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ABSTRACT 

The first Field Programmable Gate Array (FPGA) was introduced by Xilinx in 1985. 

Since then, FPGAs have become denser, cheaper and much more powerful in terms of 

performance and functionality than before. Applications, such as network routing, signal 

processing, rapid prototyping design, etc, utilize FPGAs’ reconfigurable feature. As more 

and more applications operate in the microwave range, regular CMOS FPGAs cannot be 

used any more.  

The goal of this research is to design a high speed FPGA, which operates in the 

microwave range. The state of the art IBM SiGe High Performance BiCMOS technology 

is used to implement the high-speed FPGA. This FPGA design is functionally compatible 

with the Xilinx 6200 series. The newly designed FPGA operates in the 1-20 GHz range 

and has reasonable power consumption. New ideas contributed to this innovation include 

new multiplexer structure, new basic cell structure and multi-mode routing power saving 

method. The new multiplexer structure uses a single level current tree. Thus power 

supply voltage can be reduced. The new basic cell structure removes redundant 

multiplexing procedures from the signal path. Two gate delays are saved. In addition, the 

new basic cell has three outputs to neighbor cells. Routing capability is increased. The 

multi-mode routing method turns off unused basic cells and circuits to save power.  

System level designs are also introduced in this thesis, such as clock tree, system memory 

configuration and reconfigurable input/output block (IOB). Ten to twenty GHz 

applications are also provided in anticipation of these promising super high-speed 

FPGA’s application areas. One FPGA chip, which implemented a ring oscillator, proves 

that the combinational logic function has a gate delay as short as 100 ps. Another FPGA 

chip, which implemented a 4-channel DEMUX, proves that the sequenctial logic function 

has a system clock as high as 11 GHz. 
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Chapter 1   

Introduction 

I.      Research History 

This thesis covers a high-speed Field Programmable Gate Array (FPGA) design. FPGAs 

have been popular since 1988 when the first FPGA was introduced by Xilinx. Briefly, the 

development of FPGAs leads to two different objectives. The first seeks to improve the 

FPGA’s performance, functionality and reliability. The other targets a reduction in the 

cost, power consumption and size of the FPGA. 

This research focuses on improving the performance as well as reducing the power 

consumption of the FPGA. To achieve this goal, our research group has selected the 

Xilinx XC6200 FPGA as our initial design. The high-performance IBM SiGe BiCMOS 

technology has been chosen to implement the high-speed circuit. The first prototype 

high-speed FPGA was designed by our former Ph.D student, Dr. Bryan Goda, in 1999. 

Dr. Goda’s design reached a system frequency as high as 5 GHz. 

When our research group tried to scale up this FPGA, power consumption problems 

became a major issue. Dr. Goda’s design was not feasible for large gate arrays. New 

ideas needed to be sought to continue the research. 

In early 2001, Mr. Jong-Ru Guo, one of our group member came up with a “single level” 

current tree method to implement multiplexers. The new multiplexer had several features. 

For example, the multiplexer can be turned off entirely and multiplexers of any number 



 

 2 

inputs can be implemented. Based on this idea, the author introduced a Multi-Mode 

Routing method to turn off unused basic cells and circuits. Much power is saved by using 

this new routing method. 

In late 2001, the author introduced a new basic cell structure, which has been proven to 

enhance the performance by 40% and reduce 30%-70% total power consumption. This is 

the major contribution to the research group by this thesis. The new structure has more 

routing capability, less gate delays and requires less power supply voltage. It also 

preserves all the original functions listed in the XC6200 datasheet. 

Starting in May 2002, the FPGA research group fabricated several chips using this new 

basic cell structure to prove the performance achievements. The first FPGA chip 

configured as a ring oscillator, in May 2002, achieved the expected enhanced 

functionality, and at the same time, the gate delay was as low as 100 ps per cell. The 

measurement results were published in Microprocessors and Microsystems. The second 

FPGA chip configured as a 4-channel demultiplexer, in Nov 2003, revealed that the 

sequential logic operation clock could be as high as 11 GHz. The measurement results of 

the second chip have been submitted to IEEE Transaction on VLSI Systems. There were 

several FPGA chips submitted in January 2005 to implement other applications in the 

high-speed FPGA. 

 

II.      Thesis Outline 

The layout of this thesis is as follows. Chapter 1 describes the physics background of 

solid-state physics. The ideas and discoveries in physics during 19th and 20th century were 
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the foundation of modern semiconductor technology. Chapter 2 introduces the SiGe 

technology employed in this research and the SiGe technology is compared with other 

technologies. Chapter 3 describes the new basic cell structure and elaborates on the new 

structure’s advantages. Chapter 4 details other circuits used in FPGAs such as clock trees, 

memory configuration systems, input/output blocks, etc. Chapter 5 describes an 

application that can be implemented by the high-speed FPGA. Chip measurement results 

are also provided. Chapter 6 summarizes all the results and discussions. Future 

development in this area is also included in Chapter 6.  
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Chapter 2   

Physics Background 

God said
  

! 

