZNX # BviB+ T'2/B+iBQMb "2 +QM} K2/ rBi? b
"2bmHib #v MmK2 B+ HHXYWXMIXTHBMBiHvV- r2 /2 ' Bp2 7 2[m2M+v +QM/
bBM;H2@KQ/2 bQHMIBQMb M/ T 2/B+ii?2; BM +QM/BiBQM 7Q " ?B;?2
r2 +? ° +i2°'Bx2 i?2 bi2 /v@bi i2 M/ i° MbB2Mi _6 "2bTQMb2 Q7 M P1I
BMD2+iBQMX h?Bb T°QpB/2b i?2 ;"QmM/rQ'F 7Q  i?2 P1P b M _6 bB;M
rBi? 7 bii> +i #H2 T °2/B+iBQMbX 6mim 2 rQ F rBHH BMp2biB; i2i?2 #27?
BMD2+iBQM M2 "~ ?B;?2 " @Q /2" #B7m "+ iBQMb- M/ b2MbBM; #2? pBQ "I
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#2 i2bi2/ ; BMbi 2tT2'BK2Mi H "2bmHibX //BiBQM HHv-i?2 BM~m2M+2
bvbi2Kb rBHH #2 KQ/2H2/ M/ 2tT2 BK2Mi HHv BMp2biB; i2/X
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9 *PISG1. PShP@1G1*h_PLA* Pa*AGG hP_a

I9IXRAMIi"Q/m+iBQM

S'2pBQmb +? Ti2'b "2TQ'ii?2 bim/B2b Q7 bQHBi 'vQTiQ2H2+i ' QMB +
i?Bb +? Ti2 BMp2biB; i2b+QmTH2/P1PX"2HQr 2i?2 2bmHib Q7 K Mn
iQL im2*QKKmMB+ iBQMbX

h?Bb rQ'F Bb KQiBp i2/ #v "2+2Mi 2tT2 'BK2Mi H M/ i?72Q 2iB+ H rC
Q7 MOQM@J 'FQpB MBiv BM Kmim HHv +QmTH2/ b2KB+QM/m+iQ " H b2
bvKK2i "B+ +QM}RIN MBQMEBiv@iBK2 UShV +QMNS RBX/PURPDH K? "2
K Mv 72 im 2b rBi? /12H v@+QmTH2/ H b2  bvbi2Kb #mi Qz2  #2ii2° +QM
"2H2p Mi 2tT2 ' BK2Mi HT ° K2i2 b-bm+? bi?2T? b2 Q7 i?2 +QmTH2/ b
BMi?2 + pBiv- 2i+X

2bTBi2b2p2° H 2TQ ib QM KQ/2HBEM8 Q) iVBM,2\22P 1HPBX2/ M HvViB+ H
KQ/2Hb ? p2 #22M T°QTQb2/ 7Q° +QmTH2/ P1P bvbi2KbX h?2 " i2 2[m
P1PbH2 /iQ/2H v/Bz2 2MiB H2[m iBQMbi? i "2 MQi;2M2  HHv i +i #
M HviB+ b QHmMIBQMb Bb iQ TTHv bi #BHBiv M HvbBb "QmM/i?2 bi2 /v
2[m iBQMbX AM iBK2@/2H v2/ bvbi2Kb- HBF2 P1Pb-i?2 "2bmHiIiBM; i M
2[m iBQMb ? p2 BM}MBi2@/BK2MbBQM H 2B;2MbT +2bX aBKBH " bim/B
iQ M HviB+ T'2/B+iBQMb BM /2H v@+QMmMARKZ)Y/Xb2KB+QM/m+iQ  H b2 b (

