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ABSTRACT

The technology of optical-fiber systems is advagaiapidly. Parallel to the
development of long-haul telecommunication systenthe gigabits per second data
rates operating in the long-wavelength region ewlde penetration of optical-fiber
systems in local area networks, video trunking distkibution, sensors, etc. These
diversified applications impose different and ofteonflicting constraints on the
optical receiver. The weakest signal level deteadiat the front-end receiver and it
should be improved by appropriate design. The aptinteceiver performance can
be achieved depends on the devices and designideesnused. This project re-
examines the optical receiver design using sevathod which is applying the
basic transimpedance amplifier, cascade transinmoedamplifier and multiple gain
stage transimpedance amplifier method. The recearaplifier design will be
simulate using existing Software such as P-spiceMiero-Cap, and then the design
will be fabricated as a prototype circuit. Cascadansimpedance Amplifier method
achieved 4.568MHz for the cutoff frequency, whileet Multiple Stage Gain
Transimpedance Amplifier method achieved 4.4956MHansimpedance Amplifier
using BJT transistor method with a cascade commeciind feedback structure
technique achieved the objective of project to eshahe bandwidth for front-end

receiver in the range of approximately in Giga Eevhich is 1.189 GHz.
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ABSTRAK

Teknologi sistem gentian optik kini semakin berkamdp pesat dari hari ke
hari. Selaras dengan perkembangan sistem komurjiad jauh yang mencapai
kadar data gigabit per saat dalam komunikasi sanaststem gentian optik kini telah
mula menembusi rangkaian kawasan tempatan, salidaa, pengedaran, pengesan
dan beberapa teknologi lain secara meluas. Kepalragplikasi telah menimbulkan
pelbagai masalah teknikal dan konflik dalam penaraptik. Penerimaan aras isyarat
yang lemah pada penerima hadapan perlu diperbailgah rekaan teknologi yang
lebih jitu dan sesuai. Keupayaan penerima bole&pdicsecara optimum bergantung
kepada peralatan dan rekabentuk teknik yang digamaRrojek ini akan mengkaji
semula rekabentuk penerima optik menggunakan bedd@aedah seperti penguat
transimpedan asas, penguat transimpedan lata degugtetransimpedan pelbagai
peringkat. Rekabentuk penerima penguat ini disisiutaelalui perisian seperB-
Soice dan Micro-Cap sebelum difabrikasi kepada litar prototaip. Kaednguat
Lata Transimpedan telah mencapai 4.568MHz untukof€drequency’, manakala
kaedah Penguat Pelbagai Peringkat telah mencag@56MHz untuk ‘cutoff
frequency’ . Penguat Transimpedan yang dihasilkemggunakan transistor BJT
dan penyambungan latacagcade connection) serta teknik struktur suapbalik
(feedback structure technique), berjaya mencapai objektif untuk meningkatkanakad
jalur lebar penerima hadapan supaya mencapai fneku@iga Hertz iaitu 1.189
GHz.
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CHAPTER 1

INTRODUCTION

1.1 Project Background

The emergence of fiber optic and free space optics (FSO) technologies nowadays has
made it as a base in the communication field, replacing the electrical transmission
medium. This is because of the demand for higher speed and wider bandwidth in a data
communication network. If the fiber optic and FSO system had a bad configuration of
optical receiver, it will cause the system to be slow, noisy and a lot of disturbance. All
potential disturbances and noise can be addressed through the appropriate network
design and planning. The weakest signa level is determined at the front-end receiver
and it should be improved by appropriate design. The optimum receiver performance
can be achieved depends on the devices and design techniques used [1].

A good sensitivity and a broad bandwidth will invariably use a smal area
photodiode where the aperture is small. However, free-space optics requires a large
aperture and thus, the receiver is required to have alarge collection area, which may be
achieved by using a large area photodetector and large filter. However, large area of
photodetector produces a high input capacitance that will be reduced the bandwidth.
Typical large photodetection area commercia detectors has capacitance are around 100-
300pF compared to 50pF in fiber link. Hence, techniques to reduce the effective detector

capacitance are required in order to achieve a low noise and wide bandwidth design.



This project aims to use Transimpedance Amplifier using BJT transistor with a cascade
connection and feedback structure technique, to enhance the bandwidth for front-end

receiver, due to successful storey using this technique by various researcher.

