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This thesis describe the o . ofarecontigurable optoclectione
signal processor based on a 1t switch matrin and 10 replaceable
optical fiber delay lines. The = demonstrate various signal processing
functions, such as switching an. wnthe processor. This thesis concerns the
demonstration of the basic mod: overall concept. The processor consists of

transmitter and receiver modules Ui uansmutter module with 10 optical transmitters
was completed with a bandwidth up 10 1.6 GH,. Two prototype receivers were bl
With the completed portion of the system, various signal processing functions, such as

FIR and IIR filtering and cascading switch network, were successfully demonstrated.
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1.0 INTRODUCTION

Because of its low loss (<0.22 dB/km) and low dispersion (<17ps/nm/km), optical
fiber has been widely recognized for its potential in delay line signal processing
applications [1, 2, 3). However, the high insertion loss of optical switches and the high
cost of optical amplifiers restrict the implementation of a reconfigurable optical fiber delay
line signal processor. Optoelectronic implementation of a switched delay line processor
my be simpler and more practical. An optoelectronic ring resonator using a

onductor receiver has been demonstrated [4), and a 16 tap transversal filter based on
mul—nmiconduemr-matﬂ (MSM) photodiode array has been exhibited with a
programmabile bandwidth of S00 MHz [$).

In this thesis, a novel signal processor, which combines optical fiber delay lines
and an optoelectronic switch matrix, will be described. This processor is reconfigurable
for testing different optoelectronic discrete time signal processing structures such as FIR
and IR in various signal processing applications such as adaptive filters; it can also serve
a8 a switch matrix for broadband signal switching with a high isolation.

1.1.1 Discrete Time Signal Precessing

Discress tims signal processing approximates any arbitrary impulse response by
ﬁ(hﬁmﬁhm Siace the impulss response is relsted 10 the frequency

respones by a Fourier transform, a desired frequency response can be approximated by its

discretined time impulse response. Figure 1.1 depicts the relationship between the
mmmd-mummﬂhh
time equivalent. The discretizatic hﬂwﬂhﬂhwhﬂgg:
rogular interval, T;. Note that the frequency domaia repressatation of the discrets time
respones is a periodic version of the contiauous time responss. This periodicity is e
fe=1/T, whese T, is the sampling interval.
froquency, fo. must be at least twice the bandwidih of the continuous sesponss.
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F*unll Relationships between the and its frequency s
a) mmmm&n&ymgmammm
The impulse response of a discrete time signal processor is deacribed by
h(t) = f‘,a 8(t-nT,) (.1

whuoh(t)htheimpﬂumnofmem aq is the sampled value of the
continuous impulse response, which is in general complex, 8(¢) is the impulse function,
and T, is the sampling interval. In theory, the sampling times can be arbitrary and not
necessarily equispaced. However, arbitrary sampling times lead to a complicated filer
design problem and a periodic sampling interval is sormally used 10 simplify the analysis.

By Fourier transforming BEq.1.1, the transfer function of the series, H(), is
obtained as

H(f)= Tae ™S (1.2)

Nu—ee
which is a complex exponential series with the sams cosfficients, ag. It is obvious that the
discrets times series can syathesize any asbitrary periodic frequeacy responss withia the
period 28/T, by applyiag Fourier decomposition. Aa arbitrary periodic function, O(f), can
be decomposed iato a complex exponential series which is givea by

= YR o~/
an ..z.."" (1.3)



where the coefficients, B, can be determined by
W,
B,= [G(fre="idf (1.4)

Comparing Eq.1.2 and 1.3 reveals that G(f) can be synthesized with a discrete time series
in the form of Eq.1.1 by replacing an with By. The effects of periodicity in h'(f) can be
removed by cascading a low pass filter with a cutoff frequency at half of the sampling
frequency to remove the higher order periods. In many real systems, the bandlimited
nature of the input signal renders an additional low-pass filter unnecessary.

It can be shown that a time impulse series with an even symmietry is transformed
into a real frequency response and an odd series is transformed into an imaginary frequency
response [6]). Any complex frequency response can be generated by combining the odd
and even time series.

1.1.2 Elemental Components for a DTSP

(c) Distribution element (d) Scaling slement

Figure 1.2 Four basic components for a discrete time signal processor

To realize the DTSP structure described by Eq.1.1, we need to employ four basic
clemonts: time-delay, multiplication, branching and summation (1). Figure 1.2 illuetrates
these four functions and their block represeatations. Ia Figure 1.4(a), aT denctes thet the
signal is delsyed by a multipie a of the incremental delay T. The scaling element (d) scales
the output signal with cosfficient, a,. The summiag (b) and branching (c) elements
perform the signal combining and distribution operstions, respectively. By linking aad
amanging thess four elements together, ons can realize any transfer fuaction described by
Eq.1.1.

The seties representation described by Bqg.1.1 of the impules sesponss K'(t) can be
synthesized with either the serial tapped delay liss or the paraliel pips orges structure
shown ia Figure 1.3. The input signal is launched into a single delay line or a delay line
asray with cutputs at mukipls sampling istervals. Bach tapped output is thea sceled with &



coefficient and all are summed together to form an overall output signal. Each tapped
output represents a term in the h(t) series, a,6(t~nT),

Figure 1.3 Two implementations of a FIR structure
responses can be realized with the same structure using different coefficients. For
example, Figure 1.4 shows a singile delay structure filter configured as an averager (a low



Figure 1.4 First order averager and differentiator using a two tap FIR filter.
1.1.3 ihﬂ:llﬁh-i-_n(ﬂl)mmml“(ﬁi)

H( f)-ia_a i (1.5)
and

where M is the sumber of FIR stages. Figure 1.3.a and Figure 1.3.b show the two
m&-mwﬁﬂmﬂylﬁa-ﬂpﬂd#emm
The chuef advantags of a FIR fikter is its uaconditional stability. The length of a FIR filer
impules responss is always fiaite; therefore, a FIR filier always satisfies the bounded-in-
mmﬂmmmmmmhmnﬂﬁm

ications, in which the filler cosfficients migit changs over a wids rangs, to avoid




In an IIR filter, a portion of the signal is fed back into the input side of the

cture. In general, an IIR filter consists a feed-forward (or FIR) section and a feedback

(ar IIR section) in series. Figure 1.5 shows two canonical forms of IIR filter. The
response of an IIR filter is expressed in the form

a e =jimT,f

H(f)m—t— (1.6)
1- Zb e =

whemg.mdb;uethemfﬂc 'hnﬁfofthemﬁldﬂﬁgcﬁm.mu”" 'vgly["l]

FIR filter w:m thg same numher of mgss howcver. uus f&dback also causes an llR ﬁ!ler
to be potentially unstable with certain coefficient values. This unstability must be
considered for any IIR filter hi;n

Figure 1.5 Two canonical forms of IIR filters
Implomentations of the DTSP
mmmnaﬂmmmmq
the delay medium used. In Ref.[8], the performances of various delay line techac
ﬂuhe@ﬂﬁh(@).mm“&“mm
transport (ACT), digital electronic, supercondu smission line, and optical fiber
d-h;lbl.mmh-m“y hmdﬁmquy




CCD, SAV, and digital delay lines, which are all integrated circuit technology based
devices, can provide hundreds of taps on one integrated device. Unfortunately, the
bandwidths of these devices are relatively low. Only SAW and ACT delay lines can reach
up to 100's of MHz. The superconductor delay line has the potential for large bandwidths
(2-20 GHz) and potentiaily long delays due to its low loss. However, the difficulty in
broadband coupling and the inherent cooling requirements prohibit any large scale
realization of its broadband and low loss potentials. On the other hand, optical delay lines,
both in optical fiber form or in an integrated form, can provide a bandwidth potentially up
to THz's range and long delay times (10 ps's). The components for implementing

1L.2.1 Opucgl Delay Lines

commonly used optical delsy media are optical fiber delay lines and intograted
apne&l:yum The optical fiber with its low loss (<0.22 dB/km for monomode fiber)
izdlmv,: ti;;,,(-:z7mmmmmm&m;:;

\ Dcessing applicnﬁm [1.2.9] The @egl lﬂli cfm mnlity
dB/km. mmmmm&msm The high velocity of
light in fiber (c ~ 2x10% mv/s in silica glass) relaxes the constraint on implementing high tap
resolution which limits the bandwidth of slow wave delay media such as acoustic wave
dﬂh mmmﬁmﬂMWuﬂmhMyhhﬁp

mdmﬁ:ﬁb[mll]
mmiwmhndhﬁ_ﬂ-mmnf:::;
higher then optical fiber [12,13,16]. On the other hand, using commc
mwmmmthMiﬂhm
mpiﬁhﬂﬂhhﬂﬂh“[ﬂl
poteatial for integratis ”ii;;gil“mgghiiﬂqﬂﬂ
mhhl—lmmhmﬂlnﬂﬂu‘.ﬁdﬁyh

aﬂ-ﬁﬁiﬁ[lnm_dlhﬁhiﬁmﬂgm
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dispersion com scribed in Ref.{15). However, the maximem tims delay of the




integrated optic delay line device is limited by the size of a semiconductor wafer which is
constrained to a few inches in diameter. A Im (~ Sns delay) long silica integrated rated delay line
coil that occupied an entire 5 inch wafer with only 4 dB loss has been reported [16).

Pa

Figure 1.6 depicts a block diagram of a gener:l optical discrete time signal
processor. The input electrical signal is converted into optical form by means of a directly
modulated laser diode, or alternatively, an unmodulsted laser diode source with an external
intensity modulator. mmmhmmhdmmmmm
section where it is to produc time im , .
mmwmmmmwmummm
routed, and combined to form the desired impuise response. Athumﬁnﬂul,h
optical signal is converted back into electrical output by a photode

hnaptisﬂﬂ!‘ﬂ?:ymm:_,:i;; ' ;ennvuﬂaniiannﬂidmlhuw
couplers [13), and etched fiber reflectors [19], bave beea blqi—uw
m&nniﬂm mmmh—amwmmn
optical amplification step in order 10 maintain a reasonsble signal t0 noise ratio. Recestly,
wm--*-&;ﬂpggmd—dmmmw
based on this technique have been proposed{20,21]). The current cost of optical amplifiers,
ﬁh(—@@ﬁ:dﬂuﬁdﬁ!qﬂ:mm]}. Thmd‘hﬂ

optical DTSP,



1.2.3 Optoelectronic Discrete Time Signal Processor

The major difference between an optoelectronic discrete time signal processor and
an optical discrete time signal processor is the usage of optoelectronic conversion in the
msxinj imlf lﬂ an optnel&tmnic DTSP, lhe opm:leetmm cnnvemﬁn is lpplied to

black dngmm ﬁf an ﬂpt,nglggmic iignil pmeauar in a mn;vernl (FIR) ﬂlter
configuration. The input signal is converted into optical form by an optoelectronic process
as discribed previously. Thsnﬂgupﬂkdhﬁbuwdmddzhyadmmopdedfmm
scaling and the summing of the intermediate signals into the output signal are performed
with an optoclectronic weight setting technique using a photodetector array with a common
output bus.

Figure 1.7 (ﬂlmmnﬂmlﬂﬂ&Mﬂﬁmmm

Dptoelectronic weight setting modifics the output of a photodetector by electrically
mhml The responsivity of a photodetector, such as photodiods or
oconductor, is dependent oa its bissing voltage. The bissing voltage controls the
:ﬁﬂumﬁm-ﬂh—mhﬂﬁndMMhmﬁm&nhh
Mﬂ(cﬂnhmﬁnmuﬁﬁmh
mmmhmumhm“ﬂhm
Pigure 1.8 depicts the relationships betwesa the biss voliags and the responsivities of three




photodiode (APD) or positive-intrinsic-negative (PIN) photodiode behaves asymmetrically
under bipolar bias because of its n-p structure. On the other hand, the symmetric structure
of a photoconductor or a double junction photodiode, such as a metal-semiconductor-metal
(MSM) or Mott photodiode, generates an antisymmetric response under a bipolar bias.

Responsivity tﬁ Responsivity Responsivity

Figure 1.8 The typical photoresponsivities of various photodetectors. A_unijunction
photodiode, a photoconductor, and a double _ﬁnhlztion photodiode.

An advantage of optoelectronic weight setting is that the output signals are in the
form of photocurrent and can be easily summed together. This summation is accomplished
by simply passing multiple intermediate current signals through a common load. A
photodetector array with a common output node forms an optoclectronic weighted
summing node (22]. By summing photocurrents instead of optical power, optoelectronic
summation svoids the addition of semporally coherent signals or spatially coherent signals
leading to interference noise. (Incoherent summation of optical signals is not possible.
Only mixing can be accomplished.).

1.2.3.1 Histerical Perspective of Optosiectrenic Signal Processing

The first optoclectronic signal processing was used for switching high frequency
signals. Optoslectronic switching in the form of optical gating,with a photoconductor used
as an optically controlled switch, was first proposed and demostrated by Auston ia 1975
(23). Opx .lectronic weight setting by means of photodetector bias which electrically
controls the photodetector responsivity was first demonstrated as a form of switchiag by
MacDoneld and Hara in 1978 [22). Their paper described an optoelectronic switch with an
isolation up to 80 dB at a bandwidth of 100 MHs usiag a PIN photodiode. Figure 1.9
shows the optoslectronic switch described by MacDonald and Hara; the signal switching is
sccomplished by biasing the photodiods ia two states which are formed by applying
forward or reverse biss to the PIN photodiods. Subsequently, other devices such
hetercjuaction photodiodes (24], APD ([25), aad photoconductors [26]) had beea
demonstrated for optoslectronic switching in this sense.

10



Figure 1.9 'l‘heaplnalﬂctmnic switch using a PIN photodiode. Tlglwin:hmi is achieved
by completing the optoelectronic signal path using a photodiode bias

The use of an optoclectronic matrix as a variable delay line was proposed and
demonstrated in 1984 (4], uﬂngmenﬂsxemﬂmmnuhmbjeaofmhm
The use of this reflex configuration 1o perform analog/digital conversion was proposed in
1986 (27], using an optoelectronic continuous weight setting process. Optoelectronic
weight setting for signal processing was first demonstrated by Lee [28) in 1991 for an
optoslectronic neural network application. An optoelectronic switch matrix with optical
fibre delay line as a configurable signal processor was proposed in 1986 in a form of
switched delay line signal processor (SDLP) (29]. The first demoastration of continuous
weigit setting for filtering was demonstrated in an opioelectronic transversal filter
experiment [S]. In that experiment, nmmmmuﬂumniw
transversal filter in a pipe organ (parallel) configuration with a 500 MHz progran
bandwidth.