"
h
2

2m
e

# 2$

#x2
+
# 2$

#y2
+
# 2$

#z2( )+V x,y,z( )$=E$ , and there was light! [3] 

— E. Thall  

I.      Atom Discovery History 

On the other side of exploring the universe, scientists for centuries have been trying to 

understand the micro world of our life. Democritus, a Greek scientist, had the idea of  the 

atom back in 530 B.C. [1]. In 1808, a schoolteacher from England, John Dalton came up 

a modern atomic theory by stating that: 

• Every element is made of atoms. 

• All atoms of a given element are the same. 

• Atoms of different elements are different. 

This atomic theory was agreed upon by most chemists at that time, such as Amadeo 

Avogardro, who weighed gases relative mass scale to carbon, and Dimitri Mendeleev, 

who made up the very first periodic table. 

In 1897, the Nobel Prize winner, Joseph. J. Thomson discovered the electron with his 

cathode ray experiment. His pupil, the Nobel Prize winner, Ernest Rutherford discovered 

the nucleus [2]. His experiment was about striking an alpha particle (Helium nucleus) 
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beam against a thin gold foil. A small number of the particles were scattered. One 

conclusion of this phenomenon was that there was a small dense region, which he called 

the nucleus, at the center of an atom. He also discovered the proton through a series of 

experiments. In 1913, The Nobel Prize winner, Niels Bohr, came up with another theory 

that electrons orbiting an atom could only exist in certain orbits [2]. There were specific 

differences among the orbits –– energy levels. 

Although Bohr’s theory explained some experiments, it still had difficulties explaining 

other questions, such as why electrons were confined to certain energy levels and why 

electrons didn’t give out light while orbiting the atom nucleus. In 1924, Louis De Broglie 

suggested that electrons acted both as waves and particles [2]. He associated a 

wavelength to a particle of mass m moving at speed v. The length of the electron matter 

wave is called the de Broglie Wavelength, which is given by 

 

! 

" =
h

mv
        (EQ-1.1) 

On the issue of the electron’s matter wave, Werner Heisenberg said that one couldn’t 

view electrons orbiting a nucleus with well-defined orbits. One couldn’t specify an 

electron’s momentum and position at the same time. His theory is called the Uncertainty 

Principle and is mathematically expressed as: 

 
  

! 

"x # "px $ h h =
h

2%       (EQ-1.2)
 

In 1925, Wolfgang Pauli proposed a “Pauli Exclusion Principle”, which states that “No 

two electrons in an atom can have the same set of spin angular momentum”.  
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II.      Schrödinger’s Equation 

At the same time, many chemists, physicists and mathematicians were trying to describe 

the micro world with the language of mathematics [3]-[8]. In 1926, Erwin Schrödinger 

proposed an equation to describe electrons’ matter wave: 

! 

" x,y,z,t( ) =# x,y,z( ) $ e% i&t       (EQ-1.3) 

  

! 

"
h
2

2me

# 2$

#x 2
+
# 2$

#y 2
+
# 2$

#z2
% 

& 
' 

( 

) 
* +V x,y,z( )$ = E$    (EQ-1.4) 

One dimension of Schrödinger’s Equation can be expressed as: 

 

! 

d
2"

dx
2

+
8# 2

m

h
2

E $ Epot x( )[ ]" = 0     (EQ-1.5) 

  

! 

Epot = 0"
d
2#

dx
2

+
2$P

h

% 

& 
' 

( 

) 
* 

2

# = 0

d
2#

dx
2

+ k 2# = 0

# x( ) = A + eikx + B + e, ikx

:where 

! 

k =
2"

#
:angular wave number. 

If an electron is in an energy well, one can get the following solutions to its matter wave: 

 

! 

yn x( ) = A " sin
n#

L
x

$ 

% 
& 

' 

( 
) for n =1,2,3      

 

! 

" =
h

p
=

h

2mE
deBroglie Wavelength 

 

! 

L =
n " #

2
 state of L wave-distance 
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! 

" E
n

=
h
2

8 #m # L2
$ 

% 
& 

' 

( 
) # n

2  

For an infinite potential well 

 

! 

"
n
x( ) = A # sin

n # $

L
x

% 

& 
' 

( 

) 
*       (EQ-1.6) 

In 1926, Max Born, the advisor of Werner Heisenberg, gave physical meaning to the 

above mathematical results. The probability density, which indicates the probability of 

electrons’ appearance at certain position in an area, is given by 

  

! 

"
n

2
x( ) = A

2 # sin2
n # $

L
x

% 

& 
' 

( 

) 
*  

Since the sum of all possibilities is “1”, one can use a normalization equation: 

 

! 

