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ABSTRACT

Analog and mixed signal design has always been very interesting and when it
comes to the design of high-speed CMOS and SiGe BiCMOS optical transceivers it be-
comes even more challenging. Special care has to be taken while doing the layout of such
a circuit that operates at a frequency of 1 Gbps or higher.

The focus of our first work was to layout an optical driver and receiver stage ca-
pable of high integration and driving VCSEL arrays that emit laser at a wavelength of
850 nm. Emphasis was given on analog CMOS design techniques because an increasing
portion of today’s integrated circuit functionality is being performed in the digital domain
by VLSI circuits implemented in a CMOS technology. Achieving high integration re-
quires both the analog signal processing and the associated analog-to-digital interface to
be built with the same technology as the digital circuits. The work was extended to pro-
vide a test-bench to the CFDRC-Micromesh tool that provides the capability of doing 3D
electro-magnetic analysis of both analog circuits and interconnects. As the tool is capable
of reading layout in the Cadence Virtuoso format, these big transceiver designs were first
made Cadence compatible and then interfaced with the Micromesh tool using Cadence
Skill procedures. During the process of interfacing the main idea was to preserve the
terminal information that will provide Micromesh with the right interfaces for the signal
flow.

The second part of our work dealt with the testing and measurement of the test
circuits that were designed so far. It included testing both flavors, bare die and packaged
IC. This work will provide a first hand information on the proper functionality of the

design done earlier. The theoretical and the practical results came under direct comparison

Xiv



and strict scrutiny. Most of the results obtained match with the behavior as expected
though a few warps interrupted the cadence and enunciated the practical limitations of
the design.

0.18-micron SiGe BiCMOS technology performs at higher speeds and lower power
than standard CMOS. It is less expensive than gallium arsenide (GaAs) alternatives, mak-
ing it an ideal technology for optical networking. The third part of our research dealt
with standalone simulation of analog SiGe BiCMOS optical transceiver. SiGe process
combines CMOS and bipolar technologies in a new generation of communications appli-
cations. The state-of-the-art IBM-7HP models were used for both the active and passive
devices. With the right transistor sizing and the proper parasitics, this standalone design
will provide the right kind of prototyping environment. This can be used and referred to
as a check in the later design stage. The netlists conform to the low voltage differential
mode of design and operates at a frequency of about 1Gbps. The Chatoyant tool, from the
University of Pittsburgh in their effort to design a prototyping environment for high speed
optical communication system using VCSELSs and photodetectors will use the results of
these simulations as a test-bench to their simulated results. This will eventually reduce
the turnaround time of the total integrated system design.

The research in its entirety encompasses the nuances of high-speed mixed signal
design, an approach towards interfacing with a future generation CAD tool and providing

a first hand simulation to enhance some future design checks in rapid prototyping.

XV



Chapter 1

INTRODUCTION

1.1 Analog Design - CMOS and BiCMOS

Naturally occurring signals are analog, at least at a macroscopic level. It is diffi-
cult to completely shift to the digital domain as analog circuits have proved fundamentally
necessary in many of today’s complex, high performance systems. A system that requires
high signal handling capability requires good analog design as the control and driver cir-
cuitry. There is a trade-off between analog and digital design implementations. Sampling
the signal and discretizing it into digital signals may improve the time to market and cost
of production of critical designs, but it may lead to imperfections in the signal retaining
and handling capability. Signal integrity might be lost. Recent system-on-chip designs
show the coexistence of analog and digital circuitry on the same chip.

This coexistence has been possible due to the implementation of CMOS design
techniques in analog chips. The CMOS technology provides for low power dissipation
and smaller chip size, an improvement over the bipolar or GaAs counterparts. The BiC-
MOS technology implements the best of both the bipolar and CMOS technologies. The
speed of bipolar circuits are mixed with the low power CMOS circuits. This eliminates
the problem of dynamic dissipation * and the problem with CMOS logic families driving

high capacitive loads.

L where the repetitive charge and discharge of internal parasitic capacitances within the
gates gives rise to a frequency-dependent power dissipation.