Up to the present, the experimental results on both optical and optoelectronic delay
MWWESM[!’] mmammh
signal processor which combines a switch matrix (optical or optoslectronic) with optical

fier delay lines. Figure 1.10 is & conceptual diagram of switched delay line sigaal
processor. This processor can be coafigured 10 apply a variety of differeat signal

processing operstions such as filkering and code generation
& dgnal or physically modifying the optical conasctions.



Output

Figure 1.10 A conceptual diagram of a 5x5 switched delay line signal processor

Figure 1.11 is shown an NxM switch matrix which consists of an N dimensional
vector of inputs and an M dimensional vector of outputs. The inputs and the outputs are
connected via a set of NxM crosspoints; each crosspoint being made up of a switch. Aay
input can be roused or distributed to any output by closing appropriste crosspoints.

Figure 1.11 A NxM switch matrix

Two crucial requirements for implementing a switch metrix are low crosstalk
among the channels and a high isclation betwesa switching states becauss of the proximity
of the input chennsls and the multiple shared inputs oa each output. High iscletion and low
crosstalk are sequised 0 mininiss the interference on any output from the uawanted lnput
signals and from adjacent signal paths. Thess two requirements make optosiectroaic
switching a suitable technology for high frequency matrix switching. A major adventags of
optoslectronic switching over its electrical counterpart is the poteatially Jow crosstalk



between channels. By using a guided medium, such as optical fiber, to distribute the
optical signal from the light source to the photodetector in conjunction with an
electromagnetic shielding, the electromagnetic crosstalk can be reduced to practically zero.
An optoelectronic crosspoint with 85 dB isolation has been demonstrated using a

heterojunction photodiode [24).

1.2.3.3 Optoslectronic Switch Matrix

In a typical optoelectronic switch matrix shown in Figure 1.12, the inputs are
converted into an optical form and each optical signal is distributed into a row of
The crosspoint is "closed” or "opened” when the photodiode is sensitized or desensitized %0
the optical signal input by modulating the bias. The required bias control states are
diode, forward and reverse biases are comsmoaly used for the "opened” and “closed” states
respectively. Each matrix output is formed by summing the photocusrrent from a column of

Pigure 1.12 a 3xS optoslectronic swisch matrix

A similar 10x10 optosiectronic switch matrix using & novel depletion chensel
photoconductor array has besa demonstrated 10 have a contiast ratio grester then 60 dB
over a 1.8 Gz bandwidth. However, dus 10 the intrinsic properties of depletion channel
photoconductor, the crosspoint consistently falled afer o short peried of operation [30). In
ﬂnmﬂwhwumi&nﬁj stodiods




optical receiver designs. The operation frequency of a single MSM photodiode has been
reported up to the 375 GHz range (31).

The MSM photodiode proposed for this project was reported to have a lower
isolation (typically 50 dB or less) than the depletion channe! photoconductor [30]. The
bmi:dﬂmufMSMphmﬂio&h:heﬂycmnﬂbymimbﬂminth!plﬂuvohlpl
of the two opposed junctions which can be caused by an imbalance either in barrier heights
of in the illumination pattern [30). This imbalance in photovoltage can be partially
corrected by applying external bias. Purthermore, the crosspoint isolation can be enhanced
by applying additional electronic techniques such as a transmission gate (32) in future

1.3 Preposed Signal Processor Structure

Figure 1.13 shows a conceptual diagram of the reflex optoelectronic signal
mmmmm The processor is based on a non-blocking switch
matrix ¢ uration with input rows and output columns. Each input row is connected (o
:l-:ﬂahwﬂehmhmmwmnqﬂﬁﬂpﬂwm
inside the matrix. One output from each fiber splitter is gathered 10 form an optical bundie
ﬂmﬂhlﬂhﬂnhﬁﬂhﬁﬂhmﬁmﬂm Each optical receiver
thus repres ,;,nmenmmmm thﬂeﬂmﬁm a MSM

as acts as a columa of

mnﬂnmmmhﬂmh shotocurreats from the eatire

Mwﬁﬂm#ﬂqhﬁﬂhﬂ“
the bies 00 each crosspoint. By changing the biasing pattern of the switch crosspoints, one
Can routs, scale, and combine the signals through the switch. By coanecting outputs back
nnmmmm-ﬂwmhmmm

ages, the switch can be coafigured 10 perform different sigaal procsssing functions.
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Figure 1.13 The proposed optoslectronic discrete tms sigaal processor based oa a 10x10

The goals of this project wess 1o construct the seflex optosiecisonic sigaal processor
based on a 10x10 opeoslectron —ﬁhﬁiﬁt.nﬁmhpﬂWd
optosiectronic signal processing, and 10 study the sigaal degradation dus 10 cisculating th
signals theough the matrix.
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are linked with an optical backplane. The transmitter module represents the 10 input rows
of the matrix; it converts the 10 electrical inputs into 100 delayed optical signals to
illuminate 100 crosspoints. The receiver module represents the output columns of the
matrix; it converts the optical signals back into 10 electrical outputs according the
crosspoint biases. 100 programmable bias sources in the receiver module are used to

14 The erganization of the thesls

In Chapter 2, the performance of the proposed system in various applications
edmﬂhﬂﬁhﬂﬁmnﬂhmm lnﬁqnninﬂ
m S, the performance of the processor for different signal processing functions is
Mﬂm“m h&qﬂ&nmdﬁamm




2.0 SYSTEM CONSIDERATIONS
In this chapter the components of the reflex optoelectronic signal processor ar
described. The performance of the processor with available components is estimated and
some requirements of the processor for various applications are examined and estimated.

2.1 Component Performance
mpufmofthmhmbyiumpmu Four major

components which dictate the system perform re th plector array, receiver

amplifier, laser diode, and fiber opuc ahmu !n lliil laction we examine the

mmamm&mmhmmmm
undhdispojoahamﬂme&my Fﬁmil“nmﬁm
wmmaammmmaummmam
GnllhnAmddo(GuM)mmn'

mmmmmmﬂﬂhm mmmm
of a MSM detector eliminates low frequeacy photoconductive gain, as seen in
photoconductors, by blocking casrier re-injection [33). mmmmhnh
reduces dark current which ranges from huadreds of nA to less than 1nA depending on
the Schottky comtact [34, 35). A single MSM detector with a bandwidth of 375 GHz and
ohkmdmumih;:lx:ﬁh-m[m

making possible either positive or aegative photocurrent from a siagle detector with ons
for soms signal processing operations, such as differentistion and subtraction [36). Other
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optical/optoelectronic signal processors require either two separate, paraliel weight
setting subsystems for positive and negative weights [1,20,29] which causes an additional
3 dB optical loss, or a coherent optic system which requires a narrow linewidth and
highly stable source, to generate bipolar weights [13).

1X4 MSM array

m-’ e
-~

Figure 2.2 A schematic diagram of the 1x4 MSM detector array

Figure 2.2 shows a drawing of the MSM photodiode array used in this project.
The detector was designed by Rohit Sharma of the Telecommunications Research

Laboratories (TRLabs) and was fabricated by Bell Northern Research (BNR) in Ottawa,
Canada [37). The pitch of the detector array is 250 jim center to center, chosea 0 be
compatible with the standard optical fiber ribbon cable. Photodiodes with two different
finger spacings, 3um and 1um, and different sizes arrays (1x4, 1x8, and 1x12) were
fabricated for different responsivities and bandwidths. The frequeacy respomses of these
detectors in parsliel was coafirmed to be above 1.6 GHg st TRLabs. This measurement
was limited by the optical source bandwidth. The bandwidth of a single detector was
measured o0 be 4.5 GHz at CRC [38], using a wideband optical source. The photodiode
with lum fiager spacing was selected for this project because it exhibited a higher

bandwidth then the 3 um spacing photodiods during the initial testing.

The relationship betweea the bias voltags and the frequency responss of a | pm
MSM detector is illustrated in Pigure 2.3 which shows the isolation betwesa ON state
(SV bias) and thees different OFF states. The thres different OFF state coaditions are
opea circuit bias, 0 V (short circuit) biss, and 12.7 mV bias?. Nots that the highest
isclation occurs whea the OFF state is an opea circuit, or whea the photodiods is biased

his valus vasies from dotscter to detector.
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high series impedance of the open circuit and thus the output current is dominated by the
noise floor of the measurement setup.
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Responsivity Vs. Detector Bias
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Figure 2.4 The DC response of 1 um photodiode under different bias voltages and
optical powers.

Figure 2.4 shows the DC response of a 1 um detector with different biasing
voltages and optical powers [39). When the detector is under a high bias, the dc
responsivity of the detector is in excess of the theoretical® predicted value of 0.21 A/W .
This apparently indicates a gain caused by high applied fields. Because Schottky barrier
height can be lowered under an intense electric field [40), there may be carrier re-
injection at high bias, permitting photoconductive gain.

Figure 2.5 shows the relationship between the detector bias and the output signal
recorded with a modulation frequency of 200 MHz. Note that this relationship is not
exactly symmetric which might indicate an imbalance of the Schottky contacts or an
imbalance in the DC photovoltage. This would also explain the offset bias required to
extinguish the crosspoints. Saturation of the output signal was observed at a bias greater
thn2V.

330 Appendix 1 for desailed responsivity calculations.
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Figure 2.5 The AC response of a | MSM Bhotodlode as a function of bias.
s f-ZOOMI-gn Po=410 uW.

2.1.1.1 Detector nolse

The detector noise is a major factor influencing system performance. There are
three major noise mechanisms for the MSM photodiode: shot noise, thermal noise, and
gencration-recombination noise [41).

When a curreat flows across a potential barrier , the individual carriers cross the
barrier independently and at random. This random process gives rise to shot noise.
Assuming a constant noise distribution over frequency, the mean square shot noise
current corresponding to a given DC current | is given by [42)

(i3, ) =2qIBW @.1)
where q is the electronic charge and BW is the bandwidth.

There are two curreat components in every photodetector: dark current and
photocurrent. In a photodetector, the dark current is the current portion present when the
detector is not illuminated. This current is due to leakage through the barrier or the
device surface (41). The exact value of this loakage is determined by the properties of
the metal-semiconductor interface and the bias voltage level. The dark currents of
difforent samples tosted vary from microamperes (106 A) %0 not observable.

The photocurreat shot noise, also known as current noise, is the shot noise caused
by the average signal current [41). Based on a responsivity of 0.2 A/W and an incident
optical power of S00 uW, the DC photocurrent is expected 0 be on the order of 100 pA
which is significantly larger than the dark current; therefore, the photocurrent shot noise
dominates the shot noiss contribution. A study with similar MSM devices has shown thet
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the dark current can dominate the shot noise contribution under an extremely high bias
voltage (~ 50 Volts) [34).

Based on an AC responsivity about 0.2 A/W and an average detector optical
power of 500 uW, the shot noise current density is calculated to be in the order of 6
pA/VHz.

Thermal noise, also known as Johnson noise, is associated with the fluctuations of
the thermal velocities of free charge carriers. The mean squared noise current is given

by

()= 4"—"@“' 22)

ﬂv
where T is the absolute temperature of the device and Req is the equivalent resistunce of
the device. The high dynamic impedance of a MSM photodiode, which is commonly
modeled with a gigachm (GL) resistor [43), diminishes the thermal noise term to an
insignificant level. Based on a 100 M) equivalent resistance model, the thermal noise of
.MSMdiodeimﬁmadn—mMAHHz
number of free chl:je carriers ;enemad lhmugh traps . The processes chgpmre and of
re-injection of charge carriers are accelerated with an increase in temperature and with
the absorption of photons. Under illumination, the noise current spectral density due to
recombination-generation process is given by [41)
4q1 IH (m)l
) =—5—

2.3)

where Loy is the average photocurrent, Mo is th: DC photoconductive gain, and M(®) is
photoconductive gain. The dynamic photoconductive gain is expressed as
1+ jt. @) (2.4)

ummmwmumu
M,=f‘— 2.9

30 that Eq.(2.3) can be rewritten as B
{8} === dal M (2.6)
I 1+i0’

where ty and tyunsic are the mean life time and the transit time of the electron,
respectively. Anuﬂngﬂmhbnﬂwﬂhhhw(nwﬁm.).mgmm
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(i2.,)=4ql ,M,BW @.7.

Under a low bias, the re-injection of charge carriers in a MSM photodiode is
blocked by the double Schottky barrier and thus the photoconductive gain of a MSM
diode approaches unity. The generation-recombination noise of an MSM approaches
twice the photocurrent shot noise at low frequency (w<<1/tp).

Among the four noise contributions considered, the generation-recombination
noise dominates the MSM photodiode array noise spectrum at the low frequency range
(f<2x/tn). The photocurrent shot noise dominates at a high frequency range. The
magnitude of the detector noise is in the order of 8 pA/VHz allowing a SNR of 50 dB
with a 1GHz bandwidth assuming a 500uW incident optical power.

2.1.2 Laser Diode

An optical source with a wavelength within the detector absorption spectrum is
chosen to generate the optical carrier. The criteria for the optical source selection were
studied thoroughly by M.Veilleux in his thesis [30]. He pointed out the requirements for
the optical source are a high conversion efficiency to minimize the conversion loss, a
high spatial coherence to maximize the coupling coefficient, and a high modulation
bandwidth for broadband operation. A Mitsubishi ML6411C AlGaAs injection laser
diode with a 50 um core multimode fiber pigtail was chosen for M.Veilleux's
application. This laser diode has a nominal wavelength of 780 nm and a quantum
efficiency ofihum-lWIA wilhiDmeeﬁm T‘hed:vieewnmsdwithlZO

Sm\Vtoul

A multimode fiber pigtail was chosen over a monomode fiber because of its
potentially high coupling efficiency; however, the pigtailing process used by
manufacturer has a 50% coupling loss. The external quantum efficieacy of the 10 lasers
after pigtailing is 0.2 W/A on average. In this project, ML6411C laser diodes were used

for optical sources because of their compatibility with existing components.

2.1.2.1 Laser nelee
the laser and the relative intensity noise is caused by the amplified spontaneous emission
inside the gain medium [44). The noise performance of the ML6411C is specified in




noises. The worst specified dynamic range values for ML6411C are 128 dB/Hz at 20kH7
and 128 dBIHz at 10 MHz [45] These d'ymmic range \aiues are functions of both Gplicnl
(RF) moﬂulguon (SSmAP.p) wuh a low (-:0 1%) npu(:al fe:dhgck, ln l,hc pmpmed optic .ll
system, the laser is expected to be operating under a high modulation index to maximize
the SNR performance and a 1x10 optical splitter serves as a 10 dB attenuator to attenuate
the reflected light. The dynamic range of the laser is expected to be near the 125 - 128
dB/Hz range.