"
n

2
x( ) # dx

$%

%

& =1 

For a potential well of length “L”, 

! 

"
n

2
x( ) # dx

$%

%

& =1' A =
2

L
 

Many results can be concluded from the above equations and many phenomena can be 

explained with the help of quantum mechanics. For example, when sunlight strikes a 

powder of nanocrsytallites, the color of the powder might be different. The reason for this 

phenomenon is that the electrons are trapped in the “potential well” of the nano structure. 

Only certain energy can be absorbed by the trapped electrons. The light of certain 

wavelengths that can’t be absorbed by electrons will be scattered.  
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III.      Atom Description 

From Schrödinger’s equation, a hydrogen atom can be described precisely by quantum 

mechanics. For the hydrogen atom, the spherical coordinate Schrödinger’s equation can 

be written as [3]: 

  

! 

Epot = "
1

4# $%o
$
e
2

r

"
h
2

2me

1

r
2

&

&r
r
2 &

&r

' 

( 
) 

* 

+ 
, +

1

r
2
sin-

&

&-
sin-

&

&-

' 

( 
) 

* 

+ 
, +

1

r
2
sin

2-

&

&.

&

&. 2
' 

( 
) 

* 

+ 
, 

/ 

0 
1 

2 

3 
4 5 + Epot r( )5 = E5

6 

7 

8 
8 

9 

8 
8 

 

 

! 

" E
n

= #
m $ e

4

8 $ %
o

2
$ h

2
$
1

n
2

= #
13.6 eV

n
2

     (EQ-1.7) 

where n is called the principal quantum number, which determines an electron’s energy. 

Electrons with the same principal quantum number have the same energy. When the 

electron orbit and spin are considered, other quantum numbers are introduced to 

distinguish different states for the electrons, which have the same energy. Those numbers 

are the orbital quantum number, orbital magnetic quantum number and spin angular 

momentum number. Quantum numbers’ ranges are listed in Table 1. 

Table 1. Quantum Numbers. 

Symbol Name Range 
n principal quantum number 1,2,3,4…. 
l orbital quantum number 0,1,2…,n-1 

ml orbital magnetic quantum number -l,-l+1,…,-1,0,1,…,l-1,l 
ms spin angular momentum number ±1/2 
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The states’ occupation can also be applied to other atoms with more than one proton. For 

example, a Silicon atom has 14 atoms (n=3). One can obtain the following states as 

shown in Table 2. 

Table 2. States in a Si Atom. 

n=1 l=0, 2 states 
l=0, 2 states n=2 
l=1, 6 states 
l=0, 2 states 
l=1, 6 states 

n=3 

l=2, 10 states 

IV.      Semiconductor Fundamentals 

When two silicon atoms are far apart, they can be considered separately. If they are 

brought closer and closer, one atom’s electron matter wave function will sense the 

existence of the other. Because of the Pauli exclusion principle, the two-atom system 

occupies 28 different states. Each energy level of a single silicon atom splits into two 

levels in this two-atom system. As more and more atoms are put close together, the 

energy levels split more. The energy levels which are close enough form energy bands. 

The band filled up with electrons is called the Valence Band. The band not filled up or 

not fully filled up is called the Conduction Band. The gap between the energy bands is 

called the Energy Gap. Figure 1 shows how energy bands are formed from separate 

atoms to a group of N atoms. 

When an electron jumps to the conduction band, it leaves an equal number of energy 

states in the valence band, called holes. Though a hole is not a physical particle in the 

same sense as an electron, it is the carrier that conducts current in the valence band. Both 
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the electrons in the conduction band, and the holes in the valence band are the carriers in 

semiconductors. 

 

Figure 1. Energy levels split to form Energy Band and 
Energy Gap [5]. 

For energy “E”, the density of states in the valence band and the conduction band are 

given by 

  

  

! 

gc E( ) =
2 "mn

3
E # Ec( )

$2 " h3
E % Ec

gv E( ) =
2 "mp

3
Ev # E( )

$2 " h3
E & Ev

' 

( 

) 
) ) 

* 

) 
) 
) 

    (EQ-1.8) 

Electrons’ distribution in the conduction band or the valence band can be described by 

Fermi Dirac Distribution [2], since electrons can be distinguished from one to another. 

(Bose-Einstein Distribution is used to describe indistinguishable particles). The 

distribution function as a function of energy is shown in Figure 2. 

! 

f E( ) =
1

1+ e
E"EF( ) / kT        (EQ-1.9)
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where EF is called the Fermi Energy.  

 

Figure 2. Fermi Function at 0 K and other temperatures [9]. 

One can use the following equations to calculate the distribution of carriers in the 

conduction band and the valence band. 

