Figure 4.11. Experimental results of the PD-VCSEL-PD device operating at 2.5 MHz. (a) the upper trace is the
sinusoidal signal sent to the EOM and the lower trace shows the optical output of the VCSEL. (b) the output versus
input presentation.

Another suggestion for improving the PD-PD-VCSEL circuit is to connect the VCSEL in
parallel to one of the photodiodes which were connected in series and tested for electrical switching

previously.

Figure 4.12. Schematic of the circuit of the PD-PD device with the VCSEL connected in parallel, along with the
experimental setup for testing the device.

The actual circuit was constructed and tested in a setup presented in Figure 4.12. Although
the electrical switching signal was detected from node n in Figure 4.12 in the previous
configuration, the VCSEL connected in series to PD1 did not emit a significant amount of

emission, which was mainly because of small biasing voltage. One might think that the VCSEL
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could be connected in parallel to PD2 instead of PD1, but the direction of the photocurrent

produced by PD2 was not right for the VCSEL.

To obtain high enough optical power, a laser needs a large enough bias voltage and driving
current. In order to make the VCSEL emit at a higher optical power, another power supply was
used to bias the VCSEL separately and use the photocurrent exiting node n in Figure 4.12 as a
modulating current for the VCSEL. The experimental setup for this case is presented in Figure
4.13. The VCSEL was biased using an Agilent E3610A DC power supply at a voltage of 1.6 V. A
resistor R=100 Q was connected in series with the VCSEL to regulate the current flowing through

it.
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| signal | i
é JAVAY ! : !
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Tubable EOM 103 SOA i)_gz PDI KQQ:@---__J
CW laser : VCSEL
: CW M
AVAY .l
EDFA z PD2 §
R

Figure 4.13. Circuit configuration of the PD-PD device modulating a separately biased VCSEL with the
experimental setup for this experiment.

In order to make sure that the modulated photocurrent flowing into the VCSEL’s circuit
from node n has the right bistable signal shape, first the voltage across the resistor R was measured

in the circuit of Figure 4.13, with the results indicated in Figure 4.14 (a) and (b).
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Ch(2) = -41S5.6mV

Figure 4.14. Electrical current flowing to the circuit consisting of a VCSEL and a load resistor connected to PD-PD
circuit. In each case the upper trace shows the modulating signal sent to the EOM and the lower trace is the current
flowing to the VCSEL-R circuit (a) at 200 kHz, and (b) at 500 kHz.

The results shown in Figure 4.14 show good bistable behavior of the two photodiodes
biased at 2 V, however, due to the parasitic effects of the long wires of the test circuit, the switching
signal looks noisy. This problem will be fixed in the future by having the two circuits (PD-PD and

VCSEL-R) on the same board with the shortest possible wire lengths.

After putting the two circuits shown in Figure 4.13 on the same board, biasing them with
two separate power supplies, and reducing the length of the connecting wires, the optical output
of the VCSEL was monitored with a photodetector connected to a scope. Because of the low signal
amplitude of the photocurrent produced by the PD-PD circuit, the optical signal emitted by the

VCSEL has a very low amplitude, which was almost impossible to detect as shown in Figure 4.15.
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Figure 4.15. Input modulating signal to EOM (upper trace) and optical output signal (lower trace) of the VCSEL in
circuit configuration of Figure 4.13.

In order to acquire a better signal from the VCSEL, the EDFA in the setup shown in Figure
4.13 is removed from driving PD2 and used to amplify the output emission of the VCSEL.
Additionally, the resistor connected to VCSEL was removed to avoid the dissipation of the

photocurrent produced by the two photodiodes. The new setup is shown in Figure 4.16.

oy
¢ °

1
RF 1
i signal | :
| AAS 3 ‘VCSEL 1
B B ‘ ‘ !
Tubable EOM 0] SOA _CL: v PDI Z jQ EDFA Q:@--J

CW laser v

CW n
VAVAY.d
O — ! PD2

Figure 4.16. Experimental setup for the PD-PD-VCSEL bistable device. In this new setup the resistor connected in
series to the VCSEL is removed, and the output of the VCSEL is amplified by the EDFA.