1.1 Problem Statements

The weakest front end means that is too noisy and too slow or both. The performance of
the optical front end receiver has a significant impact on the overal optical system
performance .In order to reduce shot noise in the detector due to ambient light an optical
filter is required, whilst the preamplifier should allow shot-noise limited operation. The
signal level in an optical receiver is weakest at the front end of the receiver due to the
photodetector capacitance. In addition, there are high path loss and background noise in

the environment system.

A fundamental requirement in the design of an optical receiver is the
achievement of high sensitivity and broad bandwidth. There are several basic
configurations such as low-impedance voltage amplifier, high impedance amplifier and
transimpedance amplifier. Any of the configurations can be built using contemporary
electronics devices such as operational amplifiers (Op-Amp), bipolar junction transistors
(BJT), field effect transistors (FET) or high electron mobility transistor (such as
CMOQOS). The receiver performance that is achieved will depend on the devices and
design techniques used. In this project presented several techniques to broaden the

bandwidth and maximize the receiver performance.



1.2  Project Objectives

The objectives of this project are as follows:

a) Toimprove front-end receiver performance and enhance the receiver bandwidth.

b) To design the receiver amplifier with the bandwidth enhancement in the range of

approximately in Giga hertz using existing Software such as P-spice and Micro-Cap.

¢) Todevelop and fabricate a prototype of the designed receiver amplifier.

1.3  Project Scopes

This project focused on the concept of fiber and wireless optical receiver amplifier
communication. The circuit will be designed to meet the objective of having a receiver

with bandwidth enhancement capabilities. There are several scopes for this project:

a) The main scope concentrates on this project towards the front-end receiver in ared

box, refer to Figure 1.1 below which contains only preamplifier circuit.

b) There are several methods proposed in designing the front-end receiver for this
project to improve receiver performance and bandwidth enhancement to perform
high gain-bandwidth which are the basic transimpedance amplifier, cascade
transimpedance amplifier and multiple gain stage transimpedance amplifier. The
simulation results for each technique will be compared where the best performance
receiver for wider bandwidth and high gain is chosen to be fabricated as prototype.
The proposed design will used of the BJT transistor (BFR540) and amplifier
IC(LMH6642).



Tramsmitter
Electrical | Optical
|.r1putI i fylead | splice
signa Drive ’ Light | ,
! eircuit source 1
___________ Optical
fiber
tical coupler or
eers  Electrical signal Regorern gm .r.|:|lim:j:"I¢
T2 Optical signal Optical
receiver
To other equipment
Optical
transmilter
2
, ===
Electrical
% Optical Signal r $ signal
amplifier Testorer | e
]
_____ -

Figure 1.1: Block diagram of fiber optic system [3]

¢) The design of receiver amplifier circuit will be simulate using Micro-cap electronic
software and Orcad P-spice.

d) The output simulation result using P-spice will be compared with the output
prototype circuit to verify the result.



15 ThesisOutline

This thesis presents an overview study of several application techniques on designing a
front-end optical receiver to improve the receiver performance and bandwidth
enhancement in order to obtain high gain-bandwidth. The summaries of each chapter in

this project are asfollows:

Chapter 1
The objectives and scopes for this project are explained in Chapterl.

Chapter 2
This chapter will present the entire concept or technique that has been used by previous

researcher and the theory that will be used in designing this project.

Chapter 3
Chapter 3 will focus on the techniques that will be used in designing this project such as
TIA, cascade and multistage technique. This chapter will also present the simulation

output of the proposed design circuit using Micro-cap software and Orcad Pspice.

Chapter 4

This chapter will focused on the procedure on how to fabricated the prototype circuit.
The fabricated prototype circuit is based on the selected circuit that has been chosen
depending on the simulation result which is discussed in Chapter 3. A brief description
on the equipments used in experimental work and method used for measurement in this

project will be explained in this chapter.

Chapter 5
This chapter discussed the result obtained from experimenta test and its practica
measurement is presented here.



Chapter 6
All the findings and comparison between software simulation and hardware
measurements will be concluded in this Chapter. A summary of this project will be

discussed, along with future recommendation for further improvement of this work.



