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Vap, Jason C, Model and Design of a Constant Modulation Bias Circuit for Measuring the 
Small-Signal Response of Semiconductor Lasers, M.S., Department of 
Electrical and Computer Engineering, May, 2004. 

The goal of this thesis was to design a constant modulation current bias circuit for 

measuring the single-pole, small-signal optical response of a semiconductor laser between 

IMHz and IGHz. The results of this design will be used to conduct carrier lifetime 

measurements with the impedance independent optical response technique—essential for 

determining the carrier density in the active region of the semiconductor laser, and extracting 

the A, B, and C coefficients of the spontaneous recombination rate equation. 

We first approached the design through modeling the impedance of the components 

based on the parasitic information given in the manufacturer's data sheets, and using best 

guesses for the parasitic information not given. This method failed due to an underestimation 

of the parasitic capacitance coming from the substrate material of the surface mount chip 

resistors; this caused an increasing modulation current to be delivered to the laser above 

200MHz. Thus, we moved to a second design approach. 

In this design approach, we directly measured the impedance of each component 

through performing forward transmission (S21) measurements using a network analyzer. 

The results of these measurements placed an upper boundary on the size of resistor (43 OQ) 

we could use up to IGHz. Therefore, we used the S21 measurements to successfully design 

two constant modulation current bias circuits: a low frequency bias circuit used at low laser 

bias levels where the impedance of the laser is large and the single-pole, small-signal 

response resides at lower frequencies (~lMHz to lOOMHz); and a high frequency bias circuit 

used at higher laser bias levels where the impedance of the laser is low and the single-pole, 

small-signal response resides at higher frequencies (-lOOMHz to IGHz). 
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Chapterl 

Introduction 

The concept of an electrically driven semiconductor laser was first introduced by 

Popov and Bosov in 1961, who suggested that stimulated emission of radiation could occur 

in semiconductor lasers through the recombination of carriers injected across a p-n junction 

[1,2]. Shortly following this, the first semiconductor lasers were produced and lasing was 

achieved (1962). Despite this achievement, the progress in semiconductor lasers remained 

slow for the next few years; this was because the mature semiconductor process of this time 

was siUcon—an indirect bandgap material. Semiconductor lasers require direct bandgap 

material which is found in compound semiconductors, which were not well understood at the 

time [1]. 

Without a mature compound semiconductor process, the lasers produced at this time 

suffered from high threshold currents and limited the laser operation to short pulses at 

cryogenic temperatures [1]. It was not until the advent of heterostructures^ in 1969 that the 

first semiconductor lasers were able to operate continuous wave (cw) at room temperature 

[1]. FoUovdng this, the next big breakthrough in semiconductor lasers came from Dingle and 

Henry in 1976, who introduced the idea of exploiting the quantum effects of heterostructure 

semiconductor lasers to yield wavelength tunability and achieve lower lasing thresholds [4]. 

The concept of wavelength tunablity comes from using the disparities in the 

bandstructure of semiconductor materials to not only confine the carriers to a particular 

region in the laser, but to also restrict one or more dimensions of the confinement to less than 

the de Broglie wavelength of an electron.   This yields a quantization in the energy of the 

' Heterostructures refer to the bandgap disparities between semiconductor materials grown juxtapose [3]. 
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carriers found in this region, effectively tvining the carriers to a specific energy or 

equivalently a specific wavelength. 

As for exploiting the quantum effects in lasers to achieve lower threshold currents, 

this is accomplished through reducing the density of states of our carriers—effectively where 

we can park our charged carriers in energy. Figure 1.1 is an illustration of the density of 

states for charged carriers with varying degrees of freedom—from 3-D down to 0-D. From 

this figure, we see that the restrictions in the density of states are concomitant with the 

restrictions placed on the available degrees of freedom to our carriers. 

nmsE-e 
a. 

b. 

d. 

Figure 1. Density of states with following degrees of freedom a. 3-d (bulk material) 
b. 2-d (quantum well) c. 1-d (quantum wire) d. 0-d (quantum dot) [4]. 

Examining figure 1.1 further, we see that the area below the curves in figures 1.1a 

through l.ld represent where the charged carriers can reside in energy due to the restrictions 

placed on their translational degrees of freedom. Starting with the bulk case (figure 1.1a), we 

see that the density of states is a continuous function of energy. However, when we move to 

the quantum well case (figure 1.1b), we see the density of states becomes restricted—it is no 

longer a continuous function of energy rather it is step-like. Moving onto the quantum wire 



case (figure 1.1c), we see a further restriction in the density of states in energy. Finally, 

when we move to the quantum dot case (figure l.ld), we observe a delta-like density of 

states. 

The result of the restrictions in the density of states is an increasingly narrow energy 

range near the bottom of the conduction band and/or top of the valence band [4]. This is 

precisely how Dingle and Henry proposed reducing the threshold currents of lasers. For if 

the energy parking spots of our carriers are forced to reside at the conduction and valence 

band edges, the maximum material gain is enhanced, and the temperature performance of the 

device is also enhanced [4]. Both of these enhancements ultimately yield reductions in the 

threshold current of semiconductor lasers. Figure 1.2 illustrates the trend in threshold 

currents of double heterostructure, quantum well, and quantum dot lasers since the advent of 

each. 
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Figure 2. Progress of threshold currents of double heterostructure, 
quantum well, and quantum dot lasers [5]. 



So far, we have tracked the progress of semiconductor lasers through history. 

However, we have not yet discussed why we are so interested in them. Semiconductor lasers 

have become highly efficient, compact in size, possess the longest lifetime of all existing 

lasers, and they can be directly modulated—each of these characteristics makes them 

appealing to optical-fiber communication [1]. The popularity of semiconductor lasers in long 

haul optical-fiber communication has motivated the development of semiconductor lasers 

operating at 1.3(xm, the zero dispersion wavelength in optical fibers, and 1.55|J.m, the 

minimum loss wavelength in optical fibers [3,6]. A lot of the present focus on 

semiconductor laser research revolves around the temperature dependence of the threshold 

current in these long wavelength lasers [6]. 

It is true that semiconductor lasers are capable of operating cw at room temperature; 

however, when these devices are operated for long periods of time at current densities above 

threshold they suffer from self-heating. This, in-tum, can shift the threshold current to higher 

and higher values, and it can also shift the operating wavelength of the laser—^both 

detrimental effects to a fiber optic communication system. To avoid these effects, 

semiconductor lasers used in long haul optical fiber communication are actively cooled, 

fiirther increasing the costs of these systems [6,7]. 

For the time being, we are actively cooling these semiconductor lasers in order to 

"treat the symptoms" of the laser's threshold current temperature dependence. Meanwhile, a 

great deal of effort is being put forth in order to determine the root cause of this temperature 

dependence. In order for us to get a handle on the temperature dependence of the threshold 

current, we must identify the recombination mechanisms making up the threshold current as 

well as the gain and loss properties responsible for establishing the carrier density in which 

we achieve lasing [6]. 



Gain can be measured without direct knowledge of the carrier density; however, the 

material gain parameters dg/dn (differential gain), and ntr (the transparency carrier density) 

require direct knowledge of the carrier density in the active region of the laser. The 

recombination mechanisms (defect, radiative, and Auger) also follow a carrier density 

dependency, and performing carrier lifetime measurements is the most direct method for both 

determining the carrier density in the active region, and examining the recombination 

processes occurring inside the laser [6,8]. 

There are several different methods used to extract carrier lifetimes [6,9,10,11]; 

however, this thesis focuses on the impedance independent optical response technique [6,11]. 

We specifically focus on the design of the bias tee circuit used in this technique, which is 

responsible for supplying a constant small-signal modulation current to the semiconductor 

laser. As for the contents of this thesis, chapter 2 presents some background information on 

semiconductor lasers and the high frequency models of the components used in the bias tee 

circuit design, in order to adequately prepare the reader for the details of the design 

processes. The two chapters following this (chapters 3 and 4) concentrate on the two 

different design approaches taken to obtain a constant small-signal modulation current 

delivery to the semiconductor laser. Chapter 3 examines a data sheet design of the bias tee 

circuit and points out why we pursued another design route—^the first bias tee circuit was 

delivering a constant modulation current from 200MHz to IGHz. Chapter 4 examines the 

second design approach and how we solved the increasing modulation current issue from the 

first design. The final chapter (chapter 5) presents some concluding remarks on the two 

designs. 
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Chapter 2 

Background 

2.1 Introduction 

The basis of this chapter is to expose the reader to the terms and concepts needed to 

understand the work completed in this thesis and is broken into 5 sections. The first section 

covers semiconductor laser fundamentals: it explores the essential elements of a 

semiconductor laser, the edge-emitting laser and its structure, types of photon-carrier 

processes, light output vs. current injection curves, and finally the laser rate equations. The 

second section covers carrier lifetimes: it will specifically delve into the spontaneous 

recombination rate equation, and explain why we are so interested in taking below threshold 

carrier lifetime measurements. The third section covers the impedance independent optical 

response technique: it will examine the experimental setup of this technique, explain why we 

need to deliver a constant small-signal modulation current to the laser, and finally examine 

the operating characteristics of the bias tee circuit. Specifically, we will look at how it 

delivers a constant small-signal modulation current to the semiconductor laser. The fourth 

section is high-frequency models and the semiconductor laser equivalent circuit: it examines 

the high firequency models of each component used in the bias tee circuit, and it also 

describes the equivalent circuit for the semiconductor laser. The fifth section is the design 

approaches: it introduces the two separate design approaches for the bias tee circuit used in 

this research before they are entirely revealed in chapters 3 and 4. 

2.2 Semiconductor Laser Fundamentals 

The three essential elements needed for any type of laser (gas, solid state, or 

semiconductor) are: a. pump, a gain medium, and positive feedback [1]. We will limit our 

discussion here to the sources responsible for each of these mechanisms in edge-emitting 
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semiconductor lasers—the type of lasers used in this research. First, the pump is provided 

through forward biasing the semiconductor laser diode with a battery or a current source; this 

injects both electrons and holes into the second essential element—the gain medium. The 

gain medium is the active region of a laser; this is where photons and carriers (electrons and 

holes) are confined and allowed to interact with one another—the exact processes will be 

addressed in the photon-carrier processes portion of this section. The final essential element 

of a laser is positive feedback. This element is provided by the cleaved facets at both ends of 

the edge-emitting semiconductor laser—the uncoated facet reflectivities are approximately 

30%, due to the abrupt change in the refractive index seen by photons when they reach the 

semiconductor-air interface present at each facet [2]. The role of the positive feedback 

element is to setup self-sustaining oscillations (standing waves) within the laser cavity; this is 

accomplished through reflecting a portion of the light traveling through the laser cavity back 

into the laser's cavity [1]. Through doing this, the laser will interact with the carriers injected 

by the pump and provide a continuous output power for a given bias or current injection 

level. The following figures illustrate the three essential elements of an edge-emitting 

semiconductor laser. 

p 

Gain 1 :-c T :5   ■ Medium 
N 

Figure 2.1: front view of typical edge- 
emitting semiconductor laser. 

Pump 



Positive Feedback: 
from front and rear 

facets ~3n% rp.flpctive. 

N 

Figure 2.2: side view of typical edge- 
emitting semiconductor laser. 

2.2.1 Edge-Emitting Lasers 

The types of lasers illustrated in figures 2.1 and 2.2 are edge-emitting ridge 

waveguide lasers. The edge-emitting lasers used in this research were quantum dot lasers 

manufactured at the University of Texas at Austin at the Microelectronics Research Center 

by Dr. O. B. Shchekin and D. G. Deppe [3]. The stripe widths ranged from l|am to 58iJ,m, 

and the cleaved lengths ranged from 1mm to 2mm. 

The region of the edge-emitting laser in which we observe the light output beam can 

be seen in figure 2.1—it is the dotted oval region on the facet. Light is emitted from this 

region because the physical features of the edge-emitting laser are designed such that photons 

prefer to travel in a longitudinal direction (z-direction) along the resonant cavity of the active 

region. This preference is induced by the lack of gain and no reflection or feedback in the x- 

direction and the lower index of refraction in both the x and y-directions. 

2.2.2 Edge-Emitting Laser Structure 

Now, we will examine the three physical features of the edge-emitting laser diode 

seen in figure 2.3: the P, I and N regions. 



< metal 

P P-cladding 

^T'l  waveguide 

N 
N-cladding 

a. 
Substrate 

metal 

b. 

Figure2.3: a.) Band diagram of cladding and waveguide regions 
b.) Simplified layer structure of an edge-emitting laser. 

The P region is semiconductor material that is highly doped with acceptor atoms; the /region 

is intrinsic semiconductor material (no doping); and the N region is semiconductor material 

highly doped with donor atoms. Through forward biasing this structure, holes from the P- 

region and electrons from the N-region are injected into the intrinsic region of the laser. 

Once the carriers are injected into the intrinsic region, they become confined due to the band 

structure (see figure 2.3a). This confinement forces the injected electrons and holes to reside 

in the same region of space (a potential well), ultimately leading to light producing 

recombination events. 