! 

gc E( ) " f E( ) # electron

gv E( ) " 1$ f E( )[ ]# hole       (EQ-1.10)
 

Therefore, total numbers of electrons and holes in the conduction band and the valence 

band can be calculated as, 

  

! 

n = gc E( ) " f E( ) " dE
Ec

Etop

#

p = gv E( ) " 1$ f E( )[ ] " dE
Ebottom

Ev

#
     (EQ-1.11) 

At room temperature, 300 K, if the Fermi Energy is 

! 

E
v

+ 3kT " E
F
" E

c
# 3kT , these 

kinds of semiconductors are called nondegenerate. The number of electrons and holes is. 

! 

n = Nce
EF "Ec( ) / kT

p = Nve
Ev "EF( ) / kT

       (EQ-1.12)
 

  where 

! 

Nc,v = 2.5 "10
19
/cm

3( ) mn,p( )
3 / 2
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 An alternative expression is  

 

! 

n = nie
EF "Ei( ) / kT

p = nie
Ei "EF( ) / kT

       (EQ-1.13) 

 where ni is called Intrinsic Carrier Concentration. 

   

! 

n
i
= N

c
N

v
" e

#EG / 2kT  

Put ni into the above formulas, and one can get the Mass-Action Law 

 

! 

n " p = ni
2         (EQ-1.14) 

Carrier concentration and the position of the Fermi level may all be altered by doping. 

Doped semiconductors are called Extrinsic Semiconductors. 

There are two types of doped semiconductors. One is an n-type semiconductor. The 

doped atoms “donate” their excess electrons to the conduction band and become 

positively charged. The majority carriers in an n-type semiconductor are electrons. The 

most important n-type doping materials, or donors, are Antimony (Sb), Phosphorus (P), 

and Arsenic (As). 

The other type of doped semiconductors is a p-type semiconductor. The doped atoms 

“accept” their electrons from the valence band and become negatively charged. The 

majority carriers in a p-type semiconductor are holes. The most important p-type doping 

materials, or acceptors, are Boron (B), Aluminum (Al), Gallium (Ga), and Indium (In). 

Donors and acceptors are called shallow when their ionization energies are smaller than, 

or close to, the thermal energy kT. Shallow donors and acceptors are nearly fully ionized. 

For a doped semiconductor, the Fermi Energy can be calculated as.  
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! 

E
F
" E

i
= kT # ln N

D
/n

i( ) N
D

>> N
A
,n

i

E
i
" E

F
= kT # ln N

A
/n

i( ) N
A

>> N
D
,n

i

    (EQ-1.15) 

where NA and ND are the doping concentration for p-type and n-type semiconductors. The 

Fermi Energy in such semiconductors varies with the doping concentration as shown in 

Figure 3. 

 

Figure 3. Fermi Energy Changes with Doping Concentration [9]. 

V.      Carriers’ Action 

Carriers inside semiconductors are under statistic equilibrium. When this equilibrium is 

broken by external force, the carrier concentration over an area will change to 

compensate for the external force. Two general forces are an external electric field and 

differences in doping concentration [5]. 

1. External Electric Field 

When an electric field is applied to a semiconductor, carriers will move under the force of 

the electric field. The velocity caused by the applied electric field is called the Drift 

Velocity. This velocity is superimposed on the electron’s thermal velocity, which is: 
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! 

v
th

= 3kT /m
e( )
1/ 2        (EQ-1.16) 

The drift velocity is proportional to the external electric field E. 

! 

vnelectron = "µn # Eexternal

µn =
q # $ np

me        (EQ-1.17)

 

where µ is called the mobility. The mobility is the coefficient of the drift velocity under 

the external field. The electrons’ mobility is larger than the holes’. As the external field 

becomes stronger, the internal scattering process causes the electron velocity to become 

saturated. This velocity is called the saturation velocity. 

Different materials have different mobility. Compound materials usually have higher 

mobility than silicon. Some semiconductors’ mobility decreases if the electron field 

exceeds a certain range. This phenomenon is caused by the difference in the energy band 

structures [10]. 

Mobility is also a function of doping concentration and temperature. As doping 

concentration or temperature rise, mobility falls. 

2. Differences in Doping Concentration 

Diffusion is a phenomenon when the carrier concentration is not uniform in a 

semiconductor. Carriers diffuse from a high concentration area to a low concentration 

area. The diffusion current density is a function of the derivative of concentration.  

! 

jdiff = qDn

dn

dx         (EQ-1.18)
 

Dn is called the diffusion coefficient. 
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The diffusion movement of carriers will create an internal electric field. Under the new 

established equilibrium state, the total electric current is zero. The drift current caused by 

the internal electric field will cancel the diffusion current. 

! 

j = jdrift + jdiff = 0 . One can 

solve the equation to find the diffusion coefficient. 

! 