AMi?Bb K Mmb+ "BTi-r22KTHQvV #Qi? M HviB+ H M/ 2tT2 BK2Mi H K2
i?72p "BOQmMb QT2 iBQM H 2:BK2b Q7 +QmTH2/ P1Pb M/ i?2 #QmM/ B2
IvM KB+ H #2? pBQ 'bX aT2+B}+ HHv-r2 "2TQ"i bvbi2K iB+ +? *~ +i2'B
#QmM/ "B2b b 7mM+iBQM Q7 i 22@,0nQVM/@P2 BQ ;PRMb BM+2 i?2b2 ; BM
"22tT2 BK2Mi HHv ++2bbB#H2 FMQ#bi? i+ M#2 imM2/iQ TH +2i?2 +C
/12bB 2/ /vM KB+ H "2;BK2X h?2x2 Qi?@Q /2 >QT7#B7m + iBQM-r?2"2
7°QK bi #H2 iQ mMbi #H2- rBHH #2 272 7°2/iQ b i?2i? 2b?QH/X AM 2tT
+Q "2bTQM/biQ i?2 T ° K2i2'b7Q r?B+?i?2 +QmTH2/ P1P i° MbBiBQMt
MQM@bi i2rBi? MQMx2 ' Q _ /BQ6'2[m2M+v U_6V TQr2 X 7QH/ #B7m"
#vi?2 K2 ;BM; M/ MMB?BH iBQM Q7 bi #H2 M/ mMbi #H2 bQHmMIiBQMbX
2tT2 ' BK2Mib M/ i?22Q v- i? i i?°2b?QH/ M/ 7QH/ #B7m + iBQMb #QmM.
QT2 iBQM r?2°2irQ bi #H2 bQHmMiBQMb +Q2tBbiX
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AM i?2 HBM2 ° "2;BK2- i?2 *QmTH2/ P1P 2t?B#Bib 2t+2TiBQM H TQE
2B;2Mp2+iQ'b M/ i?2B" +Q '2bTQM/BM; 2B;2Mp Hm2b +Q H2b+2X q2 B
b2i Q7 bvbi2KT * K2i2'b7Q r?B+? +QMiBMmMmMK Q7 1Sb 2tBbi-r?B+? r2
1Sb ? p2#22M T QTQb2/ M/ /2KQMbi™ i2/7Q  2M? M+2/ b2MbBiBpBiv 7C
(RBX >Qr2p2°-i?2 #2M2}i Q7 1S b2MbBM; bvbi2Kb ? b +QK2 BMiQ [m2b
#22M b?QrM iQ ;Bp2 MQ bB;M H@iQ@MQBb2 2NRYPXMA2R2IMInMBIVHRIBM 2 °
P1P bvbi2K BMp2biB; i2/ BM i?Bb rQ'F Bb MQi +QMbi” BM2/ iQ QT2 iB
h?2°27Q°2-i?2 /> r# +Fb Q7 Tm 2Hv HBM2 " 1S bvbi2Kb /Q MQi ;2M2" Hlt

hQi?2#2biQ7Qm >  FMQrH2/;2-i?BbrQ FBbi?2} bibim/viQ+? ~ +i2 B
b2MbBM; rBi? M 2M? M+2/ bB;M H@iQ@MQBb2 " iBQX Pm™ +QmTH2/ P
>QT7 #B7m + iBQMb- r?2°2 i? 2b?QH/ #B7m + i2b BMiQ irQ /BbiBM+i Z
BK ;BM v 2B;2Mp Hm2bX h?2 /Qm#H2 >QT7 #B7m + iBQMb +QMM2+i i
"2;BK2b ii?2 +'BiB+ HTQBMi r?2°2 i? 2b?QH/ M/ 1S HBM2b BMi2 b2:
i? i BM+HQb2 T'QtBKBiviQi?2 + BiB+ HTQBMib-i?2 +QmTH2/ P1P 2t?]
iQ bK HH _6 T2 im # iBQMbX //IBiBQM HHv- brBi+? M/ #m biBM,; #°
[2KQMbi® iBM; i?2 "B+? /vM KB+b M/ QT2 iBM; "2;BK2b Q7 i?2 +QmTH?
bim/v 2Hm+B/ i2b ?Qr i?2 brBi+? #2? pBQ" HHQrb bK HH _6@BMD2+

