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retio (>30 dB in & 1 GHz bandwichh). Such a switching metrix wil have unique
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SYMBOL DESCRIPTION
a Modulation depth
M Ammbud&mahdobm
B ccencnecnrsecseensanssees Eflective mass
Me(T) ceenee Excess noies factor
Bd coneennernerasensosassonnanasses Donor density
Poleeeurecessessserssasosssstssssssassenensnsssastesasisnanssssatasusssainasasasiss Electrical power drive level
P enrevesesesesssesenasssssstsesessntasssassasesssssassssesesusstasasaisans sasaces DC optical power
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B emooeoeeesessesesseasesessessesaesseseastossesestansessestiesasaT ta Rt sNsRE RS R TSN SRS s u s e S 000 Responsivity
Re Specific contact resistance
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B evnrvececeecsessesnesasasssR st sRe st et SRR SRR s SRS s s s 000 Maxdmum bit rate
Rean- Laser driver's variable resistor
$4y.. Scattering parameters
S woverueressssassessasesasas LR eSS S SRS RS S S SRR SRR SRS SR8 Noise optical power
T. Absolute ambient tempersture
Te Threshold tempersture cosficient

...... Rise tme
- —
v Vokags
v Reference voltage of laser driver
Vasoss Photodiods voltage of laser driver
v, Neural state
Voot Signel drive lovel
Vour. OP AMP volage of laser driver
wy interaction metrix
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output ines as Mustrated in figure 1.1 . The switching operstion can be
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Electronic switching is curently used In systems that opersie &t
encies in the hundreds of MiHz. However, the development of very high




speed deta transmission and broadbend services places a requirement f
swilching signeis of consideral ﬁf mm mmn
signels up 10 2.6 Gbits/s wes recently announced [1]. At high frequencies,

those frequencies.
nm“ﬁﬁmimﬁﬂm;adﬁmm
confinement & offers. Electro-optic switches made of LINDO, optical-dire
couplers, where the ight is directed from the input 10 the appropriate oul

& good isolation and very low losses for small systems. However, at present,
there are severe problems in making practical optical metrix switches of a large
size (Le. > 16X16) [2].

[3]. This hybrid switching mairix takes adveriage of the light confinement in
opiical psths 10 achisve low crosstalk levels whils retaining many advantages of
the meture elecironics fechnology. In this switching technique, the input signel 10
switch.

1.2 PRINCIPLES OF OPERATION OF AN OPTC WITCH
hmwmmﬁmmbmh




Mﬁmbmmﬁﬂﬁl Rk is noteworthy that only the
Lt UL "i,dﬁihﬁﬁmﬂlﬂﬁm in contrast to the function of an
mmm The opia :,:,i,,mmmmﬂ
nmm“ﬁmmma corwentional
wmmwmmmmm
wmmmhnpﬂmm in 1988,
50 dB of isolation [5]. More recently, Forrest et al successiully CONSIrUCISC

(8 metrix that handies a data thic rﬂ:daﬂm/smhnn

on time in the order of 100 ns [8].




An optosleckonic swhching mair is shown schematcaty n fgure 12.

dmmﬂf:hlxqrﬂ:mmma;ﬂ@)_ Th;inn-ly
modulated light is then distributed 10 the " crosspoints through passive optical
aveguides which have low crosstalk levels. At the crosspoints, the switching
function is sccompiished, as described above, by rendering the photodetectos
sensitive or insensitive. The electrical signeis generated at the output of the
mmhnmmaﬁﬁnmm_ This
summation can be easlly achisved ¥ photoconductors or
Metal (MSM) photodiodes are used as crosspoints, by connecting 10 8 common
point one terminal of each of the crosepoints aseigned 10 a speciic output. The
mﬂmt:mﬁﬁwmﬂ:mﬂﬁmd
photodetectors (7). R is noteworthy thet from the switching point of view the
optosiectronic switch can be viewed as a black box with electrical inputs and
outputs, where the use of an oplical carrier is intemal 10 the matribc. This
arrangement seems amenabie 10 exdensive integration (8] using both integrated
mﬁmmhﬁﬁHIﬂﬁMwﬂm

mwhmbmmﬁmﬁn hotodetectons as
well as the isclation of the ouiput ines [5). The isclation between the input and
mmnmm Light can couple into the elecirical ines only
mﬁwm MGiy“ﬁmmrih
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stectors. mmmm:-mmnﬁwmm.
halﬂhgﬂj,;:,i,j Such a solution would reduce the possibility of
’ ’:i,dnm:dm-mmmmmmm
on {9).

ummwmnemmﬁm

sitractive for many applications [10). The most obvious one is unequivocslly the
mﬁhmﬁmm-ﬂnﬂuﬂmnm pn-bloct
mmmmmnmdmnwﬂnmw
Mv&aﬁﬁ[ﬁ]




interconnection of computers for paraliel processing of digital signels [12] where
the units are essentially Mulipiexsrs (MUX) and DemuRtiplexesrs (DEMUX).

1.3.2 Deley Line Processers

Many signal processing functions, including coded sequence generation,
convolution, correlation, matrix-vector muliplication and frequency fltering
[13.14), can be sccomplished with the optoslectronic switch matrix by making
delayed connections between the outputs and the inputs to form what has been
called a Reflex Optosiectronic Switch Metrix (ROSM) as shown in figure 1.3
[15.16]. In this case, all the outputs but one are fed back to the same number of
inputs via deley linss of differing lengths. In an NXN crosspoint matrix, 2~
different delays can be obtained ¥ N-1 connections of different lengths are made.
These delays can be selected elther in peraliel or in series and can be made
elecirically or oplicelly depending on whether the location in the matrix thet is
chosen 10 implement them is before or after the laser transmitters. Optical delays
offer better precision and stabiity, insensitivity 10 electromagnetic interference and
widsbend operation [17). The ullization of optical flbre deley peths in an OE
metrix as pert of the signal distribution network thus allows for wideband, precise
and repidly selectable delays which could be used by subsequent phase sensitive
stages a8, for exampie, a phased array antenna [10,18].

One unique feature of the ROSBM is the directionaiity which is imposed by
the optical-to-slecironic corversion at the crosepoints. This directionality permits
regensration of the signel in the loops 80 thet & ring resonator can be constructed
(19]. Ring resonators can be combined in paraliel 10 creste compiex comb flkers
which can be tuned rapidly I the loop lsngths can be Quickly aered by means of
fost crosspoints.  Ring resonators obiained by the ROSM are hybrid devices
employing electronic stages which corvespond 10 repesier stages.
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position-coded output [21].
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arvay of sources. -nlrhlh
table indicete which source is sssocisted with the
mumhm o

This arthmetic can be easily achisved by means of a particular and specific
configurstion are shown in figure 1.4. The crosspoints in the OE matrix play the



role of the "AND" gates whose two orthogonal position-coded inputs are the light
from a transmitter and the photodetector bias. The "OR" function is naturally
anmmhmmmduﬁm
The entries in the table found in figure 1.4 indicate which source is associsted with

mmmmﬂmmm-wm
MRQMWH‘hmmbﬁmwmm
MWMhm13mmLﬂthMn
mmmhmmmmm
WW&MMwmanmamum
particular application. However, the speed of the look-up table is determined by

Iy = ? Huv; m 11

shown in figure 1.5. nmﬁmmnmmm
mmwm-nm:nmmmm
nmmmnmnmudmummn



are electrically determined. The interaction matrix [wy], which consists of the
states of the swiches in the metrix, is established by modulating the
photoresponse of thelr crosspoints by means of their bias [22]). This

figurstion where wy is electrically controlied allows meny advantages thet are
mnﬁcsmm ﬁnlnmmmm
isolation found in the OE configuration due 10 the use of optically distributed
neural states enables the operation of very high throughput trained networks.
Finally, a unique festure of this configuration is the versatiity of the synapees that
required in theee networks.

10.
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thtﬂmmnﬂwﬂ:meﬁ

1.4 PROJECT GOALS
ﬁﬁawmhﬁwmmdmm
wdﬂhmﬂi@lﬂ.ﬂﬂmﬂlm-\mmw
mmﬁﬂlwsﬁ(kﬂiﬁ!1&hhﬁﬁﬂm The matrix is
Mn-ﬂhmﬂhmmm
mwmﬁnmmnmmnmd
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four functionsl modules are assembied together 10 form the final 10X10 OE

|
|

¥

e —
OPTICAL SUIICHG AMPLIFER &
FOVER MODULE BQUALIZER
NODULE L J
~NS ¢
RECEIVER MODULE

Fgure 1.8 Block Diagram of an Optosiectronic Switching Matrix.

The design spproach was 10 ullize commercially available electronic perts,
slong with novel custom made photodetectiors for the crosepoint arrays, 10 bulld
each functionsl module and 10 then assembie them into a seli-contained unk. R
was intended 10 use Mull-mode lasers with a common biasing circuk for the
tranemilter modiuls, mulii-mode fires and muli-mode fused biconioal power
spiiters for the oplical power distribution network and Monolithic Microweve
integrated Ciroult (MMIC) gain blocks for the receiver module.