2.1.3 Optical C

A Northern Telecgm 50 um core multimode optical fiber with a numerical
apeﬂum of 0. 2 is used for the npucll synem heciuse nf its hlzh cnuplmg efﬁclency The

propoied the ﬁher l:ngth is =xpected to be few meters and lhun the ﬁher Ims is
insignificant compared to other losses. The two major sources of insertion loss are
optical splitters and optical connectors. The optical splitter is a 1x10 biconical-taper fiber
splil’:mr ﬁ'nm Canstar Dpucs From the minufactumr‘s d;u, the excess loss of lhE lx 10

expgmdmhehgmo.!dﬂhplﬂ, mover:!lopugllogfmmﬂg!ﬁermugllSH
photodiode is expected to be less than 15 dB.

2.1.3.1 Optical Nolee

When multimode fiber components are used, some other problems related to
multimode propagation, such as modal dispersion and modal noise, must be considered.
The modal dhm limitation of multimode fiber (~500 MHz/Am at 850nm ) is
insignificant because of the short fiber length of the proposed system. For a fiber leagth
of few meters, the dispersion limited bandwidth is on the order of 100 GHz which is
much greater than the electrical bandwidil

Mnﬂg.lknmglp&hmhcuﬁbyhmm:i
different modes which propagate at slightly different velocities. The modal noise in this
detector can change. The average power 10 variance ratio of a similar 1x8 biconical-taper
splitter was reported at 28.5-33.0 dB with the input fiber under a constamt vibration to
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enhance the fluctuation level (47). The modal noise is expected to be lower with no
vibration. The SNR of the fiber system is expected to be about 30 dB.

2.14 l'lecelver Ampllﬂer

upugleclmm: conversions gnd optnc:l prapag:uﬂn lmses is delermmed to be
approximately 60 dB4. A low noise 50 £ gain block amplifier design with a gain of
approximately 60 dB was considered for this application. A prototype of the amplifier
was built and measured to have a gain of 60 dB with an output noise floor range of -106
dBnvHz and with a bandwidth of 1.5 GHz.

The dynamic range of the amplifier is determined by its maximum available
output signal and its noise floor. The maximum output power of the receiver amplifier is
limited by the maximum electrical input of the transmitter which corresponds to 10 dBm
for a 100% modulation index. The maximum dynamic range of the receiver amplifier
with the low noise 50 £2 amplifier design is estimated to be 116 dB/Hz.

Based on the available components, the system parameters, such as the
bandwidth, the dynamic range, and the isolation can be estimated. The dynamic range of
the system is expected to be dominated by the amplifier thermal noise and is expected to
and is expected to be 1.5 GHz. The isolation of the crosspoints is determined by the
MSM photodiode array which is expected to be about 40-50 dB over the 1.5 GHz

Bngdmhmnlpﬁmmmlhﬂﬂmeﬂmhsng
performance of the processor in different applications such as cascadable switch matrix

Mmﬁn“ﬂlﬂﬂhmmmlh’m
network with a smaller number of crosspoints then a single largs matrix implem
For example, a 3 level Clos aetwork, shown in Figure 2.6, hmneliﬁ-m




level Clos network can implement the same matrix with only 3000 cross points. The size
of an optoelectronic switch matrix is limited by two factors: the cumulative capacitance
of the detector array and the available optical power [36). By subdividing lurge matrices
into smaller matrices, one can reduce the cumulative capacitance on each detector array
and the required optical power from each source and thus extend the size limit of a matrix
[48]. However, this type of network requires multiple optoelectronic and electo-optic
conversions through the switching matrices, and these multiple conversions can induce
additional signal degradation from various sources, such as noise accumulation,

switch
matrix

1010 |

' 10x10 l

sidno o1

1 10x10
1 switch
matsix

In Appendix B, the effects of these impairments were studied. Based on a first
order low pass model, the bandwidth of a multistage network decreases with a factor of

where N is the number of stages and f¢ is the 3 dB frequency of each

identical stage. In Appendix B, the effects of noise accumulation and bandwidth was also

than 1/N; however, the bandwidth of such system would decrease by a factor of

vﬂfzh.anm.mmmoermmisupmm
N2-1

mhmm The resulting SNR degrades at a rate much faster



The crosstalk from non-ideal crosspoints in a multistage switch network is found
to be better than the single stage network of the same dimension because of a reduction in
the number of adjacent "OFF" crosspoints. The exact value of the improvement is related
to the network topology used.

Nonlinearity is another degradation of a multistage network. In a broadband
system, nonlinearities can generate harmonic distortion and intermodulation products
which may lead to cross channel interference. When this distortion couples with multiple
nonlinear stages, the intermodulation among the signals and their harmonics shifts the
interference in both spectral directions. A common approach to estimate cross-channel
interference is to tabulate all intermodulation products within an allotted frequency
channel by tracking every signal and its harmonics [11].

The proposed system is not expected to be highly linear because the componen
mgmmﬁhmm“hliﬂmw.upciﬂlymmmgﬂh
receiver amplifier. This linearity problem can be simply overcome by replacing the
devices with highly linear devices; however, the current cost of such devices is high (a
highly linear laser diode used for optical analog transmission by Fujitsu was priced over
sloonm m:ﬁmﬁiﬂilﬁﬁwmﬁmg@dw“inmm

haiques and applying a low level signals to avoid distortions.

:hnpnﬂhh lication for the signal processor matrix is to study the behavior of
cascaded switching matrices by recirculating a signal through multiple passes in one
matrix. Figure 2.7 shows the proposed configuration which connects inputs and outputs
dhmnhnﬂdm-dmﬁmm Then the noise behavior
and spectral impairme :mh_—nﬂmmmmm
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Fl—iz.'l'lhnndmﬁ mﬂnﬁdﬂﬁ{x (a) the
afigurstion diagram aad (b) a block diagram. paies.

processor. With the replacesbls optical delay Nees aad adjustable tap weights, the
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proposed system is well suited for testing various FIR and IIR filter configurations.
Figure 2.8 shows the optoelectronic signal processor configured as three different types
of discrete time filter. With electronically controlied filter tap coefficients, these filters
are potentially suitable for adaptive filtering applications such as adaptive equalization

J
t

(@)

Figure 2.8 The reflex l!flll processor with different filter configurations.

(a) 2 20 tap FIR filter. :g Dhml’-‘mm lIRmter lnd(:)DlrectanililRﬁ Note

hfﬂycﬁch esen 'nnnupulﬂwilhncmﬁm:vmablewei from -1 to
+1 and the ,’ch:kwnmmwnmnmnmlwei tof 1.

Besides the usual requirements on noise, bandwidth and lincarity, other additional
ﬁua:mnmm&mnﬁ@m First, the round-off or truncation of
the system parameters can deviste the response of the filter from the desired values.

The optoelectronic weigit setting process has a finite precision which leads 0 a
this shift can cause the system response to deviste from the designed response; in the case
of 1IR fikers, this devistion might even lead 10 instability.
mp-mm ,m:ﬂpﬁidﬂﬁm !nhfdhw&q
mﬁnﬂvﬂnﬂﬁﬁhmbm“ﬁﬂhmﬂm

gradation effects will be estimated based on the component parameters.

h(t)= $(a, +8a,)8(t-(nT, + 8T,)) 28)



where 8a, is the truncation error of the filter coefficient, and 8T, is the round-off error
of the delay time. These errors are modeled as two uniformly distributed random
variables.

2.2.2.2 FIR Tap Weight Sensitivity
Following the approach employed in Ref.[7], the round-off effect on the filter
weights can be represented as an additional term in each weight. The new weight can be
expressed as
a,=a,+da, (2.9)
and Eq.(1.1) for an FIR response can be rewritten as
h(t)=$4.6(t-nT) 2,10,

Substitute Eq.(2.9) into Eq.(2.10) and separate the ideal terms and variation terms
h(t) = Za o(r—- nT)+Z&a 6(t-nT) @.11).

a=0
Then the frequency response of the round-off filter is determined by taking the Fourier
transform of Eq.2.11
A(f)=H(f)+AH(f) (2.12)
where
AH(f)= g Sa ™, @2.13)

Then the error on the response due to the round-off on filter coefficients
by: o
|AH( fx-'g&_e’“‘"'sgl&:_':“*"l (2.14)

-ale"‘m"-l. Eq(2.14) can be rewritten as

(2.13)

boslec ',,,'“iﬁhmwmmmwﬂim
Mhmﬂhmw@hmmﬂbﬁﬂgm
Assuming the relation betweea voltags and photoresponss is linser , the effect of weight
uacertainty can be estimated by evalusting the accuracy of the bias source. Actual
nonlinserity of the bies and responsivity relstionship can be counteracted by previows
calibration, if the bias is controlied by a voltage source with B bits resclution, thea the
upper bowad uncertainty of s FIR filter reaponse with M taps can bs expressed as




|AH(f)|s K,27"M (2.16)

where KR is a proportionality constant between bias voltage and output voltage, B is the
bias range of the MSM photodiode, and M is the number of taps. The bias saturation
effect in the MSM response can be accounted for by replacing B with a smaller effective
resolution Begr. From Eq.(2.16), the error on the FIR filter response is strictly a function
of the filter length and the bias resolution. Figure 2.9 illustrates the response of a 20 tap
bandpass FIR filter with a 10 bit effective resolution weight coefficient. The round-off
effect is insignificant in the passband response but does degrade the stopband
performance.

1w

Relative Magnitude

Figure 2.9 The response of 20 tap bandpass FIR filter with the 10 bit resolution.

From the above analysis, the effect of the noise imposed on the bias voltage can
be estimated by replacing the round-off voltage with the variance of the noise voltage and
the upper bound of the noise power is given

IN|< KiE:M .17

where §,2 is the noise power superimposed on the bias line.

2.22.3 IR Tap Weight Sensitivity

random time varying fluctuation of the bias causes an additive noise oa the output
spectrum. In the cass of optoslectronic weight setting, the round-off noise is due 10 the
WWWWNWWMHMW Second, a
constant offset due 10 inaccuracy of the tap weights is randomly distributed in a raage of




values but is constant over time. This offset can force the poles-zeros of the filter to
move from their ideal positions and can lead to instability in some IIR filter designs.

The effect of the round-off noise can be calculated by following the approach
used in Ref.[49). In this approach, the round-off noise power is modeled as an additive
noise with a mean of zero and a variance of 8iap. First, the round-off noise sources are
transformed to the input side. Then the IIR section is replaced with an equivalent
impulse train, hef(nT). The equivalent noise power of the pure feedback IIR filter section
is given by

Ny -(N+l)( S |n,1))| ).s= (2.18)

v here hef(nT) is the impulse response of the IIR section, N is the number of IIR delays,
and 8yap is the noise variance of the tap weight fluctuation. For a Direct form I IIR filter,
the upper bound round-off noise power is given by

Ni,,=(M+N+ l)( |h (nT, )| )6’ (2.19)

where M is the number of FIR delay stages. The upper bound round-off noise power for
a Direct form I1 IR filter is given by
N, = (N z |h,,(nT ) +M+1)6= (2.20).

In the proposed processor, the round-off noise from the time variation of tap
weights is expected to be insignificant and can be controlled by filtering the biasing
voltage. From previous analysis, the processor noise is dominated by thermal noise of
the receiver amplifier. Since a receiver amplifier is associsted with each summing node
rather than each delay, Eq. (2.18) noeds to rewritten as

N‘_ -[ zllqi(uT)l)-t-l]E’ (2.21)

where L is the number summing nodes in the IIR section and 8th2 is the receiver thermal
noise from each receiver amplifier. The extra 1 in Eq.2.21 represents the noise
mmﬁhmw ”’Eq.(ill)nd(ll?)-

Nori = [(K*L)( I b, (a7, )+l]5 22)

N;,, (L 5 |n,(nr )‘|+K+l)dj @23)

, Mm=
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The round-off offset, which is the constant portion of the round-off error, can
ccuple with the m’undf-aff nﬁiie to cause a severe degradation on ihe filtef The effect of
welght variation.

From the previous discussion, a general IIR filter consists of both a FIR section
and a pure IIR section. Since the effect of round-oft offset on FIR section has been
discussed in the last section, the following discussion will only focus on the pure IR
section (i.e. all ap's are set to zero).

The coefficients, by, deviate from their ideal values by a given amount 8b,, and
the new coefficients are given as

b,=b +8b, (2.24)

Substituting Eq. (2.24) into Eq. (1.5), the new transfer function can be expressed as

1
A= 3 Z b Py (2.29)
The original filter response H(f) is assumed to be stable so that Eq. (2.25) can be
expanded into a Taylor series. With a first order approximation, the deviation of the
frequency response due to round-off error can be determined by differentisting Eq.(2.25)
with respect to each coefficient

3H
SH: n= éf) Sb (2.26).

Substituting Eq.(2.25) into Eq.(2.26), Eq.(2.26) is rewritten as
Sup SH' (f)-€"%" . 8, .27).
Based on Eq. (2.27), an upper bound of the error on the frequency respoase due to round-
off can be expressed as
lAH(f)lsz.,.l mR
STLIH)- 8 @38
If the round-off error is limited to one bit resolution, 2-B,. then Eq. (2.28) can be rewritien
a
|AH (s 27" NIH (f) 2.29)
From BEq.(2.29), the effect of the round-off offset is stroagly dependent on the square of
the bandpass gain and can be minimized by limiting the bandpass gain 10 near t0 unity.
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2.2.24 Time delay sensitivity analysis

used in this project were assembled manually and the overall accuracy 1s limited to
approximately one inch which corresponds to a delay inaccuracy of 1/10 ns. This
inaccuracy may introduce a sufficient phase difference at high frequency to cause a major
distortion on the filter response.

A variety of simulation techniques are used to study the impact of delay line
inaccuracy on the response(8, 13, 49, 50). For a general study, a simple simulation model
consisting of a delay with a uniformly distributed random delay error was used to gauge
the effect of delay variation on a bandpass (fp=0.2-0.4) FIR filter. A FIR model is chosen
for this simulation over an [IR model because the FIR filter, in general, exhibits fewer
design specific characteristics than an IIR filter.
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Figure 2.11 shows the simulation results from the model under different delay
variations from 2% to 20% of a normalized time unitS. The responses exhibit a strong
dependence on the time accuracy. With a 2% delay variation, the effect of the delay
inaccuracy is minimal which is consistent with the simulation results in Ref.[13]). Witha
20% dclay variation, the filter performance is severely degraded at the stopbands,
especially the upper stop band. At the expected accuracy of the optical delay lines which
is about 10% delay variation, a +/-1% variation on the passband response was observed

from the simulation results; however, the upper stopband performance is degraded by a
factor of § dB.