The result of the amplification of the optical output power of the VCSEL is presented in
Figure 4.17 at 5.4 MHz. As can be seen, although the amplitude of the optical signal is still low,

signs of bistability could be observed. The optical signal shown in Figure 4.17 (a), indicated by
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the lower trace, has a peak-to-peak voltage of 6.9 mV, which is relatively low to be detectable by

a photodetector.

(b)

Figure 4.17. (a) Input sinusoidal signal (upper trace) sent to EOM and output optical signal of the VCSEL (lower
trace), (b) hysteresis loop of the input versus output of the PD-PD-VCSEL switching device which is shown larger
in the inset.

62



5 Conclusions

Optical and electrical bistable quantizers with different circuit structures were designed
and constructed in this work using two identical VCSELSs and two identical PDs connected to a
VCSEL. Both devices were built using commercial components which work at 1550 nm. In this
chapter first the summary and results of the bistable quantizers are presented, then suggestions for

the future work are discussed.

5.1 Summary of the VCSEL-VCSEL Electrical Bistable Quantizer

An electrical bistable switch was initially constructed using two identical 850 nm Finisar
VCSELSs to evaluate the bistable and switching capacities of the component. This idea was initially
proposed to see if any improvements in the switching speed of the coupled self-electro-optic effect
devices with multi-quantum-well structures could be achieved. The commercial Finisar VCSELSs
have a capacitance of 55 pF at 1 MHz, which is much smaller than the large capacitance of the C-
SOA device (380 pF) of reference [7]. Therefore, we expect a higher switching speed with the

coupled VCSELs.

The circuit for testing the VCSEL-VCSEL device contains two identical VCSELs
connected in series with a reverse bias voltage, along with two potentiometers for regulating the

biasing current through the VCSEL and the modulating voltage on the top VCSEL. Then the
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voltage across the bottom VCSEL was measured with a scope. At a fixed biasing voltage and

modulation signal amplitude, one can achieve quantization by tuning the potentiometers.

Electrical bistability up to 1.4 MHz was achieved with the VCSEL-VCSEL device, which
is higher than any hybrid bistable quantizer constructed in [8]. This could be due to the smaller
capacitance of the VCSEL compared to SOAs and BJTs or could be because of better circuit

design.

In addition, discussions on the layer structure of the VCSELs were presented to better
understand the limiting factors in achieving smaller overall capacitance of the component, and
designing an equivalent circuit of the structure. This study was further used to simulate the
behavior of the coupled VCSELSs device. The simulation provided very good information on the
proper circuit configuration for achieving a good bistable quantized output signal. Also, the
simulation was a good tool to find the capacitance, inductance and resistances appropriate for
GigaHertz range operation. Based on this method it was shown that capacitances in femtoFarad

range and inductance of nanoHenry range would provide quantization in the GigaHertz range.

5.2 Summary of the PD-PD and PD-PD/VCSEL Electrical and Optical Quantizer

As suggested by authors of [8], it is possible to make electrical quantizers utilizing two
identical p-i-n photodiodes. Using this idea, a new bistable quantizer is made using two Eudyna
photodiodes. Prior to building the circuit, the two components were tested and measured for their
responsivity and modulation capacities. The circuit of the PD-PD device was constructed, with an
optical link consisting of a tunable laser, an electro-optic modulator, an EDFA, a SOA, and a 30/70

coupler was set. The two optical amplifiers were used for controlling the amount of light emitted
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on the two photodiodes. By controlling the biasing voltage and tuning the optical power input to
the two PDs, electrical quantization was achieved at several frequencies up to 8 MHz, which was
higher than the 1 MHz limit of previous works [8]. According to the simulations done in PSpice
based on the equivalent circuit of Eudyna p-i-n photodiodes with 0.9 pF capacitance and 100 Q
shunt resistance, by reducing the series resistance of the circuit, which corresponds to the PD’s
lead resistance and wires, better quantization is achieved at higher frequencies. Taking advantage
of this solution, the wires in the circuit containing the two PDs were shortened which indeed

resulted in better and faster switching.