Opto-electronic circuit elements requires some special treatment to bring the right
precision in the transmit and receive signals. The layout of those circuits has to be care-
fully designed in CMOS and BiCMOS disciplines. More discussions on the design of

such circuits will be made in Chapter 2.

1.2 VCSEL Technology

Conventional lasers are known as “edge emitters” as their laser light comes out
from the edges. Also, their laser cavities run horizontally along their length. A Vertical
Cavity Surface Emitting Laser(VCSEL - pronounced “vixel”), however, gives out laser
light from its surface and has a laser cavity that is vertical; hence the name. As seen from
Figure 1.1, mirrors are located on the top and bottom and light resonates vertically in the
laser chip. The VCSEL emit much more circular beam of light than edge emitters (Figure
1.2) and hence the beam divergence is less.

There are some advantages in using VCSEL in optical communication. They can
be coupled with the optical fibers easily. It involves a single process growth phase, which
is simpler and as a result wafer stage testing can be done. It needs less power to function
and can operate at a high speed (10 Gbps). Though less optical power is generated,
because of the many advantages stated earlier, VCSEL arrays find an important place in
today’s world of parallel optics. Another important advantage in using VCSEL is that it
requires simple driver circuitry for direct modulation. More of this technology will be

explored in Chapter 3.

1.3 Efficient Transceiver Design

Proper design of driver and receiver circuits are essential, to use the various fea-
tures offered by the VCSELSs in parallel optical fiber communication. The things that have
to be kept in mind are the current and power required to drive the VCSEL arrays to emit

light having wavelength between 850nm and 980nm.
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After doing research about the various design techniques, CMOS design proved
to be the best, with respect to the ease of design, fabrication methods offered by MOSIS,
consumption of power, time to market, and use of less “real-estate” on board [1].

Using the selective oxidation process, VCSELS can be made to operate with sub-
milliampere threshold current. They can be driven very easily with Si-based CMOS chips.

Both the schematic and the layout design of the electrical and optical driver and

receiver circuits will be discussed in more detail in Chapter 4 and Chapter 5.

1.4 Importance of Testing

Testing forms an important part in any design. It integrates the whole design cycle
into one. Without the right kind of testing it becomes hard to infer the proper functionality
of the design. The driver and receiver circuits that were designed for the VCSEL arrays
and Photodetectors, were tested for proper functionality and other design issues related
to fabrication and design environment. Many other test circuits were also tested and the
comparison made between theoretical and practical results.

Most of the results confirm the theory with a few occasional warps. Those results
establishes the practical limitations of the chip design. Chapter 6 will cover more on the

intricacies of testing, test equipment, procedures and test results.

1.5 Future Generation CAD Analysis

As microelectronics technology continues to advance, the associated electrical in-
terconnection technology is not likely to keep pace, due to many parasitic effects ap-
pearing in metallic interconnections. Hence, the optical interconnections and photonic-
electronic chips seem to be the most viable technology for future multi-GHz mixed-signal
electronics.

The optical driver and receiver circuits designed in this research served as a good

test-bench to analyze the various qualities offered by two different CAD tools.



The first CAD tool developed by University of Pittsburgh provides the capability
of reducing the design cycle time considerably. This tool-suite helps in modeling and pro-
totyping an entire design system within days, as opposed to months in case of fabricating
the same. This tool will be studied in Chapter 7.

The second CAD tool developed by CFDRC promises an efficient way of extract-
ing the parasitics of both the chip and the interconnects, where high-frequency electro-
magnetic effects will not allow SPICE-type models anymore. More on this tool and port-
ing designs into the system will be discussed in Chapter 8.

The stand-alone driver and receiver designs for SiGe BiCMOS technology, will
help to crosscheck the functionality of the prototyping tool. There are two parts to this.
One is a paradigm shift from the existing CMOS circuits to the more advanced BiCMOS
circuits, and the second is the cross-validation of the practical design data, with the stand-

alone simulation results. Chapter 7 will focus more on this topic.

1.6 Extension of the Research

The thesis ends with a pointer to the future, where more efficient design techniques
coupled with proper CAD tools, will make the System-on-Chip designs more efficient
and accurate. There will be a scope of cross-verification using two different CAD tools,
which will eventually reduce the percentage of error in system design thereby increasing
the efficiency of the design phase. Thus, before sending a chip for fabrication, appropriate
analysis about the performance and behavior of the chip can be done more accurately and
at a much lower cost.