Further examination of figure 2.3b presents some of the details as to how photons, 

once they are produced, remain confined (relatively) to the active region. The cladding 

regions surrounding the waveguide region possess a lower index of refraction than the 

waveguide region; thus, photons are guided down the active region of the laser due to the 

index of refraction differences imposed by the P and N regions surrounding the active region 

of the laser. The index of refraction (TJ) follows an inverse bandgap (the difference in the 

conduction band Ec and valence band Ey energies) dependence obeying Moss' Rule; an 

empirical relationship obeyed by semiconductors with r^ falling between 30 to 440 [4]. 
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TJ 
( jj V Eqn 1. Moss' Rule for index of 
  refraction bandgap dependence [4] 

Thus, we see it is rather fortuitous that the bandgap disparities responsible for confining our 

carriers are also responsible for confining photons to the intrinsic region—^later we will see 

that the volume occupied by the photons divided by the volume occupied by the carriers is 

known as the optical confinement factor and is important in determining gain. Now, we are 

ready to discuss the types of photon-carrier interactions occurring inside the laser. 

2.2.3 Types of Photon-Carrier Processes: 

Semiconductor lasers exhibit three photon-carrier processes: spontaneous emission, 

stimulated emission, and stimulated absorption, often referred to as just absoption; each of 

these processes can be observed in figure 2.4 [5]. First, spontaneous emission occurs when 

an electron in the conduction band (CB) falls to the valence band (VB), without the 

assistance of an incident photon, and recombines with a hole; the excess energy of this 

process is given off as a photon of light, which has a random direction and phase. Stimulated 

emission occurs when an incident photon in the active region of a laser perturbs (stimulates) 

the electromagnetic field of an electron in the CB, causing it to fall to the VB. Again, the 

excess energy is given off as a photon of light, but there is also something remarkable about 

this process. The photon produced is identical to the stimulating photon: same frequency, 

phase, and direction of propagation—^what is called coherent light. Stimulated emission also 

has an inverse process—stimulated absorption. This occurs when an incident photon 

perturbs the electromagnetic field of an electron in the VB; a coupling event occurs in which 

the energy of the photon is transferred to the electron causing it to rise in energy to the CB— 

the photon is annihilated in this process [5]. All three of these processes occur in the laser 

cavity under forward biased conditions; however, it is the level of population inversion 
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(controlled by the level of laser biasing) that establishes which process is dominant. 

Population inversion is the condition in which there are more carriers residing in the excited 

state than in the ground state. 

Ee 

£v 

a. D. c. 

Figure 2.4: a.) stimulated absorption, b.) spontaneous emission 
c.) stimulated emission 

2.2.4 Light vs. Current Characteristics 

Figure 2.5 is an illustration of a light power versus injection current curve. From this 

figure, we observe two regions of laser operation: below threshold, and above threshold. The 

transition point between these two regions occurs at the threshold current Ith—^the amount of 

current needed for the laser to begin lasing, or begin producing predominantly coherent light. 

Now, the reason for two different regions of laser operation is due to the processes or process 

dominant in that region. In the below threshold region, the dominant processes are 

stimulated absorption and spontaneous emission events. At the transition point (!&) and 

beyond, we move into the above threshold region where the carrier density in the active 

region becomes pinned at nth and stimulated emission becomes the dominant process. 

Carriers injected into the active region of the laser in excess of nth are immediately removed 

by the stimulated emission process, restoring the carrier density to nth [5]. Thus, we observe 

a steep, linear dependence of the light output with injected current above threshold. In order 

to understand this dependence, we must examine the laser rate equations. 
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Figure 2.5: Light versus Current curve 

2.2.5 Laser Rate Equations 

The laser rate equations are a coupled set of differential equations, each responsible 

for keeping track of the dynamic processes occurring inside the laser; they are the carrier 

density rate equation, and the photon density rate equation. 

dn    r\.l      n / \ 

dt     qV    T(n)      ' ^       "^ 

Eqn 2. Carrier density rate equation 
Units: carriers/(cm^sec) 

The carrier density rate equation keeps track of the carriers coming into and exiting 

the active region of the laser. The first term on the right is the carrier injection term 

(electrons n or holes p): I is the total current injected into the laser, rjt is the injection 

efficiency (the fi-action of the injected carriers making it to the active region), q is the charge 

of an electron, and Fis the active region volume. The second term of the carrier density rate 

equation is the spontaneous recombination rate term (eqn3): n is the carrier density, and x is 

the carrier lifetime. 

Tin) 

Eqn 3. Spontaneous Recombination Rate 
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The spontaneous recombination rate term represents an effective decay of the carriers 

(average time the carriers live in the laser) through three different recombination processes: 

defect recombination^ (represented by the A coefficient and sometimes referred to as 

Shockley-Hall-Reed recombination), radiative recombination'^ (B), and Auger 

recombination^{C); we will examine each of these processes carrier density dependency in 

the carrier lifetime section. The last term of the carrier density rate equation is the stimulated 

emission term: where Ug is the group velocity, a is the differential gain (dg/dn), n is the 

carrier density and n^ is the transparency carrier density (the carrier density at which the 

probability of a photon absorption event and a stimulated emission event are equally likely), 

finally s is the photon density [5]. One final note on the carrier density rate equation is the 

sign of each term: current injection increases the carrier density in the active region (positive 

sign out front); the spontaneous recombination decreases the carrier density in the active 

region (negative sign out front); and finally stimulated emission decreases the carrier density 

in the active region (negative sign out front). 

— = rv a(n-n  )s \ 6   ^ ^ Eqn4. Photon density rate equation 
f^f «   ^ "■ Tin)     r Units: photons/(cm^sec) 

The photon density rate equation keeps track of the photons created and the photons 

exiting the active region of the laser. The first term of the photon density rate equation is the 

stimulated emission term: F is the optical confinement factor (effectively the volume 

occupied by the light Vp divided by the volume occupied by the carriers V); Vg is the group 

velocity of the photons, a is the differential gain, n is the carrier density, ntr is the 

transparency carrier density, and s is the photon density. The second term in this expression 

' Defect recombination—^nonradiative carrier recombination mechanism due to defects in the active region [5]. 
^ Radiative recombination—light emitting process due to spontaneous emission [5]. 
^ Auger recombination—^nonradiative carrier recombination mechanism involving three carriers. In this 
process, an electron recombines with a hole; the excess energy is not given off as a photon of light, but rather it 
is transferred to another electron or hole kicking that carrier higher in its respective band [5]. 
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represents the amount of spontaneous emission coupling into the lasing mode: P is the 

spontaneous emission factor, n is the carrier density, and x is the carrier Ufetime.  The final 

term of the photon density rate equation is the photon decay term: s is the photon density, and 

Tp is the photon lifetime. The photon decay term accounts for optical losses both inside the 

cavity and at the facets [5]. One final note on the photon density rate equation is the sign of 

each term: stimulated emission increases the photon density in the active region (positive 

sign out fi-ont); spontaneous emission into the lasing mode increases the photon density in the 

active region (positive sign out fi-ont); and photon losses both in the cavity and at the facets 

decrease the photon density in the active region (negative sign out front). 

Presently, we need to examine the laser rate equations in greater detail to answer two 

questions: 1.) Why does the light output of the laser behave linearly with the injected current 

above threshold; and most importantiy, 2.) Why do we want to take below threshold carrier 

lifetime measurements. To answer the first question, we must go back to the carrier density 

rate equation (eqn2) and solve for the spontaneous recombination rate term very close to 

threshold. To do this we make two assumptions: the carrier density is n^, and the stimulated 

emission term is still negligible in comparison to the spontaneous emission term.  Through 

making these two assumptions and making the observation in steady state (time derivatives 

go to zero), the carrier density rate can be solved for the spontaneous recombination rate. 

n, T] I h Eqn. 5 Spontaneous recombination 
~ rate near threshold 

Now, we can make this substitution into the carrier density rate equation, and refer to it as the 

above threshold carrier density rate equation [5]. 

dn _ ViJI ~ Ith)    „ ^/„   _„  \„ Eqn. 6 Carrier density rate equation 
It'       qV ' above threshold 
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Before we jump into the above threshold photon density rate equation, we need to 

make two definitions: the photon Ufetime Xp, and the modal threshold gain Tgth. First, the 

photon lifetime is composed of two lifetimes: the internal loss lifetime due to photons being 

lost inside the laser cavity to absorption or scattering events, and the mirror loss lifetime due 

to photons leaving the laser cavity via the facets [5]. With this noted, the following photon 

lifetime definition can be made. 

— = 1 = V (a +a ) Eqn. 7 Photon lifetime definition 

After defining the photon lifetime in terms of the internal loss lifetime (xO and the mirror loss 

lifetime (x^), we set it equal to the internal losses (aO and mirror losses (am) multiplied by the 

group velocity (-Og) [5]. The units on the internal and mirror loss terms are cm"\ where the 

mirror losses are considered a distributed parameter over the laser cavity length in order to 

obtain units consistent with the internal loss term. With the photon lifetime defined, we can 

move onto defining the modal threshold gain. 

At the laser threshold, the modal gain is pinned at a value (fgth) equal to the internal 

and mirror losses of the laser [5]. The threshold modal gain is defined in the following way. 

Tgf^ = CXj +(X^ =  Eqn. 8 Threshold modal gain definition 
g  P 

It is the saturation in the gain (ultimately owing its dependence on the carrier density 

saturation) of the laser at threshold and above that yields the linear dependence in the photon 

density in the active region of the laser. Since there is a linear dependence of the photon 

density in the active region of the laser, we will identically observe a linear dependence in 

the Ught output of the laser. We are now prepared to examine the photon density rate 

equation at steady state above threshold—specifically, we want to solve for the photon 
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density above threshold as this will allow us to obtain the output power of the laser as a 

function of bias current. 

g - Jil ad. Eqn. 9 Photon density in the active 
QSth^g^ region above threshold 

The Structure of this equation is obtained from examining the above threshold carrier density 

rate equation in steady state (eqn 6): First, solve eqn 5 for the stimulated emission term and 

then substitute that term into the steady state photon density rate equation (eqn 4 with left- 

hand-side equal to zero). Once this substitution is made, we proceed by neglecting the 

spontaneous emission term in the steady state photon density rate equation since the amount 

of spontaneous emission coupled into the lasing mode is very small. The final step is to 

solve for the photon density and substitute VgTgth for l/xp—this is how you get to the final 

form of eqn 9 [5]. Now that we have the photon density in the active region above threshold, 

we will proceed to determining the output power of the laser above threshold. 

The output power of the laser can be obtained through investigating the amount of 

optical energy stored in the active region of the laser. This is done through multiplying the 

photon density by the volume occupied by the photons (Vp) and the energy per photon (hi)) 

[5]. Therefore the stored optical energy in the active region of the laser becomes 

P    _y t, Eqn. 10 Optical energy stored in the 
OS ~   p       • active region of the laser 

After making this assertion, we multiply the stored energy by the energy loss rate from the 

facets (mirrors) to obtain the optical power output from the mirrors. 

p _ T; rj   aUyY Eqn. 11 Intermediate equation for 
o g    m p ,.     1 * '^ optical power 

Now, we substitute the photon density from eqn 8 and the threshold gain gth from eqn 8 into 

eqn 9 to arrive at the following output power equation [5]. 
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( oc„ 

V 

/jy Eqn. 12 Intermediate equation for 
— (/ — Ifi,) optical power 

Now, we make one last definition before we obtain the final optical power equation—the 

differential quantum efficiency. 

Eqn. 13 Differential quantum efficiency ^   a„    ^ 
nd=ni 

«, + cc„ V 

From this equation, we can see that the differential quantum efficiency tells us the percentage 

of the total carriers injected into the laser, which are expected to leave the laser as photons of 

light above threshold. With this definition made, we can finally develop the total optical 

power coming out of the laser. 

/jv Eqn. 14 Total optical power output 
Pg ~ Vd — (^ ~ ^th ) Equation: both facets 

q 

If we want the power coming firom a single facet of the laser, we need to divide this equation 

by two—^this is precisely the optical power expected to be seen by a photodetector if we 

could capture and focus all of the light coming from a single facet of the laser. From the 

functional form of eqn 13, we finally see the output power of the laser behaves linearly v^th 

injected current above threshold—again, it is due to pinning of the gain above threshold. 

Therefore, we will now enter a new section dedicated to answering the second question 

posed earlier: Why do we want to take below threshold carrier lifetime measurements. 

2.3 Carrier Lifetimes 

Taking carrier lifetime measurements is the most direct method for determining the 

carrier density in the active region, and extracting the spontaneous recombination rate 

coefficients [6]. It is important to know the carrier density in the active region because 

several laser parameters exhibit a dependence on carrier density: the transparency carrier 

density ntr, the index of refraction, and material gain dg/dn [6]. It is also important to extract 
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the coefficients of the spontaneous recombination rate equation, as this enables us to explain 

the level of contribution each recombination process has on the threshold current density [6]. 

Additionally, the temperature dependence of these processes can also be investigated. This is 

done to establish a correlation between the temperature dependence of one of the 

recombination processes and the temperature dependence of the threshold current of 

semiconductor lasers [6]. At this point, we need to examine the spontaneous recombination 

rate equation again (eqn 15); this time discussing each of the recombination processes carrier 

density dependency. 

^ —    "    = ^^ 4- 5^2 ^ ^^3 £q^ j5 Spontaneous recombination rate equation 
T(n) 

The three recombination processes (defect, spontaneous, and Auger) mentioned in the 

laser rate equations section are all accounted for in this equation. Defect recombination is 

accounted for by the A coefficient and is a process involving a single carrier—^thus we see n 

to the first power. Spontaneous recombination is accounted for by the B coefficient and is a 

process involving two carriers—^thus we see n to the second power. Auger recombination is 

accounted for by the C coefficient and is a process involving three carriers—^thus we see n to 

the third power [5]. Finally, the reason we can get away with using just n in the spontaneous 

recombination rate equation is due to the charge neutrality assumption for an undoped or 

intrinsic active region. For every electron (n) injected into the active region, we must 

identically inject a hole (p) in order to maintain charge neutrality in an intrinsic region. Thus, 

the number of holes in the active region is identical to the number of electrons, and we only 

need to keep track of the single carrier density (electron). 