The custom made photodetector devices used as the crosspoint avays
are surlace-depisted GaAs photoconductiors and were fabricated by the
Communications Ressarch Cenre as pert of a Memorandum of Understanding
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between the Depertment of (nac)mnm
ons Reseerch Centre (ATRC). These phota A

ﬂlmmﬁmbmthummmh
since the devices are novel and are at present made with

a non-optimized process.
ﬁmmnmmmmndmmmxm
switch metrix and s characterization. This thesis is organized as follows. In the
mmmhwﬁMﬂﬁMd
the OE switching matrix are described. Thereaher, in chapter 8, the integration of
nmmam-ﬁmnmmdn
matrix is analyzed. ﬁqmﬁmmnmmm

lions are proposed 10 Improve future works.




2.1 OPTICAL SOURCES

2.1.1 Design considerstions

in opticsl communicetion systems such as an OE switching matrix, the
opticel source is ofen considered as the sole active slement. its mein function is
the corwersion of an electricel signal 10 an opticel signal thet must be lsunched
into an opticel fibre. A typical curve of light output agsinst current is Bustrated in
figure 2.1 for a LED and a semiconductor injection laser. The first criterion in the
source selection is s competbilty whh the chosen flbre waveguide. This
requires thet the source fullis the following four requirements [25,27]:

output Laser
er)

Current
Threshold

Fgure 2.1 Typicel light cutput for UMINSscent SOUrCes.

(@) Small emiting surfece erea and good apatisl coherence 10 permit
foousing of the light 10 a spot size smaller than the core.

14.
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(b) Hﬁimnmmﬂmmwdnm

((+)) Large bandwichh and fast response time 10 achieve simple intensity

juminescent sources can fulill most or all of thees requirements. The
m&mmnmm m'ﬂMdh
miﬁ‘hmm However, hmmm
mmgéﬂhﬁmﬁnhﬂHﬁﬁﬁm
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li’i:if:i-ﬂﬁnﬁnﬁn)
3) Large modulation bandwickh.
4) Spetial coherence.

in the light of whet hes just been mentioned, semiconductor injection lasers
seem 10 be the logical choice in the selection of optical sources in an OE
parameters that must be considered in the selection of the laser source are the
mmmhmmm-mmmm
video disc players, f negneto-oplic disks and laser printers [27]. The use
ummmm-mmhnmmm
umﬂﬁhﬁ“ﬂﬁﬁmﬂﬂ.hhtﬁmhmﬂﬁh
considerations have led 10 the selection of the Mitlsubishi MLEO(1 ﬁ'ﬁﬂyn




1.

2.1.2 Mioubloh! MLEIOC1 laser family

The MLEXX1 lasers are high power laser diodes emiting ight st a
wavelength of 780 nm. They emkt 10 mW of optical power with a forward bias
current in the order of 65 MA, approximately 25 mA above the threshoid current
) V8 AwmubmuthdMam
hundred microwetts at each crosspoint 10 achisve a good frequency response 8s
well as 2 good SNR st the receiver in the required 1 GHz bandwidth. This point
will be elaborated in more detall in a subsequent chapler. The lasers cen also
Wh“ammm«nMMmbam
temperature of 60°C [29].

The SNR of the leser beam is defined as:

SR - [%]* equation 2.1

m:.bl\omopﬂedmmds.btnmbopﬂw”[m. For
h&&(ﬁh‘lﬂl’hnﬁ*brﬂdlmﬁﬁmhl
mmmmmwmummwpowmo
mwWw. Mthb.“dSﬂGha‘lGﬂzmm
munmmbmmnmumnwa
signel-t0-noise ratio targeted in this project. On the other hand, this SNR velus
m-nmwmmmnwm
point. mummnwdummmu
sverage oplical power. The emission hes a single mode spectrum &t high
radience end a mulimode specrum ot low radiance. ®& has been shown that
MMMMIMMOMWMMW

ocounterperts [30).
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The emission spectrum for 8 MLB101A laser, at room temperature, for a
biss current of 68 mA is shown in figure 22. &k can be seen that the optical
emission is not perfectly confined 10 a single mode st this operating point. The
main peak and secondary pesk on the graph correspond 10 wavelsngth of 772.8
nm and 773.7 nm respeciively. Lau et al. [31] have shown that the longitudinal
mode spectrum of single mode semiconductor lasers is locked for optical
modulation depth up 10 ~80%. This indicates thet the modulation of the laser
should not affect appreciably the intensity noise level of the device.

Fgure 22 Emission for a MLS101A laser diode for a bles
current of 68 mA as measured with a McPherson modal
270 monoclvomator. The 2 peaks are emitted at 772.8
nmand 773.7 nm.

An essential pre-recuisiie 10 the design of a broadband OE switching
responee of & MLB1OTA leser is Bustrated in figure 2.3(a) for two diflerent



18.
modulation depths. it can be cbeerved that the response is flet up t0 2 GHz
where the curve starts 10 roll off. The ripples are due to a siight mismetch
mmze&mhﬁ-mhmwmman
MWWEMhWM)MlMMB
The rise in the reaponee at lower frequencie is explsined by a diffusion process
of elecricel canriers from the undepieted intrineic region %o the photodetector's
10% %0 80%. i can then be concluded that the MLBXX1 laser family has an
anelog bandwidth greater then 3 GHz.
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Figure 2.4 shows a typical impulse response for the MLBXX1 laser famiy.

m1mmmmumnmuﬂmsmo.4maam

respectively. These values are rated by the menufacturer as 0.3 and 0.4 ns. The

wmmmﬂmﬂﬁimmmwﬁm

detectors used in the experiments. The rise time ¢, of a device can be estimated
uaWdﬁnanmmzz[ﬁjz

t, = 0.35/B equation 2.2

nmammumhngmmmam
value for the rise time of the order of 100 ns. For a non-retumn to zero format
mmmumubmmnmﬁmhmmm
[25]):

Re = 0.7/t = 2%8 equation 2.3

by the MLBXX1 laser family. W.QMMMdZGE‘SB
mnmmmummbm Nevertheless, this confirms that
MMMMbMi‘IG&E—
relationship of the following form [29]:

Ju, « oxp(T/Te) equation 2.4



22,

where T is the absolute temperature and T, is the threshoid temperature
coefficient which is a characteristic tempersture describing the quality of the
material, but which is aiso affected by the structure of the device [25]. This
temperature dependance is ilustrated in figure 2.5. For GaAlAs devices, T, is
usually in the range 120-180 °K [32]. This coefficient is rated as 180 °K for the
MLEXX1 laser family which demonstrates that these optical sources are as
temperature stable as is possible for a GaAlAs laser. Nevertheless, the high bias
current flowing in the device increases the laser junction temperature sufficiently
to change the threshold current and a control feedback loop is required in the
laser biasing Circuitry if a constant optical output is desired.

Light

output T=To ™>To
(power) / /

Current

Figure 2.5 Typical varistion in laser output with junction
temperature

2.2 BIASING CIRCUIT
it was established in the previous section thet the threshoid current and
hence the DC optical power emitted from the transmitter is very sensitive to the



e. To obtain a steady optical output, one can either

Figure 2.8 mmmmwmdﬂm



®

Figure 2.7 Analog laser driver circuit.

2.7. The negative feedback loop tracks and attenuates low frequency changes in
the laser output while allowing high frequency varistions to pess through
operationsl ampliler (OP AMP) output voltage which in tum is set by the
generated by », and R,. A varistion in the emitted optical power would result in a
different current at the photodiode which would then force a correction at the OP
AMP’s output. The speed at which the circult can respond 1o changes in the



mmmMBMﬁﬂnwwpﬁwnm
laser diode's operating point. The optical power from the laser generates a
’**@,,hnmmm-mmm

to the reference volage v*
mummmmwdnmmam
mmhhciEﬂﬂahdw it can been seen that the
reference voltage V* is the first point to reach steady state. Thereaher, the OP
msmwvmmmmmﬁnmm

However, Mnﬁmmhﬁmmm it may take,
hm:wmmm jbrium is reached.
hmasubmmnmmmmanmm
mmm“mmmnmm is directly applied to the
laser diode once working st the operating point. it can be noticed thet, for the
ﬂﬁvdundﬁmmhhmﬂmm
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2.3 TRANSMITTER HOUSING
mnmaummbmmmmdumu
Mumwbumdmdmmmam
transmitter module. Tomumdmmumnu
MM.OWMGNMﬂCMWM From
agnzw.nmbonmduumdummnm
mmhammmmwwmuwm

wpmbmmanmm.
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The integration of the ten laser sOUrCes MO a transmitter module is
achieved by the use of two arrays of five lasers where each laser in housed in &
shisided brass compertment. The housing assembly is shown in the photograph
in figure 2.11. Surface mounted components are used for R.., Ci.. and R, (see
figure 2.7) %0 minimize the distance between the RF sensitive perts of the circuk as
well s 10 take advantage of the iow reactance of this type of component at high
frequencies. A fesdihrough capeciior is aleo used between the resistor R, and the
transistor ; 10 bypass 10 ground any RF lsskage that could occur through R,

™ O

The isclation provided by &e and this bypess fesdihrough capach e
hth“mﬁﬁﬂﬁmmniwm



29.
board, which constiutes the support for the housing assembly, is designed %o
mﬂddmmnlmbnmhﬁnz‘lz

u.
F e

Fgure 2.12 Tranemiter module.