CHAPTER 2

LITERATURE REVIEW

2.1  Basic Concept of Fiber Optic System

A basic optical communication system is well ilhaseéd in Figure 2.1. This
system basically same with other communicationesgyst there is a transmitter, a
receiver, and a channel to convey energy from tnéttex to receiver. The information
to be transmitted to the receiver is assumed tst éxitially in an electrical form. The
information from the transmitter is combined wittetdrive signals needed to operate a
laser. The laser output is coupled into an opfitar through which it propagates to the
receiver. The receiver may perform optical procegn the incoming signal. The
optical processing may correspond to a simple abtidter or it may involve
interferometers, the introduction of additional iogk fields, or the use of an optical
amplifier. Once the received field is optically pessed it is detected. The
photodetection process generates an electricablsigyat varies in response to the
modulations present in the received optical fidlde electrical signal is typically low-
level and requires amplification and signal progegsfor the information to be
recovered [4][5].
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Figure 2.1:  Block Diagram of a fiber system [4]

From the previous research, the front-end playsappmrole in determining the
noise performance of receiver. This research prdguds to focus in designing and

developing the front end-receiver amplifier.



2.1.1 Architectureof Optical Front-End

Theoretically, the front-end of an optical receivesponds to an optical signal by
generating a photocurrent with a photodetectore fitiotocurrent is then converted into
voltage. In order to extract the desired informatithe recovered voltage had been
process on the electronic signal processing stafles. dimensions of the transfer
function associated with the front-end will consenly be volts per amp or ohms.
Therefore, the transfer functions of virtually atptical receivers are actually

transimpedance in nature.

+ 1
lRI
L1 ¥
| o =
Crp= iﬂ. Ted .
1 : ] Preamplifier
ST = l p
- Photodete tor ~a

Figure 2.2:  Optical Receiver Front-End [2].

The configuration of an optical receiver as shownFigure 2.2 consists of
photodetector which is the fundamental elementipfed by amplifiers and signal
conditioning circuitry. The optical receiver willbnvert the optical energy emerging
from electrical signal and then to amplify the sibto a large enough value, it will be

processed by the electronic circuit following teeegiver amplifier.
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An optical receiver’s front-end design can usubkygrouped into three basic

configurations [2]:

a) Low-impedance voltage amplifier
b) High-impedance amplifier

C) Transimpedance amplifier

Any of the configurations can be built using conpemary electronic devices
such as operational amplifiers, bipolar junctioansistors, field-effect transistors, or
high electron mobility transistors. The receivesrfprmance that is achieved will
depend on the devices and design techniques used.

2111 L ow-impedance Voltage Amplifier

A simple optical receiver front-end consists of lkojedetector, a load resistor
and a low input-impedance voltage amplifier. Thetpdiode can be either AC coupled
or DC coupled to the amplifier as shown in Figurg. 2n the AC coupled amplifier, a
separate load resistor is used to derive a volageortional to the photocurrent and to
provide a path for the DC photocurrent to flow. eTlhw-frequency components of the
photocurrent see a load resistor Rl while the litgquency see a load resistance that is
the parallel combination of Rl and the amplifiepuh impedance Zin. There are a wide

variety of commercially available high gain widedaamplifiers that are AC coupled.

Figure 2.3: AC coupled low-impedance voltage armglif4]
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2112 High-impedance Voltage Amplifier

The high-impedance amplifier is an approach thas&ntially reduces the effect of the
thermal-noise of the load resistor, resulting invaa sensitivity. The high-impedance
receiver is based on a technique that has beemrssfally used over other capacitive
current sources such as silicon tubes and is déedefiom vacuum tube amplifiers.

Figure 2.4 shows a simple high-impedance ampldogrfiguration.

The basic design principle is to load the currenirse with as large impedance
as possible. This will maximize the amount of ag# developed at the input of the
amplifier, since the voltage is maximized, the etfeof any amplifier noise sources will
be reduced. In general, the high-impedance rece#galts in the lowest noise baseband
front-end that can be realized without extraordinaffort where the low-noise is

obtained by making the load resistor as large asiple.

Received
Signal

Equalizer
H, @ |—O s

Figure 2.4: High-impedance amplifier [4]
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2113 Transimpedance Amplifier

Bandwidth is a high priority in transimpedance aifigos (TIA). Unlike conventional
microwave amplifiers, these amplifiers have to rteasman acceptable response down to
very low frequencies and still perform satisfadiorat high frequencies. The low
frequency response must extend as close as possilzero Hz. This aspect of the
transimpedance amplifiers is usually the primamguin the design. It is very difficult
to maintain a flat gain versus frequency resporisleva frequencies when the upper
frequency goes into the GHz region. Device inadets and bias networks commonly

limit the lowest achievable frequency.