Now, using what we know about the spontaneous recombination processes and the 

fact that the carrier density is pinned at and above lasing threshold, we will arrive at the 
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answer to our second question. At threshold and above, the three spontaneous recombination 

processes {defect, spontaneous, and Auger) are pinned due to the pinning of the carrier 

density. Thus, we must observe carrier lifetimes below threshold in order to obtain carrier 

lifetimes as a function of current, which ultimately allows us to determine the carrier density 

in the active region of the laser and extract the A, B and C coefficients of the spontaneous 

recombination rate equation. There are several methods used to perform carrier lifetime 

measurements; however, we will limit our discussion to the one used in this research—^the 

impedance independent optical response technique. 

2.4 Impedance Independent Optical Response Technique 

The impedance independent optical response technique is a small-signal technique in 

which a small AC signal is superimposed on a DC bias signal. This technique was first 

introduced by [7]. It was designed to avoid the challenging experimental setup of the turn-on 

delay technique [8], and the additional work needed to perform the impedance corrected 

optical response technique [9]. To adequately introduce the impedance independent optical 

response technique, we will first examine the experimental setup and its requirements, then 

we will examine how and why this technique works from the laser rate equations point of 

view. 

Figure 2.6 is an illustration of the experimental setup of the impedance independent 

optical response technique. The laser is biased through the bias tee network. Upon biasing 

the laser, a coUimating lens is used to capture and coUimate the light coming from the laser. 

Then a focusing lens is used to focus the light onto a PIN photodetector. The signal coming 

from the photodetector is then amplified through a voltage amplifier before being transmitted 

to the spectrum analyzer. All of the instruments—^the amplifier, lenses, photoreciever circuit. 
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Figure 2.6: Experimental setup for the impedance independent optical response technique. It 
is used for examining the small-signal response of a semiconductor laser, which ultimately 
leads to the extraction of differential carrier lifetimes. 

and bias tee circuit—are all essential for the experimental setup; however, the validity of the 

experimental results ultimately rests upon the design of the bias tee circuit. The sole 

responsibility of the bias tee circuit is to deliver a constant small-signal modulation current 

to the semiconductor laser. The importance of this feature is revealed when we examine the 

small-signal version of the laser rate equations. 

2.4.1 Small-Signal Laser Rate Equations 

The impedance independent optical response technique is a small-signal response 

technique, thus the lifetimes we measure are differential carrier lifetimes [10]. The definition 

of the differential carrier lifetime is found in eqn 15. 

1 = M 
7'     dn 

= A + 2Bn + 3Cn^ Eqn. 16 Differential carrier lifetime definition 
Units: sec'' 

21 



The small-signal form of the laser rate equations can be pursued one of two ways: taking a 

differential of each of the laser rate equations; or substituting a constant DC term and a 

small-signal AC term into the laser rate equations [5].   Both methods will yield the same 

results, but for intuitive reasons, we will pursue the latter method—substituting the DC and 

small-signal AC terms.    In order to perform this substitution we make the following 

definitions for the injected current, carrier density and photon density. 

/ = /  + / e^"^ "E^qn. 17 Large and small signal injection current 

fi— M  ^y, QJ'^ Eqn. 18 Large and small signal carrier density 

„ iia Eqn. 19 Large and small signal photon density 

Since we are observing carrier lifetimes below threshold, we need to introduce the below 

threshold laser rate equations—-just the original set of laser rate equations with the stimulated 

emission terms set to zero. 

dn     T) I     n Eqn. 20 Carrier density rate equation below threshold 

dt     qV     T 

ds     Pn     s 
—- —  Eqn. 21 Photon density rate equation below threshold 
dt        X       Tp 

If we substitute the large and small-signal equations (16-18) into the below threshold laser 

rate equations and separate the time dependent terms from the time independent terms, we 

obtain the following small-signal laser rate equations [6]. 

JCOn^ =  Eqn. 22 Small-signal carrier density rate equation 
qV     T' 

J(OS^ = 1  Eqn. 23 Small-signal photon density rate equation 

Experimentally, we observe the small-signal optical response of the laser, so we need to 

solve for si—^the small signal photon density term. Solving equations 22 and 23 for the 

small-signal photon density yields the following equation [6]. 
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Eqn. 24 Intermediate equation for the small-signal 
photon density 

Now, if we recognize that the photon Ufetime resides at much higher frequencies than the 

differential carrier Ufetime and bring x' under the square root sign, we can put the small- 

signal photon density equation in the following form. 

\sA = _   ^ - Eqn. 25 Final small-signal carrier density rate equation 
[ + ft;V' Vl 

One important observation must be gleaned from this equation in order for us to understand 

what ovir experimental results should yield: the small-signal optical response will be a single- 

pole response if the amplitude of the small-signal modulation current ii remains constant 

with frequency; this ensures an accurate extraction of the differential carrier lifetime occurs. 

Now, we see why it is important to deliver a constant small-signal modulation current to the 

semiconductor laser. Before we move on to see how the bias tee circuit physically delivers a 

constant modulation current to the semiconductor laser, we need to consider why we might 

expect to observe a single-pole response from this experiment. 

Physically, the small-signal AC current is pushing carriers into and then pulling 

carriers out of the laser. Thus, if we push carriers into and out of the laser at a rate much 

slower than the rate at which these carriers are recombining, we will successfully modulate 

the Ught output of the laser. That is, we will successfully raise and lower the light output of 

the laser because the carriers we initially injected at the beginning of the cycle will have 

recombined (raising the light output) before we attempt to take them back out. Thus, when 

we remove carriers in the second half of the cycle we remove carriers delivered by the DC 

bias signal (reducing the Ught output).   This process of injecting and removing carriers 
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occurs in this fashion until we begin injecting and removing carriers at a rate equal to or 

greater than the differential lifetime of the carriers. At this point, we are essentially injecting 

and removing carriers before they have a chance to spontaneously recombine; therefore, we 

begin to see less and less of a response from the laser at frequencies beyond where the 

differential carrier lifetime is observed—^this is physically why we see the single-pole 

response in our experimental results. 

2.4.2 The Bias Tee Circuit 

Figure 2.7 is a blown up view of the bias tee circuit found in figure 2.6. 

ILX 
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L (~100M,H) R(~10kn)   CHioF) 
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Analyzer 
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the laser) 

R (50Q) 

Semiconductor 
Laser 

Figure 2.7: Bias tee circuit used in the impedance independent 
optical response technique. 

The DC side of the bias tee consists of an inductive network (illustrated by a single inductor). 

The inductive network's job is to exhibit a large impedance in comparison to the laser 

impedance over the frequency range of interest (IMHz to IGHz). The necessity of this 

feature is to ensure as much of the small-signal modulation coming from the network 

analyzer is delivered to the laser and not wasted in the inductive network. The AC side of 

the bias tee consists of a 50Q shunt resistor, a capacitor, and a resistive network. The 50£^ 

shunt resistor is used to make the bias tee circuit and laser look like a matched load to the 

network analyzer to avoid reflections of the incident signal—a large impedance (everj^hing 

beyond the 50Q shunt resistor) in parallel with a 50Q resistor ensures the impedance looking 
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into the bias tee is virtually 50Q. The capacitor used in the AC network is used to block the 

DC signal from creeping up to the network analyzer. The resistive network is used to 

maintain a constant modulation current to the laser: the resistive network is to look large in 

comparison to the laser impedance, thereby ensuring a constant modulation current is 

delivered to the laser diode regardless of the changing impedance of the laser (it is frequency 

and bias dependent as we will later see). The final element of the bias tee circuit is the probe 

tip—its job is to merge and deliver both the DC bias and small AC signal to the 

semiconductor laser [7]. 

From this analysis, we see all of the elements are important for the operation of the 

bias circuit, but it is the resistors and inductors we depend heavily on to maintain a constant 

modulation current. That is, we would like the inductors to behave as an open circuit when 

viewed by the AC current to ensure all of the modulation current is delivered to the laser 

diode, and we would like the resistive network to maintain a large, constant impedance 

regardless of the operating frequency to ensure that a small signal current, constant in 

amplitude, is delivered to the laser diode. If we can develop a circuit capable of doing this, 

we will undoubtedly yield good experimental results. However, this job is not as easy as it 

looks, for we have not yet considered the high frequency models of the components needed 

to implement the bias tee circuit design. 

2.5 High Frequency Models and the Semiconductor Laser Equivalent Circuit 

Figure 2.7 illustrates the ideal circuit elements used to construct the bias circuit; 

however, at high frequencies we begin to see the parasitic features of these elements reveal 

themselves. Therefore, this section is dedicated to exposing the parasitic features of each of 

these elements which are responsible for turning inductors into capacitors, capacitors into 

inductors, and resistors into capacitors at high frequencies.   In addition to this, we will 
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examine the equivalent circuit for the semiconductor laser in order to shed some light on why 

the process of constructing the bias tee circuit is a rather difficult process—it stems not only 

from the parasitic elements of the bias tee circuit components but also from the bias and 

frequency dependent nature of the semiconductor laser itself. 

2.5.1 Equivalent Circuit for a Resistor at High Frequency 

The equivalent circuit for a resistor at high frequencies is illustrated in figure 2.8 [11]. 

L R L R 

a. at low frequency 

c 
b. at high frequency 

Figure 2.8: a. resistor at low frequency b. high frequency 
equivalent circuit for a surface mount resistor [11]. 

The inductances (L) are due to the leads of the component. The resistance (R) is the nominal 

resistance of the resistor, and the capacitance (C) is due to the substrate material in which the 

resistive material is placed on [11].   The impedance behavior of a typical surface moimt 

resistor can be observed in figure 2.9. 

4.7k ohm surface mount resistor 

Capacitive 
Effect 

t3 

110 110 MO 1-10 110 

Frequency (Hz) 
Figure 2.9: Actual impedance data taken on a 4.7kn surface mount resistor. 
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From figure 2.9, we see the surface mount resistor exhibits an ideal resistive behavior 

at low fi:equencies. However, at higher frequencies, the impedance offered by the parasitic 

capacitance begins to decrease below the impedance offered by the resistive material. At this 

point, the parasitic capacitor begin passing the AC signal rather than forcing the AC signal 

through the resistor. This capacitive effect generally continues until we reach frequencies 

where the impedance offered by the parasitic lead inductance becomes significant. At this 

point, we will begin observing an inductive rise in the impedance. This inductive effect is 

not seen in figure 2.9 because it is typically not observed below lOGHz [11]. However, as 

seen from figure 2.9, the parasitic capacitive effects can be observed as early as lOOMHz for 

resistive values of a few kQ's. 

2.5.2 Equivalent Circuit for a Capacitor at High Frequency 

The equivalent circuit for a capacitor at high frequencies is illustrated in figure 2.10 

[11]. ^P 

L      RL    I—AAA 

Figure 2.10: Equivalent circuit for a 
capacitor at high frequencies [11]. 

The inductance (L) is again due to the lead inductance. The resistance (RL) is due to the lead 

resistance. The resistance (Rp) is due to the dielectric material, which is highly resistive and 

presents losses in the form of heat. Finally, the capacitance (C) is the nominal capacitance of 

the capacitor [11]. The impedance behavior of a capacitor with its parasitic elements can be 

observed in figure 2.11. 
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Figure 2.11: Actual impedance data from a lOnF 
capacitor. 

What can be gleaned from figure 2.11 is the capacitor behaves ideally until the frequency of 

operation approaches the resonant frequency of the capacitor. At this point, the impedance 

bottoms out at the lead resistance. Following this, the lead inductance takes over, causing the 

capacitor to behave as an inductor at high frequencies. 

2.5.3 Equivalent Circuit for an Inductor at High Frequency 

The equivalent circuit for an inductor at high frequencies is illustrated in figure 12 . 

RL 

-^M/- 

a. 

Figure 2.12: a. inductor at low frequency  b. high frequency equivalent 
circuit for an inductor at high frequencies—^the boxed in portion is the 
equivalent circuit found in [11,12]. 
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The portion of the high frequency circuit which is boxed-in is the high frequency equivalent 

circuit found in textbooks [11,12]. However, the entire high frequency equivalent circuit of 

figure 2.12b. was found to yield a better magnitude and phase impedance fit than the 

textbook high-frequency equivalent circuit. The resistance Rs, is due to the DC resistance of 

the wire used to construct the inductor. The inductance (L) is the nominal inductance. The 

capacitance (Cd) is a distributed capacitance due to the finite capacitance existing between 

each winding of the inductor. Finally, the resistance (RL) is a lossy element used to illustrate 

losses beyond just the skin effect and the DC resistance of the wire used to construct the 

inductor—^we believe it is the resuh of losses coming from the ferrite material surrounding 

the inductor's coils. 

lOuH inductor 

CQ 
•T3 

MO MO MO 110 110 

Frequency (Hz) 

Figure 2.13. Actual impedance data taken on a lO^H 
inductor. 