2% Delay Time Variation

——

B
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’Amﬁ-aummmmmmummﬂ
sormalized against the sampling frequency.
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10% Delay Time Variation
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Figure 2.11 The effects of the delay variation on a FIR filer. (a) 2%,
and (c) 20% h-ndm- (a) (b) 10%,

2225 Electrical Respense Sensitivity Analysis
Dlnwtheumnmxmuemdwmthmﬂm::ﬁ

through a number of different optical and electrical paths and then combined to form the

overall output. mﬁmedhpﬁmﬂm
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Response variations in the signal paths can produce noticeable distortions on the overall
response. A frequency sensitive coefficient is used to account for this frequency
dependency of the electrical paths. With this model, Eq.(1.2) can be written as

M <yimlf
H(f)= goa.(f e T (2.30)

and
a,(f)=a, H,(f) (2.31)

where Hn(f) is the frequency response related to each coefficient. If all Hp(f) are
identical, their effect can be simply accounted for as an additional series transfer function
imposed on the overall response. If the transfer functions are significantly different from
cach other, then these differences in both phase and magnitude can lead to an incoherent
addition at the output. To obtain an analytical estimation of this distortion would require
detailed statistical information on the electrical frequency response of each path which is
difficult to obtain.

To account for the frequency response variation of a Tx-Rx pair, a lumped
parameter model, consisting of a multiple first order response with pole locations
randomly distributed throughout a given frequency range, is used to model the Tx-Rx
pair response. A Moate Carlo simulation approach based on this lumped parameter
model and the same bandpass filter design, shown in Figure 2.10, is employed to simulate
the response variation. Figure 2.12 shows three different cases with different frequency
ranges and different filter orders.

f=0.5-1.0 and order=$

0° Co : . sssmtsssessssssrmspasaret e,

OA 0:“ &'DO GlS 020 023 0 035 040 04 0%

Normelized Frequency

)
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f=1.0-1.5 and orders$

"
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1.0 and order = S, (b) f=1.0-1.5 and and (c) f=1.0-1.5 and order=3, figll)hiiﬂ
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Figure 2.12.a shows that the effect of the signal path is not significant provided
Ihlidﬂﬁ“ymhmhmmmm Furﬁqh.
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3.0 TRANSMITTER MODULE
The purpose of the transmitter module is to provide stable bias current and
cooling to the 10 optical sources that perform the optoelectronic conversion of the input
electrical signal. The optical power distribution and time delay necessary for each laser
output are housed in each transmitter card. In this chapter, the functions and detailed
structures of the transmitter module will be described and measured results will be
presented.

L L Lt L

..., == @g,

transmitter nmdu!e is nrpmzed into ID transmitter cmhi e;:h cud hmua one Iuei'
diode and its supporting circuitry. These cards are mounted in a standard 3U 84HP card
cage with a card length of 220 mm. The cards are supplied with a S volt, 20 ampere DC

3.1 Transmitter Card
On cach transmitter card, a laser diode with its biasing and thermal regulation
cﬁﬂqﬁmﬁ:n:“cﬁkﬂmﬁhm&ﬂmﬂwﬁinﬁﬂm&)
uency (RF) input. The modulation is achieved by injecting the RF signal into the
ode current with a biasing insertion circuit. The outputs from each laser are split
Wymwmbmgofmﬂy“ﬁl&h multimods biconicial taper
power splitters to illuminate 10 1x10 photodiode arrays. An additional section of optical




fiber is inserted in the optical path between the laser and the power splitter to provide the
time delay for signal processing. These delay lines are replaceable and each delay line is

optical delay, and optical distribution. The laser support circuitry supplies the necessary

maiches the low impedance laser 10 a 50 ohm external modulation source. The optical

3.1.1 Laser Suppert Circultr;

For a laser diode to be modulsted with a broadband sigaal, certaia biasing
fast response (44). Aa optical power reguistion circuit is added 0 stabilize the average
long term drift of the laser output due 0 aging or other environmental effects (S1).
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laser transmitter designed by David Clegg of TRLabs.

3.1.1.1 Laser Power Regulation Circuit

Besides the threshold requirement, two features are added to the power regulator
laser current should be gradually increased during the initial power on transition to
prevent any damaging current surges {45). Second. a normally closed switch ix added
across the laser diode to protect against static discharge when the laser is not in use. A
power-up sequencing circuit is added to coordinate the execution of these operations.

Figure 3.3 is a schematic diagram of the laser power regulation circuit and the
detailed circuit is listed in Appendix D. The circuit consists of two sections: power
regulation loop and start-up sequencer. The power regulation loop also provides a soft
start function and over-current protection as well as optical power regulation.

PURPEFREFAE RPN, TR ——

L O T I
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The start-up sequencer coordinates the operations of the card. First, the sequencer
additional one second for the voliage to stabilize. After another 100 pus, it encrgizes &
supply voltage is stabilized, a power-up signal is sent to the power regulation loop to




initialize the soft start circuit. Inside the soft start circuit, a long time constant RC
(T~220 ms) circuit is used to charge up the reference input gradually to the preset value
after the start-up signal is received.

The main part of the power regulation loop is a proportional and integrating (PI)
control loop with a time constant of about 0.2 seconds. The optical power of the laser is
sensed by monitoring the photocurrent from the back facet monitor diode mounted inside
the laser package. This current is compared against a constant reference voltage and the
difference between the photocurrent and reference voltage is amplified by an integrating
amplifier with a time constant of about 0.2 seconds. This time constant is chosen to be
four orders of magnitude longer than the time constant of the lowest RF input frequency
(300kHz). This long time constant prevents the RF modulation signal from coupling into
the power regulation loop. Such coupling could cause an additional instability in the
feedback loop. The output from the integrating amplifier is then converted by a current
amplifier into a current to drive the laser diode. A comparator monitors the laser diode
current to prevent any excessive drive current. When the diode current is above a preset
current level, [limit. an over-current signal is sent to the soft start circuit to reduce the
reference voltage and thus reduces the drive current. As a result of this additional
feedback, the laser drive current is limited to below Ijjmij¢ protecting the laser against
damaging high drive current. Because of the slow response of the power regulation loop,
this circuit will not protect the diode against an excessive RF drive signal (grester than
14 dBm).

The start-up signal sequence at different points of the power regulatioa loop is
shown in Figure 3.4. Figure 3.5 shows the optical output as a fuaction of time. The
initial ramping of the optical power lasts for a half second and thea i requires 7.5 seconds
for thermal regulation to settle to a steady state. From Figure 3.5, the variation of the
optical output was moasured 10 be less than 0.4 % (~20 uW for a SmW output).
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Figure 3.5 The initial transient of a transmitter card optical output.

3.1.1.2 Thermal Regulation Circuit
The junction temperature of the laser diode is another factor that affects the

performance of a laser diode, especially its lasing threshold [S2). In general, the
threshold current level of a semiconductor laser increases with the junction temperature.
For an injection laser, such as ML6411C, the threshold current is exponentially related to
the junction temperature and is expressed as [52)

’ -TIT,

= ot G0
where L, is a proportionality constant and T, is the characteristic temperature of the laser
(52]). To minimize these temperature effects on the lasers, a temperature regulation circuit
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Figure 3.6 A schematic diagram of the laser cooling circuit

Figure 3.6 is a block diagram of the thermal regulation circuit. The laser casing
temperature is sensed by a thermistor which is adhered to the laser mounting bracket
close to the laser package. This thermistor is connected with three other resistors to form
an impedance bridge. One arm of the bridge, an adjustable resistor, sets the reference
resistance value; the opposite arm is connected to the thermistor. The difference in
voitage between the two arms is used to gauge the temperature. This voltage difference is
given by

R Ry
Vag = Vipr| —4— - —0
ay "’[R,-FR; RRI*R"'] 3.2)

where Rpef is the reference resistance of the measurement arm, R] and R2 are the
resistances for the fixed reference arms, and Ryj, is the resistance of the thermistor. By
setting R2 = R, Rth = Reef + dRth and dR¢h << Ryef. Eq.3.2 can be simplified to
\Lisg ar,
voltage used is 1.25V, the volktage difference is -18.75 mV/AC® at 25 C°. This voliage

(3.3)
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limited' transconductance amplifier with a conductance of 3.03 A/V to gencrate drive
current for the thermo-electric cooler. This cooler pumps the heat from the laser
mounting bracket to the front panel which serves as a heat sink. The efficiency of the
cooler is proponional to its drive current. By cﬁu'pling the lemperamre depemiem;e of the

regulated. As the temperature devmles fmm its set valuei lhe resistance n!’ lhc; lltemnsmr
also drifts from its value. This resistance drift will cause a change in the cooler current to
compensate the temperature drift.

temperature cocfficient and the amphﬁer gains. The referem,:e resistance is set to 12 kf2
which roughly corresponds to a temperature of 20 C° and the steady state cooler current
is recorded at 0.45 A. The steady state temperature error is less than | C* around 25 C*
according to the loop gain, and the steady state current and the threshold current remains
constant within 0.3 mA according to the manufacturer's data? [45).

Figure 3.7.a shows the laser temperature with respect to time during power-up
with a large initial temperature difference. The laser package was heated to a temperature
of approximately 90 C° prior to power up. Figure 3.7.b shows the thermal regulation
loop recovering from a thermal disturbance after the laser temperature reaches a steady
state temperature.

Beyond this region, hhﬂnﬁnﬁeﬂﬁlh“hﬁhﬂﬂﬁh‘wdh
cooler. This current lisit is 59t 20 be 1 A which is well withia the device Nmitof 2.5 A 4 25C°.
2The chongs in threshold current at 20 C° is extrapolsted from the manufacturer's data at 30 - 30C°.
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Figure 3.7 The behavior of the laser temperature control loop. (a) The laser diode starts
with a 90 C° diode temperature. (b) The laser diode recovers from a temperature
disturbance afier the diode temperature is already reached a steady state.

3.1.1.3 RF/Bias Insertion Circuit

P a— |

tion unit

The purpose of the transmitter is to convert an external RF signal into an optical
signal. To achieve this goal, the laser is directly modulaed by adding a RF signal cusrent
0 the DC bias current. Aa important consideration for the biasing circuit is the fact that
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ML6411C. A matching impedance is required when the diode is driven by a 50 ohm
external source. Figure 3.8 shows the circuit diagram and the layout of the RF insertion
circuit. The circuit is in a biasing tee configuration which provides a high reactance DC
path in parallel with a 50 ohm AC path. The high reactance DC path consists of a 100
HH inductor, a ferrite bead and an 8.2 ohm resistor in series. These components serve as
low frequency blocking, high frequency blocking, and broadband blocking mechanisms,
respectively. The AC path consists of a SO ohm microstrip with a 100 nF capacitor in
series with a 47 ohm resistor. The capacitor isolates the AC path from the DC path; the
47 ohm resistor acts as a broadband matching network to match the low impedance laser
diode with the 50 ohm modulation source. Figure 3.9 shows the a measured and the
calculated input characteristic of the RF matching network.

The frequency responses of ten laser diodes with the insertion circuit were
measured with an Ortel model PD0S0-OM AlGaAs/GaAs PIN photodiode. The details of
the measurement setup and results reported in Appendix E. The 3 dB bandwidth of the
laser diodes range from 1.1 to 1.6 GHz; Figure 3.10 shows the frequency response of onc
of the transmitters. A simulation based on an equivalent circuit consisting of a 3 ochm
resistor in series with a 3 nH inductor was conducted and the result is similar in shape to
the experimental results? but with a higher corner frequency. This lower measured
frequency suggests that the lead inductance value was higher than the manufacturer's
specification. Further simulation indicates that a higher lead inductance of 6 nH can
account for the observed frequency. The additional inductance might be due to the fact
that the grounding is via a ground lead instead of via the outer casing which is a common
practice in RF circuit applications.

humhu.uummdumwuummﬂh
simulsted circuit.
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With the same PIN photodiode, the dynamic range of the laser diode was
measured to be 131 dB/Hz¢. This value is slightly higher than the worst case
manufacturer specification values of 125 to 128 dB/Hz.
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Figure 3.10 The frequency response of Transmitter No.3, The measurement was
performed with an Ortel PIN photodiode model PD0S0-OM with a bias voltage of 25 V
and a photocurrent of 0.94 mA.

During the initial testing, a series of noise peaks resembling Fabry-Perot fringes,
shown in Figure 3.11, was observed in the noise spectrum of the receiver output. These
peaks were removed by injecting index matching oil in the RC connector at the interface
of the laser and power splitter. The noise spectrum of a Fabry-Perot laser diode with an
external feedback cavity can be affected by optical feedback s low as -30 dB that from
an external cavity [44]). The feedback from the FC connector has a maximum end facet
reflection of -11 dB with air interfaces, which is sufficient to affect the laser emission
spectrum. To avoid the reflection, this connector should be replaced with a lower
reflection angled physical contact (APC) connector in the future.

4The valus is exirapolated from a SNR messurement with a 33% modulation index. The noiss floor is ot
expected 10 vary with the modulation index.
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The linearity of the transmitter card under different modulation levels is recorded
in Figure 3.12% . With a 10 dBm (100% modulation index) input, the second harmonic is
about 54 dB below the fundamental signal but the third harmonic is only 48 dB below the
fundamental signal With a 0 dBm mpul the second h.nrmnmc is 59 dB below the
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Figure 3.12 The

amplifier. a) 14 dBm mo
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Ssee Appendix E for dessiled experimental sotup
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3.1.2 lL.aser Housing

RF Shielding

Front pancl hratizl - 7 L.gr mnunlm(

unit

board. mlwm“mnﬂy.MmFimiils.mimﬂ.hlﬂam
bracket, front pancl brackets, and sheet metal shiclding. The laser is mounted on the
smaller laser mounting bracket which then sits on top of a thermo-electric cooler. The RF
mmummmmmﬂmmﬁmm
the fromt panel bracket to the laser package on the laser mounting bracket. To minim
the heat load to the cooler, the laser is thermally isolated from the rest of the assembly
and contacts between the laser and the other parts of the assembly are restriceed to the
insertion circuit and the cooler. Finally, the whole assembly is covered with asie  2ustal
shield to reduce clectromagnetic radiation.

The detailed mechanical drawings and the assembly diagram of the laser housing
are listed in Appendix F.

Figuse 3.14 illustrates the flow of the optical signal. Ths optical signal from the
m“uumﬂ-, °a "”'f'ﬂqhdﬁhmhhlxlo

depeading on the application. A 1x10 bicoaical taper fiber coupler splits each optical
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optical receivers housed in the receiver module, connecting through the optical

backplane.

Puplitter Rt

%

Figure 3.14 The optical distribution of a transmission card.