?2B:?2@TQr2° b2+QM/ ii’ +iQ X g2 /2}M2 i?2 b2+QM/ ii° +iQ> b bi #H2
bi i2 rBi? 7°2[m2M+v 2[m HiQ i?2 +QKKQM +2Mi° H 7 2[m2M+v Q7 i?2 ¢
+QKT Bb2 i?2 P1PbX h?2 b2+QM/ ii° +iQ  +QMiBMmQmbHV 2ti2M/b +

"2:BK2b- BM+HmM/BM; KQMQbi #H2 "2:BQMb i? i Qp2 H T rBi? bQHBi “v I
9XkJ2i?Q/b

g2 +? ~ +i2'Bx2 i?2 2tT2'BK2Mi H T °~ K2i2°'b M/ BMBIiB HBx2 i?2 b
7QHHQIBM; T°Q+2/m 2X h?2 +QKKQM ;"QmT /2H v KBMBKmK M/ # M/rE
}Hi2°b U"S6V "2 K2 bm™2/- r?B+? "2 NNNX8k J>x M/ 8 J>x- "2bT2+iE
i?72 i'm2 +2Mi° H 7°2[m2M+v Q7 i?2 }Hi2 b Bb TT QtBK i2Hv RyyyXyy
2tT2°'BK2Mi iQ i?2 i?72Q 2iB+ H KQ/2H- r2 272" iQ i?2 "S6 ;°QmT /2H v
}Hi2° +2Mi° H 7 2[m2M+v BM i?Bb K Mmb+ 'BTiX "v /DmbiBM; i?72 p "B #
i?72 P1P "QmM/@i"BT T? b2b "2 imM2/ iQ #2 Kmim HHv "2bQM Mi rBi?
+2Mi° H7 2[m2M+vX
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JIiH # H;Q Bi?KBbr ' Bii2M M/ mb2/iQ/2i2"KBM2i?2i? 2b?QH/ QTIiE
BbQH i2/ P1PX qBi? P1P k Qz-i?2p "B #H2 QTiB+ H ii2Mm iQ  UoP V Q]
i?72 QTiB+ HTQr2  bm+? i? ii?2 "QmM/@i BT ; BM Bb #2HQr i? " 2b?QH/
oP RBb /Dmbi2/iQBM+ 2K2Mi HHv /2+ 2 b2 ii2Mm iBQMr?BH2i?2/B ;
i?72 "2H iBp2 QTiB+ HTQr2 ' UT'QTQ 'iBOM HiQi?2 " QmM/@i BT ; BMV m
i?7°2b?QH/X #2bi HBM2 " }i i?2M 2biBK i2b i?2 QTiB+ H TQr2" +Q "2b~
"QmM/@i"BT ; BM M/ Bb "2+Q°/2/ b i?2i? 2b?QH/ QTiB+ HTQr2" Q7 P
i?72M "2T2 ib i?Bb T°Q+2/m 2 7Q P1P kiQ }IM/i?2i? 2b?QH/ QTiB+ H T
[2MQi2 i?2 i? 2b?QH/ QTiBg HVMIRQsXPh; bM Py, "2 mb2/iQ MQ K HBx2
i?72 2tT2'BK2Mi HQTiB+ MMQ1iR b22 /BK2MbBQMH2bb ®QmMWM/@i BT ; BN
®12 X