From figure 2.13, we see the inductor behaves ideally at low frequencies. It behaves 

inductively until we reach the resonant frequency, where the losses of the ferrite material 

dominate—^this is the behavior predicted from the high frequency inductor model established 

in figure 12b. Beyond the resonant frequency, it becomes more efficient for the AC signal to 
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pass through the capacitive network established by the coils of the inductor rather than 

continue to be lost in the ferrite material.    We have now covered the high frequency 

equivalent circuits for all of the components needed to construct the bias tee circuit except 

the probe tip inductance. 

2.5.4 Equivalent Circuit for the Probe Tip 

The high frequency circuit for the probe tip consists of two elements: a resistor and an 

inductor. The high frequency equivalent circuit for the probe tip is illustrated in figure 2.14. 

RDC Lstraight 

-AAA—14/— 
Figure 2.14. High frequency 
equivalent circuit for the probe tip. 

The resistance (RDC) is the DC resistance of the probe tip, and the inductance (Lstraight) is the 

sfraight wire inductance given by the following empirical formula, where the radius r and 

length L are in cm and the inductance is in nH [13]. 

^straight  ~ ^^ In — -.75 Eqn 26. Straight wire inductance 
empirical eqn. 

Thus, if we used a probe tip of length 2mm and radius of 6mils (the approximate dimensions 

of the probe tip used in our bias tee circuit design), we would obtain an inductance of InH— 

this equates to an impedance of 6.3Q at IGHz.   Now, we need to examine the equivalent 

circuit for the laser to see where its bias and frequency dependence stem from. 

2.5.5 Equivalent Circuit for Semiconductor Lasers 

The small-signal equivalent circuit for semiconductor laser below threshold is 

illustrated in figure 2.15. 
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Figure 2.15: Equivalent circuit for a semiconductor 
laser below threshold [14]. 

The inductance (L) is due to a parasitic inductance coming from the probe used to bias the 

laser. The resistance (Rs) is a series resistance stemming from the ohmic contacts on the 

laser in addition to the P-type and N-type materials in which the carriers must travel through 

to get to the active region of the laser. The active region is modeled by a differential 

resistance (Ra), due to the differential resistance of the p-n junction, and it is in parallel with 

a differential capacitance (Cd), due to the storage of carriers in the active region. 

Incidentally, RjCd is a time constant equivalent to the differential carrier lifetime x', thus 

another method of extracting differential carrier lifetimes is through examining the 

impedance of the laser as a ftinction of current and frequency [14]. We will not discuss the 

details of this carrier lifetime method, but rather evaluate the below threshold laser 

impedance derived from the equivalent circuit found in figure 2.15 and point out the bias and 

frequency dependence. 

Z^{Q}) = jcoL + R,+- 
R. = j(oL + R^+- 

R. Eqn 27. Laser impedance below 
l + COC^Rj        " "     l + on' threshold 

Clearly, the laser impedance is frequency dependent stemming from the inductive and 

capacitive terms present in eqn 27. However, it is also bias dependent due to the differential 

resistance Rd and differential capacitance Cd-   Figure 2.16 illustrates the impedance of a 
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semiconductor laser as a function of frequency at a low bias of .2niA, and figure 2.17 

illustrates the impedance of a quantum well laser as a function of firequency when biased just 

above threshold at 8mA—laser threshold for this laser was 7mA. Both of these figures 

illustrate the frequency dependence of a semiconductor laser, where at low frequencies the 

impedance of the laser is equal to the series resistance plus the differential resistance of the 

active region. This impedance behavior is maintained until we reach frequencies in which 

the impedance offered by differential capacitance of the active region decreases below the 

differential resistance of the active region. At this point, we observe a capacitive trend in the 

laser impedance until we bottom out at the series resistance of the cladding layers. The 

difference in the low frequency impedance between the two curves illustrates the bias 

dependence of the laser impedance, where at lower bias levels the differential resistance of 

the active region increases. Now, that we have a full view of high frequency behavior of 

each of the components used in the tee circuit and the behavior of the semiconductor laser 

with bias and frequency, we are now prepared to look at the design approaches. 
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Figure 2.16. QW laser impedance when biased at .2mA. 
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Figure 2.17. QW laser impedance when biased at 8mA. 

2.6 Design Approaches 

There were two design approaches to developing the bias tee circuit: 1.) utilize the 

impedance information found on component data sheets to model the bias tee circuit and 

model the small-signal laser diode current, 2.) measure the actual impedance of each 

component through extracting it from reflection Sll or transmission S21 scattering 

parameters, then use this information to model the bias tee circuit impedance and the small- 

signal diode current. The intricate details of the first design approach will be the focus of 

chapter 3, but what we will see is that the first bias tee circuit design delivered an increasing 

small-signal modulation current to the laser diode above 200 MHz. For this reason, the 

second design approach was pursued which is the focus of chapter 4. In this chapter we will 

see exactly why an increasing modulation current was delivered to the laser diode above 

200MHz—an underestimation in the surface mount resistor's parasitic capacitance. We will 
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also see that two bias circuits must be made: one to obtain differential carrier lifetimes at low 

bias currents where the impedance of the laser is large, and one to obtain differential carrier 

lifetimes at higher currents where the impedance of the laser is smaller. 
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Chapter 3 

First Design Approach: 

Model and Design Accomplished using Data Sheet Information 

3.1 Introduction 

This chapter is dedicated to discussing the details of the first design of the bias tee 

circuit and is divided into 5 sections. The first section is the Data Sheet Design: it presents 

an overview of the design process from start to finish and divides the design into four phases. 

The second section is Phase I Gathering Information: it discusses the parasitic information 

we gathered from component data sheets and how we handled the situations in which there 

was no parasitic information to be found. The third section is Phase II Model, it describes 

the MathCad programming that took place to model the small-signal modulation current 

delivered to the semiconductor laser. The fourth section is Phase III Design: it states the 

components selected for the design and also describes the microwave board layout for the 

components. The fifth and final section is Phase IV Testing and Results: it describes the two 

experimental tests used to determine if the modulation current delivered to laser diode is 

constant, and it reveals the results of the design. 

3.2 Data Sheet Design 

The goal of the first design approach was to perform a data sheet design of the bias 

tee circuit. The logical flow of the design process is presented in figure 3.1. As with any 

design process, the data sheet design consists of four phases: gather information (1), model 

(2-3), design (4), and test (5-6). Each of the design phases has a number of steps— 

represented by the numbers in parenthesis—^before they are considered complete. Thus, we 

will first briefly discuss the steps presented in figure 3.1, then we will move on to discussing 

each of the four design phases in detail in sections 3.3 through 3.6. 
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1. Select components for design and detennine their parasitics. 

2, MathCad Model of Bias Tee Circuit 

3. Plot laser diode modulation current. 

No 
Make new 
component 
selections 

Yes 

4. Design the bias tee with components from 1. 

5. Test design through taking a calibration curve. 

6. Test design 
through 

completing a 
series of below 

threshold small- 
signal response 

curves. 

6. Proceed to taking small-signal response curves. 

No 
We don't have 

a constant 
modulation 

current! 

7. Extract Differential Carrier Lifetimes. 

Figure 3.1. Logical flow of the first design approach—^the data sheet design. 
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The logical flow of the data sheet design process begins with making component 

selections (1) and determining their parasitics, so we can accurately model how the 

component will behave at high frequencies in the next step—^the MathCad model of the bias 

tee circuit (2). This model is used to take the information gathered on the parasitics of the 

selected components and model the overall high frequency behavior of the bias tee, allowing 

us to generate a plot of the laser diode modulation current—step (3). Now, if the plot of the 

modulation current is not constant from IMHz to IGHz, then we make new component 

selections and run through steps 1 through 3 again, repeating the process until we obtain a 

constant modulation current for the laser diode from the model. 

Once a constant modulation current is achieved from the model, we go to the 

design—step (4). At this point, we take the components selected in step (1) and generate the 

bias tee circuit. When this is completed, we move on to the first experimental test of the 

circuit—^taking a calibration curve (5). The intricate details behind the calibration curve test 

will be revealed in the testing section of this chapter (3.6), but for now we just need to know 

it is an optical response curve taken of the laser when biased well-above threshold [1,2]. 

After plotting this curve, we check to see if there is more than 2dB of change in the 

optical response from IMHz to IGHz. If we fall within these limits, we presume a constant 

modulation current is delivered to the laser and move on to taking below threshold optical 

response curves (6a). However, if we observe more than 2dB of change in the calibration 

curve, we do not automatically presume the modulation current to the laser is not constant— 

there could be systematic errors within the experimental setup the calibration curve is 

designed to remove (this will make sense later). Instead, we presume there might be 

nonlinearities within the experimental setup (most of which comes from the ampUfier, and 

some coming from the photodetector, network analyzer, and cable losses), which cause more 
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than 2dB of change to be observed in the calibration curve.  With this said, v^e move onto 

another test—^taking belov^ threshold optical response curves (6b). 

It is true that both steps (6a) and (6b) are identical; however, it is the decision that 

comes after each of these steps which makes the final call on whether or not we have a valid 

design. Therefore, we move onto the final decision block. If we observe a nice flat response 

followed by a single-pole roll-off, we presume we have a constant modulation current 

whether we are coming firom (6a) or (6b). We make this decision based on eqn 24 fi-om 

chapter 2, which tells us the below threshold optical response is a flat response up to the 

single-pole roll-off, so long as the modulation current is constant. Now that we have briefly 

discussed the details of the data sheet design process, we will now move on to describing 

how each phase of the design was completed starting with gathering information. 

3.3 Phase I: Gathering Information 

During this phase of the design process, we garnered as much information as possible 

about the parasitics of resistors, capacitors, and mductors through consulting the 

manufacturers' data sheets. What we hoped to find on the data sheets were either impedance 

figures as a fiinction of frequency or expected values for the parasitics. However, we were 

only able to find good impedance figures on the capacitor data sheets and, some, parasitic 

data on the inductor data sheets. At this stage in the research, we were unable to find 

parasitic information on the resistors. The foUov^ng three sub-sections will explain the 

parasitic information we found on the data sheets and how we deah with the parasitic 

information tiiat was not there. Additionally, since we do have the actual impedance figures 

from the measurements taken in chapter 4, we will present figures and compare the modeled 

impedances with the experimentally measured impedances. 
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3.3.1 Resistor Data Sheets 

Resistor data sheets frequently reveal no figures on the high frequency behavior of 

their components [3,4]. If figures were present on the resistor data sheets, they came in one 

of two forms: they only show the high frequency behavior of small resistors [5], which tells 

you nothing about the parasitic capacitance or lead inductance below -lOGHz; or they 

display impedance ratio figures [6], which make it more difficult, but possible, for the buyer 

to extract the parasitics. Although the figures presented by [6] would have been helpful in 

determining the parasitics of chip resistors at this stage in the research, we did not discover 

these figures until late in the second design approach—after we experimentally measured the 

parasitic capacitance and began looking for new resistors. Thus, we had no parasitic 

capacitance or lead inductance values for resistors at this point in the research. 

With no parasitic capacitance or lead inductance values in our grasp, we feh we were 

safe using two S.lkfl resistors (5.0kQ resistors were not available) to obtain the 

approximately needed lOkQ. worth of resistance in the bias tee. It never occurred to us that 

the parasitics of this size of resistor would Umit our bandwidth to less than IGHz; therefore, 

we made approximations for the parasitics of the resistors such that they would not be 

observed below IGHz. We established a parasitic capacitance of .OlpF and a lead 

inductance of .InH for the S.lkD resistors (figure 2.8 pg 26 illustrates the high frequency 

model for the resistor). Figure 3.2 compares the experimentally measured (actual) 

impedance of the S.lkQ. resistor with the modeled S.lkQ resistor impedance. 

From this figure, we can see there was a serious underestimation in the parasitic 

capacitance of the modeled resistor—actually by a frill order of magnitude. Also gleaned 

from this figure is the fact that the parasitic inductance was not seen in either the modeled or 

the actual impedance curves. Thus, it was not necessary to include them in the model, but it 
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did not hurt us by including them either. On a final note here, the under-estimation of the 

parasitic capacitance did help us to attain a constant modulation current in the model; 

however, the effects of this underestimation show up in the testing and results section. 
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Figure 3.2. Comparison between the actual impedance of the 
5.1kli resistor and the modeled S.lkQ. resistor. 

3.3.2 Capacitor Data Sheets 

As previously mentioned, data sheets illustrating the high frequency behavior of 

capacitors were readily found [7]. We selected a .l|xF capacitor, since it offers very little 

impedance in the frequency range of interest: according to data sheet [7], it offered ~2Q of 

impedance at IMHz (ideal behavior) and ~10Q of impedance at IGHz (stemming from the 

lead inductance). Since we would like to model this impedance behavior, we exttacted the 

lead inductance and the lead resistance values from the impedance figure in [7]. We obtained 

16nH for the lead inductance, and .07Q for the lead resistance (figure 2.10 pg 27 illustrates 
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the high frequency model  for the  capacitor).     The  following  figure  compares the 

experimentally measured impedance of the actual A\i¥ capacitor with the modeled one. 
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Figure 3.3. Comparison between the actual impedance of the 
.luF capacitor and the modeled .luF capacitor. 