Vaed = W (Isem-I)*300
-=m*® 25 pA * 500

-1.25*m equation 2.5



= 12 dim + 20 log(m) equation 2.6

The laser driver is designed 10 run from a positive 15 Vok power supply,
DC parts of the circult are wel-isclsted from each other. As underfined in section
2.1.2, the lsser sOuUrces require a bies current in the order of 65 mA each. This
results in & power dissipation of neerly three quarters of & Watt in »; and the leser
in direct contact with the brass walls 30 thet good heat dissipetion is hard 10
achisve. This problem is solved by empioying a fan and forcing an air flow into
the housing assembly. The fan is connected 10 the housing assembly through a
pipe avangement. Mesh walls are used 10 EM shieid individual chambers and
allow the ciroulation of the forced air flow from one end of the array 10 the other.
found that R is less than 76 dB. This crosstalk is mostly due 0 the
romagnetic coupling hrough the air from the RF generator 10 the oplicel
mmhﬁw This demonsirates the shisiding eficiency of the
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lovel thet is introduced by the optosiectronic Crosspoint. &k is therefore an
WdHMMME“nnmdﬁmhn
m:-mnuﬂrmqsﬁiﬁﬂmhmbhn

Crosapoints. ﬁmmnmmﬁmmmﬁm
{25):




(o) Relabiity snd stability of performance cheracte [he de
MMBWﬂhmm
(G) Smell size 10 sllow good light coupling and easy packaging.

construction of 10X10 OE switching matrix with the specified performance.

The frst crosspoints used in an optosiectronic switching metrix were
senshive by applying a reverse voltage of typicelly 20 Voits. The off-state, in tum,
wﬁrﬂemmmmnmm

& is slso possible 10 ulitze homajunciion svelanche photodiodes (APD) as
mmmﬂmﬁmm,m--wm
maechanism thet allows a higher level of isclation then their p--n counterperts in






reverse bias for the on-state condition and a zero bias current is used for the off-
state condition. Because a zero bias current is used for the off-state condition, no
charges are stored at the junction, allowing switching times of the order of 30

mmmmwsm
systems, GaAs can be used for optical detection. The very thin characteristic
sbeorption depth of GaAs (1 sm), for the radistion emitted from AIGaAs devices,
common planar structure photodetectors found in the WNerature are

A Motel hotodetector consists of double
Schotiky contacts placed upon an undoped semiconducior layer as Bustrated in
figure 3.1. A Schotiky contact is usually obtained by using & metal whosse work
function is larger than the semiconducior's work function. Because of s planer




bWﬂqumghhmmuﬂ & is advantageous 0



use an intrinsic semiconductor as the channel if a large depletion layer is desired
st a relatively low on-state bias. f the depletion layer under bias extends from one
contact to the other, the device is called a Mott device. Typically, Mott devices
can be achieved for biases of a few volts.

When a sufficient bias is applied to create a Mott device and if the depletion
region extends vertically into the detector over a distance greater than the
reversed biased contact where they recombine at the semiconductor-metal
recombine in the bulk material [43). There is no reinjection of carriers from the
electrodes due to the Schottky contact berrier and no gein is expected [44).
height st the anode allowing for a small reinjection of holes (41).

MBHMOS:HEIMEMMQH

MAWGI'EMM.MWB“m.mmw&iﬁ
photoresponee. This cen be caused by elther hole trapping in the deplstion layer
mmdeMdﬁhﬁm
mmmmmmhmm-m
hnﬁmm The first dilicully is the accumuiation of cherges at the
miconductor junctions which limiis the swiiching speed of the
crosspoints. Forrest et &/. §8] have messured switching speeds in the order of
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100 ns for a 1X8 array. This is too slow for many signal processing applications
that are foreseen for the OE switching matrix.

The second and most serious imitation of the MSM photodetectors as
MSMWWMMSMwﬂmuWE The
mmsmwmmawmmmm
level of isolation that can be obtained. Unbalanced photovoltages in the two
memwmmmmawdn
m.mmdo«mmmmmmmma
mmhﬂnmamOEswid\iﬂnbdaﬁmMﬁHSM
photodetectors is poor.

3.2.4. Photoconductors

mmdwmsmmwum

Mwmammuubwmmmmm
the active region of the photodetector. A figure of merit of an ohmic contact, as &
mduwms.bmmwm.mgs

l.-[_g" equation 3.1
§V Jwe

mwummhummmmgbm
related 10 the Schotticy barrier height ¢y, 88 follows (42):

Re « m[_g%_] equetion 3.2



electronic charge
k Boltzmann’s constant
T ambient temperature

For contacts with higher doping concentrations, the tunneling process
dominates and . is given as [42]:

R, « oxp[ a_hg J(em®) ﬁ'] " equation 3.3

h Planck’s constant
% semiconducior permittivity
n* effective mass

Equation 3.2 shows that chmic contacts can be obtained by using metals
with a low work function such that a low Schotiky berrier is achieved. However, &
is diicul 10 find & metal with & work funclion thet is low enough 10 yield a low
berrier when the contact is mads on a wide-gap semiconductor. Equation 3.3
Bustrates that chmic contacts are achisvable ¥ the metal is deposited on a highly
doped semiconductor. For i, > 10 am?, i is possibie 10 resiize “quesi-chmic®
contacts [42). A commonly used struchure for @ photoconductive detector (PC) is
schematically llustrated in figure 3.2.



Figure 3.2 Photoconductive detector (PC).

A low work function metal is deposited on a highly doped GaAs fim to
achieve an ohmic contact. The photosen tive channel consists of an intrinsic
there exists a thin depletion layer st the surface of the photosensitive channel
caused by surface charges. This point will be discussed later in this section. As
with MSM photodiodes, the integration of the photoconductors with planar
structure field eflect transistor (FET) based ampliifiers is eesy 10 achieve due 1o the

mMMdM-hﬁEﬁhﬁmmtﬁmh
chennel which lsads %0 an improved isolstion level. The residusl response in the
mmmbnmhmmmnﬁn
mmummnm-ﬂh_—u
mmm-\mhnmﬂnm ¥ an electric




towards the contacts. Dus to their higher mobility in GaAs, the generated
results in a charge imbslance in the photoconductive channel. This charge
imbelance leads %0 the injection of electrons to the channel from the detector’s
ohmic casthode 10 maintain the charge neutrality. These injected electrons are

it can be shown [45), that the AC current Iy for a trap-free
is given by:

Irc = nquFA ¢ 1 equation 3.4
Ty (14jur)

Equation 3.4 Bustrates that photoconduciors have a gain thet is inversely
proportional 10 the transk time. For a fisid strength high enough such thet the
carvier veloolty is in the ssturation regime, the ransit ime is approximately a ineer
mdnmmmammmnmmm-
lerge ares. A sohution 10 these two contradiciory requirements is the use of an
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n—wm:mmmu This figure shows a interdighated

snductor where the finger wicth and the channel length are 3 and 5 sm
wdy The totsl area of the device is spproximately 100 »m by 100 sm. For
this photoconductor, the saturstion regime is achieved for a bias of typically 110 2
vokts [46].

mmnmﬁmﬁmmnnmm
function in a 10X1 mﬂhﬂmu-mpﬂihd
ﬁuﬁimmwmnﬂmmnm
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m&ﬂmm:ﬁﬁ-mnm An array of 10 monolthically
integrated in uctors is Sustrated in figure 3.4. This array
mhwmand-mmqamm
optical signeis 10 the single output ine.

cmmes serious nolee problems as well as coniributing 10 undesirable level-shiing
the onetaie generstes & DC signal pecestsl that can be a fow orders of
magniiude larger than the AC signal. This high level could saturste the receiver if
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NManmﬂdlﬁmuﬂumﬁ
information signal.

One way around this problem is 10 take advantage of the surface depletion
layer. in undoped GeAs, surface charges depiete the crystal in a region thet is
few micrometers thick. mmm-melzgﬁﬁ
which & is grown [47,48]. Furthermore, the characteristic abeorption depth for
Mled?&ﬂﬂhhﬂﬂlﬂﬁd1ﬂﬂ.ﬂﬁ“ﬂ:ﬂﬁm
dnmbmhmmm A derk resistance in the tens of Ma is
measured for surtace depieted photoconductors having a channel length of 5 sm.

3.3.1 Bendwidih
Aeead\nbwuﬁMdNWEEﬂﬂ
mwmumanmmwmwwm
GeAs [12). mm».mﬂucﬂﬁﬂﬁ:wﬂMtﬁ
1 - 1 " equetion 3.5
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gein-bandwidth of 8 GHz is expected, which indicates a gain of 4.