Dn =
kBT "µn

q    
(also called Einstein Relation)  (EQ-1.19)

 

A transistor’s operation depends on its carrier’s action at a certain voltage.  From the 

above equations, one can derive a transistor’s static and dynamic operation of behavior. 

All the features of SiGe technology, which is introduced in next chapter, can be traced 

back to this chapter.   
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Chapter 3   

Technologies and Logic Gate 

Since the invention of the bipolar transistor in 1947, there has been an 

unprecedented growth of the semiconductor industry, with an 

enormous impact on the way people work and live. 

      —Yuan Taur  

I.      Introduction 

Circuits can be divided into two categories in an FPGA design, namely high-speed basic 

cells and low-power memory configuration structures. High-speed circuits are used to 

implement multiplexers and master-slave latches. Bipolar devices are chosen to conduct 

high-speed circuits. Low-power memory configuration structures are memory cells, logic 

gates and shift registers. CMOS devices are chosen to conduct low-power circuits. 

The final performance of an FPGA depends on which technology is chosen. The choices 

of technologies are traditional Si technology, currently popular SiGe BiCMOS 

technology and high performance GaAs technology. This project uses an IBM state-of-

the-art SiGe BiCMOS High Performance (HP) technology to implement the FPGA. SiGe 

is chosen because its bipolar performance is better than the Si-Base transistor [44]. The 

cost, yield and circuit density are better than that of GaAs HBT [11] technology. 
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II.      Bipolar Transistor Overview 

The bipolar transistor was invented in 1947 based on a silicon technology. Si technology 

was mature in the mid-1970s. Today, more than 90% of the global semiconductor market 

is based on Si technology. Since the early years in Si technology, engineers and scientists 

have been studying methods to improve bipolar performance. Besides the study on the 

bipolar structure advancing to Heterojunction Bipolar Transistors (HBTs), compound 

materials were tried, such as GaAs, InPa and SiGe-base. The electron mobility introduced 

in the previous chapter plays an important role in the performance race.  

For a given technology, the following merits are of interests to a designer:  

1. Common emitter current gain 

2. Cutoff frequency 

3. Maximum oscillation frequency 

4. Gate delay of a given circuit 

1. Common emitter current gain (ß): 

ß can be simply defined as the ratio of the collector current to the base current, 
  

! 

" =
I

C

I
B

. 

The current gain ß is often used to describe the device characteristics.  A typical modern 

bipolar transistor has a ß of about 100. For the SiGe technology, ß is 400. For analog 

circuits, higher current gain is desirable. For digital circuits, the circuit speed is 

independent of the current gain [12]. For a given technology, the current gain can be 

increased/decreased by modifying base parameters as shown in (EQ-2.1). 
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 (EQ-2.1) 

where: D is the diffusion coefficient introduced in previous chapter. N is the 

doping concentration in the base and emitter area. W is the width of base region. L is the 

diffusion length in the base and emitter area. 

2. Cutoff frequency (ƒT ): 

Cutoff frequency (transition frequency or unity-current-gain frequency) is the most often 

used merit. It is the highest frequency that a transistor can amplify current. ƒT is defined 

as the transition frequency when small-signal current gain is equal to one in the 

comment-emitter configuration. 

Cutoff frequency is a function of the collector current, the capacitance of the collector-

emitter region, the capacitance of the collector-base region, the emitter resistance and the 

collector resistance [13, 21]. In 7HP SiGe technology, the peak cutoff frequency is about 

120 GHz. 

Table 3. Cutoff frequency of IBM SiGe High-Performance Technology. 

HP Generation ƒT 
5HP 47 GHz 
7HP 100 GHz 
8HP 210 GHz 

 

3. Maximum oscillation frequency (ƒmax): 

Maximum oscillation frequency is another parameter used as a figure of merit [14, 15]. It 

is the highest frequency that a transistor can amplify power. ƒmax is a function of the base 
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resistance and the capacitance of the base-collector region. The base resistance is a very 

important parameter when transient response of a transistor is considered. 

4. The gate delay of a given circuit (td): 

For logic circuits, the propagation gate delay is the most important indicator of circuit 

performance. The propagation gate delay through an emitter coupled logic buffer is 

expressed as a function of forward transit time τF, intrinsic-base-resistance, load 

resistance, diffusion-capacitance and parasitic-resistance [16, 46]. In practice, the cutoff 

frequency, the base resistance and the early voltage should be optimized to get better 

performance. 

To optimize a transistor’s performance, its doping profile is modified and its dimensions 

are scaled. Several obstacles prevent higher performance of traditional silicon 

technology. For instance, a dilemma of traditional silicon technology exists between 

higher ß and higher cutoff frequency. Higher ß requires lower base doping while higher 

cutoff frequency requires lower base resistance and thus higher base doping. 