The optical power levels among the typical optical paths were measured and are
listed in Table 3.1. Figure 3.14 shows the positions of the different optical power
measurements recorded. The uniformity of the optical outputs is within 1 dB and the
splice losses average to -0.2 dB over 11 splices. The inscrtion loss of the optical splitter
is less than the specification by about 1~2 dB. The overall optical system has an average
loss less than 12 dB which is less than the expected value of 15 dB. This lower insertion
loss may be partly due to the short fiber length, which does not allow the cladding modes
to be properly stripped from the fiber.
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Ana sttempt 10 measure the modal ncise contribution of the optics was made wing
an MSM receiver with a aoiss figure of 6 dB and a gaia of 60 dB. The amplifier noise
dominstes the noise floor and high frequeacy modal noise was not cbesrved. To study
the modal noise of the optical system, a low aciss optical receiver is required 10 isolate
thess noiss componsnts.
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A low frequency mode selective coupling (i.c. low frequency modal noise) was
observed to exist over +/- 0.25 dB on a 200 MHz modulation signal over a 60 second
period. Figure 3.15 shows a plot of the 200 MHz output over a 60 second period. This
c¢ffect was suggested to be caused by the mode hoping of the laser coupled with the
multimode power splitter [8].
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4.0 RECEIVER MODULE

4.1 Receiver Module Organization

The functions of the receiver module are fourfold: 10 convert the optical signal
back into an electrical form, to perform the optoelectronic weight setting, and 1o provide
access for setting the bias of each crosspoint, and to amplify the detected signal back to
the input level. Functionally, this receiver module is divided into two subsystems: the
crosspoint bias system and the MSM optical receiver. The crosspoint bias system
communicates with the external world via an RS-232 serial bus and generates the bias
voltage for each crosspoint according to received commands. The MSM optical receiver
system performs the optoelectronic conversion and provides amplification to compensate
for the various losses along the optical link.

interface Controller Card %RS:I}I Pon

1
O, RE Outputs

i

Figure 4.1 A schematic of the receiver module

Structurally the receiver module, shown in Figure 4.1, is organized into 10
optical receiver cards and one interface controller card. Each optical receiver card
supports one MSM dstector array which performs the optoelectronic weight setting

conmects 10 the matrix via a serial port. All these cards are housed ia a standard 84 HP
3U Burocard card cage. Electrically these cards are connected 1o a 19 bit digital bus and
a DC power supply bus; optically each card is connected to the optical backplane of the
tranemitter module via a buadie of 10 optical fibers.




saspoint Blasing system

The crosspoint biasing system of the receiver module performs two functions.
First, it generates 100 independently accessible bipolar voltages for modulating the
responsivity of each MSM detector of the 10, 1x10 detector arrays. Second, it provides a
simple interface for the external world to set each crosspoint bias.

A simple scheme of microcontroller and programmable voltage sources is used to
fulfill these two requirements. A set of 10 programmable voltage sources is located on
each receiver card and each source is assigned a unique address which can be accessed
independently. These 100 voltage sources are connected to a 19 bit digital bus which is
driven by the interface card. Inside the interface card, a microcontroller is progra )
to accept commands from an external source via an RS-232 serial bus and then trlmlnel
these external commands into appropriate digital signal sequences to set the voltage

sources accordingly

4.2.1 Requirements For The Programmable Voitage Sources

From the preliminary measurements described in Chapter 2, a residual bias of 10's
of millivolts can degrade the isolation of the crosspoint by several dBs. The resolution of
the voltage sources must therefore be less than 10 mV to provide sufficient coatrol to
extinguish the crosspoint completely. From the measurements in Chapter 2, the DC
must be equal 10 or greater than 2 V to utilize the full responsivity and bandwidth. The
output voliage ranges of the programmable voltage sources are chosen 10 be +/-3V which
m.ﬁuﬂeh“ﬁhﬂmm

the vnhpmm mmmmm-;mmm
mmmmmmmunm This method eliminates the need
wmmmwmmmm;[ﬁ* 2 of
dnhﬂgmﬂunh“
Mhmm AlZﬁ:mﬂﬂﬂﬂ#—SVhMﬂpﬁﬂ-g
incremental resolstion of 2.4 mV which provides adequate biss resolution 10 tura off the
The DAC chosen for this application must satisfy thres requirements. First, it
ﬂhmhﬂhhﬁﬁhmmnﬁﬂi !nni.h*
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less than 10 millivolts and an output range of +/-5V.,

The DAC selected for this project is Analog Device 7237 dual 12-bit DAC with a
microprocessor compatible interface!. This device contains two 12 bit DACs with a
shared 8 bit multiplexing data bus which reduces the number of required control signals
of the DACs to 11 bits. Its double buffered output allows the intenal data to be modified
without affecting the current output and enables the synchronized updating for all the
crosspoints. This synchronized updating minimizes the ambiguity states during the
switching transition. Beside the multiplexing bus and double-buffered output, AD7237
has additional analog features, such as an output current-to-voltage converter, a built-in
offset resistor netwot * and a buffered reference voltage source, that enable the device 10
function without any additional support circust. However, under this stand-alone mode,
the output voltage of the DAC is not adjustable and is subject to the fluctuation of the
internal reference as ambient temperature changes. This fluctuation can lead to 5 LSB
bits drift on a full scale output over the operation temperature range (SOC* - OC) |53).
This drift can be corrected by applying a software offset on the digital input value. This
device operating under the stand-alone mode, shown in Figure 4.2, can gencrate two 12-
bit resolution +/-3V output voltages without any additional support circuit.

WR—— = Ou A
Lp - - ™ = Oub

Al ——»! Inernal

3
|
B J

D7 AD7237 o - Vref A
D6 - —"‘i i} - Veef B
i - — Offset A

= Ot B

: diagram of AD7237 DAC configured in the stand-alone mode

Figure 4.2 A schemati
crosspoist. This individual access is achieved by assigning an unique address 10 each
DAC. The address selected for this scheme is 9-bit BCD code address. The top four




lower byte of the 12 bit data word. A write bit (WR) used to validate the data on the data
lines.

.
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Figure 4.3 A schematic diagram of the address decoder of a receiver card

Figure 4.3 is a schematic diagram of the address decoder section on the receiver
card. A 4 bit digital comparator, 74LS8S, is used to compare the top four bits (A8-AS) of
the address bus against a 4-bit jumper setting. These jumpers are used to program the
address of a receiver card and thus allow the receiver cards to be interchangeable. When
the upper address is matched the jumper setting, a 3-t0-8 decoder 74LS138 is enabled to
decode the lower 4 bits (A4-Al) of the address bus. 74LS138 sends an enable signal to
the appropriate dual DAC according to the lower 4 bit address code, once the write enable
bit (WR) has validated the content of the data bus.

Figure 4.4 is a timing diagram of an operation cycle of the control bus. First, a
lower 8 bit data segment and the 9 bit address code with the LSB, Ao, set to low appear
on the control bus. Once the data and address bits have settled, the write control line
(WR) is asserted low for a minimum period of 150 ns and the data is latched into the
input buffer of the DAC. Next, the upper 4 bit data segment is loaded into the data lines
and the AQ is changed 10 high. Thea WR is asserted low once again. This cycle is
repeated on each of the DACs requiring updating. Ouce all the DACs are updated, the
new 12-bit data words can be transferred from the input buffers into the output buffers by
asserting the load control line (LD) low and the analog outputs of the DACs are updated

simultancously.
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Figure 4.4 a timing diagram of the control bus for the biasing system.
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Figure 4.5 A block diagram of the interface controller card.

4.24 Interface Contrelier Card

An imerface card is used t0 conmect the bias sysiem with the external world. The
function of the imerface card is to translate the external commands into the appropriste
digital signals required by the control bus. The inerface format between the external



source and the matrix is an RS-232 serial format which is compatible with most
computing equipment; however, the serial format is intrinsically slower than parallel
communication formats

controller card. The interface card is based ona Mmamla HEll nncm:antmller wnth
625 bytes electrically erasable read-only-memory (EEPROM), 24 programmable /O
lines (port A-C), a synchronous/asynchronous serial port and a programmable baud rate
generator 2. The 1/O lines are programmed to drive the digital control bus; the ieﬁ;l port

used to handle RS-232 serial mlerfli:e The EEPROM of HC11 can be progra

through a RS-232 port3. T,he deml:d circuit of the contmller cnrd md the pin
assignments of the controller are listed in Appendix G.

4.2.8 Control software

Figure 4.6 shows a flow diagram of the software used to control the interface card.
This program is listed in Appendix H under the file name of CNTL.ASM. After the
power up, the internal program embedded in the controller checks the mode selection bit
setting and execute one of the two possible modes: EEPROM mode or download mode? .
Under the normal operation of the controller, the EEPROM mode is selected and the
program starts by initializing all ports appropriately. Next, the program resets every
DAC to 0 voits which corresponds to a hexadecimal value of S7TFF. Then the program
jtmpointouainﬁmelonpmwmfunti;ii;; from the serial port and to execute the
are used to control the switch: SET and RESET-ALL. The formats of the two commands
are listed in Figure 4.7. The SET command reads a valid DAC address and a 12 bit
RESET-ALL command sets all 100 DAC outputs to 0 volt.

3s~ussnu~au¢-mn
uwuhuﬂnhmmfi ..




* Internal code segment
 Down. |
Ll ) program

| S

*NOTE: The direction of the execution at this poid in
dependent on the status of the mode selection pin of the
HCI11 and the serial port (See HC | manual for a
detailed description.)

YO | etugvenDAC |
| Setagiven DAC |
- with -
{ a specified value

jon flow diagram of the HC11 control program for the biasing
system



Figure 4.8 shows the switching transient of an AD7237 output and the LD pulse
measured with Tektronix 2430 digital oscilloscope. Note that a 6 mV noise voltage spike
from the digital circuit is superimposed on the output voltage during the transition of LD
pulse. This spike is of the same order as the voltage resolution of the DAC. The rise
time for a full 10 voltage output swing from -5 to 5 V was measured to be 2.8 ps which is
well within the 10 us specified.
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, eous Optical Receiver Support Circuits

Another function for the bias card is analog support: the receiver power supply
and vmual gmund In:king circuit. TD increase the i lmmumty to dngnal switch noise fmm
whlch are separatcd fmm thc dlgml power ;upplyi T'hus voltage r:gulnmr removes any
voltage parasitic transient generated by the digital circuit from the power supply of each
optical receiver.

One consideration during the optical receiver design is that the photocurrent from
individual MSM photodiode passing through the common load resistance can induce an
offset vultige on the common bus of the detector array. Figure 4.9.a depicts this
prahlem uffnet voltlle forms a :mnll bias across the nnrmally unblned detectors
circuit unddgdmiegumethz[x:compmenmfﬂecommn bunoremmnne:rov
[36). Figure 4.9.b illustrates the schematic of the virtual ground circuit, which consists of
one operational amplifier (DP-AMP) and two resistors, and its print:iple of opemmn
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Figure 4.9 The DC photocurrent interferenc(: z:n aMSM iode array. (a) The effect
of the DC photocurrent on the unbiased detector. (b) virtual ground circuit and its
operation principle.

Figure 4.10.a shows the relationship between the current injected and the bus
voltage. The virtual ground is maintained for DC injection current between 9 mA and -8
mA. Figure 4.10.b shows the virtual ground voltage when a transient current pulse is
injected into the loop. The large trace is the 1 mApp current pulse injected into the
common bus and the smaller trace is the 0.3 Vp-p transient voltage developed on the bus.
The transient oscillation on the bus voltage is caused by the capacitive loading on the
«mwnﬁndwhichmybembﬂiudbyaddin;ueﬁumimmebetwmuwwtpm
ofOP-AMPnndunbypusin;capacimabymingﬁubypauiugcap.cim.
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44 Planned Optical Assembly Procedures

A Silicon V-groove wafer is used to accurately align the optical signals from ten
fibers onto the MSM detector array. This V-groove wafer, manufactured using an
Ethylenediamine-Deionized water-Pyrocatecol (EDP) or Ethylenediamine-Pyrocathecol-
Water (EPW) anisotropic etching process developed in the Alberta Microelectronic
Centre, consists of a set of 10 v-grooves 275 um in depth. The design of the alignment
wafetwuwdiﬁedfmmmopticdﬁberﬁbbonconmctordesignedby&milKumaral
TRLabs [55). Figure 4.11 and 4.12 shows the mask for the wafer with the modifications
and a cross-section view of the groove with fibers. The dimensions of the V-grooves
dlowanopdcdﬁberwbefomediuideungmovewiﬂumai.h(edpnppliedm
the top of the wafer. Once a fiber is positioned inside a groove, the fiber is secured by
applying an optical epoxy on top of the fiber. The epoxy used is a Norland NOA-68
ultraviolet (UV) light curable optical epoxy. This optical epoxy is dispensed in a liquid
‘mw.mwmwmwwumw
o TRLabs. The unit coasists of three computer controlled micropositioners with a
Mmdm“wmﬂuwmudwsm. By
mbﬂowmdhwy.-dhmﬂoadwquﬁm.nm
amoust of epoxy can be dispensed into a precise location. Once the cpoxy is dispensed
on a fiber, the epoxy is cured by applying a strong UV light. This dispeasing scheme



ullows the fibers to be aligned individually and precisely within +/- 30 um. Figure 4.13

shows front view of a finished alignment wafer.
7.5mm

o
N

'
g 41 um

Additional

9um
Sawing line

Pigure 4.12 The fromt view of the alignment wafer

Figuse 4.13 A pictss of an sssembied aligament wafer with optical cutputs.
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After the fiber bundle with the V-groove wafer is assembled, the ussembly in
aligned with a vacuum holder setup and micropositioner. An active alignment technique,
developed by M. Veilleux in Ref.(30], ix used to align the fiber bundle with the detector
array. Two optical signals with two different modulation frequencies are launched on the
two end fibers of the bundle and the receiver output is monitored with a HP-71000
spectrum analyzer. The alignment is achicved when both signals are maximized and
equal.

In this thesis, the emphasis is on testing the performance of the core elements of
an optoelectronic processor, and the optical fiber bundle is not fixed 0 the array with
epoxy for these experiments.

In the final assembly, a drop of optical epoxy would be applied to adhere the
alignment wafer onto the surface of the detector array once the alignment is achieved.
The fiber bundle would be bolted down with two strain release poles and then the vacuum
holder would be removed.

4.5 MSM eptical Recelver

The optical receiver converts 10 optical signals back into electrical form and
amplifies the resulting electrical signal to compensate for the conversion and the optical
power split losses and the propagation losses through the system. A MSM photodetector
array performs the optoslectronic conversion for the 10 optical signals and a high gain,
the amplifier requires roughly 60 dB gain to compeasate the losses and the minimum
bandwidth of 1.2 -1.6 GHz o utilize the full bandwidth of the laser diode.

4.5.1 Original MSM Receiver Design

A S stage monolithic microwave integrated circuit (MMIC) amplifier train with
two high pass equalization stages was designed (0 achieve the desired gain and
bandwidth. The amplifier consists of two amplifier sections: a 3 stagc high gain
4.14 shows the complete circuit of the receiver amplifier with the MSM photodiode array.
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with the MSM detector array was tested with an optical output from a transmitter card.
Several problems were observed during the testing. First, the bandwidth of the receiver
was less than the predicted value. Figure 4.15 shows a receiver response which exhibits a
low 3 dB comer frequency of 00 MHz. This value is lower than the expected value of
1.2 GHz by a factor of 2. Second, the amplifier exhibits oscillations at both high
frequency (1-2 GHz) and low frequency (IMHz). Figure 4.18 illustrates the some of
problems of the optical receiver.