A new idea was proposed for converting the electrical quantized signal to optical signal by
using the electrical signal out of the PD-PD device for modulating a biased VCSEL. A separate
circuit for biasing a Raycan 1550 nm fiber pigtailed VCSEL was built, and the optical emission
was tested. Then, an electrical connection from between the two PDs to the VCSEL circuit was
made for sending the modulated photocurrent to the VCSEL. By tuning the photocurrent and

VCSEL’s biasing voltage, an optical bistable signal was achieved.

5.3 Recommendations for Future Work

Quantization and switching up to 8 MHz was achieved in this work. However, in order to
be able to compete with fast growing technology, switching speeds of nanosecond range are

desirable, corresponding to GigaHertz range operation of the quantizer device.

According to our simulations of the PD-PD and VCSEL-VCSEL devices, based on their

electrical equivalent circuits, for achieving GigaHertz range operation, capacitance of
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picoFaradrange is required. This will be achievable by decreasing the p-i-n structure’s junction

capacitance, or overall size of the component.
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Appendix A

Specification Sheet for the Raycan VCSEL

70

RayCan 1550 nm Vertical-Cavity Smfam—Enm:ng

RC33xxxI-F

Description

The RayCan 1550 nm single mode VCSEL is designed for high-speed, high-performance communication

applications.

Features

* Low dependence of electrical and optical characteristics over temperature

= Data rates up 10 4.5 Gbps
* Cylindrical TO package with single mode fiber pigtail

Applications

» Access netwark for long distance (>2 km)
= Metro area network

* Giigabit Ethernet

Electrical and optical characteristics

(T =25°C unless otherwise stated)

Paramerer Symbal hlin. Typ. M. Lrnit Maotes
Threshald current Fe ] 4 meAd
Forward voltags 1 ¥y o k] ¥
Series resistance | R, 10y Fal ] i2
Clutpist power Pooe, 0.4 05 mH
Wavelength | A 1330 1550 L5700 e i
Side made suppression | SR n 35 o8
Rise and fall time ‘{; :qut(n] paec (20%-80%6)
Cperating tempesatune Top 0= T °
Absolute maximum ratings
(T = 25°C unless otherwise stated)
Parameter Symbaol Rating Unit Motes
Forwasd currenl I 15 mA
Reverse vollage ¥, 5 ¥
Operaiing lemperature Top T e
Stornpe Tempernturs Tay LR L] o
Reflow Temperature Tor 260 “C 2 m"tl:.:::"w

0FFLS Rev 4.0

¢ )

n-a}'{kmmn':



Inspection table

PN : RC33xxx]-FFA

Deseription : 1550um SM 4.25G VCSEL Pigtailed

Senial no :

RC330241-FFA-12333507

Customer :

Test results

Voltatge(V)

2.30E+0=]

2.50E+0"

2.25E 40| 9.00E-1
2.00E +0 ‘/ / 25 00e-1
2.00E+0~ - 0E-
e W P e D
1.73E+07 // / < JQOE-1 o
1.50E+0 7 Toooe-1 §
1.25E 40 V4 Z5.008-1 o

/ A : 3
1.00E+0 7 To0e1 B
- 60E-1 =

5.00E~1
2.50E=-1

0.00E 40—

{(dBm)

LEV{T=23°C)

[ [ A T T

OOUE+0 200E4+0 A 00E+0 6 O0E+0 S GOE+D

Current(maA)

Spectrum (1= 7 mA)

1 00E+)
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, [
#0011 1534,57 —

-d0 0= "“_’ ey

-50.0=————— f
|

N R SR
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Date : 2014. 12. 11
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Appendix B

Specification Sheet for the Eudyna Photodiode

PIN Photodiode FID3Z1KX/LX

FEATURES

» Data rates up to 2.5 Gb/'s

» High Quantum Efficiency: 0.8AW at 1,310nm

« Low dark current: 0.1nA

» Photosensitive area: 50pm diameter

+ Wide spectral response range: 900nm to 1,600nm

APPLICATIONS

+ Optical transmission system: STM-1 (OC-3),
STM-4 {OC-12) or STM-16 (OC-48) short haul.