‘ﬂﬂmmﬂl toconductive crosspoint as a function of
the lumination level is shown in figure 3.5. The top and bottom curves
correspond 10 power levels of 2 MW and 10 W respectively. ik can be seen that
the messured 3 dB point is strongly influsnced by the optical power level. The low
frequency region of the curves flattens out as the optical power level is increased.
it is found experimentally that the 3 dB point approaches 100 Miz asymptotical!
mmrﬁimm mmhmmdwmm

wmmhqﬁiﬂbyh exdreme sensitivity of the ifetime on the

cra &‘ leg MAS 10 68/ MEF B0 @8 i -14.001 @8
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50X10'* Farad [50). This value has been experime tally C
wmmnammm:ﬂmm%hgﬁﬂn

ﬂ: CLH%ENT VERSUS CPT|C|1 PCIER (2 PKG)

DC Current (mA)
\

. gi?'g!-!i

mmm&mﬁ-mﬂnmmuahm
shotoconduc ,fﬁlmmmuﬂi-mﬁﬂﬂ

Isc = Pt equation 3.6



From the experimental values, the value of x can be estimated to be 0.5 for
most of the detectors. This value agrees with that published by Beneking in
reference [S51). mmmmmmmmm
distrbutions in the ¢ mﬁﬂ[ﬂﬁzﬁlmm

process [53,54). This bimolecular reaction is typical of insulstors or intrinsic
photoconductors where the photoger carrier density is lerger then the
with shorter channels. This dilerence seems 10 indicate a fleid distribution related
effect in the channel which is not perfectly understood. Beneking has found thet a

mmmnn,;;;d uctor's forbidden band could
addhionally be responsible for the dependence of the frequency response on the
mm“ mmwﬂmhm

WMH“HE“MH

At low opticel power intenshiss, the hole and electron quasi-Fermi lovels
n“b!ﬂq&ﬁmﬁntﬂ.hnnﬁpﬂﬂ.ﬂm
states in the forbidden gap act as hole trapping centers [40) which then lseds 10 &
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slow responee time. The siow response is due 10 the fact that a trapped hole will
Muwnmmmmmm-m
transitions which are unilkely because of the multi-phonon process involved [S3].

On the other hand, at high optical power levels, the hole quasi-Fermi level
bm”bummmmmmmum
bend recombinstion centers for both electrons and holes [40,51). These
and the recombination process will invoive recombinations through rec
centers. mmbwmmdnmmm
making their presence unperceived (54].
wam-nmdnmmhnmm
levels are Mustrated in figure 3.7 for 3 diflerent frequencies. The gein at low
muwmamwmmmmmm At
Hmmmmwdowmﬁﬁmmmmn
centers a8 &t can be seen by the ineer relationship at 100 MHz.
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Figure 3.5 shows thet the photoconducior response must be equalized.
ﬂﬁlﬂ!mm xmwmmmm
b:iﬁﬁdﬁﬂﬂhiﬁipﬁdﬂﬁiﬂmmmﬂym
up 0 1 GHz. The siow slope abeerved at lower frequencies is herder 10 equalize
but some talioring is possibls. The opticel power requirement st ¥he




mmmummmmmm
uw.dmmmmmmmm
value was high enough to be satisfactory after equalization. The responsivity
Wummmdmﬂmmmm 10
MHz, 100 MiHz) are shown in figures 3.8 and 3.9.
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Figure 3.8 indicates that, in the camier velociy saturation regime, the
responsivity at 100 MHz varies between 2 and 3 amperes per watt in the optical
power range covering 100 W to 500 4W. This signifies that the responsivity after
aization would be between 0.2 and 0.3 A/W up to 1 GHz. This value is high
m@mhﬂyﬁmdﬁ' toconductors with an equalization stage as our
spoints. Figure 3.9 shows that the carrier velocity saturation regime is
raﬂudh:hﬁdrmﬁiy’lval
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I
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mmﬂuﬂhﬁnﬁmm
or st 3 diflerent

@mz) mmmm' is 100 uW.




51.

mdmtvmﬂhmmMHWwaﬂ
Mbmmsmmulﬁ.ﬁ:4vﬂﬁh§.mﬂm5§hﬂ3hﬂ:bﬂ
MMMhmEmﬂm&mpﬁﬂm
of the crosspoints of a single array.

mawummm lmhmﬂmwwd
more then 65 0B is achieved up 10 100 MHz. The lower isolation level past this
mbmnnmmmmmwmn
MWﬁbmﬂ mmnmﬂwmﬁ
device's high level of isolation. There are two factors thet must be
actveve such a high level of isolation.

m&nmhhmﬂ-mﬁﬁnbmwﬁ
WWHMnScE.Mnmmﬂm-mnm
bies is as low as possiie. mwﬂnmﬂh;m
chapter. mmwmmmhmﬂbﬁ
Wmmnmnﬁwnﬁﬁ
frequencies. TamﬁmwQﬂﬂwmb
required.
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Figure 3.10 isciation lovels for dilerent bisses (0.024 V, 014 V, 0.48
X_g’ﬁ)' 260 V, 4.19 V). The optical power level is

Based on crosstalk alone, the exdra level of isclstion found with the

hnﬁm the most significant sources of noise are Johneon
juctor shot noise dus t© the recombinstion of
wm The noiss equivalent circuk for a photoconducior is
Sustrated in figure 3.11 [54,58). c, and G, are the photoconducior's dark and
photo-induced conductances respectively and ¢ is the devics’s cepacitan In s
wmnmm&mmmmh
negiecied. G, is the i'nverse of the device's dynamic resistence and, as & wes
mentioned in section 3.3.1, is in the order of 10¢ 8. 1, and &, are parasiiic




The Johnson noise Mean square current 1,2 is given by [42]:

12 = AKTGB equation 3.7

ﬁichﬁﬂMmﬂGmﬁpﬁﬂdemcj
and G,. hiiﬂam&mbsﬁjﬂa&!1&"ki!ﬂﬁu‘ﬁha1
in & trap-iree photoconductor has been shown 10 be [45]:

le® = 4q 7 _29 equation 3.8
;rﬁ%

This equation differs from the standard | shot noise equation in two
important ways. mnmmmmnmwnmmh




3.8 ais0 shows that the shot noise or generatios mbination noise is frequency
imited. The noise rolioff at higher frequencies is caused by emission and capture
of carriers by energy states in the forbidden gep [55).

The noise properties of a photoconductor in which trapping is important
two uncorrelated generation and recombination currents, but also of the excess
nﬁnmwnmm VHVHISB] has shown that under

is given by:

_aqFA_B M(r) equation 3.9

Me(r) = M [ 1+ a} 1“!.4]

Equation 3.9 shows that the noise, at high frequencies, is larger in a
hotoconductor whh iraps then in a trap-iree photoconducior by a factor varying
iumnbﬁmmﬁmdmmniﬁwmd
times a hole is rapped. Furthermoare, the low frequency noise is enhanced by a
trapping term ¢, /¢ where +, is the Metime dus 10 frapping. Physically, r., Can be
thougit of as the average time a carvier spends in a frap and depends, among
other things, on the denslly of raps and the probebility of excitation out of a rap
(54). R is noteworthy thet ¥ r, and ¢ are of the same order, K. (r) is then
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mdapmdManmﬁrMHmmmmdhmmh
iight level.

The total noise mean square current 1.2 is given as the sum of equations
3.7 and 3.9 pius the receiver Mean squere current 1.,*. i the trapping efects are
Mbymapﬁm“mt;uwmmasmu
replaced by equation 3.8:

12 = 12 + Ia? ¢ Iup? equation 3.10

innl 8 "I ) o 1
oh8 108 kitz  °V8 1.08 ke ST 30.00 sec




56.
analyser, whose flter bandwicth was set at 100 kHz. & can be noticed thet the
equation 3.10. At frequencies lower than 300 MHz, the generat
noise dominates and is frequency dependent. At higher frequencies
wmmmmmmmmmm
the noise processes.

R is important 10 note at this point thet the frequency dependence for the
effective responesivity of 0.2 A/W aher equalization, & 400 xW optical power level, a
50% modulation index and a 6 dB recsiver noiee figure, the SNR for a metched
50 o impedance (z.) system in a 1 GHz bandwidth can be estimated t0 be:

10 1o.[_13l:“_(:_lg.gz_'] -28 d8  equation 3.11

This shows thet the receiver will require either a front end with a lower

3.3.5 Conslusion

The suriace-depisted photoconducior seems 10 ocombine, afer
oquaiization, all the necessery crosepoint irements for the reslization of a
10X 10 OE switching matrix with the desired performeance. & ssems 10 ofler, aler
A/W, an isclation lsvel grester then 65 dB end & signal-lo-noise ratio in the order
of 30 dB.




perfonMmance. ﬁmﬂﬂzﬁ“ﬁmﬂdﬂm:ﬁ
wnﬁmmmnmmnmmm
iosses of the power division. ‘lﬁn.ﬁ'ihlﬂﬁiﬂﬁmmhmﬂ
10 the Crosspoint amays. mﬁmwm-ﬂm
The second approach could be reslised eliher by allowing the radiation 10
mmmamiwn;mmm-ﬂn
yout © oult. Tﬁmﬂhmﬁ_ﬂﬂﬁmm
" jlhﬂpﬂdnmw




elements because they must be set above the photodetectors [57] and do not
exactly constitute mechenically stable units. This prevents the construction of a
compact and mechanically stable OE switching matrbc.