From this figure, we can see that the impedance of the modeled capacitor initially 

follows the actual capacitor's impedance curve, and then follows the same type of inductive 

trend at higher frequencies. Overall, it is not a great fit; however, the impedance disparities 

between the modeled capacitor and the actual capacitor are not significant enough to make a 

real difference in whether or not we obtain a constant modulation current. This is because 

the maximum impedance offered by the modeled capacitor is lOQ and the maximum 

impedance of the actual capacitor is ~2fi. Neither of these values is even close to the 

impedance offered by the resistors, thus no significant changes in the modulation current vdll 

be observed due to this capacitor. This is precisely what we want—^the capacitors are only 

there to prevent the DC bias signal from creeping up into the AC current source. 
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3.3.3 Inductor Data Sheets 

Inductor data sheets were rather forthcoming with information; they typically showed 

the DC resistance, self-resonant frequency (SRF), and the quality factor^ (Q) at a prescribed 

frequency [8,9,10]. This is sufficient information to retrieve the values of the parasitics for 

the textbook high frequency model of the inductor [11,12]. Recalling from chapter 2, we 

need the parasitic resistance and the parasitic capacitance to determine the high frequency 

behavior of inductors. 

If we determine the impedance of the high frequency inductor model (figure 2.12 pg 

28) and solve for the resonance condition (imaginary impedance terms cancel), and then 

solve for the frequency at which this occurs, we will obtain the following definition of the 

self-resonant frequency of the inductor in terms of the parasitic capacitance (C) and the 

nominal inductance (L). 

CDfr — Eqn 1. Self resonant frequency for an inductor 
inductor       I£(j using textbook high frequency model. 

From this equation, we can directly solve for the parasitic capacitance: we used 6.8|j,H 

and 10p,H inductors with parasitic capacitances of .23pF and .26pF respectively. As for the 

parasitic resistance, it is a function of frequency due to the skin effect. Knowing the Q of the 

inductor at a prescribed frequency is sufficient for us to solve for the parasitic resistance 

coming from the skin effect. Normally you would need the length, gauge, and conductivity 

of the wire used in the inductor to solve for the resistance coming from the skin effect [12]. 

However, all of these values just return a constant (K) and the resistance coming from the 

skin effect becomes the following equation [12]. 

' The quality factor is a measure of the ability of an element to store energy equal to 2n times the average 
energy stored divide by the energy dissipated per cycle [12]. For an inductor Q=a)L/R, thus it is a function of 
frequency due to the impedance of the inductor and the skin effect. 
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D     ^ r\     V Ff Eqn 2: Resistance due to the skin effect 
J<-skmU) - J^^} J 

Thus if we know the value of the parasitic resistance of the inductor at a single 

frequency, we can solve for the constant K and obtain the expression for Rskin(f)- In our data 

sheets, we were given the Q of our inductors at IMHz; therefore, we were able to solve for 

Rskin(lMHz) and the K values of our inductors. The values for K were .001124 and .001653 

for the 6.8|j,H and 10p,H inductors respectively. With these values in-hand, we have all the 

data needed for the high frequency model of the inductor. Figure 3.4 illustrates the high 

frequency behavior of our modeled IO1J.H inductor and the actual behavior of the inductor. 

From this figure, we can see that the modeled impedance curve matches the actual 

impedance cxirve nicely until we reach the resonant condition. The sharp peak of the model 

illustrates an over estimation of the Q of the inductor despite our inclusion of the skin 

effect—clearly there are actual losses which are not accounted for in the textbook model that 

serve to reduce the Q of this inductor. 

Despite the resonant peak mismatch, it will not adversely affect the modeled 

modulation current. That is, using the textbook high frequency model of the inductor does 

not hurt us in this instance—it will not yield a more constant modulation current in our model 

than we will observe in reality. It is fortunate in this instance because the mismatch occurs in 

the frequency regime where the impedance of the inductor is much greater than the 

impedance of the laser. Thus, increasing the impedance even fiirther (the way the modeled 

inductor does) in this regime will not yield a more constant modulation current delivery to 

the laser diode. For this reason, we can say that the model for the inductors is not perfect, but 

it is sufficient to yield consistency between the modeled and experimental results. Now that 

we have seen how the parasitic information of each of the components to be used in the bias 

tee circuit were retrieved, it is now time to examine how they were used in the model, and 
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most importantly how the laser diode modulation current looks after selecting these 

components 
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Figure 3.4. Comparison between the actual impedance of the 
10|iH inductor and the modeled lO^H inductor. 

3.4 Phase II: Model 

For this phase of the design process, we developed a MathCad program capable of 

modeling the small-signal modulation current of the laser diode as a function of frequency. 

The full flow chart for the MathCad program used to model the modulation current and the 

program itself can be seen in Appendix A. The components used in the model and thus the 

ones responsible for delivering a constant laser diode modulation current in the model can be 

seen in table 1. The plot of the modeled modulation current delivered by these components 

can be seen in figure 3.5. 
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Component Dimensions Size Parasitics #used 

Resistor 0603 S.lkn Cp = .OlpF 
U = .lnH 

2 

Capacitor 0603 .l^iF Lp = 16nH 
R„ = .07f2 

1 

Inductor 1210 6.8^iH 

lO^iH 

Cp = .23pF 

R(f) = .001124V7^ 
Cp = .26pF 

R(f) = .001653^7^ 

1 

3 

Table 3.1. Components with associated parasitics 
used in the first bias tee circuit design. 

From table 3.1, we can see a number of components went into the design in order to 

obtain a constant modulation current. More inductors could have been used to try and bring 

down the hump in the modulation current seen in figure 3.5 in the IMHz to 2MHz regime, 

but it would have taken several more inductors to do so. Therefore, we used just enough 

mductors to bring the amount of change in the modulation current down to within IdB. We 

did this for two reasons: we were not certain the level of accuracy of the model, and we 

needed to keep the overall circuit design small, so it could be treated as a lumped element. 

Getting back to figure 3.5, the laser diode modulation current plot is rather constant 

with frequency, other than the low frequency hump between IMHz and 2MHz. This plot 

was taken with the differential laser diode resistance at 250Q—used to reflect a laser at low 

bias. This is considered the most critical area to test our inductive network (under low bias 

conditions when the laser diode impedance is large), for if the impedance coming from the 

inductors is not large enough at low frequencies, some of the modulation current will be lost 

in the inductive network rather than forced into the laser diode. However, based upon the 

plot, our inductive network seemed to be strong enough since we obtained a constant 

^ A lumped element is a self-contained element that offers on particular electrical property throughout the 
frequency range in which it is observed. As opposed to a distributed element which is an element whose 
property is spread out over the length or area of the circuit [13]. 
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modulation current under the low bias conditions. Thus, we are now ready to enter the actual 

bias tee design phase. 
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Figure 3.5. The modeled laser diode modulation current at low bias—differential 
resistance of the laser is 250J2. 

3.5 Phase III Design 

During this phase of the design process, we developed a microwave board layout for 

the bias tee circuit and determined the component placement. The board layout can be found 

in figure 3.6, and the order of the component placement can be found in figure 3.7. 

DC 
input 

AC 
input 

Ground 
Plane 

Figure 3.6. Microwave board layout of the bias tee circuit. 
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The goal of the microwave board design was to make it as compact as possible, 

leaving just enough room between components for soldering. The external dimensions of the 

microwave board were 30mm by 20mm. The width of the DC transmission line and pads 

were 2.0mm and the width of the AC transmission lines were l.Smm—^to obtain a 

characteristic impedance of 50Q. Through examining figure 3.7 and referring back to figure 

3.6, we can see where each of the components resides on the microwave board. As for the 

probe tip, it is soldered to the pad centered at the bottom of the microwave board. 

Once the microwave board was designed and the bias tee components were in place, 

we placed the circuit in a brass box: a small hole was drilled (~.2nim) in the front of the box 

to allow the probe tip to extend beyond the box far enough to make contact with the 

semiconductor laser. We fully enclosed the circuit in a brass box to reduce the cross-talk 

between the bias circuit and the receiving circuit. This is particularly important when single- 

pole, optical response of the laser resides at high frequencies (where the cross-talk power is 

most significant); the optical power of the single-pole response declines at high frequencies, 

which decreases the signal to noise ratio of the optical response detected in this regime. 

Once the bias tee circuit and the brass box were constructed, we began testing our modeled 

design. 

lOnH        lOjiH        lOnH        6.8nH 5.1M1 5.1M1       .IfiF 

-'^ ^\I\H\I\H\I\MW—^A^^XAH AC 

49.9J1 
Probe Tip 

InH 

Laser 
Diode 

Figure 3.7. First design of the bias tee circuit. 
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3.6 Phase IV: Testing and Results 

Recalling from figure 3.1, the first test of the design is conducted through taking a 

calibration curve—an optical response curve taken of the laser when it is biased well above 

threshold [2,13]. Now, the calibration curve performs one very large job for us—it captures 

all of the systematic errors present in the experimental setup stemming from nonlinearities in 

the modulation current source, photodiode, cables, and amplifier [2,13]. This is very 

important because if we can capture the systematic errors of the experimental setup, we can 

effectively remove them from the below threshold optical response data: we do this by 

subtracting the calibration curve from each of the below threshold optical response curves. 

In order for the calibration to perform its job well, it requires two things: we must 

bias the laser well-above threshold to push the resonant peak (stemming from the above 

threshold carrier dynamics) high enough in frequency that it will not be observed below 

IGHz [1,2,13], and we must have a constant modulation current delivered to the laser over 

the entire frequency range of IMHz to IGHz [1,2]. These two requirements ensure that the 

calibration curve will only capture the systematic errors of the experimental setup, for if the 

two above-mentioned requirements are met, the optical response of the laser will be 

absolutely flat. Thus anything other than a flat response is coming from systematic errors 

inherent to the experimental setup [1,2]. 

We expect the systematic errors to introduce less than 2dB of "wiggle" in the 

calibration curve, and we establish this value as the level of acceptable change in the 

calibration curve. Any wiggle outside of 2dB, and we begin questioning where it is coming 

from: we generally suspect the modulation current is not constant, or the amplifier 

nonlinearities are the cause. However, if we find no clear evidence as to where the additional 

veggie is coming from, we move onto taking below threshold optical response data.  If the 
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below threshold response data resembles nice, flat single-pole responses, we have reason to 

believe the modulation current delivered to the laser is constant (eqn 24 of chapter 2), and the 

calibration curve is working properly. 

At this point, we have discussed both methods of testing the design of the bias tee 

circuit: the calibration curve, and the below threshold response curves. Thus, we will now 

turn our attention to the results of these two tests and examine why we decided to take a new 

approach to designing the bias tee circuit. 

Figure 3.8 illustrates the calibration curve taken using the first bias tee circuit design. 

From this figure, we see the power of the optical response remains relatively constant from 

IMHz up to ~40MHz. Following this, the power decreases ~4dB by the time it reaches 

200MHz. Then, from 200MHz to IGHz, the power of the optical response increases 

dramatically—^nearly 12dB. These results clearly fall outside the acceptable 2dB range, thus 

we immediately began searching for answers. 

We started by examining the magnitude response of the HP amplifier we were using. 

The response curve of the amplifier can be seen in figure 3.9. There are some similarities 

between the two curves. They both have a dip in the 40MHz to 200MHz regime (~4dB in 

the calibration curve and ~1.4dB in the amplifier response curve), and both increase from 

200MHz to 700MHz (~6dB in the calibration curve and ~1.4dB in the amplifier response 

curve). However, the general trends seen in both curves disappear beyond 700MHz (the 

calibration curve continues to increase while the amplifier response declines). 
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Although there were similar trends between the calibration curve and the amplifier 

response curve between IMHz and 700MHz, the amount of change seen in the calibration 

curve was always much greater than the changes seen in the amplifier response curve. In 

addition to these disparities, we were concerned with the behavior of the calibration curve 

beyond 700MHz, as it seemed to be rising quite rapidly while the response of the amplifier 

51 



was declining. For these reasons we did two things: we went ahead with taking below 

threshold optical response curves, and we began working on a new design approach to the 

bias tee circuit—an experimental approach to designing the bias tee and modeling the 

modulation current delivered to the laser. The below threshold optical response curves we 

took were flat with a single-pole response. Two such curves taken by [16] can be seen in 

figure 3.10. Despite this success, we were still interested in pursuing the second design 

approach in order to understand the behavior of the calibration curve of figure 3.8. Thus, 

chapter 4 will discuss the new design approach and reveal why we observe an increasing 

optical response above 200MHz for reasons other than just the response of our amplifier. 
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Figure 9. Below threshold optical response curves. 

52 



[1 

[2 

[3 

[4 

[5 

[6 

[7 

References—Chapter 3 

J.M. Pikal and C.S. Menoni, "Impedance Independent Optical Carrier Lifetime 
Measurements in Semiconductor Lasers," Review of Scientific Instruments, Vol. 69, 
No. 12,4247-4248. 

J.M. Pikal, "Temperature Dependence of Carrier Lifetime, Recombination, and Gain in 
1.3|xm InAsP/InGaAsP Multiple Quantum Well Lasers," Dissertation, Aug. 1999. 

Panasonic Resistor Data Sheet, "Metal Film Chip Resistors, Rectangular Type 0603, 
0805, 1206, 1210, 2512: Type ERA 3Y, 6Y, 8Y, 14, IW." 

Bourns Resistor Data Sheet, "CR0603/CR0805/CR1206-Chip Resistors," http://bour 
ns.com/2/pdfs/CHPREZTR.pd£ 

IMS Resistor Data Sheet, "Partial Wraparound Thick Film Chip Resistors for High 
Frequency Applications," http://www.ims-resistors.com/RCX%20Partial%20Wrap.pdf 

Vishay Resistor Data Sheet, "Thick Film, Rectangular Chip Resistors: D.. .-CRCW" 

Panasonic Capacitor Data Sheet, "Multilayer Ceramic Capacitors for General Series 
ECJ." 