E-I_“Wn;iu- D w8/ rar -5.680 ¢o gai;li-

:r*l 74 ;

t B St

Figure 4.15 Two typical fnquncy mpnnu of the mmnal MSM receiver design with
various problems.

After further investigation, the high frequency instability problem of the umplificr
was found to originate from poor quality in the printed circuit board, especially on the
Mj vh. Aﬂmul:ﬂmoﬂhg mliﬁgf fe@ﬂilnluuiﬁ mbi!ity of lh: high gain
hmqmﬁqmﬂmmhfmymﬁlllngsfmndmhecmﬂbylhe
poor low frequency power supply isolation. The ferrite bead has insufficient impedanc
mm&hﬁﬁWyWﬁMMMMm;@nmﬂﬂm‘hWWﬂ
supply line. The problem was remedied by adding a large series inductance (1001H) on
the power supply line of each amplifier stage. The low 3-dB frequency response of the
overall receiver was found 1o be caused by the high capacitance of the photodiode array.
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The frequency response and the terminal impedance of a lpm finger spacing
MSM photodiode array with a 51 Q termination were measured with a HP-8753A
network analyzer. Figure 4.16 shows the scatter parameters of the photodiode array with
3, 3, and 8 detectors connected in paralicl. Based on the measurements from Figure
4.16.a, the bandwidth of the 10 photodiodes in parallel is expected to be lower than |
GHz. The lower frequency response is chiefly due to the cumulative capacitance of the
photodiode array. The value of the array capacitance was obtained from the S| |
parameters measurements on Figure 4.16.b. These capacitance values arc plotied in
Figure 4.17 which shows that the capacitance of the a single |jum photodiode is showt 0.6
pF and the substrate capacitance is about 2 pF. Based on these cupacitance values, the
capacitance limited bandwidth of a S0 2 amplifier with a 1x10 array is about 500 MHz.
Furthermore, the detector capacitance is expected 10 increase under iilumination becsuse
of the photogenerated spatial charge inside the photodiode [36). A similar |um spacing
100umx100um MSM photodiode was reported to have a 1.2 pF under a 400 pW
illumination [57).

This high photodiode capacitance posts a serious bandwidth limitation for the
processor because of the requirements of optoelectronic summing node. Unlike an
optoelectronic switch column, an optoclectronic summing node requires multiple
photodiodes operating at the same time. Each photodiode represents an input to the
and thus a bandwidth reduction. On the other hand. an optoclectronic switch column
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the capacitance of an optoelectronic switch column is not necessgnly propoman:l to the
number of photodiodes in each column. This relationship is advantageous for
implementing a large switch matrix.

This capacitance limited bandwidth can be remedied by reducing the photodiode
capacitance or lowering receiver input impedance. The capacitance of an interdigitated
MSM photodiode is proportional to the area of photodiode and its finger spacing [56):
therefore, the MSM capacitance can be reduced by using a smaller photodiode. A 75 um
x 7Sum photodiode, which is large enough to capture most the light from a 50 um core
optical fiber, is expected to have half capacitance of the current 100 ym x 100um
photodiode. Lowering the input impedance of receiver amplifier can also expand the
bandwidth of the receiver; however, the low input impedance increases on the thermal
noise input and degrades the dynamic range of the system.

4.5.2 Modified Receiver Design

The modified receiver design was intended to overcome the oscillation problem
by improving the grounding of the circuit board and by adding the biasing blocking
inductance. The amplifier and the MSM photodiode array biasing circuit are mounted on
separate circuit board to ensure testability. Also an additional termination resistance was
added on the MSM biasing circuit to reduce cable reflection on the connections and the
input impedance of the receiver. This termination resistance also decreases the total input
impedance from 50 £ 10 25 Q. This lower input impedance are expected to improve the
bandwidth of the receiver and also will increase the thermal noise of the receiver. To
compensate for the noise increase, the gain margin of the receiver is reduced and the
amplifier gain is set to be about 56 dB which can marginally compensate all the losses.

Two modified receivers shown in Figure 4.18 were built, and their frequency
responses and the noise performances were recorded in Figure 4.19. The gains of the two
amplifiers are found to be 55 +/-1 dB with a bandwidth of 1.7 GHz and 56 +/1 dB with a
bandwidth of 1.6 GHz. The noise floors are roughly -112 dBm/Hz over these
bandwidths. These noise floor values are betier then the expected value of -107 dBmvHz
which is based on a front end noise figure of 6 @B and a gain of 55 dB. Next, two 1x4
MSM photodiode arrays mounted on rotational stages used to serve as the optical receiver

3
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frequency responses of the two optical lines (i.e. Tx-Rx pair). The gain ripple is chiefly
caused by the two factors: the gain ripples of both MSM and the laser diode responses
and the long cable length connecting the components. The long cable in conjunction with
the fact that the system is not exactly matched leads to reflections and thus an increase on
gain ripple. From Figure 4.16.a, the combined responsc of a 1x5 MSM photodiode artray
and a laser diode exhibits a gain ripple of ~1 dB over the entire bandwidth of 1.5 GHz.
the noise floors of the two optical links exhibit same behaviours shown in Figure 4.19.b.
These noise floors indicates that the overall noise of the optical link is dominated by the
receiver noise as predicted in Chapter 2.
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Figure 4.20 The frequency response of the two optical links. (a) Tx#3 and Rx#1 (b)
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5.0 SYSTEM PERFORMANCE

A 2x2 switch matrix system, as shown in Figure 5.1, consisting of two
transmitters and two receivers was assembled for demoﬂurnting some al‘ the pmpogd

lnplmi-nl . ; N J 1t lowputi
S VP
Y G
Input 2| © “‘*- Output 2
: *IF IN.C. .# V
Figure 5.1 The 2x2 switch matrix system used for testing the signal processing functions

5.1 Cromspoiat Characteristl
First, the wnchm. parameter

isolation of a crosspoint was recorded at 1 GHz to be 50 dB by biasing the

V for ON and -15 mV! for OFF. Figures 5.2 and 5.3 shows the cross

measurement recorded with a HP-8753A network analyzer and HPs?lm m
analyzer. Comparing Figures 5.2 and 5.3, it seems that the network analyzer
measurement was not able to show the true isolation of the crosspoint. At the low
more but in the high frequency (100MHz-2GHz) range, the isolation was degraded down
(0 as low as 20 dB near | GHz. This low isolation is contrary to the observation with the
spectrum analyzer measurement in Figure 5.3, mmmnmmmv
112dﬂm)uflhemwerlffsumerjf,, asurement of the network analyzer at |
GHz. ﬁl:mgeﬁmmmwmmMMbmfwmm
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Figure 5.2 The crouroint isolation measurement with a HP-8753A network analyzer.
The bias conditions are (a) SV, (b) OV, (c) 12.7mV, and (d) open circuit.
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Figure 5.3 The crosspoint isolation measurement with a HP-8642A signal gencrator and
a HP-7100 spectrum analyzer

Next, the optical cross-talk between two adjacent channels was investigated by

illuminating two adjacent crosspoints with two optical signals modulated at different

frequencies. The optical crosstalk was measured by biasing one crosspoint OFF and the

other ON. Figure 5.4.2 shows the spectra of the receiver output signal when crosspoints
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are biased both ON and both OFF; Figure 5.4.b shows the signal spectra for the two
cases which only one crosspoint is biased ON. From Figure 5.4, the signal levels are
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Figure 5.4 The optical cross-talk measurements. (a) the both ts are biased ot
the same levels (ON or OFF). (b)dymmnhnﬂﬂﬂ




Figure 5.5 The experimental setup for testing the switching characteristic of the MSM
biasing circuit.

The switching characteristic of the MSM crosspoint with the biasing circuit was
investigated with the experimental setup shown in Figure 5.5. The MSM biasing circuit
was driven by a HP-8111A function generation with a rise time of less than 10 ns which
is much less than the rise time of the proposed DAC output (~2.8 us). Figure 5.6 shows
that a 100 MHz sinusoidal output switched by biasing a voltage swinging from 5 to 0 volt
at a repeat rate of 104 Hz. Both the rising and falling edges of the output signal exhibit a

leeewujuutput(—lm)n:@sllmthenthnfﬂ:h&vﬂm This discrepancy

can be explained by the saturation of the MSM response at a lower voltage than Ihe






(c)
Figure 5.6 Swilching transients measurements. (a) the bias voltage and the output signal,
(b) the rising edges of the both signals, and (c) the falling edges of the both signals.

The switching time is much longer than th. reported value of 100ns for a similar
MSM photodiode [58). Our switching time is mainly limited by the large capacitance
required for bypassing the low frequency signal (~300kHz), rather than the intrinsic
switching characteristic of the MSM photodiode. This capacitance limitstion can be
overcome by employing the high speed FET switch arrangement (58] in conjunction with
the existing hias scheme. The proposed scheme shown Figure 5.7 can provide both the
flexibility of continuous bias, and the capability of high speed switching. However, this
scheme would also require doubling the complexity of the current system.
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Figure 5.8 A block diagram of a 2-tap optoelectronic FIR filter using a direct
lmplememauun

The Gptical backplane arc—hnccmn allows the pnﬁ;esmr to have ihc. fle xihilily T
be conﬁgured into IQ lo-up trmsvgnal ﬁltgrs by dnm:lly connecting eagh Tx Rx pair
with 10 differential delay lines in parallel. To demonstrate this filter form, the test system
wus configured into the 2-tap FIR filter shown Figure1.4 with an optical distribution and
an optoelectronic summation. Figure 5.8 shows the connection of the system. Figure
3.9.a shows the responses of the system with delayed addition (Low pass response),
delayed subtraction (High pass responsc), and the responses of each crosspoint under SV
bias over the entire bandwidth. Under a 3 V bias, the crosspoints differ in response by
roughly 3 dB which is mainly caused by optical misalignments. This discrepancy
between the crosspoint responses was simply overcome by lowering the bias of the higher
response detector. After the bias compensation, a notch response of -35 dB was observed
and recorded in Figure 5.9.b. The differential delay used is approximately equal to 15 ns
(~3m in length) which corresponds to a fundamental frequency of 33 MHz. Figure 5.9.b
lﬂdFi]umSQt&hﬁwdiedﬁtﬂiled ﬁ’equency mspunmanhn lnghpusnnd bwpnss

mhﬁm 59: hvenespnme dlﬁerenceofm I dB msdmm
indicated that the responsivity of the two detectors over the frequency range has a slight
difference in slope which might be caused by the different bias for the response

The signal spectrum of a 32 MHz signal under an all-pass response (i.c. only one
crosspoint is ON) and a notch response was rocorded in Figure 5.10. Note that the noise
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this FIR implementation.
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Figure 5.11.a iliustrates the frequency response of the low pass filter with
different biases and Figure 5.11.b and 5.11.c are the calculated results of a 2 tap FIR filter
using a linear model and a non-lincar model for the responsivity-bias relationship. Based
on a linear model, the peak value of the response is not matched well with the

responsivity can be used to calibrate of the filter tap weights with the bias voltage.
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5.3 Optoelectronic IIR Fiiter

Next, the test system is configured as one pole IIR filter (or a ring resonator)
shown in Figure 5.11. An additional 10 dB attenuator is added to the signal path to
protect the laser diode from the excessive drive from the receiver output. The maximum
output of the receiver can be in excess of 5 Vp which is about 4 times greater than the
damaging drive voltage of the laser diode (~1.25 Vp). This attenuation severely degrades
the possible quality factor (Q) of this IIR filter design. In future implementations, a high
i;peed limiting diode should be added to limit the maximum input power of the

iTx
lnpul

]

f

! " .

[ ' [N
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Figure 5.12 A block diagram and a conceptual diagram of the IIR filter using the 2x2 test
system

Figure 5.13 shows the frequency response over 1.5 GHz of the IIR filter with a +/-
3 V bias on the feedback crosspoint. The reflex time is calculated to be 18 ns based on
the resonant frequency period. The peak to peak difference in filter response is about § ~
6 dB over the entire bandwidth, which is in agreement with the predicted value of 5.6 dB.
to 700 MHz. Notice that the noise floor has ,i’if,:"yldﬂnpplewl&chhm
mhmmmmmmzzzz Based oa a modified
version of Eq. 2.20 accounting for the 10 dB attenuation the upper bound on noise peaks




the peak-to-peak value of the noise floor to be 0.7 dB which matches the measured ripple
value of roughly 1 dB.
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Figure 5.13 The frequency response of the IIR filter over a 1.5 GHz with positive and
negative weights. Note the low curve is offset by -10dB.
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Figure 5.14 (a) The frequency response and (b) noise floor measurement of the IIR filter
from 500 MHz to 700 MHz

The effect of cascading switches was studied with the configuration shown in
Figure 2.7. Ammmﬂn’mwn tested with the 2x2 switch. Fim.lhenaile
5.18. ﬁmF@mSlSAhMﬂmﬂhe&cdﬁgmummmﬁlyadﬁ
above the single stage case. This 3 dB noise increase seems to indicat that the cascading
noise has an additive behavior, but this study is not conclusive due to the limited number
ﬁhmymiﬁm;mm&mm?msub TI:B
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5.5 Optoelectronic FIR Fiilter (Reflex Implementation)

Finally, an attempt to test the reflex implementation of the FIR filter was made.
Implementing the reflex FIR filter shown Figure 2.8.a would require a minimum of 3 Tx-
Rx pairs. Due to a shortage of Tx-Rx's, the first stage optoelectronic signal distribution is
replaced with an electrical distribution which consists of a 1-to-2 electrical power splitter.
The effect of the additional optoclectronic distribution stage can be estimated by
cxamining the results from Section 5.4. From Section 5.4, the major impairments of the
cascading stages are on the noise floor and the gain ripple. The noise floor does not
greatly affect the filter performance but the large gain ripple is expected to distort the
overall reflex FIR filter response.

m
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Figure 5.16 Abhkmmﬂlmmmwafdgmﬂexmﬁlmrmh
2x2 test system

Figure 5.16 shows the block diagram of the modified reflex FIR filter. The
responses of the two paths are within 0.5 dB which is an improvement over the response
from Section $5.2; this improvem ot is » result of an improved optical alignment. The
high pass and low-pass are similar to the results from Section $.2. Figure 5.17 shows the
ﬁw nqu- pons ﬁfhﬁiﬂhﬁﬁﬁidﬂm ﬁli’yaflfﬁﬁi Nmﬁnm-e

uhmmnsmnmm Ajﬁ ﬁmhgﬂnwofﬁ:mhm
iffected by the filter response or the crosspoint setting. The noise is still dominated by
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(c) _
anuteSl'lIlghnhFulow ass, and all pass responses of the reflex FIR filter (a)
“over 1.5 GHz, (b) from 300 kHz to 200 MHz, and (c) 1300 MHz to 1500 MHz.