In the guided-wave type of power division, the optical signal is transmitted
or integrated waveguides. This method is more compact and more mechanically
stable then fres-space division methods and has a higher coupling efficiency to
the photodetector sensitive ares. For theess reasons, this method is chosen to
spiit and distribute the optical power 10 the crosspoints of the OE switching matrix.

k is ofen proposed [58,50] 10 integrate the detectors and the waveguides
into a planer integrated weveguide-detector coupler. However, this approach
does not ssem promising for large OE matrix using -V material crosspoints that
are sensitive at short wavelengths, such as GeAs photoconductors. It is very
diMcukt 10 fabricate opticsl weveguides using -V materisls [60] and they are
usually imited 10 operation as single mode components. This makes the opticel
coupling from the pigtalled lasers 10 the waveguides very insfiicient. Furthermore,
a good uniformity in the opticsl coupling from the planer waveguides 10 the
photodstector crosspoints is hard 10 achieve for spiitting ratios larger than two.

MacDoneld et &/. have proposed [60,61] an hybrid integration of optical
mountsd face down on an ion-exchenged gless circuit board which is used for
that both the detectors and the waveguides cen be oplimized independently and
& soives the competibillty problem caused by the dilerent febrication procssses.
However, there axist sill meny diflicullies in the fabricetion techniques 10 create
e perturbations required with this approach, and eficient and uniiorm light
tapping becomes & non trivial task.




crosspoint arrays. This decision wes justfied by the avellsbity of the
together. ﬂnmmﬁﬁixmmmmﬁhﬁmh
MMM1§ﬂﬁuﬂmﬂyi_ﬂymnsrg This leads t
MunmﬁmmHWﬂhm&F

mmmmn_ahm ommunication systems
such as an OE matrix, the performa ,’dmﬂﬂ:ﬂumbﬂnﬁdwu
Mdnﬂﬂmiﬁmm Modal noise is sensitive t0
nmmmhmwﬁmdnwmm
umuwmﬁmwmmnm
(25). mhﬁﬂtmhﬁmdp p-cie t losses
waomd-lmnm] mmsmﬂmmmw
[64).
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fuctustion in the specide pettern caused by interference of the coherent optical
modes [25]. Modsl noise considerations suggest that a muktimode laser should
On the other hand, other considerations (optical power & spatial coherence) have
lod 10 the selection of a quasi single mode laser as the tranemitter. R is thus
mbmuﬂmd“'Mfﬂ“ﬂpﬁh’Mﬁﬁ

Kawasaki ot &/. found experimentally [84] that in the case of a 1X8
biconical-taper ster couplers, the signel 10 modal noise ratio is approximately 32
JB in the worst experimental conditions using a single longitudinal and transverse
mode laser. The use of less coherent light sources such as the ones employed in
cabinet in which the meirix sits, should lead 10 lower lsvels of modal noise then
the velue found by Keweseki.
biconal-taper star couplers. & is the eflect of the optical reflections at the fibre-
detector interface back into the fibre. This can result in an optical interference
ocourting at harmonics of 80 MHz are dus 10 the reflections back into the fibres.
directionsl with a directionality of over 45 dB and the cbeerved reflection noise
pesks are buried in the oversll noise, when measured in a 1 GHz bandwidih.
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Figure 4.1 Noise due 10 the reflections back into the
st the fibre-detector intertace.

4.3 MECHANICAL ASSEMBLY

mmmuwm-ﬂnmanm
shisid. From the 5 mW of optical power avallsble st the pigtalied laser outputs,
umMM¢hwmmmﬂmnh
splice and at the spiter.

TomhmuWﬂﬁmﬂmh
uwmmnmﬂqmmmﬁuwﬁ-
mnmmammwnnmmm This
arrangement in shown in figure 4.2.



Figure 4.2

With the use of biconical-taper star couplers as optical spiitting elements,
the alignment of the resulting one hundred fibres with the crosspoints becomes a
arrays in groups of 10. ﬁﬁﬁmmha\lmm\ﬂh!
specing equal 10 the distance between the crosspoints where one fibre from each
use of two Si V-grooves on the same array. This forced the use of two sets of
The capacitance of each array (0.5 pF) is low enough to permit this non-oplimized




sppendix B and the resulting product is Blustrated in figure 4.3. The grooves are
grooves up 10 their midpoints. The Si weler used is typically 400 »m thick and is
diced 10 make chips thet are 2 mm by 3 mm. This size of chip allows for easy
siignment of the fibres into the grooves as well a8 structural strength.

Fgure 4.3 (a) Exched grooves in a silicon waler.
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Schematic of the fibre’s position in a groove

Figure 4.3 &b 08S 870 in ).

The V-grooves are mounted directly in a vertical position onto the
photodetector arrays. The posiioning of the chip is achisved by using the



attached t0 & miCropC r. Th
the detector array, ﬁmﬁﬁﬁwﬁﬁb mdﬁw-mm
optimizing the level of reference signais st two different frequencies that are
injected into the two end fiores by modulsting the corresponding transmitters.
mdNMMBMHMBMﬁmm!
transparent low shrinkage UV cured epoxy. The optical uniformity at the
md-mmmmwammmwa
mmnmmmcmmnm/mmmm:




RECEIVER MODULE

incident average optical power, the design of the ampiiier & equalizer module
depends on the optical power distribution network. The frequency response of
one of the biconal-taper star couplers, is ilustrated in figure 5.1. The response is
relativeiy fist in the frequency region covering 1 MHz to 100 MHz and rolis off

m%, log maAS 10 e/ AEF -850 @9

ol |

Cor

Ave
18

CHE START 300 000 MMa STOP 1 000.000 000 MWz
Figure 5.1 Photoconductor feeponee -pns -
) ciflerent biss e.;l vo.45 ) 105 V.

1.58V, 3.04 V and P.hw'&m 0.5 mW.
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mmﬁwwmbwammw
m1wmm1mmmwwbw1s
16 dB. Furthermore, 10 bring the 1 GHz signal back 1o its original power level
mﬁum\pmbynmﬂmﬁcﬂ. To sllow for a safety margin as well 8s
ﬂ\omhthoma“qﬂ:dm.ag&\dmmdeis
muhumaum&mm.

mmmdwmmmww
mmmmmmm:uwwmm;m
mwm)mm;mmummm(zq.
MMhMS,WWdWMG&NMhWN
form a crosspoint array is roughly 1 pF. natypicdmwaym\ced
o.swumnmm,m1mmwmwm
mauooamwmumw. The integrating front
NhMMwmmthmwm
equalizstion stage thet is aiready needed. Stable broadbend transimpedance
mmwmmmmmnmmwmmmm1
- 2 GHz frequency region. mmmu-mm
in this frequency would limit its gein to very low values. For this reason and
maumdmwwmmw
mum—wmmuammmu.

wmmmmumwmnm
maumwmmmuww These
mmuummmmm.umucm.mmw
and low noise cheracteristics. The biock diagram of the receiver used in this
project is Busirsted in figure 5.2. The power levels at the block outputs were
wnoommmmmamundmmnwmn
this chapter.
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The front end consists of a silicon bipoler Monolithic Microwave integrated
Ciroult amplifier (MMIC) model MSA-0336. This component has a gein of 12 dB, a
50 o input impedance, a 50 o noise figure of 6 dB and a 3 dB bandwidth of 2.7
GHz. The equeiizer stage follows the front-end ampiifier and consists of a first-
order rC differentiator with the appropriste equelizstion range. The following
stages are S0 o input and output impedance MMIC ampiliers 10 bring the
detected signel 10 2er0 dB throughput gain. & is found experimentally thet a
second equaiization stage is required 10 tallor the crosspoint responee in the 10-
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100 MHz frequency region. mw:m-mmm;
Wwdsﬁw:ﬁ(ﬁﬁcﬂ)_ The data sheets of the various
thﬂmdﬁmﬂWhmF
nmmmmnmmgﬁsmmmw
m\gadmmm:hwﬂhamwmmm
muwmbamﬁummnhm This decision was
wwmﬁmmmwanmmgm
mumw1mmmmm1ﬂdnmm
mmmmﬁmmhwmd
muwmwmm mmmm

circuit had to it in a standard 1 S/Q‘XSS/fmuﬂﬁmumdgm
blocks.

mmm:mmmﬂﬁmdn
considerstions, is discussed.

mmmmmhwﬁnwmmgn
10 their respective bissing ines. ﬂﬁmﬁﬂﬂﬁmmwn
photoconductors and the length of the wire bonds which mits perasitic
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reactances in the circuit.  The output of each chip is thereafter connected t0 a
mmwmmm:mmm-ﬂm:i;f
considersations. Fb,ns.«imimﬂmsﬁMrmMﬁ
md-ﬂmmglﬁmpﬂmmmlmtundh
the bonding process. The oxidation prevents wire bonding of the
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The DC current through a crosspoint in the on-state when lluminated by