We will see how two CAD tools will eventually integrate in Chapter 9 and how

the entire research fits into the integrated structure.



Chapter 2

ANALOG LAYOUT DESIGN CONSIDERATIONS

The complexity of an integrated circuit is revealed under high magnification. The
innumerable number of wires covering its surface, and the patterns of doped silicon be-
neath it, follow a set of blueprints called a layout.

Design automation to construct layouts for analog and mixed-signal integrated
circuits had been made, but more work has to be done in this field. Every polygon size,
shape and placement are guided by the principles of device electronics, semiconductor
fabrication and circuit theory. The following sections will explain the intricacies of layout
of a few circuit elements and in the later chapters we will see how the theory is maintained

in practice.

2.1 A Simple Resistor

Figure 2.1 shows the layout of a resistor of a simple rectangle of resistance mate-
rial with contacts at either end. Almost all of the current exits the contact along its inner
edge, facing the main body of the resistor. The drawn length of the resistor L, therefore
equals the distance measured from the inner edge of one contact to the inner edge of the
other. Similarly, the width of the strip of resistance material is called its drawn width
W,. The drawn length and width can be used to determine the approximate value of the

resistor using equation (2.1)

R=R, (—) 2.1)



Figure 2.1: Layout of a simple strip resistor

and,

R, = (%’) 2.2)

where, p is the resistivity and ’t’ is the thickness of the resistor. However, many other con-
siderations become important during actual resistor calculation due to the several limiting

factors a layout suffers during fabrication.

2.2 Resistor Correction

The most significant correction to the resistor equation are those associated with
width rather than length, because most resistors are much narrower than they are long.
Outdiffusion and non-uniform current flow near the contact points affect the value of the
resistance. When outdiffusion dominates, the resistor equation is rewritten as in Equation
2.3. [5].

(2.3)

= )

Waq+ W,
where, W, is the width bias, due to outdiffusion. The resistance equation modifies to

Equation 2.4 due to non-uniform current flow near the contacts [5].

R, |1 k+1 k? —1

where, k = (W, + W,)/(Wy + W, — W,). This equation is not that important, because
usually the resistors are made fairly long, and the corrective factor comes within 1% of

the original value [5], though Equation 2.3 should be considered carefully.



o

Figure 2.2: Layout of a serpentine resistor

In summary, the width bias is usually important, and the effects of nonuniform
current are usually not. Thus, the resistor design should be long enough to avoid the

nonuniform effect.

2.3 Resistor Layout Considerations

Large resistors are laid out in two styles, serpentine (Figure 2.2) or dogbone (Fig-
ure 2.2). The serpentine form is preferred to dogbone style, because it leads to greater
packing density and good resistor matching at the extreme ends of the resistor layout. In
the serpentine form of the layout, the current does not flow uniformly around the rectan-
gular bends. It has been found that each turn introduces 0.56 squares of resistance [5].

The value of the resistor of Figure 2.2 will be:



Figure 2.3: Sample dogbone resistor

94+ B
R=Rs( * +1.12)

W
where, W is the width of the poly resistor strip. The error caused by this non-uniform

(2.5)

current flow is negligible and can be overlooked in resistor designs.

2.4 Resistor Design Nuances

Two things are important in designing poly resistors. First, the poly strips, in either
the serpentine form or the strip form should be closely packed to minimize the spacing
for the etchant entry, and thereby reduce sidewall erosion. Second, the resistor should
be matched with strips of dummy resistors at the extreme ends to ensure uniform etching.
The dummy polysilicon strips should be grounded to discharge the static electrical charge,
that might develop in the oxide isolating them. The spacing between the dummies and the
resistor strips should also match to give a good impedance matching. Figure 2.4 shows

an example of a resistor with dummy strips at the end [5].