[8]    J.W. Miller Inductor Data Sheet, "Shielded Chip Inductor: PMl008S Series." 

[9]    API Delevan, "Shielded Surface Mount Inductors: Series S1812." 

[10] AOBA Technology Co., "SWI1008 Series Wire Wound Chip hiductors." 

[11] R. Ludwig, and P. Bretchko, "RF Circuit Design Theory and Applications," Prentice 
Hall, 2000. 

[12] M.M Radmanesh, "Radio Frequency and Microwave Electronics," Prentice Hall, 2001. 

[13] L.A. Coldren, and S.W. Corzine, "Diode Lasers and Photonic Integrated Circuits," John 
Wiley & Sons, INC., 1995. 

53 



Chapter 4 

Second Design Approach: 

Model and Design Accomplished Using Experimentally Measured Impedances 

4.1 Introduction 

This chapter is dedicated to discussing the details of the second design of the bias tee 

circuit and is divided into 5 sections. The first section is the Experimental Impedance 

Measurement Design: it presents an overview of the design process from start to finish. The 

second section is Phase I Gathering Information: it discusses how we gathered the 

impedance mformation and why we chose to use S21 (forward transmission coefficient) 

measurements instead of Sll (input reflection coefficient) measurements to obtain the 

impedance of our components. The third section is Phase II Model: it describes the MathCad 

programming that took place to model the small-signal modulation current delivered to the 

semiconductor laser. The fourth section is Phase III Design: it states the components 

selected for the design and the microwave board layout. The fifth section is Phase IV Testing 

and Results: it describes the experimental results of both bias tee circuit designs and an 

improvement which could help obtain more accurate carrier lifetime data. 

4.2 Experimental Impedance Measurement Design 

The goal of this design approach was to conduct experimental impedance 

measurements on each of the components used in the bias tee circuit. This is done in order to 

provide accurate details on the impedance behavior of each and every component used in the 

bias tee circuit—^the resuhs of such a comprehensive approach is aimed at providing a more 

accurate model of the modulation current delivered to the laser diode. The logical flow of 

the design process is very similar to the one seen in chapter 3 and is illustrated in Figure 4.1. 
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1. Select components and measure S21 parameters to obtain 
their impedance characteristics. 

2. MathCad Model of Bias Tee Circuit 

3. Plot laser diode modulation current. 

No 
Make new 
component 
selections 

Yes 

4. Design the bias tee with components from 1. 

5. Test design through taking a calibration curve. 

6. Test design 
through 

completing a 
series of below 

threshold small- 
signal response 

curves. 

6. Proceed to taking small-signal response curves. 

No 
We don't have 

a constant 
modulation 

current! 

7. Extract Differential Carrier Lifetimes. 

Figure 4.1. Logical flow of the second design approach-the experimentally measured impedance design. 
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The logical flow of the experimentally measured impedance design begins with 

making component selections and measuring the S21 parameters of each component through 

using a network analyzer (step 1). Once we have the S21 parameters of each of the selected 

components, they are placed in a MathCad model (step 2) designed to convert the S21 

parameters into the actual impedance behavior of the components, enabling us to model the 

overall impedance behavior of the bias tee circuit and generate a plot of the laser diode 

modulation current (step 3). Now, if the plot of the modulation current is not constant from 

IMHz to IGHz, then we make new component selections and run through steps 1 through 3 

again, repeating the process until we obtain a constant modulation current for the laser diode 

from the model. At this point, we can see the design approach only differs from the first 

design in one way—^the method in which we obtain the impedance of each component. 

Thus, we will begin examining the four design phases (gathering information, model, design, 

test and results). 

4.3 Phase I: Gathering Information 

During this phase of the design process, we initially began measuring SI 1 parameters 

to obtain the high frequency impedance behavior of our components; however, it was found 

that these measurements did not yield self-resonant frequencies (SRFs) in-line with the SRFs 

quoted on the inductor data sheets—the measured SRFs were lower. For this reason, we 

began measuring the S21 parameters of each of the components. 

Measuring the S21 parameters yielded SRFs in-line with the values quoted on the 

inductor data sheets; they were virtually identical. The reason the SRFs were lower in the 

Sll measurements is not fully understood; however, it does seem that the lower SRFs stem 

from an increased parasitic capacitance associated with the Sll measurement technique, 

which is not present in the S21 measurement technique.   Plots illustrating the impedance 
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disparities between the Sll and S21 measurement techniques are illustrated in figures 4.2 

and 4.3. 

lOuHJ.W. Miller Inductor 

110 MO' MO" 
Frequency (Hz) 

©9©  S21 measurement 
— ■  Sll measurement 

MO 

Figure 4.2. Impedance disparities between the S21 and Sll 
measurement techniques on a lOuH inductor. 

4.7kohm 0603 Panasonic Resistor 
75 
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55 
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MO MO 

Figure 4.3. Impedance disparities between the S21 and Sll 
measurement techniques on a 4.7kfi resistor. 

At this point, we need to examine how measuring the Sll and S21 parameters yields 

access to the impedance of the tested components.  Equations 1 and 2 are the definitions of 
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Sll and S21 parameters, where ZL and ZQ are the load and characteristic impedances 

respectively [1]. 

Sll = - 
2.+^. 

521 = - 
2Z„ 

Eqnl. Input reflection coefficient definition. 

Eqn2. Forward transmission coefficient definition. 

Z,+2Z„ 

Clearly, we can solve each of these equations for the load impedance (the impedance of the 

component we are testing) to obtain the load impedance as a function Sll or S21.   This 

yields the following load impedance definitions fi:om using either SI 1 or S21 measurements. 

1 + 511 
^L=^o 

1L=^O 

1-511 

2(1-521) 

521 

Eqn3. Load impedance as a function of the 
input reflection coefficient. 

Eqn4. Load impedance as a function of the 
forward transmission coefficient. 

The layout of the microwave board used to conduct the Sll and S21 measurements is 

illustrated in figure 4.4. 

Figure 4.4. Microwave board layout for S21 
and Sll measurements. 

This microwave board is designed to accommodate 0805 (80 mils by 50 mils) to 0402 

(40 mils by 20 mils) components as illustrated by the different, sized gaps in the transmission 

lines. As for the extra ground plane near the gaps in the transmission lines, these are used for 

conducting the necessary short and open terminations needed in the calibration procedures. 

Now we turn our attention to the results of these measurements. 
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4.3.1 Resistor Impedance 

We conducted S21 measurements on resistors with physical sizes of 0402 to 0805 and 

electrical resistances from 430Q. to 6.7kQ in order to obtain a sufficiently large data set to 

make resistor selections for the bias tee circuit. Figure 4.5 illustrates the high frequency 

impedance behavior of a 3.3kQ resistor. 

3.3kohm 0603 Panasonic Resistor 

110 1-10 MO 1-10 
Frequency (Hz) 

110 

Figure 4.5. Measured impedance of 3.3kf^ 
0603 Panasonic resistor. 

After reviewing the impedance behavior of the resistor in figure 4.3, it became clear 

why our modulation current was increasing in our first design—^the impedance of our 

resistors were declining while the input power from the network analyzer remains constant. 

It was at this point that we decided to design two bias tee circuits: one used at low bias levels 

where the impedance of the laser is large and the single-pole, small-signal optical response 

resides at lower frequencies (~lMHz to -lOOMHz); and one used at higher bias levels where 

the impedance of the laser is low and the single-pole, small-signal optical response resides at 

higher frequencies (-lOOMHz to -IGHz).    Breaking the design into two different bias 

circuits gives us added flexibility in the design: we take advantage of the laser's low 

impedance at high biases to get around the low bandwidth problem associated with our 

resistors. 
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From this point on, we refer to the two bias circuits as the low frequency bias circuit 

and the high frequency bias circuit. The only difference between the two bias circuits is the 

value of the resistors used—the low frequency bias circuit has two large resistors (each 

3.3kQ) and the high frequency circuit has two small resistors (each 430Q). For 

completeness, we present the impedance behavior of the 43 OQ resistor used in the high 

frequency circuit in figure 4.6 and point out the fact that this resistor possesses a higher 

bandwidth than the 3.3kn resistor. 

430ohm 0805 Panasonic Resistor 
53 

52.5 

^     52 

51.5 

piiii(««iMwi«tmiiii>wi 

R„„„= 430.3a 

Cp    = .1067pF 

51 
110* 110 110 110 

Frequency (Hz) 
110 10 

Figure 4.6. Measured impedance of 430^ 0805 Panasonic 
resistor—S21 measurement technique. 

4.3.2 Capacitor Impedance 

Again, we conducted S21 measurements on capacitors with physical sizes of 0402 to 

0805 and capacitance values from lOnF to l|xF. Figure 4.7 illustrates the impedance 

behavior of the .\\iV capacitor used in both bias circuits. Although the capacitor impedance 

does not look well-behaved, the actual impedance offered by this capacitor is small over the 

frequency range of interest and yields no problems in the modeled modulation current. 
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Figure 4.7. .l^F 0603 capacitor impedance data—S21 measurement. 

4.3.3 Inductor Impedance 

We conducted S21 measurements on inductors with a physical size of 1206 (120 mils 

by 60 mils) and inductive values from 1000|aH to 1.5|J,H. We selected one 100|J,H and three 

lOjiH inductors for the bias tee circuits. Their impedance behavior is illustrated in figure 4.8. 
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100 

80 

^      60 

40 

20 

1 !   ■ 

/ \ I 

/• 

^ 

■ ■ J/ 

|_Jj  
" ■' 

[Ml 

..^  X 
y 

\ V ^ 
"^K 

s 

N 

y 

N, 
N V 
\ 

1 

/• 

MO MO MO 
Frequency (Hz) 

MO 

    lOOuH 
 lOuH 

Figure 4.8. Impedance data on the two inductors used in 
both bias circuits—S21 measurements. 

We used a 100|j,H inductor to increase the impedance of the inductive network at 

lower frequencies, and three lOuH inductors to maintain a high impedance of the inductive 
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network in the mid frequencies to high frequencies.    The impedance offered by these 

inductors was sufficient to provide a constant modulation current to the semiconductor laser 

even at low bias levels when the impedance of the laser is large and the impedance of the 

inductive network is most critical. 

4.3.4 Quantum Dot Laser Impedance 

Two members of our research group are conducting carrier lifetime measurements 

using the impedance technique [2]. They performed Sll measurements on a 27nm wide 

quantum dot (QD) semiconductor laser at a variety of bias levels, so we could use actual 

laser impedance in our model. A plot of the 27|.im QD laser biased at 15mA can be seen in 

figure 4.9. 
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Figure 4.9. Impedance behavior of a 27|im QD laser 
biased at 15mA—^threshold was 48mA. 

From figure 4.9, we can see that the QD laser impedance varied from nearly 12Q 

down to approximately 7Q in the frequency range of IMHz to IGHz.   As we continue to 

decrease the bias level, the impedance of the laser will become significant when compared to 

the 860n of resistance used in the high frequency bias circuit. When this occurs, we have to 
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begin using the low frequency bias circuit with the larger resistors. Figure 4.10 illustrates the 

impedance behavior of the 27|xm QD laser biased at 2niA. 

QD Laser Impedance at 2iiiA 

^ 

110 110' 110 
Frequency (Hz) 

110 

Figure 4.10. Impedance behavior of a 27nm QD laser 
biased at 2mA—threshold was 48mA. 

From this figure, we see that the impedance of the QD laser is around 67CI at IMHz 

and around 7Q at IGHz. Thus, we need to use the low frequency bias circuit to yield a 

constant modulation current at this bias level. The next section will examine how constant 

our modulation currents are for the low and high frequency bias circuits at the 2mA and 

15mA bias levels respectively. 

4.4 Phase II: Model 

During this phase of the design process, we again developed a MathCad program 

capable of modeling the small-signal modulation current of the laser diode as a function of 

frequency. A flow chart for the MathCad program used to model the modulation current and 

the program itself can be seen in Appendix B. The components used in the low frequency 

and high frequency bias circuits can be seen in tables 4.1 and 4.2. 
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Low Frequency Bias Tee Circuit Components 

Component Dimensions Size #used 

Resistor 0603 3.3kQ 2 

Capacitor 0603 .l^F 1 

Inductor 1206 lOO^iH 

lO^H 

1 

3 

Table 4.1. The components used in the low frequency 
bias tee circuit. 

High Frequency Bias Tee Circuit Components 

Component Dimensions Size #used 

Resistor 0805 43oa 2 

Capacitor 0603 .l^iF 1 

Inductor 1206 lOO^iH 

lO^iH 

1 

3 

Table 4.2. The components used in the high frequency 
bias tee circuit. 

As previously mentioned, the only difference between the low frequency bias tee 

circuit and the high frequency bias tee circuits are the resistors used. To measure the 

performance of the low frequency and high frequency bias circuits, we plotted the small- 

signal modulation current of each of these bias circuits at the above threshold value of 70mA 

for the 27nm QD laser; the plots can be seen in figures 4.11 and 4.12. We also included the 

modeled modulation currents for the QD laser biased at 2mA and 15mA on the low 

frequency bias circuit plot and the high frequency bias circuit plot respectively. This is done 
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in order to illustrate how constant the modulation currents remain at biases well below the 

calibration curve bias of 70mA—ideally, we would like them to be the same. 