JiH #+Q/2b "2r'Bii2MiQ miQK i2 HH2tT2 'BK2MibX 6Q i?27 22@ 1
oP pQHIi ;2b "2 7QmM/ i?2°Qm;? bm#@ H;Q Bi?K 7Q" i?2 /2bB 2/ "Qm
gBi? i?2 P1P KTHB}2'bim" M2/ Qz-i?2 +Q/2 HBM2 "Hv br22Tbh i?°Qm;? o
"2+Q°/BM; i?2 "2H iBp2 @LiBM/HR2OIQ¥REBb?2b K TTBM; #2ir22M i?2 oP
PQHI ;2b M/ i?2 "QmM/@®BX ;6BMR W? /i TQBMi- i?2 P1Pb "2 } bi "2k
iQ KtBKmK ii2Mm iBQM Uim "MBM; i?2 P1Pb QzV- M/ i?2M i?2 oP b "2
iQ i?72 /2bB 2/ pQHi ;2 WKV DB2/iBM; X h?2 K tBKmK _6 QmiTmi TQr2' b
K2 bm 2/ #v i?2 Qb+BHHQb+QT2- M/ i?2 7°2[m2M+v Q7 K tBKmK bT2+i
#v i?2 2H2+i'B+ HbB;M H M Hvx2  Ula VX

h?2J iH# miQK iBQM b+'BTi 7Q°  BMD2+iBQM 2tT2 ' BK2Mib } ' bi TT"
TQr2'b7Q  i?2+'BiB+ HTQBMiX h22VI BQ mRi/i@iBBT + BM&ik{M 1S p Hm?2
L2ti- QmM/@i BeEY BMBRUIQ p "BQmb H2p2Hb #2HQ®i3¥ +?BiHB2 H 1S TQ
"OQmMM/@ i BT®; VBBOK?@H/ +QMbi MiX 6Q" 2 +? "QmM®@Vi- BA2; bBVMMORA P1P k
;2M2° iQ  br22Tb i?°Qm;? b2i Q7 BMD2+iBQM TQr2 b rBi? i?2 BMD2+iB
}JHi2° +2Mi° H 7°2[m2M+vX L2ti-i?2 H;Q Bi?K br22Tb i?°Qm;? p "BQmb
r?BH2 ?QH/BM; i?2 BMD2+iBQM TQr2" i @dy /"KX 6Q 2 +? / i TQBMi-
b2iiQ K tBKmK ii2Mm iBQM- M/ i?2M i?2 oP pQHi ;2b "2 b2[m2MiB HH
[2bB 2/ pQHi ;2bX h?Bb 2Mbm 2b i? ii?2 P1Pb "2BMi?2 Qz@bi i2 #27C
Bbim M2/ QM- i?2 2#v KBMBKBxBM; ?vbi2 2bBb #2ir22M /i TQBMibX
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9Xj_2bmHib

AM i?Bb b2+iBQM-r1r2 T°2b2Mi i?2 +QmTH2/ P1P 2tT2 ' BK2Mi H b+?2K
p "BQmb 2tT2'BK2Mib i? i +? * +i2'Bx2 i?2 _6 QmiTmi Q7 i?2 +QmTH2/
i?72Q°2iB+ H 7° K2rQ ' F i? i T '2/B+ib i?2 p "BQmb QT2 iBM; "2;BK2b
r2 "272°2M+2 M HviB+ T '2/B+iBQMb ;Bp2M BM i?2 6h?2Q 2iB+ H JQ.
2tT2'BK2Mi H Q#b2'p iBQMb +QM} 'K i?2 i?2Q 2iB+ H T 2/B+iBQMb Q7
#B7m + iBQMb- M/ +'BiB+ H TQBMibX 6m'i?2° - _6 BMD2+iBQM 2tT2"B
b2MbBiBpBiv BM i?2 pB+BMBiv Q7 i?72 + BiB+ HTQBMibX