The transimpedance design uses a feedback toeedpat impedance, where this
will permit fast response due to the low effectimput RC-time constant and low
thermal noise since Rf can be made large. Thdtresuhat the RC-time constant
limitation is multiplied by the amplifier gain artle signal output is a function of the
size of the feedback resistance. The transimpedamplifier has a wide range but is

limited in noise performance or frequency response.

Figure 2.5: Typical circuit configuration of TIA[4
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The standard transimpedance amplifier comprisegpaamp of gain A(s) with
feedback resistor, Rf and feedback capacitor, C$hasvn in Figure 2.6. The signal
source is represented by a current generator, fhiallel with a capacitance, Cin and
resistance, Rs. The capacitance, Cin, represetiisiie source capacitance (photodiode
capacitance, Cd) and the input capacitance of frangp (Cs). Negative feedback
causes the op-amp to look at its input terminats ming its output around so that the
external feedback network brings the input difféiedrio zero [6]. The output voltage
required to do this is the voltage across the faekilvesistor, Rf, this being set by the
input current, the majority of which flows througtf. The advantage of this circuit is
that the inverting input is a virtual ground, thihe circuit presents almost zero load
impedance to the current source.

o
Rf
[ i A
) . . i b . .
QLJM %RS %Ci" A)
<+

Figure 2.6: The transimpedance feedback ampliigr [

The transimpedance amplifier comprises of an op-afrgmin, A with feedback
resistor, Rf and feedback capacitor, Cf. The gaitne transimpedance amplifier can be
expressed as below:

Rf
A=1+— (2.1)
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2.2 Gain Bandwidth Product

One character of amplifier is that the producthef voltage gain and the bandwidth is
always constant when the roll- off is -20dB/decdld@s characteristic is called the gain-
bandwidth product. Let's assume that the lowericaitfrequency of a particular
amplifier is much less than upper critical frequerig << fq.

The bandwidth can then be approximate®@s= f., — fo = f cu

The simplified Bode plot for this condition is shown Figure 2.7 below.Notice
that fy is neglected because it is so much smaller thanand the bandwidth
approximately equal,,. Beginning atf.,, the gain rolls off until unity gain (O dB) is
reached. The frequency at which amplifier's gait is called the unity gain frequency,
fr. The significant off is that it always equal the product of the midengltage gain
times the bandwidth and is constant for given ist0s[7].

fr = Av(mid)BW (2.2)

(e————— Bandwidth —————»

/

Figure 2.7: Simplified response curve whggas negligible(assume to be zero) compare
to fou [7]
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23  Transistor Amplifier Analysisand Small Signal M odel

Small signal model is using to determine the trstosiamplifier characteristic such as
Gain. The ability of small-signal BJT circuit modehakes the analysis of transistor

amplifier circuits a systematic process. The preasssists of the following steps [8]:

1. Determine the dc operating point of the BJT angairticular the dc collector

current Ic.

2. Calculate the values of the small-signal model patars g,, = ;—C =—
T

Vv 1
andr, = I—ET =—

3. Eliminate the dc source by replacing each dc velsmurce with a short circuit
and each dc current source with an open circuit.

4. Replace the BJT with one of its small-signal eql@meacircuit models. Although
any one of the models can be used, one might be oumvenient than the others
for the particular circuit being analyzed.

5. Analyzed the resulting circuit to determine theuieed quantities (e.g., voltage

gain, input resistance).

There are two type of basic small-signal modekWlis ‘Hybrid-t Model’ and ‘T
Model'.
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2.3.1 Hybrid-r Mode

Figure 2.8:  The amplifier circuit with dc sourcgaand V¢ eliminated (short
circuit) [8].