400 W is typically between 1 and 2 mA. &t was aiso found experimentally that 4
volis across the photoconductor constitutes a good biasing point. For TTL
mpatib "hmu'wnm&rﬁvﬂmm“h
and the crosspoint. This choice of off-state configuration was selected t0
mnmmnnm mmmmn

ammnhhﬁnﬁrbmhmﬁﬁmh
oints to be close to zero.

mhmasmmwmmnmmgmm
as the existence of ground loops. The ofi-state configuration where the source is
open was therefore selected for its greater iImmunity to undesired crosstalk.
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It was intended in this project to design and build the receiver using
components that are commercially avallsble. The selected broadbend Qein
blocks were chosen for some of their specific characteristics. The MSA-0435 was
mvuwwmmmmnw&1mwm
mvawwm.mmmwaamm
M.mmdMWMhNMWBWbﬂQ
advm”nud\aspoubbdmmm.
mmwdmmmubmmmmmw
Mwmwmnmmmmdmm.
TMINA-OS170NNMSAMMMICOMSOOMBOMO(3¢BNB
dB respectively. This is equivalent 10 mean square noise currents at room
temperature of 123370 = 3.2 X 103 A2/GHz and 12453 = 9.6 X 1013 A2/GHz. lithe
thermal noise from the DC load resistor can be neglected, we observe that there
is a 4.8 dB noise advantage in favor of the INA-03170. However, it was found
wuuwdmbhwwmmu
wmmmwwubmmaom. Thisis a
mmmumwwmmmama
function block. nmumnmmmpnwuumd
the noise advantage. Rk was thus decided 10 use the MSA-0335 as the
anumwmmnm.

The following stage constitutes the mein differentistor equalization stage.
mmaummmmmmum
mwhuwom-tmmmm. These velues
mmwmmmumwaumm
MNNWGNWNMQlWﬂ\M The
wanmmmmwaam1wmmmc
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the device is properly mountsd and terminated. This allows for & smaller low

oo

L e aadaaay A

response. The bottom curve represents a simulated result of a flst widebend
current source driving the first two funciion blocks of the ampliier & equalizer
module terminated in a 50 o load. The top curve represents a simulated result of




dB. mmm&mm&mnﬁanMh
ﬂapmpiﬁs‘smrﬂm

Tout = S22 + S12*S20y equation 5.1
1-81l,

T Output reflection coeffi

Ty

shown in the circult 10 take advantage of the large driving capabillty of the MSA-
mﬁﬁﬁmﬂmﬂmﬂm1ﬁm@$nm
mhﬂ‘lﬁ 1mmmmnmdmmumdn

pritall &mhmhwﬂumm-ﬂmn




components in the circuits serve for biasing the receiver as well as bypassing any

Oscillations constitute a major problem in the design of high gain
condition -gs-1 is met, where g is the gain and g is the feedback reverse
two ways by which the Barkhausen criterion can be met in the receiver design
presented in this section. The first one is through RF leakage via the biasing lines
back into preceding gain blocks. This type of undesired feedback can be greatly
reduced by efficient bypass and choke components as well as the utilization of
more than one biasing line for the ampiifiers.

Ancther way by which the Barkhausen criterion can be met is by radiation
mode resonant frequencies in the receiver box is t00 compiex to be soived and
an experimental approach wes prelered.
at 1.2 GHz and 1.54 GHz for 5 inch and 4 inch cavities respectively. The second
value corresponds approximately 10 the mexdmum gain frequency of the ampiifier
& equalizer module as seen from the simulated curve in figure 5.6. Oscillations
C.'2 thus be meintsined ¥ a stationery weve is strongly coupled to the

To avoid cecliations due 10 coupling of radiation, the receiver box was
mounted on two boards interconnecied with a 50 o0 mini comdal cable mounted
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through the shielding wall. |t was important 10 seal the two chambers properly
and 1o insure that the two boards and the mini coexial cable were well grounded
1o the box, otherwise the receiver was unstable. The shielding wall was located
mmmwmwumwmwdmm
would be housed in the smallest resonant cavity. The gains of the two sections
mwwmmmaummmmm
mmamuwmamsmm.

The power dissipation of the final receiver is calculated to be 15 V * 155
mA = 2.3 W plus the power dissipated &t the crosspoints. This last power term
vuiosbetwom10mwm1mnm.depuﬂngonmmmberdmay
umpaum”bwammm.msmmmmm
powefreqtkedmaivottngdnblodcs. Because the ampilifier & equalizer
module is independent of the number of rows in the matrix, the power dissipation
WW&NMNWO'WW&N& The lineer
MdthMammdmOEmm
over other type of switching matrices.

The final version of receiver is llustrated in figure 5.7. Detailed drawings of
the receiver box are presented in appendix D.



Figure 5.7 Final OE line receiver. The two circult boerds and the
shisiding wall can be seen.

5.3 RECEIVER PERFORMANCE

The overall frequency response from a laser transmitter tO & receiver
mmmMWBMhma& The top curve
wumduwwhmmuam
.wmmmw-n«mmmmmmbm
responee of the same arangement in the off-statz. This curve lustrates the
mdnmnwnmmmmnm
wmmnnmpmm Similer results 10 those shown in figure
5.8 were aleo cbtained for an optical modulation depth of 22%. The uniiormity in
umbmﬂam.wnwhumdea
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roling off at approximately 1.8 GHz. The effective responsivity of the equealized
crosspoint is estimated st 0.2 A/W. The eflective responsivity is ceiculated from
the equaiized signel lovel at the receiver’s output divided by the mexdmum gain of
the receiver.
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5.8 of an OE metrix channel with
Figure aFr;mnwm an only

The achisved isclation level surpasess 70 dB in the 1 MHz - 1 GH2
frequency range as seen from the difference between the top and bottom curves.
This level of isolation was cbteined by grounding the crosepoint in the off-state.
The same eperiment was also done for an open oii-gtate and the resulls were
similer except for a sliight degradation of the isclation lsvel at low frequencies (<1

MHz).
Some peaking in the response can be noticed at 1.6 GHz. This effect is

atributed 10 the presence of the INA-03170 gein block in the circukt (see previous
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m).mumn.mwmaummmn
ground. l“MmeMMMMM
mhmd“:ynnuuﬂuhm.
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during the testing of the receivers. The responee st thees frequencies risss with
munm-wmmmmmmnum
velue. mmmumhmumnmdn
mm--wlwmbdmumm
moments In tme. mmhmﬁw Traps in he

wm-nwnmmuumm.
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This behavior imposes the requirement thet signeis from the photoconductor st
frequencies lower than 4 MHz be blocked by the front end so thet the receiver
does not saturats. The total bandwidth of the receiver with one crosspoint
Sluminated therefore covers the frequency range from 4 MHz t0 1.8 GHz.
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Figure 5.10 Receiver noise with one crosspoint #luminated as
measured in a 100 ki{z bandwidth.

The receiver noise level with one crosspoint Bluminated is Bustrated in
figure 5.10 as measured by a spectrum analyzer using & 100 kiHz fiter. The fist
region up 10 approsimately S00 MiHz shows that the noise in this frequency region
is dominsted by the equaiized photoconductor shot noiss. At higher frequencies,
the noies is dominsted by the receiver noise thet incresses with frequency
because of the equaiization stages. However, this increase is not as strong &8
predicted by the simulsted curve presented in figure 5.8. This can be explained
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byhmeailmﬂhﬁwdﬁmmgmﬁﬁﬂhﬂ
simulation.

The signel 10 noise ratio obtained with a 400 sW carrier modulated by a
500 MHz signal with an optical modulstion depth of 22% is shown in figure 5.11.
mmm-mamaa:mmmma
a 10 kHz bendwickh. This lsads 10 a dynamic range of 120 dB/Hz at 1 GHz,

oR8 10.0 kHz U8 10.0 ki ST 3.000 sec

Fgure s.ﬂmmnﬁmeugn sepoint Buminated. The

than 12 dBm in a 50 o load, which comesponds 10 & rms current of 18 MA. ¥a
mmﬂnnnmhﬁmm“mh
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figure 5.6, and an effective responaiMty of 0.2 A/W are assumed, this leads 10 a
meximum modulstion depth of 50%. This result is Bustrated in figure 5.2 as well
#W carrier should incresss 10 approximetely 36 dB. This value is higher then the
one csiculsted in chepter 3. The discrepancy between the two results can be
explsined by the fact thet the eflective responsivily is caiculsted using the
mexdmum receiver gain which occurs at 1.8 GiHz while the experimental SNR was
The receiver used in this project was deesigned for a speciiic optical power
is therefore important 10 measure the receiver tolerance 10 veristions in the opiicel
power level. The receiver tolerance is displayed in figure 5.12 where the diflerent
incident optical power levels of 450 xW, 250 4W, 100 4W, 50 4W and 30 4W. This
lovels as low as 250 ,W which corresponds 10 & 2 dB optical verigtion from the
mean value. This represents the maximum tolerance in the optical uniformity thet
can be allowed whils mounting the ten fibres in the receiver.