In general, the response obtained by using two different transmitters to generate
optical signals has no significant difference from the results generated by using one

ripples observed from the casca

ing stages in Section 5.4.



6.0 SUMMARY
construction ,af a s:gnal processor usmg an optmleetmmc iwmh matrix nnd n}plueahle
optical fiber delay lines was presented. Second, signal processing applications of this
processor were demonstrated. In this chapter, the primary results of this thesis are
summarized and a brief discussion of future work is presented.

The proposed optoelectronic signal processor consists of a 10110 optoelectronic
switch matrix and 10 replaceable optical fiber delay lines. The overall processor is
organized into transmitter and receiver modules. These modules are connected together
via an optical backplane housed at the back of the transmitter module. This backplane
allows different processor configurations other than the square matrix form.

The transmitter module is organized into 10 transmitter cards. Each transmitter
card houses a laser diode, an optical power distribution network and an optical fiber delay
line. Ten transmitter circuit cards were built and tested. The modulation bandwidths of
these transmitiers were measured and varied from 1.1 to 1.6 GHz. The dynamic range of
a transmitter was recorded up to -131 dB/Hz. A low frequency fluctuation of the AC
outpmievel wnahervedn#—ﬂﬂdﬂmaxmpeﬁd Thunifmﬂiyoﬂh:

m@ﬂmmwﬂmm“mmmlzy-os
Ei

Themeivermlehlhommdmmmnmm En:hmivercird
mmofmi, rammabl

mnmmm An addition Qm:rdhrc-diumdm
ﬂhwlhaexmdwurﬂmm:heﬂuhjm Functionally, the receiver
mmummmhmwhmmm
mﬂﬁﬂulyn_hm#ﬂlnkmtmlhreﬂﬂ 100
spendently addressed 12-bit DAC's. The MSM bias system was successfully buikt and
nﬂ. ﬁmmﬁhllmw“mﬂnwiﬂ-ﬂ
and a 4 mV resolution for controlling the resprisivities of the 100 MSM photodiode
crosspoiats. 6 mV) voltags spikes were cbesrved oa the voltage outputs during the




switching transition. These spikes are expected to be removed from the bias voltage by
the biasing filter on the MSM optical receiver circuit. The rise times for these voltage
source are measured at about 2.8 s for a full scale (10V) voltage swing. These rise times
are too slow for high speed switching application but sufficient for most signal processing
applications.

Ten MSM optical receivers were originally planned for the processor. The
original opticsl receiver design experiences both stability and a unexpectedly low
bandwidth problems. After further investigation, the stability problem was found to
originate from the poor quality of the amplifier circuit board; the low bandwidth was
caused by the high aggregate MSM detector capacitance. These problems were
temporarily solved by modifying the amplifier design. The two modified amplifiers with
a gain of 56 dB were tested to have bandwidths of 1.7 and 1.6 GHz with +/-1 dB gain
ripple and a noise floor of -112 dBm/Hz. The overall performance of the optical receiver
with optical input from the transmitter module were measured with bandwidths of 1.2
GHz and 1.3 GHz, and noise floors of -112 dBnvHz.

6.2 System Performance
Based on the two optical receivers and transmitters, a 2x2 switch matrix was
assembled for testing different signal processing functions. First, the switching
characteristics of the crosspoints were tested. The isolation of the crosspoints, and the
optical crosstalk between the adjacent channels were kss than -50 dB. The switching
time of the crosspoint was tested to be about 1 ys and was limited by the biasing circuit
Next, the network was configured into three different filter forms: a direct
jen 'igzmm:mmm-mxmm The frequency respoase

Finally, the effects of cascading stages on the system performance were
h\m*” Thnﬁniﬁanm s minmnm ﬁlﬂﬁw' hliﬂiﬂr




6.3 Future Research Directions
future efforts:

1. The improved design amplifier must be designed with more stability and
improved matching characteristics and manufactured with more
consistency. This would allow the demonstration and large scale
multistage system.

2. complete the overall system.

3 Once the larger system is completed. the effort should be focused on the
study of the adaptive signal processing with the processor. The time
fluctuation of the system gain could be a limiting factor on the adaptive
system performance.
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APPENDIX A THE REQUIRED GAIN CALCULATION FOR THE
MSM OPTICAL RECEIVER AMPLIFIER
In this section the expected signal level and the required power gain for the
receiver are determined.

L I

MSM detector array

Figure A.1 The input circuit of the MSM receiver
Figure A.l shows the equivalent circuit for the MSM front end stage with a
common load. The photocurrent of the MSM array is given by

Ipn(p) = Ruusia(PXMIXILWN .

where lonp) is the peak photocurrent, R is the responsivity of the detectors, P, is the
average optical power from a laser, Ml is the modulation index of the intensity modulated
signal, and N is the number of fully ON detectors on the array. The number of fully ON
detectors is dependent on the application. For example, only one detector is turned ON
at a time in a switching application; on the other hand, for an optoelectronic weight
setting and summation application more than one detector is sensitized at a time. For
most filter designs with an unity bandpass gain, the sum of the tap weights is equal to or
less than one. We assume that only one detector is fully on at any given instant. Based
on N=|, the maximum peak photocurrent, Ipn(max). is given by
'pﬁ(ll!i) = RHSHF”L

(A2)
ﬂnAanimbaofﬁthdnunpfm:OlﬁmO!Wwﬁ:hn
typicdoftheteuedsmlu Theavempopicnlpawern:hun&mw Tbem

-dZﬂexceuinlmooathespliea. Bunlanhievﬂuﬁ.ﬁeﬁf tocurrent is
found 10 be /pppax) = 2.53%107° ¢+ 3.16% 107 A, mmmmﬂﬁ

receiver amplifier is given by

(AJ)
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where Rin(eq) is the equivalent input impedance of the receiver amplifier. Assuming an
input resistance of 50 ohms, the maximum input power is 16.0 <=> 25.0 n W. The
expected output level of the receiver is about 10 dBm which satisfies the requirement for
a 100% modulation index for the laser of the next stage. With a maximum input power
of 16.0 <=> 25.0 nW and a maximum output power of 10 dBm, the required gain is
estimated about 58 <==> 56 dB. The overall gain is set to be 60 dB for the receiver
amplifiers.
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APPENDIX B: IMPAIRMENTS OF MULTISTAGE
OPTOELECTRONIC SWITCH NETWORKS

When an optoelectronic (o/e) switch network uses multiple cascading stages, the
signals suffer from additional signal degradation. This degradation will determine the
number of stages that can be cascaded before the signals require regeneration (in digital
form) or are rendered useless (in analog form). The major sources of the degradation
caused by cascading the o/e matrix are individual stage bandwidth reduction, noise
accumulation, and cross channel interference from non-ideal crosspoints and also electro-
magnetic crosstalk coupling. In the following section, the effects of these factors are
discussed and analyzed.

In the following analysis, we assume that the individual stage can be modeled by
a lincar time invariant first order low pass filter and that the noise sources in the system
are additive in nature. The frequency response of each stage, H(f) is described by

«—Ho
H() T B.1)

where Ho is the DC response of a stage, . is the 3dB corner frequency of the individual

stage, and f is the operating frequency.
First, we consider the effects of bandwidth reduction due to cascading stages.

Since the system is first order and linear time invariant, the response of multiple stage can
be represented as

N
Hy(f)= [1H,(f)
in] (B.2)

where Hi(f) is the frequency response of each individual stage and N is the number of
stages. Assuming all stages are identical, Eq.(B.2) can be rewritten as

oo
Hy(f) [(l-o-jf /fc)]~ ®3)
The 3dB comer frequency of the overall network, f' can be determined by solving
fwcsef’ =o.5+lpwcof ®@4)

The effect of cascading stages is to increase the order of the system to N. The 3 dB

comer frequency of the overall network is reduced by a factor of W; r or the 3dd
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corner frequency of an individual stage must be expanded by a factor of -

order to maintain the same corner frequency This bandwidth reduction will have an
impact on the noise performance of the system.
The noise effect from the cascading stages can be analyzed as a series of noisy

Single stage noise model

" SNR, SNR, : _ | SNR,
o Ny -9 @ 00—
N N1 Ny

Multistage noise model
Figure B.1 Noise models of a single stage and cascading stages
Each stage consists of a noise source cascaded by a low pass filter with a comer
frequency, fc. In general, the signal-to-noise ratio (SNR) of a multiple identical stage
system with unity gain is given as B
SNR,, = SN R%, (B.5)

where SNRy, is the SNR of the overall network, SNR, is the signal-to-noise ratio of a
stage, the SNR of a multiple identical stage network can be written as

SNR_ = (B.6)




where SNR; is the SNR of the ith stage and K; is the noise bandwidth reduction factor.

For cach stage, the SNR is determined by
SNR = §nm
No (B.7)

where Spmax is the maximum available signal power and N is the noise power which is

given by:

- f S,
“fi+(s15.)

where S, is the noise power spectral density of the noisy source. Since the noise of the

pervious stage is treated as signal in the subsequent stages, N, is reduced by the low pass

filter action of subsequent stages. This reduction is given by

. l df

J 3
K, =;..l+(f:fC) (B.9)
7 df

-I-l+(f/fc)

N, ] df (B.8)

0 12 14 16 18 20
Cascading Stages

Figure B.2 The SNR behaviors as a function of number cascading stages



different output filters. The first case, we assume the output filter is modeled with a
square box filter; therefore, the bandwidth reduction factor is always 1 and the overall
SNR is behaved according to Eq.B.5. In second case, the model stages are simply

connected in series. The SNR is decreased slower than the first case because the noise
1

bandwidth is reduced by the factor of - = a8 the number of stages increases;

however, the signal bandwidth is reduced by the same factor as a result. The third case
reduced due to cascading stages. In this case, the SNR is decreased rapidly as the number
of stages increases.

Another source of signal degradation for the multistage network is the crosstalk
between channels. The crosstalk in each stage can be estimated by

CP=ER* Sy *(n-1)
(B.Y)
where CP is the crosstalk signal power, ER is the extinct ratio of each crosspoint, and n i
the dimension of a single stage. Since crosstalk is simply an undesired signal, the noise
bandwidth expansion has no effect on crosstalk and the cumulative crosstalk for a N stage
network is simply the N times the single stage crosstalk
CP,=CP*N (B.10)

However, if we consider the fact that the multistage network can reduce the dimension of
the individual stages, the effect of cumulative crosstalk can actually result in an
improvement over a single large network. For example, a 100X 100 single nctwork
generates a crossialk of ER*Smax*99. On the other hand, a 3 stage Clos network with
30 10X10 sub-matrices generates a crosstalk of ER*Smax*27, which is = 3 times
improvement over the single large network. This improvement is dependent on the

The effect of multistage o/e switch networks on the performance of the system
nwmmnmugmmmw. Based on a first order

systems, similar noise bandwidth expamsion can be observed but with a different
expansion factor. The noise performance of a multistage network suffers in twofold: (1)
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noise accumulation through stages and (2) noise bandwidth expansion. Finally, the effect
of crosstalk in a multistage system was studied. The multistage system seems to have an
advantage over a large single stage system in term of crosstalk performance. The
combined cffect of a multistage network is dependent on the network structure as well as

the crosspoints involved.



APPENDIX C SIMULATION MODEL FOR THE SYSTEM
PARAMETER VARIATIONS

This appendix contains two simulation programs for modeling the effects of delay
time and Tx-Rx pair frequency response vanations on a 20 tap FIR bandpass filter. The
first program simulates the effect of the Tx-Rx pair frequency response. The frequency
response variations are modeled by a simple multiple pole low pass filter with random
frequency response. This program consists of five files: complex.c, complex.h, main.c,
model.c, and model.h. Complex.c and complex.h are the complex number library for the
program. model.c and model.h contains the routines for calculating the filter weight and
for simulating the random fluctuation of the Rx-Tx. main.c contains the main routine of
the program. First, the program reads the simulation parameters, such as bandpass filter
and order of the response, from the console and passes these parameter to model.c for
setting up the model. Then the program repeatedly calls model.c to calculate the FIR
bandpass response. The frequency response of the model is randomly fluctuated
according to the setup parameters. Finally, the statistic of the output response is gathered
and printed out on the console.

The following are the listing of the frequency response variation program:

Listing C.1 main.c (for Tx-Rx pair frequency response simulation)

cudio h>
<o b

l}i

»

Giashede “ Py

Odofine 10

presd el

Odefine Ovder
Lower_cermer 0.2
o

Pne $

"

1



[ comrm incremmnine B, i), ,
priaal” oed for randar penerstor = B 0. wed),

{_wpll, kewnp).
BN = MIOAp. T eig | % Fp i*reap 1.
feadl

—

F
r’_ﬁlﬁ"i‘it eragne’),

", mbin{i}+var(i), fabsimaan!i|-var{i)), ideal(h).



) worghna{tape/l] = (uppet - lowen /0 8,
) el " )

woights{ g/} - 1] » woightaluge/] + i) =
m:z:; 0%i* uppar FiTﬂ? ﬁ:i‘lﬁniﬁn.

)m Um0 wtapa ivs)
Primtie & r\n o weighiali),

-, )
of (1_imid == 0)

I
et _wan01,0 25, 10,10
]

St (il 'sConrss so+)
o_del_mapil.. ho_mplil).
' o_del_rep(l.i.As_rewpli)).

map-st = 0.0,
gﬂ:ﬂ.ﬂ‘.

?lﬂ;'ﬁﬁ—-ml
) wapl 1= 00,
gh =80

-

i_senpll, ﬁl P vap ivesep rivap 1)),




\ o_dol_rowpil .00 _rewplil),
map-»f = 00
::-ﬁ =00,
F (4mD).s e oare bat)
mipl r=00.
! =00,
7- (u0)'sFimm jo-s}

o e A M

i

vaid sow_Rla();
prisni“fiber_in B Be % T 0", lower, uppir. . W),
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void init_ta_ri();
o (ta_ra_imit mm 0)
: ﬁ;n!‘lahmsi,'!‘-l spans | O, lowar frquency=1 0. o der= 1),
!“'WJWJ'*?H!
for {in0.i'sCagree 1+-+)
Blr_Rlil)) = dranddb(*froq_spen + lower_frey,
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vind )
wﬁm
voud updae _stai()
voud 1mt_ wan(),
vond [_reapt),
voud 1R _ra()
vied e_del )
vind new b
vind o_del )
vaud fileer » )i
void imke_ta_ra() L
Listing C.4 Complex.c
Siacluds “complex ©
. e
void Caddla, b, c)
?-.ln *s, %, %,
€3¢ & 8-2060->¢,
- 8 8- 300>,
}
vosd Crublab.c)
70”&! %, %%, %,
€20 = 8-30-b->1,
; -2 ® & »i-b-2i,
void Cdiviabs)
:wh *a %, %,
double 1, dow;
l" (fabe(d- 2¢) >ofabe(d-24))
r = b-200->¢,
€om = B> ¢ 1°->4,
C-3¢ & (0->004°8-2iYdon,
-3 ® (8-5i - rP0->0)Mden;
) olee (
ra b33,
e = b-3i ¢ 1°9->r.