An equivalent circuit model for BJT is shown in &ig 2.8. This model represents the

BJT as a voltage-controlled current source andi@®plincludes the input resistance

looking into the base,.rThe model obviously yields. = g,,, vy, andib = Ybe Not so

T
obvious, however, is the fact that the model alstdyg the correct expression figr This

can be shown as follow;

Emitter node:

. Vb Vp
le = r_e + 8mVpe = r_e 1+ gmmr)

T s

LA+ B) = T (2.3)

1+

le
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A slight different equivalent circuit model can bbtained by expressing the

current of the controlled sourcg,{(v,.) in terms of the base currdptas follows:

8mVbe = gm(ibrrr) = (gmrrr)ib = ﬁib (2.4)

This results in the alternative equivalent cirambdel show in Figure 2.9(b).
Here the transistor is represented as currentaedrcurrent source, with the control
current beind, The two model of Figure 2.9 are simplified versairwhat is known as
the Hybride Model. This is most widely used model for BJT [8].

Figure 2.9:  (a) BJT as a voltage-controlled curssnirce ( a transconductance

amplifier) (b) BJT as a current-controlled currsatirce (a current amplifier)[8].

It is important to note that the small-signal eglént circuits of Figure 9 model
the operation of BJT at a given bias point. Thigutth be obvious from the fact that the
model parameterg,, andr, depend on the value of the dc bias curignEinally,
although the models have been developed for artrapsistor, they apply equally well
to pnp transistor with no change of polarities.

The output resistance should be added if the circuit amplifier is corsidg the
early effect. The early effect causes the collectorent to depend not only on VBE but
also on VCE. The dependence on VCE can modeledsbigrang a finite output

resistance to the controlled current-source in‘lithdrid-7 Model’ as shown in Figure
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2.10 .lts value is given by, =V,/i. , where \ is the early voltage and is the
collector dc bias current.

The output voltage becomes;

Vo = —8mVbe(Rc//70) (2.5)
B i C
) O
+
UJT rJT g -Hm UJT ’f-"

E

Figure 2.10: Hybride Model with the resistance included [8].

232 T Model

Although the hybride model can be used to carry out small-signal amsalg$ all
transistor circuit, there are situations in whigh aternative model, shown in Figure
2.11. This model, called the T model. The T modeFigure 2.11 (a) represents the
BJTas a voltage-controlled current source withdbetrol voltage being,.. However,
the resistance between base and emitter, lookitegtive emitter, is explicitly shown.
From the Figure. 2.11(aye see clearly that the model yields the correptessions for

ic and g For i, we note that at the base node we have;

. Vb Vb
lp = — t 8mVpe = _e(l — JmTe)
Te Te
i — Ybe — Vbe — L _ _VYbe __ Vbe
b = Te (1 t C() - Te (1 B+1) - (B+D)re - T (2'6)
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Figure 2.11: T model of BJT (a) BJT as a voltagetadled current source (b) BJT as a

current-controlled current source[8].

If in the model Figure 2.11 (a) the current of toatrolled source is expressed in
terms of emitter current as follows:
8mVbe = Bm(leTe) = (8mTe)ie = aie (2.7)
obtained the alternative T-model shown in FigurEl@). Here the BJT is represented

as current-controlled current source but with thetiol signal being.[8].

The Hybrid{I and the T circuit models are equivalem¢cause they both will

result in the same correct answer.
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24 Previous Research Review

This section present the past research based alwizith enhancement. Previous design

method and technique have been developed by dedigdebeen compared as a guided

to design the front-end receiver and in order tueaed the project objective.

24.1 First Review

Author:

Reza Samadi and Aydin llker Karsilayan.

Project Title:

Uniform Design of Multi-Peak BandwidEnhancement Technique

for Multistage Amplifiers

Summary:

This paper introduces a new technique for desigomifprm
multistage amplifiers (MAs) for high-frequency ajgglions is
introduced. The proposed method uses the multi-gesidwidth
enhancement technique while it employs identicampke and

inductorless stages. The intrinsic capacitancehinviransistors ar

D

exploited by the active negative feedbacks to edpghe bandwidth
While all stages of the proposed MA topology arentital, the gaint

S

bandwidth product can be extended several timesguke propose
topology, a six-stage amplifier in TSMC 0.35- m CBIrocess was
designed. Measurement results show that the gainbeavaried
between 16 and 44 dB within 0.7-3.2-GHz bandwidit \ess than
5.2-nV Hz noise. Die area of the amplifier is 17360 m.
Performance of these systems is usually affected

bandwidth and gain limitation of amplifiers. Higloltage gain from

dc to several gigahertz frequencies is acquired¢dscading severa
gain stages in the form of multistage amplifiersA@t