III.      Features of SiGe Technology 

In the late 70s, IBM made a heavy investment to improve performance of the Si bipolar 

transistor, due to cost and consistence of the existing and mature silicon technology. Over 

the years, various improvements were made to enhance bipolar performance. The first 

silicon-germanium-base heterojunction bipolar transistor was reported in 1988 by IBM. 

For the past 17 years, IBM has kept developing the HP process. The 7HP process gains 

our interest due to its higher yield, better performance and lower cost than other 

technologies. 
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Figure 4. Cross section of SiGe bipolar transistor [13]. 

Figure 4 shows a SiGe bipolar transistor. As shown in the figure, the SiGe technology has 

the following features compared to traditional silicon technology: deep trench isolation, 

polysilicon emitter, self-aligned polysilicon base contact, pedestal collector and SiGe-

base [56, 58, 59]. 

1. Deep-Trench Isolation 

The isolation region is used to isolate devices. Prior to the deep-trench isolation, a P+ 

diffusion region is used. Since the diffusion region also diffuses horizontally, the actual 

device area is much bigger than that of a deep-trench isolated device. The deep-trench 

isolation also lowers the capacitance between the collector and the substrate. 

2. Polysilicon Emitter 

The emitter region of a transistor can be a diffused emitter or a polysilicon emitter. In a 

diffused emitter transistor, the base width has to be larger than 100 nm in order to have 

controllable and reproducible base-current characteristics. A polysilicon emitter, on the 

other hand, can be less than 50 nm. The polysilicon/silicon interface plays an important 
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role in transistor performance. The thinner base width and lower hole mobility provided 

by polysilicon obtain a higher current gain compared to the diffused emitter. 

3. Self-Aligned Polysilicon Base Contact 

A self-aligned structure is formed in a fabrication process where an active region is 

processed using only one photolithography process. With self-aligned process, the mask 

alignment error can be reduced. The extrinsic regions are minimized so that the device 

parasitic capacitance and resistance are reduced. Device performance is much better. 

As shown in Figure 4, the SiGe bipolar transistor has an intrinsic base region and an 

extrinsic base region. The intrinsic base region doesn’t have to be made to accommodate 

with the base contact. Thus the intrinsic base region might be made smaller, which results 

in a smaller base-collector capacitance. 

4. Pedestal Collector 

The collector doping cannot be very high in order to minimize the base-widening effect. 

On the other hand, the higher the collector doping, the lower the collector resistance and 

the lower the base-collector capacitance. As shown in Figure 4, the sub-collector has 

higher doping than the collector. It minimizes the base-widening effect and reduces the 

collector resistance and collector-base capacitance at the same time. 

5. SiGe-base Bipolar Transistor  

The band gap of Ge (0.66 eV) is much smaller than that of Si. If a graded Ge doped base 

is introduced, the band gap can be made as shown in Figure 5. The graded base creates an 

internal field that helps the minority in the base sweep faster to the collector region. A 

direct result is that the base transit time is shortened. The electron mobility is also 
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increased slightly due to the Ge in the base. The collector current density, current gain 

and early voltage are all increased significantly by the SiGe base. Figure 6 shows a 

typical doping profile for a SiGe-base transistor. 

 

Figure 5. Graded Base has smaller band gap at the base-
collector region than the base-emitter region. 

 

Figure 6. Doping Profile of a typical SiGe-base Transistor [18]. 
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IV.      GaAs Heterojunction Bipolar Transistor 

There exist III-IV compound semiconductor technologies that have certain parameters 

that are better performance than SiGe. But, in general, they have many disadvantages, 

such as high cost and low yield. GaAs is one competitor. 

Comparisons of the SiGe-base transistor and the GaAs Heterojunction Bipolar Transistor 

(HBT) are elaborated in [11]. Physical properties of SiGe and GaAs are listed in Table 4 

[19].  

Table 4. Some properties of Si, SiGe and GaAs. 

Properties Si & SiGe GaAs 
Dielectric Constant 11.9 13.1 
Energy Gap (eV) 1.12 1.424 
Electron Mobility (cm2/V-s) 1500 8500 
Thermal Conductivity (W/cm-K) 1.5 0.46 
Resistivity (Ω-cm) 3x10-2 3x10-3 
Intrinsic Carrier Concentration 1.45x1010 1.79x106 

 

The GaAs HBT is faster than the SiGe-base transistor in certain conditions. First of all, 

the electron mobility in GaAs (8500 cm2/V-s) is larger than in SiGe (1500 cm2/V-s). 

Thus, GaAs has a larger diffusion coefficient Dn according to the Einstein Relation (EQ-

2.2). As a result, the current gain is larger than SiGe as that can be shown by (EQ-2.1).  

! 