2.5 Transistor Design

CMOS transistor design becomes difficult when the aspect ratio (W/L) of the tran-
sistor goes up. It becomes difficult to fit a large transistor in a small area of the chip.
Various technigques have been devised to draw such kind of layouts. The most strategic

of which is to fold the transistor, in order to fit a wide transistor in the smallest chip



Figure 2.4: Connected dummy reistor

Connected Dummies

space possible. Figure 2.5 explains the concept of folding and the amount of area saved

is calculated below.

W, = oW
W

AS = (W) % 100

AS = 50%

where, W, is the total width and AS is the space improvement factor.

2.6 Different Transistor Structures

The different design techniques that are generally used in the design of CMOS
transistors and complex logic gates will be discussed in the following subsections. The
theory explains the use of a few clever approaches towards such kind of design. Some of

these techniques will be used in Chapter 5.

2.6.1 Multiple Sections

When the width of the transistor is large then it becomes unmanageable to do the

layout in a small space, and it becomes even more difficult when the transistors abutting
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Figure 2.5: Folded transistor

it are of different sizes. The design is then broken down into multiple sections with a
much more manageable aspect ratio. The multiple sections will comprise of parallel poly
strips with active space in between. This also reduces the parasitic junction capacitances
considerably, as the poly regions share the active zones between them. The specification
of such a design is given by N(W/L), where N specifies the number of sections. It
becomes easy to infer from Figure 2.6 that even number of fingers always contain odd
number of source/drain sections [5].

Though in this kind of design the source capacitance increases, the drain capaci-
tance decreases, as a number of drain sections are shared by the poly fingers. It is known
that the drain capacitance is more critical to CMOS design and minimizing its value usu-

ally improves the circuit performance.
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Figure 2.6: Transistor with 3 sections

2.6.2 Interlacing Structures

When it comes to the design of CMOS logic gates with multiple fingers the same
approach of folding the poly strips are used in order to accommodate wide transistors
along with the technique of interleaving. Interleaving technique helps to fit a complex
symmetric CMOS design in a very small space and also improves the impedance matching
of the circuitry. As the main objective lies in the fact to share the drain regions between
different poly fingers, the drain capacitance also decreases, thereby improving the device
performance. Figure 2.7 explains the interleaving architecture of a NAND gate. The drain

regions are shared between poly sections.
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Figure 2.7: NAND gate interleaved structure

13



Chapter 3

AN OPTO-ELECTRONIC DESIGN SYSTEM

This chapter will focus on an integrated system that is based on VCSELSs and Pho-
todetectors. The design model named FAST-NET system was actually conceptualized as
a smart-pixel-based optical interconnection prototype [3]. Based on this model, the design
parameters were collected from various vendors and research foundations and a practical
real-time switching system was built. This discussion follows from the introductory note
on VCSEL technology in Chapter 1. It will give a good picture on how an integrated
system with VCSEL and Photodetector arrays is built. The system also had the potential
to function as a high-speed switching device capable of handling data at multi-gigabit per

second.

3.1 An Overview

The FAST-NET model (Figure 3.1) had been designed to identify issues in order
to achieve > 10 Gb/s per channel data rates over free space optical links associated with
large-area smart-pixel-arrays (SPAs). The design provided high throughput data switch-
ing capability that used a reflective optical system to globally interconnect a multi-chip
array of smart pixel devices (SPAS).

The three dimensional optical system linked each chip directly to every other with
a dedicated bi-directional data path. Smart-pixel devices were packaged on a common
multi-chip module (MCM) with inter-chip registration accuracies of 5 — 10um. The
smart-pixel arrays (SPASs) consisted of clusters of oxide confined Vertical-Cavity Surface-

Emitting Lasers (VCSELSs) and Photodetectors (PDs) that were solder bump-bonded to

14
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Figure 3.1: Cross sectional view of free space optical interconnect

Silicon (Si) integrated circuits. The Opto-electronic elements were arranged within each
cluster in a checkered pattern with 125um pitch. The global optical interconnection mod-
ule consisted of a mirror and lens array that were precisely aligned to achieve the required

inter-chip parallel connections between the four SPAs.

3.2 General Description

The SPA was designed to be implemented in a one-to-four SPA configuration
where every SPA had nine optical channels directly linking it to every other SPA in the
system, including itself. The illustration in Figure 3.2 explains this. Each SPA was pre-
cisely placed with respect to one another on a multi chip module (MCM) with optical
elements placed above the MCM to allow for connections of the free space optical paths.