DESCRIPTION

The FID3Z1KX/LX is a PIN photodiode with a multimodea
fiber pigtail designed for use in local area network, subscriber
loop and high bit-rate tranmission system applications up to 2.5 Gb/'s
at both 1,310nm and 1,550nm wavelength. The PIN chip has a
photosensitivity area diameter of 50pm with a planar structure and
guard ring for high reliability. A multimode fiber is aligned to the
hermetically sealed PIN diode. The optical alignment system has the
high coupling stability.

Eudyna

July 2004
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FID3Z1KX/LX PIN Photodiode
ABSOLUTE MAXIMUM RATINGS (Ta=25"C)
Parameter Symbol Ratings Unit
Storage Temperature Tstg -40 fo <50 °C
Operating Case Temperature Top -40 to +85 "C
Forward Current IF 5 ma
Reverse Current (= 2.0 mA
Reverse Voltage Ve 20 v
OPTICAL & ELECTRICAL CHARACTERISTICS (Ta=25"C)
Limits
Parameter Symbol Conditions Wi M. Unit
Ve=1V, 1300nm 0.75 - AN
Responsivity R
VR=1V, 1500nm 0.8 - AP
VR=1V, -20 to +70°C - 13 %
Variation of Responsivity AR
Vp=1V,-4010 +B5°C - +4 %
VR=5V, Tag=25"C - 1 nA
Dark Current Ip VR=5V, Ta=70"C - i0 n&
V=5V, Tg=85"C - 20 nA
R =500, VR=5V
Cut-off Frequency fe -SdLE! from 55'0 kHz 25 - GHz
Capacitance Ci f=1MHz, V=5V - 0.9 pF
Optical Return Loss ORL a0 - dB

Mote 1: Opiical characieristics are spacified on the condlition at single mode fibar s used as the

optical sourcs for testing.

Eudyna

73



Quartum Effidency, 1 (%)

Moma lized Responsivity, ARR 25°C) ()

PIN Photodiode FID3Z1KX/LX

Fig. 1 Spectral Response (1 vs. &) Fig. 2 Spectral Response (R vs.2)
100
Ta =25°C Ta =25"C
VR =1V 101 vg=1v
80 —] A Y
)'/ ™ =3 A
/ N S os 2 1
&0 T f
/ \ z
/ \ = /
40 £ j
(=]
: X
]
/ L
20 7 0.1
0
600 800 1000 1200 1400 1600 1800 600 BOO 1000 1200 1400 41600 1800
Wavelangth, & {nm) Wavelength, A (nm)
Fig. 3 Temperature Dependence of Responsivity Fig. 4 Dark Current vs. Reverse Voltage
108
h=1,310nm Ta=35':'3?
V=1V —_—
4 #%-—E%
10°% :
Ta=25C
2 — _—
= T
= 10710 = —
|t = =
0 =" o /-""
1 =
L] g /
3
2 2 10-11
& Ta=-40°C——]
a=
-4 "]
—
10712 —
—=
B &
-40 -20 i) 20 40 60 B0 /"
Temperature, Ta (°C) 1012 ’f
0 10 20

Revarse Voltage, Vg (V)

Eudyna



FID3Z1KX/LX

PIN Photodiode

Dark Current, 1o (A)

1g-11

10'12

1|:|'13

Eudyna

Fig. 5 Dark Current vs. Temperature Fig. 6 Frequency Response

VR=5V Ta=25°C
T = VR=5V
@ RL = 500
‘ff g 0 ‘.:"-.-= 1,210nm
<~ 'gj' ""-».\
7 §_ - N
Vi g -6
,z,"' @
d -9
d
-12
2 10 102 103
Frequency (MHz)

-40 -20 0 20 40 &0 80

Temperatura, Ta ("C)

Fig. T Capacitance vs. Reverse Voltage

1o Tg=25"C
f=1 MHz

-
=
G L
] T —
= 1 —
3
=
o
a
&
]

0.4

02 05 1 5 10 50

Reverse Voltage, VR (V)

75