)
L‘Mlc)

-3¢ ® (a-20% ¢ g->r)dom;
¢->i 8 (3-3i% - o-20Wden.

r-h %a %, %.
€3¢ & 8- 20°%-3¢ - 8-3{°0->4,
. €->4 & 8- 24%-24 ¢ 8-3i%->¢,
vaid Complonise, im, ¢)
ruhn.wc‘c;
s,
o= im
LQUM)
7*'6;
) somn{agiie-24%c-2iec->¢%->¢));
veid 8)
nanilty
30 . C-2p;
) i = od;
vaid Cagotts, ¢)
r*‘c.’c.
donble
'. 88 (33 =00
i LT ]
hobu { & o faba(a->e);
® fabale->l).
@rey)
re g,
ot { w © aPURagd. 95| Soagall Sor®ri)
v oty o8 eagal Soror;
Lh-:o-‘ﬂ

114



Yelee {

)
}
vord RCowakin, 2, €)
?uublc 5. complen *c. °2,

- m a%2.3,
C-> 8 %22,

}
voud RCdiv(n. 2. ¢)
double 2

?mplu"c. bt B
- ®gr/a,
cMmgM/n,;
}
voud Ceaplaz. ¢)

compler °¢, *2,
{

double r,
t = enp(z->r),
C->i = rosin(z-»i),
€->¢ = r*cas(2-»4),
}
void Cmovels, ¢)
comples *1, °¢,
{

C-3¢ ® 237,
C->4 » g4,
}

oM aw
oo e %),

R R AT TR LT UL T
v e 2/ (200 m),

Listing C.S Complex.c

typodef sruct COMPLEX (double ¢, 1.} complen,

ontorn void Cadd().
extorn void Coub();
sxtore veid Cdiv(),
ontorn veid Cmul().
entora vaid

ontorn doubls ]
onters veid |3
ontern veid 3
ontere veid 3
ontorn veid ROEIV().
oxtorn void Ceng():
ontorn veid Cmove();

3

Listing C.6 An example of input data file

<sfaguency spen

;.

i
lll
fl

The second program is used to model the effects of the delay time variation on
the FIR filter response. In this version, Lic varistion parameters are a pant of the
programming code. The variable for determining the time fluctuation is ‘delta’ in
model.c module. After every modification, the program is required to be re-compiled.

This program also consists of S files: model.c, model.h, main.c, complex.c, and
complex.h. Only two files, model.c and main.c, are different from the first program.
The following is the listings of the two different files:

Listing C.S Maia.c (for the delay time simulation)

1S



primal” M‘. ), ’
" caares insvomsan=fii\n", Coarse)
) var, Num_Samples);
&= ) 0N ;
for (in®, i s hee) (
for (jab; ! o) |
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"),
: M%  hoe) {

ry
W‘\ moanfi}ovar{i). moan{i)-varii], ideait);
B )

Listing C.8 Model.c (for the delay time simulation)
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void o_del_reap().
[} ¥
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owir, uppar, Coarse*Fine, waigh),
lﬁ(,!ﬂ.l'—.li-ﬂ
o_delay(i] = (double Xi*m),
h(j-ﬂg'mgﬁ)
_delayl)] = (doublex)),

)
vuni_ill T ]
[ _raapll, i, ewp
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mqbi, *reap;
doublsr,
double dranddil),
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Appendix D The Detall Transmitter Circuit Diagram

design of the transmitter card. 7

{
o

-+ 5'Volln

0F

Flle: OES TX Schemalic-01A

er circuit diagram (1 out of 5)

120




Figure D.] Transmitter circuit diagram (2 owt of §)
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Figure D.1 Transmitter circuit diagram (S out of 5)
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Figure D.4 The layout diagram of the Bias/RF inscrtion unit
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Figure D.S The printed circuit board design of the Bias/RF insertion unit
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APPENDIX E LASER TRANSMITTER OPTICAL MEASUREMENT
SETUP AND RESULTS

E.1 Frequency Response Measurement Setup
The setup for characterizing the dynamic response of the laser transmitter is
shown in Figure E.1. The center of the setup is a high speed GaAlAs/GaAs PIN
photodiode, Ortel model PDOS0-OM. The photodiode is connected to a dc voltage
supply via a Picosecond Pulse model 5575A biasing tee and the output from the diode is
fed to one of the ports of a HP-8759A network analyzer with a HP-85064A S-param
test set. The other port of HP-83046A is connected to the transmitter to modulate t.he
laser diode. The optical output laser is collimated and focused into the PIN diode with a
two x40 objectives. The S;) response is recorded with a HP-7475A plotter. The test
conditions of the ten transmitters are listed in Table E.1; the test results are shown in
Figure E.2.




8 12 7 _ 617
, } L 1.36 64.0

1o 13 89

response setup. The network analyzer is replaced with a HP-7000A spectrum analyzer
and a HP8753A signal generator.

[N

- HP8T9A[ - T o
HP-70000 Spectrem 1 HP-7475A |
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Appendix F The Mechanical Drawings and the Assembly Diagram of the
Transmitter Card
This appendix contains the mechanical drawings and the assembly diagram of the
trunsimitter card.
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Figure F.6 Fiber holder top/bottom design
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Appendix (; The Circuit Diagrams of the Receiver Module.
This appendix contains the circuit digrams and printed circuit board design of the

receiver module.
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Figure G.2 The circuit of the recciver card (1 out 6)
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Figure G.2 The circuit of the receiver card (2 out 6)
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Figure G.2 The circuit of the receiver card (3 out 6)
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Figure G.2 The circuit of the receiver card (4 ot 6)
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Figure G.2 The circuit of the receiver card (5 out 6)
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Figure G.2 The ciecuit of the receiver card (6 out 6)
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(a) wiring side

(b) component side
Figure G4 The ciecuit boasd masks of the receiver card



APPENDIX H HC11 INTERNAL EEPROM PROGRAMMING
PROCEDURES & RELATED HC11 ASSEMBLE PROGRAM
LISTINGS

During the development of this project, a technique was used to program the
internal EEPROM of HC11 controller which locates in the memory space of $B600-
B7FF. The code to program the EEPROM is provided by Motorola [$7] and is listed in
List H.1. This code segment is incorporated into the programs, and EEPROIX.ASM, to
program the internal EEPROM of HC11 using Motorola HC11EVB evaluation kit and
the interface card, respectively.

. unoo mhmdmmAh-EEﬁ(m

novd in stack poist Y
'lqu Acc A = new costest of the EEPROM location
. Q"""'“"‘"":E’mmf
: Y -mmaumm
* modified: (Y)
EEPROG ?J .
AA PRROG. X
STAB Y
INC PPROG.X
LDS mi0 10 ms delay
LU m
WAIT2 DEX _
BNE WAIT2
pac PPROG.X . st the Ernes Wit on FFROC
tlln.l PPROG.X

The setup to program HC11 using a Motorola HC11EVB evaluation kit is shown
in Figure H.1.a. Once the connections are secured, execute the following steps to
program the EEPROM:




10) Type "stype <CR>" and ' “xvfﬂ file name).»19 > com|:" to download the
target program into the EEPRO

1";“' l nrest Ry 20 . o
HCILEVH ‘ Serial C“,:,?,,ﬂh,,
card SRR <
, o PC
pn ? Wull modem caole
Figure H.1 The connection for the EEPROM programming setup with HC11EVH.
The following listings are the assembly programs for programming the HC11 and
for controlling the interfacing card.

Listing H.2 EEPROGIX.ASM (for programming the EEPROM with the HC11EVB)

o Thes hﬂi!iﬁﬁihﬁhhmﬂu *

= § wcond e or ) *
'bd‘m“-hﬁ‘lh“h - :
‘lﬂiﬂaﬁi--ﬁiﬁhﬁhﬂ .

.
]
] ]

L

35 i

0§ il

Lk SCCRIX



LOAD

LOADY

.
LOAD1

LOADIA

WAITI
DATAPOLL

LOADIE
LOADIB

BNE

ESY SgRTRER SENNCERLENN 3 ByGEe BEBGE FODBEANBRRGECRNGEE

Readt ot
EFOPT

REAIC
(33
10AD
REAIN
[d
LOAM
(24

LOAD
RDBYTE

(2]

CETADR
RDBYTE

WAITI
LASTRYTY:
MASK

SR LR
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, i Al "
HEXNUM ANDH i

]

PR B .
1.DAA "k
CPY SCUNHIG
HNI PRONGA

% ]
PHINIA W5l PRINIRAM
LDAA LT
(1] PROGRAM
CPY SCONFK)
BN FROGX
LLAR Y
PHOGX PULA -
BRA LOADID
]
PROGRAM FQU s
STAA PPROG.X
: Y
INC PPROGX
LIX [ ]
WAIT2 %X
AN WA
[T e PFROG.X
Cik PRROXG. X
RTS
END
Listing H.3 CNTRL.ASM (For controlling the interface card).

(FOR DWOM BIT)

PEEECRf 3% SrgksEEszEns

-
-
-]

§iZ8 25 5




* GFT _MFS5 . READ AND ECHO A (MAX 6 CHAR) MESSAGE FROM
: THE SERIAL RORT

* mruT X- uu SPACE FTR
- BUFFER SPACE (6 SPACE LONG)
‘DUTH'T 1=l'FFEm DATA

QEI‘MESS Cl "R
GMI

BRCLR SCSR.X RDRF * »
LDAA SCDATX UETDATA
STAA SCDATX HOINFUT DATA
STAA 0y -
CMPA on JF CHAR == 0L, RETURN
BEQ aM2
INY
oM . JF SCHAR == 6, RETURN
BNE oMy
) LDAA R

amz2 STAA SCDAT.X
BRCLR SCAR.X TORE *
LDAA "aF
STAR SCDAT.X

o

: INIT_SC1 - INITIALIZE SERIAL PORT
L
:WWTFU’ T NONE (BUFFER)

INIT_SCI  EQU .

* ENABLE HOST PORT (THIS STEP IS ONLY REQUIRED
. (HTHEEVH BOARD ONLY )
LDAA FF
* FUT MRT D [N WIRE OR MODE o
MEY SFCR.X $20
* ENABLE 3-BIT TRANSMISSION
LDAA nie
SOCR1.X

. mgjmnﬂtmnmmvmm
* BAUD RATE as %300

LDAA “ha DIV RY 1)
STAA BAUD.X
* RECEIVER & TRANSMITTER ENABLED

LDAA

‘i'lﬂ' X - MO SPACE PTR

'-'I’_DAE READ THE ADDRESE AMD DATA MROM THE BUFFER
AND SET THE DAC PORT ACCORDINGLY .




SD}

ASLA
ASLA
ASLA
ASLA
STAA BUFF
LDAA BUHK2
ISR _HEX
acs DI
ADDA BUSFF
STAA BUFF
LDAA BUFFe3
1SR GET_HEX
[ e ] DI
STAA DATA«I
LDAA
1SR GET_MEX
aCs [ )]
STAA BUFF
LDAA BUFF+S
R GET_MEX
BCS DI
LDAA
ISR WR_DAC

s TS

GET_HEX CMPA
LY GHI
CMPA (2 d
nY an2
CMPA A
BLY [« 1]
COMPA
BT O3
CMPA A
LT [¢ 1]
CMPA r
[ 14 [+ ]
ANDA [ L3

[¢ 1] WA #A-10
Qac
[ 1t ]

a2 SUBA ”
ac
(31 ]

(¢ ] 8C
11

.
:m-vmnmumm;ummm.

* BPUT: X - YO SPACE PTR
. ATA) - DATA WORD
4 ; NONE
WR_DAC STAA FORTB.X
LDAA DATA
% PORTAX WR_MT
Ul PORTAX WR_BIT
w‘ TAsE
e PORTAX
AR PORTAX
g2 PORTAX \DMY
E a;uwm
RS
:n.w-mmucmmuvm
* BIFUT: X - VO SPACSE PTR
. TA) - DATA WORD
*OUTIUT.
M DAC QR DATA
0
DATA+!
ant DAC

BEPEE

154



APPENDIX 1 THEORETICAL CALCULATION OF THE
RESPONSIVITY OF GaAs MSM PHOTODIODE
First, the light is assumed to be totally absorbed within the epitaxial layer;
therefore, the absorption depth is not considered. The internal quantum efficient ix the
rate of charge carrier generation per optical power and is given as:

eA
= ¢ = l. 1.
M /T hc ¢

With a wavelength of 780 nm, the internal quantum efficient is calculated to be 0.629
A/W. The responsivity of a MSM photodiode is less than the internal quantum efficient
due to both the shadowing effect of the electrodes and the optical coupling. Form Figure
L1, the electrodes cover a portion of the detector surface and reduce the responsivity with
the ratio o, pen and covered areas. This ratio is given by

s

Ratiogpeq =
sS+w (1.2)

where w is the finger width and s is the finger spacing. There arc two possible interfaces
between the optical fiber and the MSM photodiode. First, an air gap is leave between the
fiber and the MSM surface. This arrangement leads to two reflective surfaces. The
coupling efficient is given as [42)

Neoupling = (1 - ,dr-ll&“ xl = *ﬁbﬂ-a&r)

.[,-(M)’ ,-("L-_':&]z] @

RGeas + Ngiy Rair + Mgy,

where n is the reflective index of the material and R is the reflectance at the interface. In
the second case, a reflective index matched material fills the gap between the fiber and
the MSM surface. In this case, only reflective interface presents and the coupling
efficient is given as [42)

Neoupting = 1 = RGans- pber

2
= ]| Rosts ~ Rpeer (1.4).
ﬂ“".'n”

The responsivity is given as the product of Egs. (1.1), (1.4), and (1.2) or (1.3)
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R= Ninernal - Raﬁaarm ' ncanpling
(1.4).
The constants and the material parameters are given as following table
Table 1.1 The material parameter for MSM responsivity calculation
_Symbols |  Value Unit_
_h 6.626¢-34 Js
¢ 3.000e8 7 m/s
AGaAs 34 e
| 10 L
Nabg 13 _ s
The responsivities of 1 um and 3 um detectors with the two different interfaces
are calculated and listed in the following table
Table 1.2 The MSM responsivity with different finger s
With index matching
0.4 AW