There were four clusters per SPA (for every SPA in a four-SPA system) with nine
Opto-electronic (OE) channels per cluster. Five of the channels were independent of each
other and externally controlled, while the other four channels (comprising the crossbar
switch) required control signals brought in through a serial port on the ASIC. Figure 3.2

shows the optical communication between the four SPAs. It is based on the principle
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Figure 3.2: SPA-to-SPA cluster mapping

where SPA-"x”/Cluster-"y” communicates with SPA-"y”/Cluster-"x".

Though the maximum expected data rate was 8 Gb/s/channel, but during the de-
sign of this ASIC, some design issues could be addressed, which would easily allow for
> 10Gb/s/channel operation.

CMOS signals for the driver and receiver circuits of this model required single-
ended 1.8V full swing voltage levels. All other signals required differential 1.5V to 1.8V
Current Mode Logic levels (CML). CML inputs were terminated with 1002 resistors on
chip. CML outputs were AC coupled, followed by 50¢2 termination to Ground (or supply
plane of choice).

The transceivers were fabricated using IBM SiGe BiCMOS-7HP process and the

maximum power consumption of the system was limited to 7 Watts.

16



155 FERTE 385 My FEAFE
- 2. 3rern (1o cutside of padks) ol

o

h
L FOQ 2000000000000 00 'DCJ
OODODOOGOODOODOO 'DO
...O..OOOOOO....

0% a% 20 s o o
RAERALLRAI
00 .0
ﬁoouoooooaoouoooooooooooooo

'D 00 00
of 00 20 .

oooooooooooooooooooo
% 2% 0% o9

E OOOOOOOOOOOOOOOOOOOOOOOO

“ ARSI, bﬁg EE

oooooooooooooooooooo
o .0 .0 :r

'zﬂ‘suzé’uo?ﬂoﬁf’suo;ﬂo

P

& 80um FEtDE

(to outs
TEOum PEtaDE
EOEpNOINENNENDNEDNDNEDERE
=== DN DD DN DN NN ODEDEDEOD

T 510.04umn PEtoPE.

i
C-
O
e
Odnrn
il

[

410,
EEm

535D41.nnPEmFE

Figure 3.3: SiGe SPA dimension

3.3 Classification of the Model

The FAST-NET system had been broadly classified into three main parts, Opto-
electronic elements, Optical elements and Electrical elements. Each of these elements
had a crucial part to play in the overall system, to make the system work as a unified
whole. The elements were also related to each other in terms of functionality, where one

part either required the output of one stage or drove the input of the other stage.
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Table 3.1: Design data

Length | 4.2mm
Breadth | 4.2mm
Material | SiGe

Table 3.2: SPA dimension data

Length 2.54mm
Breadth 2.54mm
Pitch (SPA-SPA) | 1.50mm

3.3.1 Opto-electronic Elements

The Opto-electronics part consisted of the SPAs that were solder bump-bonded to
the Si Application Specific Integrated Circuit (ASIC) on the Multi-chip module. There
were four SPAs in this particular FAST-NET system arranged in a 1 x 4 SPA configu-
ration matrix on the MCM. Each SPA was comprised of four clusters of VCSELs and
Photodetectors. The clusters in the SPA were arranged in a 2 x 2 matrix. Each cluster was
composed of nine GaAs VCSELSs (the transmitters) and nine GaAs MSM Photodetectors
(PDs), thereby forming nine Opto-electronic channels per cluster. They were arranged in
a checkered fashion as in Figure 3.3

The multi chip module (MCM) held four SPAs in a one-to-four SPA configuration.
The VCSELSs and Photodetectors were usually made of GaAs, but compound complex
substances of varying proportions could have been also used. Design parameters for the
ASIC die that housed one SPA are listed in Table 3.1.

Each SPA had four clusters (of VCSELs and Photodetectors) arranged ina 2 x 2
matriX. The dimensions as inferred from Figure 3.3 are given in Table 3.2.