6B;XXBb b+?2K iB+ Q7 i?2 +QmTH2/ P1P “+?Bi2+im 2X 1 +? P1P +Q
bQm +BM; J +?2@w2M/2 KQ/mH iQ UJwJV r?2Qb2QmiTmi TQr2 Bb ii2h
PTiB+ H ii2Mm iQ  UoP ViQ +QMi " QH i?2 "Qm&/{@N/BPTLP BMb Q7 P1P R-
g2 /2}M2i?2 "QmM/@i ' BT; BMQ7 MP1P bi?2; BMBM bQHBi "VP1P #°
Bb im M2/ Qz- BX2X i?2 QmM/@i BT ; BM 7Q  P1P R UP1P kV Bb /2i2"°
im"MBM; Qz i?2 bQm ' +2 H b2 7Q° P1P k UP1P RVX 7i2  i?2 oP b-i?2
i?2°Qm;?p B #H2 /2H vHBM2b Uo.GbV- #A+mKmNK LBM: iBRD/M2B + i
TQr2'b "2 +QMp2i2/iQ pQHI ;2b 11?2 T?QiQ@/2i2+iQ b US.V-i?2b2 p
#v HQr@MQBb2 6 KTHB}2'b M/ i?2M }Hi2 2/ #v # M/@T bb }Hi2 b U"¢
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M/ i?2 BM}MBi2ZAZ2M V?U2b?QH/ HBKBi- iQ /2p2HQT b2Mb2 Q7 ?Qr i?2
P1P + pBiv z2+ib i?2 i? 2b?QH/X g?2M + QbbBM; i? 2b?QH/ 7°QK i?2 C

9N



6B:m 2 AXR2K iB+ Q7 i?2 +QmTH2/ P1P 2tT2 BK2Mi H “+?Bi2+im 2X _2
BM/B+ i2 QTiB+ H U 6 1H2+i'QMB+V T i?bX 1 +? P1P +QMbBbib Q7
KQ/mH iQ b UJwJV- p "B #H2 QTiB+ H ii2Mm iQ  UoP V- p "B #H2 /2
T?QiQ/2i2+iQ b US.V- HQr@MQBb2 6 KTHB}2'b U KTV- M/ # M/@T
R3y@/2:°22 ?2v# B/ +QmTH2 U _6 *QmTH2'V DQBMb i?2 P1PbX  ?2v#’
irQ b2T ° #H2 P1PbX DbB:M H :2M2" iQ' Bb +QmTH2/ iQ i?2 bvbi2K i-
mMMB/B 2+iBQM H _6 +QmTH2 bX

rBHH i® MbBiBOQMiQ M QM@bi i2 rBi? MOM@x2 Q 6 QmiTmi TQr2 X >Q
7°QK M QM@bi i2/Q2b MQi Hr vb "2bmHi BM i MbBiBQM iQ i?72 Qz@€k
QT2 iBM; "2;BK2bi? i "2 2tTH BM2/ M2tiX

h?2 +QmTH2/ P1P bvbi2K 2t?B#Bib irQ ivT2b Q7 #Bbi #H2 #2? pBQ'b
b?QrM BM #H +RPBWMMGBBM 7 2[m2M+v r?B+? Bb b?QrM BM r?Bi2X h?2b2
+? ° +i2'Bx2/ #v i?2 bi #H2 +Q2tBbi2M+2 Q7 i?2 Qz@bi i2 M/ b2+QM/
ii° +iQ° " Bb bBM;H2@7 2[m2M+v bi i2 rBi? 7 2[m2M+v 2[m HiQ i?2 +2
"S6bX 6QH/ #B7m + iBQMb UbQHB/ "2/ +m p2bV M/ i? 2b?QH/ UbQHB/ ;
IXAM/IX9 2bT2+iBp2Hv- #QmM/ i?2 #Bbi #H2 TQr2  "2;BQMbX 7QH/ #B7
#QmM/ v r?2°2 bi #H2 M/ mMbi #H2 bQHmMIBQMb +Q H2b+2 M/ MMB"
#B7m '+ iBQMb '2bmHi BM i?2 TT2 > M+2Q /Bb TT2 > M+2 Q7 bi #H2 bi
7°QK Qi?2" bi #H2 bi i2bX i i?2 +mbTh #2ir22M 7QH/ #B7m + iBQM M
#B7m '+ iBQMb MMB?BH i2- H2 pBM; #2?BM/ i?2 >QT7 #B7m ™+ iBQM Q
TQr2 "2;BQMb-i?2 bvbi2K 2t?B#Bib ?vbi2 ' 2bBb r?2°2i?2 bi i2Q7i?2 bv
QM i?2 T i? ?2Bb®QdW®7 K 2tTH BM2/ # DRV 60/ %BXB2KQMbi® i2