A new topology entitled the chained MA (CMA), whicises

the peaking technique to expand the bandwidth wihiéetopology

by
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can be implemented uniformly. Due to active fee@tbamplifier
sections can be designed with low quality factorsl avith no
inductors. In addition, CMA exploits the intringtapacitance within
the transistors to push output pole of each stagehigher frequency.
The topology of CMA offers several advantages sashmproved
performance and gain-bandwidth product that make gloposed
structure suitable for optical communications

[

>

g7

'Y
v/
||
\

18283

Figure 2.12: Three-stage conventional MA

A typical MA can be designed by cascading simpie ga
stages. Figure 2.12 above illustrates a three-d¢#geonsisting of
three forward amplifiers with gains of;,@p and g where the overall
gain is gg.0s.

Topology of the proposed amplifier is illustrated Figure
2.13. The overall structure consists of identicaiard amplifiers
with identical active feedbacks . The transfer fiorcof the uniform
-stage CMA can be obtained as shown as Figure \8tfete L(s) =
g(s)f(s) is the loop gain [9].

-As) -fis) -fls)

A SA" ’F_< ) ‘ N

~J ~J

g(s) g(s) g(s) g(s) g(s) g(s)

Figure 2.13: Topology of the proposed MA[9].

-f(s) -f(s)

—<'1?
Vv, :g Va

g(s) 2(s)

Figure 2.14: Topology of the uniform 2-stage CMA[9]
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2.4.2 Second Review

Author: Feng-Tso Chien and Yi-Jen Chan

Project Title: Bandwidth Enhancement of TransimpegaAmplifier by a
Capacitive-Peaking Design

Summary: From the research paper the author is proposirapactive-

peaking (C-peaking) technique, instead of inductpeaking, to
increase the bandwidth of a transimpedance amplifiee reports o
a peaking technique using capacitors are very fihough some
different types of the capacitance peaking havenbpsposed
previously. An optoelectronic receiver, which usyalonsists of g
photodetector and a transimpedance amplifier, ésl us convert the
optical signals into electrical signals in the tr@md of optical fibel
communication. Based on that fact, we can desiignger bandwidth
of a transimpedance amplifier. From tpaper, they only discuss tf
idea of capacitor peaking technique and also deaiveanalytical
method to predict the amplifier performance.
A TZ amplifier can be represented as a shunt ste@atback

amplifier, and the transfer function of this cirtcisi given by:

) L ‘Z_nu(./ o —'1{\'5.)
Zr($) = 79 = 140550

flx".) ]{f

Where A(Ss) is the open-loop transfer function & Tz amplifier and

B(s) is the feedback transfer function or simplyadback factor. R
is the effective feedback resistance and Cf ig#rasitic capacitanc
associated with Rf [9]. Figure. 2.15(a) shows tbigesatic circuit of

this C-peaking TZ amplifier. In order to analyze theaking effect

resulting from this peaking capacitor first, thegrive the open-loop

f

1

A%

ne

e
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transfer functions before and after adding the eesyely. Figure

2.15(b) shows the equivalent open-loop circuit @Zaamplifier.

(@) (b)

Figure 2.15: (a) Circuit schematic of C-peaking
transimpedance amplifier. (b) Equivalent open-lompuit of

transimpedance amplifier with and without a peakiagacitor [10].

Based on the analytical calculation, a Butterwaytte TZ amplifier
can be realized to increase its bandwidth. The umeds TZ
amplifiers demonstrate a linear gain of 0.95 K wathvide dynamig
injected current. The 3-dB bandwidth of the TZ aifigsl is enhanced
from 1.1 to 2.3 GHz by a C-peaking design withoatrgicing its

\1”

low-frequency gain. This approach provides an eesy to enhancs
the bandwidth of an optical receiving front end heiit further

investing any sophisticated process equipment [10].
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2.4.3 Third Review

Author :

Siti Sara binti Rais, UTM

Project Title:

Optical Receiver Bandwidth EnhancemeUsing Bootstray

Transimpedance Amplification Technique

]

Summary:

In this project, modeling and analysis the boofs
transimpedance amplifier (BTA) of front-end receivior input
capacitance reduction has been simulated. Thisiged improved
TIA bandwidth up to 1000 times with an effectivepaaitance
reduction technique for optical wireless detec@unt-series BTA
model produced 982MHZ bandwidth for large Cd (100pF
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Figure 2.16: Frequency Response of Series-ShurnsBap [5].
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