Modulation Current Comparison (LF ckt) 

MO 

  70niA curve 
^>0<.  15mA curve 

MO' MO 
Frequency (Hz) 

MO 

Figure 4.11. Modulation current comparison for the 70niA and 
2mA bias levels of the 27\im QD laser. 
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Figure 4.12. Modulation current comparison for the 70mA and 
15mA bias levels of the 27|im QD laser. 

The modulation currents in each of these plots are displayed in dB to illustrate the 

expected amount of change we would expect to see in the optical response curves due to a 
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change in the modulation current—the responsivity^ of our photo-diode is .9 at the 1.3|im 

wavelength, which makes the photo current produced by the photo-diode very similar (if the 

responsivity were 1 they would be identical) in magnitude to the modulation current 

delivered to the laser. From figure 4.11, we see that the modeled modulation current of the 

70mA calibration curve is identical to the modeled modulation current with the laser biased 

at 2mA. However, in figure 4.12, we see that the modeled modulation current of the 70mA 

calibration curve is actually greater than the modeled modulation current at the below 

threshold laser bias of 15mA—due to the increasing laser impedance at a lower bias. The 

disparities are not significant at the ISmA bias, but reducing the laser bias below 15mA is 

expected to yield errors in the lifetime data. 

4.5 Phase III: Design 

During this design phase, we used the same microwave board layout as in the first 

design. The microwave board layout can be seen in figure 4.13, and the component 

placement for both the high frequency and low frequency bias tee circuits can be seen in 

figure 4.14. 
DC 

input 

AC 
input 

Ground 
Plane 

Figure 4.13. Microwave board layout for the low and high frequency bias tee circuits. 

' The responsivity of a photo-diode is equal to the photo-current produced by the photo-diode divided by the 
power incident on the photo-diode: R = Iph/Pinc (AAV) [2]. 
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DC 

lOOnH      lOnH        lOnH        lOnH 

V\l\H\l\H\l\H\ir 

3.3kn(LF)  3.3M1(LF) 

430Q (HF) 430n (HF) .ijip 

AC 

49.912 
Probe Tip 

InH 

Laser 
Diode 

Figure 4.14. Low frequency (LF) and high frequency (HF) 
bias tee circuit component placement. 

Since the microwave board layout was the same as the one used in the data sheet 

design, we just exchanged the components and began testing the low frequency and high 

frequency bias tee circuits. 

4.6 Phase IV: Testing and Results 

The first test we submitted the bias tee circuits to was the calibration curve. The 

calibration curve for the low frequency bias circuit is fr)und in figure 4.15 and the calibration 

curve for the high frequency bias circuit is found in figure 4.16. 
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Figure 4.15. Low frequency circuit calibration curve taken at 70mA with 25dB HP amplifier. 
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Figure 4.16. High frequency circuit calibration curve taken at 70mA with 25dB HP amplifier. 

The calibration curves found in figures 4.15 and 4.16 look very good compared to the 

calibration curve seen in chapter 3, which had 12dB of change (figure 3.8 pg 51). The 

calibration curve for the low frequency bias circuit yields only 3.75dB of change from IMHz 

to IGHz, and the high frequency bias circuit yields only 3dB of change from IMHz to IGHz; 

most of the change in these calibration curves is coming from the amplifier response 

(illustrated in figure 4.18). However, there are differences in the calibration curve and the 

Hewlett Packard (HP) amplifier response curves, such as the gradual decline in the 

calibration curve from IMHz to 200MHz (which is not seen in the amplifier response curve), 

and the ~1.5dB dip in the amplifier response curve from 600MHz to IGHz (which is not 

identically followed by the calibration curves). There are a variety of other sources in the 

experimental setup which could be contributing to the disparities between the calibration 

curves and the amplifier response curve (cable losses, power fluctuations from the network 

analyzer, and the photo-detector circuit), so we went ahead vAUh. the next test—^taking below 

threshold optical response curves. 
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HP amplifier response curve 

MO 1-10 MO 
Frequency (Hz) 

Figure 4.17.25dB HP amplifier response. 

MO 

We took a below threshold optical response curve using both the low frequency and 

the high frequency bias circuits on a 27\im quantum dot (QD) laser biased at 26mA. We then 

subtracted the calibration curve taken with the low frequency circuit (figure 4.16) and the 

calibration curve taken with the high frequency circuit (figure 4.17) from their below 

threshold optical response curves to yield the single-pole response curves seen in figures 4.18 

and 4.19. Both curves maintained a reasonably flat region from IMHz to lOOMHz and a 

roll-off which is slightly steeper than the expected 20dB per decade roll-off from the single- 

pole response—the solid line is the single-pole fit. The steeper than 20dB per decade roll-off 

is not understood at this time; it could be coming from the amplifier, or just the laser 

dynamics itself However, the resulting below threshold optical response curves and the 

modeled modulation currents do give us confidence in these bias circuits, and with the help 

of a new low noise Mitech amplifier possessing a IMHz to IGHz bandwidth, we feel the 

below threshold optical curves will improve even further. 
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□   26mA Below Threshold Optical Response Curve LF_ckt | 

1E9 

Frequency (Hz) 
Figure 4.18. Below threshold optical response curve with the 27p.m QD laser biased at 26mA 

using the low frequency bias circuit and the HP amplifier. 
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Figure 4.19. Below threshold optical response curve with the 27|im QD laser biased at 26mA 

using the high frequency bias circuit and the HP amplifier. 

4.7 Improvements 

As previously mentioned, we would like to use a new low noise Mitech amplifier 

with at IMHz to IGHz bandwidth to perform measurements in the future. The necessity of 

this amplifier is revealed when we examine calibration curves taken with the HP amplifier 

(figure 4.20) and calibration curves taken with our low noise Mitech amplifier with lOMHz 
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to IGHz bandwidth (figure 4.21). We took calibration curves using each of these amplifiers 

using the 21\im QD laser biased at 66mA and again at 70mA. Ideally, we would like to see 

exact replicas of the calibration curves running parallel to each other (70mA curve above the 

66mA curve) across the entire frequency range; the 70mA curve should be on top due to the 

increased optical power at the 70mA operating point, and the curves should be parallel to 

each other as long as the amplifier characteristics do not change with different input powers. 

This type of behavior is not seen with the 25dB HP amplifier (it is sensitive to different input 

powers); however, we do see nearly ideal behavior from a 40dB low noise Mitech amplifier. 

On a final note, we believe the increased predictability of the low noise Mitech amplifier will 

yield more accurate below threshold optical response curves. 

■ HP caLcurve 70mA not attenuated 
HP cal curve 66mA not attenuated 

m 
■D 

Frequency (Hz) 

Figure 4.21. Calibration curves taken on the 27|am QD laser biased at 66mA and 70mA 
using the low frequency bias circuit and the 25dB HP amplifier. 
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Figure 4.21. Calibration curves taken on the 27|j.m QD laser biased at 66mA and 70mA 
using the low frequency bias circuit and the 40dB low noise Mitech amplifier. 
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Chapter 5 

Conclusion 

The objective of our work was to design a bias circuit capable of delivering a 

constant, small-signal modulation current to a semiconductor laser from IMHz to IGHz; 

thereby, allowing us to measure the small-signal optical response of the laser in this regime. 

We first approached this design through modeling the components of the bias tee circuit 

using information on the components' parasitics retrieved from data sheets, and using our 

best guess at the parasitics that were not available. Once we modeled the impedance 

behavior of our bias tee circuit, we then tested the bias tee circuit on a theoretical model of a 

semiconductor laser to see how constant the modulation current was. According to our 

model, we did obtain a constant modulation current delivery to the semiconductor laser; 

however, this was because our assumption on the parasitic capacitance of our resistors was 

an order of magnitude low. Unaware of this fact, we moved to design and test the bias tee 

circuit. 

After submitting the bias tee circuit to its first test—^the calibration curve—^we felt 

there was something wrong with our model; the. first calibration curve yielded 12dB of rise 

from 200MHz to IGHz. We did find that the HP amplifier we were using did have some 

undesireable, nonlinear characteristics; however, with only a total of 1.5dB of change in the 

amplifier response from IMHz to IGHz, we knew it was not solely responsible for the 12dB 

rise in our calibration curve. We suspected an increasing modulation current was being 

delivered to our laser. For this reason, we pursued another design approach of the bias tee 

circuit. 

In the second design approach, we used experimentally measured impedances for the 

QD laser and the components used in the bias tee circuit—^we moved from a theoretical 
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impedance model to an experimentally measured impedance model. From the resistor 

impedance measurements, we discovered why our calibration curve in the first design 

yielded 12dB of rise from 200MHz to IGHz. The parasitic capacitance of our resistors 

limited the bandwidth of the S.lkQ. resistors used in the first bias tee circuit design to 

~200MHz, which caused the modulation current delivered to the semiconductor laser to 

continually increase above 200MHz. It was at this point that we decided to design two bias 

tee circuits: one used at low bias levels where the impedance of the laser is large and the 

single-pole, small-signal optical response resides at lower frequencies (~lMHz to 

-lOOMHz); and one used at higher bias levels where the impedance of the laser is low and 

the single-pole, small-signal optical response resides at higher frequencies (-lOOMHz to 

-IGHz). Through breaking the design into two different bias circuits, we were able to take 

advantage of the laser's low impedance at high biases to get around the low bandwidth 

problem associated with our resistors. 

With the new impedance model, we selected components for both bias circuits, which 

were capable of delivering a constant modulation current to a semiconductor laser over the 

frequency regimes they are intended to capture the single-pole, small-signal optical response 

of the laser. With good results coming from our model, we moved to design and test the two 

bias circuits. The results of the first test—calibration curves—showed great improvement: 

the low frequency bias circuit only yielded 3.75dB of change and the high frequency bias 

circuit only yielded 3dB of change. With good calibration curve resuhs, we moved to the 

final test—^below threshold optical response curves. 

Both bias circuits were tested on a 27|xm wide QD laser biased at 26mA (threshold 

current was 48mA), and each reflected a reasonably, nice single-pole response. There were 

some fluctuations present both in the flat region and in the single-pole response; however, we 
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feel that a new low noise Mitech amplifier with a IMHz to IGHz bandwidth can help reduce 

these fluctuations. Overall, the results of both tests (calibration curve and below threshold 

optical response curve) and our modeled results give us confidence that a constant 

modulation current was delivered to the laser by both bias tee circuits. 
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Appendix A 

Flow Chart and MathCad Program for Data Sheet Design of the Bias Tee Circuit 

Define the frequency range of operation (IMHz to IGHz) and ensure 
we maintain the same number of points in each decade. 

Define the impedance of the laser diode. 
Rsd = series resistance of cladding layers ~ 4Q. 
Rd = differential resistance of the p-n jimction 

Cd = differential capacitance of the active region 

Define the impedance of the probe tip—^neglect the resistance. 
Lpt = inductance of 2mm probe tip ~ InH 

Define the impedance of the inductors used. 
Input the following values: 

SRF = self resonant frequency 
Rp(f) = parasitic resistance value 

L = nominal inductance value 
Determine the parasitic capacitance Cp value fi-om SRF and L. 

High frequency model impedance is: 

7      = 1 
R^(f) + ja)L 

+ j(oC^ 

Define the impedance of the capacitors used. 
Input the following values: 

Rep = parasitic resistance value 
Lcp = parasitic inductance value 
C = nominal capacitance value 

High frequency model impedance is: 
■"   1 ^ 7       = + jcoL.„+R 

T 
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1 
Define the impedance of the resistors used. 

Input the following values: 
Lrp = parasitic inductance value 
Crp = parasitic capacitance value 

R = nominal resistance value 
High frequency model impedance is: 

-1 

■'RHF = JO)L rp + jojC^ rp 

Develop the impedance of the bias tee using the high frequency 
models of each component. 

Define a small-signal vohage to be applied to the input of the bias tee 
circuit. 

Perform a series of voltage divisions using the applied small-signal 
voltage and the bias tee circuit to obtain an expression of the laser 

diode small-signal voltage in terms of the input voltage. 

Plot the laser diode current from the small-signal laser diode voltage 
and the laser diode impedance. 

Figure Al. Flow chart for MathCad program used 
to model the small-signal modulation current 
delivered to the laser diode. 
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Frequency and characteristic impedance definitions: 

If:- 0,0.0025.. 3.99 w(lf) := 2-7t-10^^^"^^^ 

Laser diode definitions: 

Rsd := 4.0     Rd := 250     Cd := 5.0-10" ^° 

ZLD(lf) := Rsd + I — + i-w(lf)Cd | Differential carrier lifetime:     RdCd = 1.25x 10 ^ 

Probe tip impedance definition:   inductance value is for a 2mm probe tip 

Lpt:=MO~^ ZPT(lf):=i-w(lf)-Lpt 

Inductor impedance definitions: need SRF value, parasitic resistance, and inductance 
value to complete the high frequency model. 