Dn =
kBTµn

q
 (EQ-2.2) 

The emitter area of a SiGe transistor is polysilicon. In the GaAs HBT, AlGaAs is used, 

which has larger band gap between a GaAs base layer than that of Si to SiGe. So less 

doping is needed in the GaAs HBT emitter area if the same current gain is required. As a 
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result, the emitter-base junction capacitance is much smaller than the that of SiGe-base 

transistor. For the same band gap, the resistivity of GaAs (3x10-3Ω-cm) is much less than 

that of SiGe (3x10-2Ω-cm). The intrinsic base resistance is much smaller than that of a 

SiGe-base transistor. Thus the overall performance of the GaAs HBT is better than the 

SiGe-base transistor.  

The forward current density of the collector is given by (EQ-2.3) [20]. From the equation, 

for the same collector current density, the turn-on voltage of a GaAs HBT is higher than 

that of a SiGe transistor. It implies a higher power dissipation of GaAs. 

! 

jc " je "
qDpni

2

NabLp

exp
qVbe

kBT

# 

$ 
% 

& 

' 
(  (EQ-2.3) 

In our FPGA design, the high power consumption of a gate array is a key obstacle to 

conquer. So the GaAs HBT is not suitable to implement large gate arrays even though it 

provides a better performance than the SiGe transistor. Besides power consumption, the 

GaAs wafer is smaller and defect densities are higher than the SiGe wafer. The heat 

conductance is also poor [18]. All the above weaknesses relate to higher cost and lower 

yield in the GaAs technology. 

V.      ECL & CML Logic 

The elementary logic of the BiCMOS FPGA is based on emitter coupled logic (ECL) and 

current mode logic (CML) [21-23, 45, 47, 53, 60]. 
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Q0 Q1

 

Figure 7. Emitter Coupled Logic (ECL). 

Figure 7 shows the basic structure of an ECL gate. The reference voltage is set to the 

middle of the input voltage swing. The device parameters of Q1 and Q2 are set to be 

equal. If Vin=Vref, both transistors have the same collector current IC. If Vin≠Vref, the ratio 

of IC1 and IC2 can be expressed in (EQ-2.4) [22, 23].  
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)  (EQ-2.4) 

Since Q1 and Q2 share the same emitter node, the ratio can be simplified as an 

exponential function of difference between Vin and Vref as shown. At room temperatures, 

a 120 mV difference causes the ratio to rise to 100%. Thus the ECL might use a smaller 

voltage swing than a CMOS circuit. Due to the small voltage swing, the time to 

charge/discharge loading capacitances is greatly reduced. 

Besides the fast switching feature, the ECL gate also provides differential outputs as 

shown in Figure 7. No extra inverter is needed to provide a complement signal. Since 

both the input signal and the reference signal have common noise, the output is actually 
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immune to input noise. Constant current trees also reduce switching noise from power 

rails as well as current spikes. 

From the equation above, the output depends on the difference between the input and the 

reference voltage. Thus the ECL circuit is not affected by device parameters, and 

temperature as long as both transistors have the same physical dimension. With proper 

choice of IEE, both transistors never go into the transistor saturation mode. 

One improvement over ECL is a differential ECL circuit, where Vref is replaced by a 

complementary signal of the input. The difference voltage is double that of the 

conventional ECL circuit thus providing an even faster switching speed. Emitter 

followers are used to drive next stage circuits. If the loads are light, emitter followers can 

be eliminated. Such circuits are called Current Mode Logic (CML). The lack of emitter 

followers reduces the circuit power consumption as well as fan out. CML circuits usually 

have fan-outs of one to two. If output loads are small, interconnection is short and power 

dissipation and cell area is concerned in a design, CML circuits are used. 

Our design uses a combination of ECL and CML. Inner cell logic uses CML. All outputs 

to neighbors use ECL logic. 
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Chapter 4   

FPGA XC6200 

Programmable logic is now one of the fastest growing segments of the 

semiconductor business, and for the last few years, sales for PLDs have 

increased at a greater pace than sales for the overall semiconductor 

industry. 

       —Xilinx Website 

I.      Reconfigurable History 

Reconfigurable computing concepts were first introduced in  the 1960’s. The first widely 

used programmable device was the Programmable Read-Only Memory (PROM). 

Reconfigurable computing was accomplished by the Erasable Programmable Read-Only 

Memory (EPROM).  

After the EPROM, the Programmable Logic Device (PLD), which includes the 

Programmable Array Logic (PAL) and the Programmable Logic Array (PLA), were 

introduced and captured the attention of reconfigurable computing. While the PAL was 

used for small logic circuits, the Mask-Programmable Gate Array (MPGA) was used for 

large logic circuits. The first field programmable gate array was introduced by Xilinx in 

1985. The FPGAs’ advantages over the MPGA and greater programmable features 

quickly increased their popularity. After the first FPGA was introduced, various FPGA 
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designs were published. The FPGA has become more powerful, denser and more 

economical to compete with ASIC chips, DSP chips and microprocessors. 