8.4 RECEIVER HOUSING

The integration of the ten optical receivers into 8 receiver module s
the power 10 the ampiiiers and the biss 10 the crosspoints. A photograph of 8
receiver bissing card is shown in figure 5.13 and & detall schemelic is presented
m»umnmwmmmmmﬁmm
receiver moduls wes siso designed 10 aflow easy future connecions 10 &
wuwmd!\oMﬁ:ﬂnﬁ-ﬁidﬁﬁshﬁ
on-gtale.






The finel task consists in integraing the modules iNto & working unk and
couplers as well as the recsiver module are mounted in 8U card rames. The wo
interfaced 10 the malrix via a conneciing backplane at the back of the receiver



a7.

card frame. This control module is presently at the development stage at the
ATRC. The control module will be interfaced 10 a computer and the state

The whole rack messwres approscdmately 44° X 19° and is llustrated in
figure 6.1. The detalled construction plan can aleo be found in appendix D.
cards crestes short radius bends in the fibres which introduces significant strees
st the fore-crosspoint connections. This iateral stress is strong enough 10 breek
the epoxded connection between the filbre and the crosspoint ¥ not relleved. For
receiver boxes. A fibre support bar constitutes the first stress relief mechanism
and is located exactly above the photoconductor chips. The stress is transferred
from the fires 10 the receiver box siructure by an epoded contact. A U shaped
sbove the Iid at the oulput end of the receiver box. The support bracket
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The fibre support ber can be seen in figure 5.7 and a schematic
representation of the U shaped support bracket is Bustrated in figure 6.2.
6.2 MODIFICATIONS TO THE RECEIVERS
The frequency response of the receiver presented in chepter 5 was
messured with 10 active flbres mounted on the crosepoints and the result is
response with one crosspoint in the on-state and all the others in an open circult
mmeﬂmﬂhmmWﬁeﬁym: DESPOin
mhmhmm)nnm & can be seen from these
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When in the off-staste, the Buminated crosspoints have a dynamic
resistance in the order of 1 kn, and their paralisl combination results in an
mmmd boly 100 0. This reduces considerably the

jance and may seriously affect the first equelizer's efficiency. Rt is
ﬁamﬁﬁﬁMMﬂﬂmmh

A third equelization stage was added 10 correct the small roll off boiween
priiaic mmﬁimﬂm Because of the thind
mﬁm“hmmﬂHMﬁ




Figure 6.4 shows simulated results of the amplifier & equaiizer module
mwauwwmmummwsw
mmmmmmmnu1mn For
mmmmmmmmmam
moduopmpondhdms.mmmm“mndbbo
large, is also presented. it can be noticed that thers is a reduction in the
md“mawﬂnhhnmwmam
source impedance is assumed. These chenges in the response of the ampiifier &
mmmmwmmmmdmma
measured in figure 6.3(a).
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The simulated response of the modified amplifier & equalizer module
driven by a fiat broadband current source and with the photoconductor's dynamic
resistance taken into account is llustrated in figure 6.5(a). In figure 6.5(b), the
more shown and in figure 6.5(C) the actual response of a receiver with eight lasers
in operation is presented . As can observed, the implementation of a third
not be completed to accommodate ten transmitters. This point will be elaborated
more thoroughly later in this chapter.
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6.3 PERFORMANCE OF A COMPLETE 10X1 RECEIVER

crosspoints iluminated is llustrated in figure 6.6. The top curve shows the
response of an equalized photoconductor crosspoint in the on-state for a 400 W
carrier modulated with a 7% modulation depth while the bottom curve is the
response of the same crosspoint in the off-state. The off-state for all crosspoints
Thomlomﬂyhlhomismﬂwwlhag&\ﬁmd
approximately 2 dB roling off at roughly 1.8 GHz. The effective responsivity of an
equalized crosspoint in a complete 10X1 receiver is estimated at 0.10 A/W.
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Figure 8.6 W ou%1m(1mwm

The responee lsvel from the different crosspoints in the on-state veries
from -5 dB 10 2 dB. The veristion could be mostly caused by a non-uniform




optical distribution since the eficiency of the equaiization obtained with sl the
4 - 6 dB. R was aiso found thet the Crosspoint responNsivy vary from one

soconductor 10 the other by sometimes up %0 1 dB. This difference in the
mﬂamm This could be accomplished by
mﬂ'ﬂi“fﬂmmﬂmm
the 1 MHz - 1 GHz frequency range as seen from the difierence between the two
curves. mmmmmnmmmﬁ
whmﬁnmwmmmhnm
dmmMﬂmﬁﬁmmpﬁmﬂb
ﬁmdmmmhnm & can be noticed thet
nwﬂaﬁﬂhmﬁdhﬁmuﬁﬁmﬁnm
uﬁﬁmumwnmmﬂnmw
mﬂHWWRHHMﬁHm
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Fguwe 6.8 Crosstalk messurement between adjacent receivers.
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from figure 6.8. Uniike the crosstalk between crosspoints of a single arvay, this
output side crosstalk is subject 10 electromegnetic coupiing among the output
ines. The main pesk in figure 6.8 commesponds 10 the signel lovel at the output of
mn@rﬂﬁuﬁpﬂhﬁmﬁ“mbﬁmm
up from the adjscent receiver. The level of crosstalk is dependent on the
proximity of the two receivers and could therelore be improved.

F@nﬂpﬁﬁrﬂ“ﬂ:mﬂnnﬂﬂﬂﬁ
crosspoints Buminate nmﬂh:m;ﬂn“n‘lmuﬁ
fer. & can be noticed thet the SNR in this bandwidth is approximately equal 10 65
dB for a signal whose optical modulstion depth is 22%. For the same signel
m.ﬂh:hnndwﬂwﬂﬁszﬁﬁz.MMha
ﬁibiﬂrﬂ)dﬁﬂhrlﬁtm The mexdmum SNR thet can
ﬁmmmmﬂVdmaannﬂ.ﬁmmn
meximum modulation depth of 0.87. A meximum SNR of 37 dB in 8 1 GHz
optical signel I the laser is driven with an electriosl signal whose power level is 100
high. To prevent signal degr detion due 10 harmonic distortions and shortening
mochsation depth. mmnmﬂndﬁmﬁmm
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Figwe 89 Receiver noiss lsvel. The signal ©© noise ratio is
gﬂiﬂyﬁﬁﬁmmmma

confrmned -m R was found that ¥ the 50 o mini comdal cable

dﬂiﬁﬂ-ﬁmlmwﬂmﬁm & was possible 0

mxmmuhﬁm_mmb
oulpuls could be complsted as requested. However, R is of interest 10 examine
the beshavior of the switch as a signal processing unk 10 confirm the foresesn
potential of an OE switching matrix in this fleld of sppliicetions.




Figure 6.10 Receiver response 10 10 kHz puised bias. The
Mw-;;h-mu1mm

The response of one photocon stive crosspoint biesed by a 10 kHz train
ummmmm-@mm\gmws
Rustrated in figurs 6.10. At this biesing rate, the presence of the Crosspoint
MMmumhhmm-ﬂHmﬂlumm
are approximately 10 x8. A lack of isoletion between the on-state and the off-state
mmummkmmw-mmmmna
state, most likely due 10 & ground l00p. Nevertheless, this experiment shows that
imb“bwmmﬁEMWbmﬁrﬂ
mumummwmnmdn
mmumn:mmﬂmw.ﬂ.
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Figure 6.11 mwwnm. The top
curve is the of two signsis and the bottom
curve is their subtraction.

Finally, an experiment 10 assess the capebility of the crosspoints from a
single asvay %0 accompiish arithmetic operations such as 8 summaetion and
subtraction was conducted. The results of this experiment are presented in figure
6. 11 where the 10p Curve represents the respones at the receiver cutput when two
photoconductiors are biased with the same polerlly in the on-etate, and Slumineted
by the same optical signal. The botiom curve was cbtained using the same selup
but with the crosspoints biased with opposite polarty. The delay dierence
between the oplicel signeis Buminating the crosspoints can be seen from the rise
in the sublraction respones at spprovimately 100 MiHz. This esperiment shows
that ¥ stiertion is peid 0 minimize the delay dilerence bstween the optical
signals, arfthmelic operstions ke summalion and subtraction could be

sccomplished with @ dynamic range grestsr an 20 dB. This 20 dB velue is
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imited by the non-unilormity in the optical disiribution 10 the CrC
mmmmmmwmﬂmuﬁ
Wdl*@ﬂﬂﬂhﬂ!hﬂ“dm The
mMﬂmmhimthmi
mummnmiﬂuﬁnmlﬂcn-hlmm The
mw:owmmnﬂyﬂﬁaunpﬂﬁﬂiﬁﬂ-mb
Mm“aﬂﬁhﬁﬁuﬁiﬁnmmnﬂ The
previous results, therefore, show thet the OE switch metrix could be efficiently
opuuduaaosubmmm

6.4 PREMATURE BREAKDOWN OF OE RECEIVERS
lmWhﬂpﬂbhﬂnWﬂmemﬁg

high fallure rate (10 -20 %) of the photoconauct ,
after the fibres were pigtalied 10 them with epoxy. ﬁimnmmnﬂbyl

mwnnmmmmmnmm
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10 & lower response at the crosspoint.
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Theee effects can be seen in figure 6.12 where the 10p curve represents a
recsiver response using a good crosepoint when the array containg & non-
deplsted crosspoint in the ofi-etate, whils the bottiom curve corresponds 10 the
SaMe arvay respones using the defeciive photoconductor in the on-etate. The top
ourve can be compared 10 the curves presenied in figure 6.3 and the change in
decresse in the response lsvel caused by the reduced eleciric fisld across the
non-depisted photoconducior can be noted from the dilsrence between the two
curves in figure 6.12. & is also notewortly that the shape of the frequency
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response for the delective crosspoint hes also been modified by the loss of the
depleted chennel. This might resukt from crystal defects caused by the presence
presented in figure 6.12 demonsirate that the receiver becomes un onel i
the surtace effects of one crosspoint in the aray are akered.