Each cluster was comprised of nine VCSELs and 9 Photodetectors arranged in a
checkered fashion to form nine Opto-electronic channels per cluster The dimensions for

each cluster as inferred from the Figure 3.3 are given below in Table 3.3.
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Table 3.3: Cluster dimension data

Length 104pum
Breadth 104um
Pitch (Cluster-Cluster) | 1.50mm

Table 3.4: Compound lens design data

Length 16.5mm
Breadth 15.9mm
Focal Length 13.0mm(f/1.1)

Resolution (center) | 125L/mm
Resolution (corner) | 60L/mm

Format Size 5.36mm x 4.01mm
Field of View 8mm x 8mm

Back Focal Length | 6.76mm
Mirror-MCM plane | 10cm

3.3.2 Optical Elements

The optical part consisted of the lens-let array positioned in between the MCM
and the reflective mirror. These lenses helped in focusing circular coherent laser beam of
light from the VCSELSs to the Photodetectors. The mirror was mounted in such a way as
to provide mechanical movement to divert the laser beam in different directions.

There were seven lenses (in a one-to-four configuration) fixed on a common plane
with a regular rectangular grid spacing determined by the pitch of the SPAs. The lens
material was known by the term Cots. A typical compound lens data is given in Table 3.4
l.

The mirror was positioned above the lens array to fold the system back upon itself.
The distance between the mirror and the MCM plane could be precisely controlled to get

accurate focusing.

1 Data as obtained from the vendor Universe Kogaku (America) Inc.
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Table 3.5: Electrical design data

Logic Family CMOS/Bipolar
Substrate SiGe

Max. current 10mA
Operating Voltage | 3.3V

3.3.3 Electrical Elements

The Electrical part was comprised mainly of driver and receiver circuitry in CMOS
logic on SiGe substrate. This part made the Multi-chip module (MCM). The solder-
bumps were left on the top plane so that the SPAs could be bump-bonded to the MCM.
The technology used for fabrication was IBM SiGe BICMOS-7HP process.

The design data of interest for these elements mainly comprised of those for the
driver and receiver circuits. The CMOS logic family was used in the design of these
transmitter and receiver circuits, though BiICMOS technology could have been used to

give better speed and performance. The design parameters of interest are given in Table

3.5.
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Chapter 4

SCHEMATIC ENTRIESOF THE TRANSCEIVERS

This chapter will focus on the design of four circuits that can be integrated to form
a system by itself. The four circuits are VCSEL driver, Optical receiver, LVDS driver
and LVDS receiver. The discussion will be limited to the design of the schematics of
the individual circuits, some mathematical analysis that is useful for the operation of the
circuits and simulation results.

These circuits can be broadly classified into two groups; namely, Opto-electronic
circuits comprising of VCSEL driver and Optical receiver and Electrical circuits com-
prising of LVDS driver and receiver circuits. Individual circuits will be discussed to the
extent limited by the research. The simulation results will be later matched with the re-

sults obtained from the simulation of layouts in Chapter 5

4.1 VCSEL Driver

VDD33 PAD

GND33 PAD
veseL L

Digital Input—={Cmos Buffer—= On—chip Wire Driver Cell \\\\\&
TXREF PAD

REF PAD

Figure 4.1: VCSEL driver stage
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Figure 4.2: VVCSEL driver schematic

The purpose and the function of having a VCSEL driver circuit can be explained
from Figure 4.1. For brevity, only one stage is depicted here. This stage can be repeated
according to the size of the array. A 4 x 4 array of VCSEL driver can be arranged in a two
dimensional arrangement of VCSEL arrays. The geometrical and the electrical properties
of the driver stages should be compatible with the CMOS driver arrays. The driver array
could then be “flip-chip” bonded to the VCSEL array. Each of the sixteen channels of the
chip can be individually addressable.

Figure 4.2 shows the schematic of the VCSEL driver stage. Analysis of separate

blocks will be given in the subsequent sections.

4.1.1 Reference Voltages
There are two reference voltages that are used in the driver circuit. TXREF is kept
at a DC level of 1.8 volts, while the REF voltage is modulated with the help of CMOS

circuitry to be at a nominal 0.9 volts. These two voltages helps the circuit to operate
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Figure 4.3: Reference voltage (REF)

properly. The mat