SRFl:=2-7i-12(>10^ Rpl(lf) := .001124 -^ LI := 6.8-10  ^ Ql:=38 
2jt ■J   2jt 

SRF2:=27t-105-10^ Rp2(lf) := .001653 f^ L2:=10-10~^ Q2:=38 
■g    271 

Determine the parasitic capacitance values from the SRF's: 

Cpl := (sRFl^-Ll) Cp2 := (sRF2^-L2) 

Cpl = 2.587X 10   ^^ Cp2 = 2.298x 10   ^^ 

Check to see if the SRF's and Q's match values stated above for each inductor: 

SRF1:  2__ = 1.2x10^ T1.2irl0^ 
2-7iVLrc^ Q1: idiEL^L = 38.012 

Rpl(l) 

SRF2: :r^= = l'^^^^«' Q2: ^2^^ = 38.011 
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Define the impedance of each inductor using their high frequency models: 

ZLl(lf) :=  ^- + i-w(lf)-Cpl I        ZL2(lf) : 
^Rpl(lf) + i-w(lf)-Ll J 

-1 / , \-l f 1 
 + i-w(lf)-Cp2 
Rp2(lf) + i-w(lf)-L2 

Define the total impedance of the inductive network: 

ZL(w) := IZLl(w) + 3ZL2(w) 

Capacitor impedance definitions:  need paracitic resistance, parasitic lead inductance, 
and capacitance values to complete the high frequency model. 

R^p:=.07 L,p:=1.610-^ C1:=.M0  ^ 

Check the resonant frequency with the data sheet figure: 

^      — = 1.258X 10^ 

Define the impedance of the capacitor using its high frequency model: 

ZCl(lf) := ^- + i-w(lf)-L„_ + Rj,_ 
i-w(lf)-Cl '^P      ^P 

Define the total impedance of the capacitive network: 

ZC(w):=ZCl(w) 

Capacitor impedance definitions:  need paracitic lead inductance, parasitic capacitance, 
and the resitance values to complete the high frequency model. 

.-10 ^    .    „-12 
-rp- L,^:=l.aiO   '" C^:= 0.0110   '" R:=5100 
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Define the impedance of the resistor using its high frequency model: 

ZRl(lf) := 
f 1 

R+ i-w(lf)-I^ 
+ i-w(lf)-C, rp 

Define the total impedance of the resistive network: 

ZR(w):=2ZRl(w) 

Now, we have a series of impedance networlis defined ZLD, ZPT, ZL, ZC, and ZR for the 
laser diode, probe tip, inductive networl(, capacitive networl(, and resistive network 
respectively. 

The next step is to move toward obtaining a modulation voltage across the laser diode 
from a modulation voltage placed at the input of the bias tee-at the 50    Q. shunt resistor. 
We will do this through a series of voltage divider expressions until we arrive at an 
expression of the laser diode voltage as a function of the input voltage. Once we do 
this, we can plot the modulation current delivered to the laser diode. 

Z1 is the impedance of the inductors in parallel with the probe tip and laser. 

.-1 
Zl(lf) := 

(     1 1 A 

ZL(lf)      ZLD(lf) + ZPT(lf) 

ZBT is the total impedance of the bias tee circuit, including the probe tip inductance 
and the laser diode impedance . 

ZBT(lf) := ZR(lf) + ZC(lf) + Zl(lf) 

Zin is the impedance of the 50 Q shunt resistor in parallel with the impedance of the bias 
tee circuit, including the probe tip impedance and the laser diode impedance-the total 
input impedance seen by the network analyzer. 

Zin(lf) := ( 1 1 — + 
V 

,-1 

50     ZBT(lf) 

Now, define the small signal voltage and determine the power of the signal applied 

Vin:= 0.44721359 Pin ■■= 10-log 

(y'm\ 

50 
0.001 

Pijj = -1.068x 10 dBm 
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Now, define the voltage seen at the probe tip and cail it V1-a voltage divider expression 
using Z1,ZC, and ZC. 

Vl(lf) := Vin 
Zl(lf) 

ZC(lf) + ZR(lf) + Zl(lf) 

Use a voltage divider expression again involving the voltage at the probe tip (V1) and 
the impedances of the laser diode and probe tip. 

Vd(lf) := Vl(lf)- 
ZLD(lf) 

ZPT(lf) + ZLD(lf) 

Now, define the magnitude of the laser diode current. 

Id(lf) := 
Vd(lf) 

ZLD(lf) 

Plot the magnitude of the small-signal modulation current delivered to the laser diode. 

-38 

-40 

oa 101og(Id(lf)) -42 

-44 

-46 

MO 

Modeled Small-Signal Diode Current 

0.01 0.1 

w(lf) 

2-7i-10^ 
Frequency (GHz) 
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Appendix B 

Flow Chart and MathCad Program for Experimentally Measured Impedance Design of 
the Bias Tee Circuit 

Bring in the S21 or SI 1 impedance data for the following components and 
the frequency data the S21 data points were observed at: 

Capacitor (S21) 
Resistor (S21) 
Inductor (S21) 

Probe Tip (S11) 
QW Laser (S11) 
QD Laser (SI 1) 

Frequency 

Convert the S21 and SI 1 data into impedance data for each component. 

Develop the impedance of the bias tee using the impedance data. 

Define a small-signal voltage to be applied to the input of the bias tee 
circuit. 

Perform a series of voltage divisions using the applied small-signal voltage 
and the bias tee circuit to obtain an expression of the laser diode small- 

signal voltage in terms of the input voltage. 

Plot the laser diode current from the small-signal laser diode voltage and 
the laser diode impedance. 

Figure Bl. Flow chart for MathCad program used to 
model the small-signal modulation current 
delivered to the laser diode. 
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Capacitor Impedance Data 

Capl_transmag := READPKK"capacitor_mag_and_phase_Sll_and_S21_data\10nF_0805_S21_mag_data.txt" ) 

Capl_transphase := READPR>("capacitor_mag_and_phase_Sll_and_S21_data\10nF_0805_S21_phase_data.txt" ) 

Resistor Data 

Resl_transmag := READPR>("resistor_mag_and_phase_Sl l_and_S21_data\430ohm_0805_panasonic_S21_mag_data.txt" ) 

Resl_transphase := READPKN("resistor_mag_and_phase_Sl l_and_S21_data\430ohm_0805_panasonic_S21_phase_data.txt" ) 

Res2_transmag := READPR>("resistor_mag_and_phase_Sl l_and_S21_data\3.3kohin_0603_panasonic_S21_mag_data.txt" ) 

Res2_transphase := READPR>("resistor_mag_and_phase_Sl l_and_S21_data\3.3kohm_0603_panasonic_S21_mag_data.txt" ) 

Inductor Data 

Indl_transmag := READPRK"mductor_mag_and_phase_S 1 l_and_S2l_data\l OOuHJwmiller_S2l_mag_data.txt") 

Indl_transphase := READPRN("inductor_mag_and_phase_Sll_and_S21_data\100uHJwmiller_S21_phase_data.txt" ) 

Ind2_transmag:=READPRK"inductor_mag_and_phase_Sll_and_S21_data\10uHJwmiller_S21_mag_data.txt") 

Ind2_transphase := READPRIs("inductor_mag_and_phase_Sl l_and_S21_data\10uHJwmiller_S21_phase_data.txt" ) 

Ind3_transmag:=READPRK"inductor_mag_and_phase_Sll_and_S21_data\10uHJwmiller_S21_mag_data.txt") 

Ind3_transphase := READPR>("inductor_mag_and_phase_Sll_and_S21_data\10uHJwmiller_S21jhase_data.txt" ) 

Ind4_transmag := READPRK"inductor_mag_and_phase_S 1 l_and_S21_data\l .5uHJwmiller_S2 l_mag_data.txt") 

Ind4_transphase := READPRK"inductor_mag_and_phase_Sll_and_S21_data\1.5uHJwmiller_S21_phase_data.txt" ) 

Probe Tip Data: 

Ptip_refl := READPRK" lp5mm_probe_tip_inductance_data.txt" ) 

QW Laser Data: 

QWL_refl := READPRK"QW_Laser_ImpedanceV2.txt" ) 

QD Laser Data: 

QDLl_refl:=READPKK"QD_Laser_Impedance\QD70mA.txt") 

QDL2_refl:= READPRK"QD_Laser_Impedance\QD7mA.txt") 
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Frequency Data: 

freq := READPR>("Frequency_Data_lMHzJo_2GHz.txt") 

Define the characteristic impedance (50 Q) and set up the frequency--the frequency must 
be read from the array, thus requiring i to lieep tracic of the frequency point where the 
impedance data point was observed: 

Zo:=50 f:=freq i := 0.. 200 

Capacitor S21 to impedance Conversion: 

Capl_S21.:=10 

Capl_transmagi 

20 

Capl_transmagi 

•cosl — Capl transphase .   + MO -sin  Capl_transphase . 
'  180 ' I 180 ' 

2-(l - Capl_S21.) 
Capl Z. := Zo-- 

~ 1 Capl_S21j 

Resistor S21 to impedance Conversion: 

Res! S21.:=10 
—     I 

Resl_transmag 

20 

Resl_transmagi 

'"■  ^   ■, , 1     • ,A 20  Resl transphase .   + i-lO -sin 
180        ' 'I 

/ 
 Resl transphase. 
180        ~ ' 

2(l-Resl_S21.) 
Kesl_ -^i-= Zo- 

Resl S21. 
—     1 

Res2_transmag 

Res2. .S2L :=10 
20 

■CO 

Res2_transmag 

^  ^   ^ , 1     • ,« 20  Res2 transphase .   + i-lO -sin 
180        - '' 

/ 
 Res2 transphase . 
180 

2(l-Res2_S21.) 
Res2 Z.:=Zo- 

~ ' Res2 S21. 

inductor S21 to impedance Conversion: 

Indl S21.:=10 
-     1 

Indl_transmagi 

20 •cos 

Indl_transmagi 

 Indl transphase .   + ilO -sin  Indl transphase . 
180       - ' 180       - ' 

Indl Z.:=Zo 
2-(l - Indl_S21j) 

Indl S21. 
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Ind2_transmagi 

20 /    7t 
Ind2S21.:=10 -cos   Ind2 transphase 

-     1 I  180       ~ ' 

Ind2_transmagi 

+ i-10 
20 

•sin   Ind2 transphase . 
'   180       ~ » 

2-(l-Ind2_S21.) 
Ind2 Z.:=Zo- 

-  1 Ind2 S21. 

IndStransmagj Ind3_transmagi 

Ind3 S21.:=10 
—      1 

20 
•cos  Ind3 transphase 

180 
+ M0 20 

•sm  Ind3 transphase . 
180       - ' 

2^(l - Ind3_S21.) 
Ind3 Z.:=Zo^ 

- > Ind3 S21. 

Ind4_transmagi Ind4_transmagj 

Ind4 S21.:=10 •cos    Ind4 transphase 
'   180       "" ' 

+ M0 20 
•sm  Ind4 transphase 

180 

Ind4 Z.:=Zo^ 
2^(l-Ind4_S21.) 

Ind4 S21. 

Probe Tip S11 to Impedance Conversion: 

Ptip_Sll. := Ptip_refl. ^ + i-Ptip_refl. j 

1-f Ptip_Sll. 
Ptip_Z.:=Zo 

1 l-Ptip_Sll. 

QW Laser S11 to Impedance Conversion: 

1 + QWL_S11. 
OWL SI 1. := OWL refl. „ + i^QWL refl. , QWL Z. := Zo  
^     -     1     ^     -     1,0      ^     -     1,1 ^     - 1 1-QWL_S11. 

QD Laser S11 to Impedance Conversion: 

QDLl_Sll:=QDLl_refl_0+ i^QDLl_refl , QDLl_Z.:=Zo 
1-f QDLISIL 

» 1-QDL1_S11 

QDL2_S1L := QDL2_refl ^ + i-QDLl_refl j 
1 + QDL2_S1L 

QDL2 Z:=Zo  
-1 1-QDL2_S1L 
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Now model the modulation current delivered to the laser through placing a small-signal voltage at the 
Input of the bias circuit. From here, we use a series of voltage dividers to obtain the actual small-signal 
voltage across the laser. Finally, dividing the small signal voltage by the laser Impedance, we can 
examine the small-signal current delivered to the laser. 

This is tlie ampiitude of the smail-signal voltage applied to the bias circuit; application is just before the 50 
ohm resistor. 

Vin:= 0.125 

Now, compute the applied power in dBm which will be delivered to the box assuming the impedance 
remains nearly 50 ohms. 

PdBm:=l(^log 

Vin 

[r2i 

2 " 

50 

0.001 PdBm = -8062 

Now use voltage division to come up with the voltage across the laser diode. 

Zacnetwork. := 1 Capl_Z. + 2Resl_Z. + 0Res2_Z. 

Zdcnetwork. :=2Indl Z. + Ind2 Z. + 2Ind3 Z. + llnd4 Z. 
1 - 1 - 1 - I - 1 

ZPtip. := Ptip_Z. 

Vptipl.:=Vii> 

(QDL1_Z i+ZPtip i)zdcnetwork j 

QDL1_Z i+ZPtip i+Zdcnetwork; 

(QDL1_Z + ZPtip.Yzdcnetwork. 
 + Zacnetwork. 
QDL1_Z + ZPtip. + Zdcnetwork. ' 

Vlaserl. := Vptipi ■ 
QDL1_Z 

i QDL1_Z + ZPtip. 

Vptip2.:=Vm 

(QDL2_Zi+ZPtip i)zdcnetworki 

QDL2_Z i+ZPtip i+Zdcnetwork i 

/QDL2_Z + ZPtip.)-Zdcnetwork. 

QDL2_Z + ZPtip. + Zdcnetwork. 
+ Zacnetwork. 

1 

Vlaser2. :=Vptip2.- 
QDL2_Z 

i QDL2_Z + ZPtip. 

Now that we have the voltage across the laser, determine the current delivered to the laser. 

Ilaserl. •- 
Vlaserl. 

1 

QDL1_Z 
Ilaser2. :- 

Vlaser2. 
1 

QDL2_Z 
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