This exdreme sensitivity of the crosspoints to the presence of the fibres on
dependent and i siways occurred sher the biasing of the photoconductive
WdlmmlHlﬂm:[SﬂﬁSﬂ!mhmm
future 10 protect the bared fibres such thet the menipulstion of the V-grooves
during the optical coupling 10 the crosepoints doss Not lead 10 the fracturing of




CHAPTER 7

iching metrix of dimension 10X10, designed for a bandwidth per channel
greater than 1 GHz, iscistion greater than 60 dB, throughput loss of 0 dB and a
signal 10 noise ratio larger than 30 dB. The reslization of this project required the

nstruction of four functional modules, namely the transmitter module, the
mmmmnmmmﬁ-ﬂa
mmmlpﬁdbmwmmﬂhmmm
ancv ,ﬂl‘hm smm:iﬁmm

opticel cutput. The two boards constiuting the whole transmitter module &t in &
The oplical power distribution module consisted of ten 1X10 biconical-
taper star couplers whoee inputs were spliced 10 the pigtalied lasers’ fibres. The

use of the star couplers allowed for the utitzation of standard commercial devicss.
However, the coupling of one hundred fibres 10 the photoconducior Crosspoints
matrix could only be atteined In the fsure by the use of integrated opticsl
waveguides t0 disiribute the opilicel signels 10 the matrix crosspoints. K is
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wm:mmawwmmma
the most promising avenue for the fabrication of large optoelectronic switching

Alberta Microsiectronic Centre (AMC). Aﬁmd-mw
optical waveguide hes aiready been obtained by using a Chemical Vapor
Deposition (CVD) of SiOz on a Si substrate. This prototype is presently being
characterized.
Wm“hhwnmﬁkmmmm“
mechanism is believed 10 be caused by trapping centers in the channel. This
mwwmmhwﬂﬁ loconductive
hummﬁmmimumwm
Mﬁﬁﬂﬁhmﬁmﬁﬂmm

m-vﬂlrimmi-mﬂﬂﬁmi‘Qnﬁhﬂ
form the receiver module. Due 10 the presence of the ampiifier & equakser
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for the photoconductive crosspoints. However, it was discovered that the
responsivity varies from one crosspoint to another in a single array which may
lead to the impiementation of a compensation mechanism in future receivers. The
receiver module is composed of ten receiver boxes mounted in pairs on circuit
boards that fit in a standard 6U card frame.
integration of the four matrix functional modules. it was discovered there was a
to them with epoxy. Apperently, the pigtalling operation affected the depletion of
the photoconductor’s channei which led to the deteriorstion of the whole receiver
performence. Therelore, due to their lack of reliability, wmm
depieted photoconductors can not be used as crosspoints in an optosiectronic
switching metrix with epoded fibres. Different options are presently investigated
to corect the defective surface depleted crosspoints. The passivation of the
photoconductor's surface by the deposition of a pessivating layer such as SIiO; or
SiN will be examined and the investigation will be jointly carried out by ATRC and
DOC.

in the meantime, this project will be completed at the ATRC by replacing
photodeteciors. Early messurements at the ATRC have shown thet MSM
photodeteciors fabricated on the same welfer as the photoconductiors cen be
used without equeiization 10 frequencies up 10 approximately 1.2 GHz wih a
responsiMty in the order of 0.07 A/W. Since the performance of these devices
does not depend on surface effects, their performance should not be deteriorated
during the pigtalling of the fibres 10 the crosspoints. On the other hand, the
isolation of these devicss wes found 10 be between 45 dB and 50 dB. Therefore
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the crosstalk between the detectors of a single array could decrease the noise
hﬁwﬂﬂ,lmdmﬁﬁdpmﬂv”’p
mwmnmmm“mrum
spﬂamnmmdnm The feasibiity of broadbend
sptoslectronic switching as well as the relatively fast reconfiguration time of the
crosspoints was aiso demonstrated in this project. For these reasons, further
effort is justified in the development of optosiectros c switching matrices.
in conclusion, the functional modules for the construction of a 10X10
Woslectronic switching matrix designed for a bandwidth greater than 1 GHz, an
hahﬁmlsvalhmdmcﬂ :ceﬂmwmmasmwwm
mmnmmﬂmmmnaﬂmm
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bissing circult presented in chepter 2.

}

wauld begin 10 sehursie the ransistor. This velus is typicelly set st 72 mA for 8
MLEXX1 laser. kﬁﬁﬁﬁ‘“ﬁﬁﬁﬁ!niﬂwﬁﬂbﬁ
-wﬁMH_'hﬂdlmqlhm On the other
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prevent the ssturstion of the operstionsl ampiier before the ssturation of the
transistor.

R, and s determine the reference voltage which is compeared 10 the voltage
generated by the photodetector. The ralio R./x; is chosen such thet the forward
as k constiutes a low frequency noise flter. This &C network is designed 10 short
0 ground the power ine’s noise components sbove 50 Hz. The capacitor ¢,
noiee filker.
resistance of 3 ochms in series with a 3 nH inductance when above threshold. The
time constant of this network determines the minimum frequency of the eleciricel




mwmnmmummdsv
mmﬂhhmmnmham4

The starting maserial is a <100> silicon wafer. A layer of thin oxide
hgmthﬂlllytﬁlﬁtﬂnﬁﬂiﬁhﬂ:&ﬂﬂthﬂlﬂ:@ie
etching of silicom. T™he wafer is first vwvapour primed with
hexamsthyldisilazane (BMDS) which acts as an adhesion promoter batwesn
the silicon dioxide and the photoresist, refer Fig. (a).

The wafer is then coated with positive photoresist, refer Fig. ().
Positive photoresist becomes vulnerable to the the developer after it
bas been exposed to ultraviolet light. Softbaking occurs right after.
Izh:mmmmmnlmmmmm:m
the resist coating, thereby remdering the coating photossnsitive,

munwnmm—ﬁm be of such that
;mnhmmmmumntmu# rvefer Pig.
(c). After exposing, the wafer is thea developed (in sodiwm hydroxide)
vhere previcusly exposed photoresist will be removed, see Fig. (4.
Next process is hardbeking. Sardbeking is a process which iacreases the
resistance of the resist to subsequant etchiang process.

mn:nnm-mmmimmmmmmu

! . . ouric acid and ssmoniwm flouride, refer Pig.

(-).mﬂmmmuumamﬁtmmm
; hotoresist is thea stripped away, see Fig. (f).

,gﬂﬁtnﬂh:ﬁ, _ mhaﬂlﬂﬁit
ﬁlﬁhm_uﬁ ﬁmmam: a wvery
very slow rate meking silicom dioxide a wvery ssitable masking layer.
mwhﬁ EDP otohes silicon 35X faster im the <A

plans compared to the <i111> plame. he etching is discontinwed once the
ﬂmplni--ﬁ: Purther etching will result ia wider V-grooves. The
m“nnmmmmnml BOB, refer to Fig.
M.
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Sliiosn <)0®

(2) Grow tharmal oxide and vapor prime with HMDS

&

I

@) Cont with photowesinn snd sofibele

by bbb

7“*““".‘““‘* )

]

0 Sulp photensin
I \Asu’ |
@ BOPonh ’

@) Sulp shlicen disnite

Fgure 8.1 Febrication steps of i V-grooves.



simulations presented in chapters 6 and 7.
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This appendix contains the detalled drawings of the various components
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Figure D.1 OE Switch Receiver Assembly Mecheanical Design.
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B
Fgure D.2 OE Switch Receiver Box Mechanical Design.
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This appendix contains the printed circult boards that were designed for
the receiver circuits, the receiver module and the transmitter module.
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Figure E:3 Transmitter module printed circuit board (iront plane).



136.

our & o

e o

Figure E.4 Tranemitter module printed circukt boerd (back plane).



DEVICE DATA SHEETS

This appendix contains the deta sheets for the Mitsubishi MLEXX1 laser
family, the Canstar 1X10 biconical-taper star couplers, and the Avantek MMIC
gain blocks (MSA-0335, MSA-0435, INA-03170).
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