8y



#Qi? ii’ +iQ b BM i?2 #Bbi #H2 TQr2"  "2;BQMbX >vbi2 2bBb Bb T 2b2M
i72 BM?2 2Mi K2KQ v Q7 i?2 bvbi2Kéb iBK2 /2H vX

aBKBH "~ iQ i?2 #Bbi #H2 TQr2" "2;BQM- i?2 r?Bi2 #BbaX#d\2 7 2[m2M+
2 birQ ii’ +iQ bX h?Qm;? i?2 #Bbi #H2 7 2[m2M+v bi i2b ? p2 2[m H Qr
7°2[m2M+B2b /Bz2  #v 2[m H M/ QTTQbBi2 7°2[m2M+v Qzb2ib 7 QK i?
i?72 "S6b b b?QOMIBW MIXK6VX h?2 "2/ 7QH/ #B7m + iBQM +m p2b M/ |
;"22M i?°2b?QH/ +m p2b ;Bp2 #QmM/b Q7 i?2 #Bbi #H2 7 2[m2M+v "2;B
TQr2  "2:BQM- r?B+? 2t?B#Bib TQr2" 2vbi2 2b@®,/ 2T A2/ 2BIbiQAHRE “vBM
7°2[m2M+v "2;BQM ? b 7 2[m2M+v ?vbi2 2b&B m,A2X 22 + Qb pBMB M ; L
i72 1?2 2b?QH/ UbQHB/ ;"22M +m p2V 7°QK i?2 Qz "2;BQM U; vV iQ i?2 #I
Ur?Bi2V- i?2 "2bmHiBM; 7°2[m2M+v Bb biQ+? biB+ HHvV /2i2 KBM2/ #V i
iBK2@/2H v Qzb2i 7°QK "2bQM M+2 rBi? i?2 "S6boé +2Mi° H 7°2[m2M+v E
#B b i? i Bb /Bb+mbb2/ #2HQrX

8R






	LIST OF TABLES
	LIST OF FIGURES
	INTRODUCTION
	Optoelectronic Oscillators
	Theoretical background
	Our Contribution

	EXPERIMENTAL AND THEORETICAL INVESTIGATION OF A SUB-THRESHOLD OEO FOR RF SENSING OF CONSTANT AND TIME-VARYING SIGNALS
	Introduction
	Experimental Setup
	Model OEO
	Experiment and Model Characterization
	Model Predictions
	Results
	Amplification vs Injection Frequency
	RF Output vs Input Power
	Transient Characteristics

	Conclusion

	THEORETICAL INVESTIGATION OF OPTOELECTRONIC OSCILLATORS NEAR BIFURCATION FOR RADIO-FREQUENCY SENSING
	Introduction
	Numerical Model
	Solutions at Threshold
	Slowly-varying Amplitude and Higher-order Bifurcations
	The Injected Optoelectronic Oscillator
	Injected OEO: Steady-State Amplification
	Injected OEO: Transient Response

	Conclusion

	COUPLED OPTO-ELECTRONIC OSCILLATORS
	Introduction
	Methods
	Results
	Theoretical Model
	Discussion


	NOISE IN OPTOELECTRONIC OSCILLATORS
	Introduction
	Single OEO Noise
	Noise Derivatives
	Single OEO Analytic Noise
	Noise in General OEO Systems

	Conclusion

	CONCLUSION
	APPENDICES
	Multiplicative Noise
	Johnson-Nyquist Noise

	BIBLIOGRAPHY
	CURRICULUM VITAE