II.      Field Programmable Gate Array 

A Field Programmable Gate Array is a reconfigurable device. With its programmable 

advantage, FPGAs have gained more and more attention. Besides its configurable feature, 

FPGAs have speed advantage over general computing devices [24]. For example, 

processor designers use FPGAs to emulate their designs and simulate new generation 

microprocessors [25]. FPGA-based radar front-end digital signal processing has been 

accomplished [26]. An FPGA implemented Digital Signal Processing (DSP) chip has 

been proven faster than other processors [27]. Splash-2, which is a reconfigurable 

computer containing 265 XC4010 FPGAs, has been proven two orders of magnitudes 

faster than contemporary massively parallel processors (MPR) [28]. 

Our project uses the Xilinx XC6200 as an initial starting point. The XC6200 was 

developed for co-processing in embedded DSP system applications as shown in Figure 8 

[27]. The XC6200 is open-source in both hardware and software, which gives our design 

more resources to obtain design information from. The XC6200 is a multiplexer based 

FPGA. A multiplexer can provide any combinational logic function if inputs are properly 

selected. Among other generally used functional blocks, such as NAND gates, Lookup 

Tables and AND-OR gates, a multiplexer based logic block has a shorter gate delay than 

other types [30, 31, 50, 52, 54]. Another reason for choosing the XC6200 is that a 

multiplexer based FPGA can be converted to a CML circuit without losing much 

performance.  
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Figure 8. XC6200 FPGA accelerates DSP application block 
diagram [27]. 

The block diagrams of the XC6200 basic cell and how cells are connected are shown in 

Figure 9 and Figure 10. Each basic cell has eight inputs and four outputs to its neighbors. 

There are shared buses, which are called FastLANEs in every 4 x 4 block. The shared 

bus connects 4 cells in the same row or column together. The 4 FastLANEs and 4 

neighbor cells’ outputs are sent to three 8:1 multiplexers as shown in Figure 9. The 

outputs from the 8:1 multiplexers are input signals of the function unit, where the final 

logic result is computed. The output signal from the function unit is sent to 4:1 

multiplexers in the four directions. The 4:1 multiplexers can be used to send out function 

results or redirect a signal from one direction to another.   



 

 30 

 

Figure 9. Block Diagram of Single XC6200 cell [29]. 

 

Figure 10. XC6200 neighbor cell connection scheme [29]. 

The function unit is implemented by two 4:1 multiplexers and one 2:1 multiplexer. One 

2:1 multiplexer can provide any two-variable logic function. Table 5 shows a sample 
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configuration for inverter, AND gate and XOR gate function. The corresponding 

configurations can be found in Figure 11. 

Table 5. Example of Logic Function Table. 

Function X1 X2 X3 
INV XX A0 A0 
A1 AND B1 A1 B1 A1 
A1 XOR B1 A1 B0 B1 
XX: Doesn’t care. “1” is for signal. “0” is for compliment signal 

X3

X2

X1

Z

0

1

 

Figure 11. 2:1 Multiplexer with Corresponding Function. 

An actual XC6200 function unit block diagram is shown in Figure 12 [29]. It’s an 

extended version of multiplexer based logic cell in [30] and [31]. The XC6200 function 

unit is the fastest logic unit among all. Combinational logic result is generated by the 

center 2:1 multiplexer. Sequential logic result is generated by the D Flip-Flop. A user can 

choose from the combinational logic and the sequential logic as an output.  
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Figure 12. Function Unit of XC6200 [29]. 

A XC6200 basic cell works in the following way: Each cell receives 2 inputs in each 

direction. Those inputs are selected by the 8:1 multiplexers, which provide 3 outputs to 

the function unit as shown in Figure 11. The 3 outputs are sent to the function unit as X1, 

X2 and X3. After the combinational/sequential (CS) multiplexer chooses one result as a 

logic result, the logic result is sent to 4 output multiplexers as shown in Figure 11. The 

output multiplexers have two purposes. One is routing the logic result to a neighbor cell. 

The other purpose is routing a signal from one direction to another direction.  

III.      XC6200 Improvement 

The previous design from Dr. Bryan Goda is a CML version of the XC6200. The basic 

cell structure is not improved. There is still margin for performance improvement.  

One thing slowing the XC6200 cell, as show Figure 9 and Figure 12, is that a signal 

passes through 5 multiplexers as it travels through a cell. The output of a basic cell is 

actually chosen from one of 3 possible signals, namely combinational logic, sequential 

logic and redirected input from a neighboring cell. On the input side of a neighboring 
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basic cell, those 3 signals plus the FastLANE signal are selected again by the neighbor 

cell’s 8:1 multiplexers. 

Another pitfall of the XC6200 is bad routing resources. Even with the FastLANE and 

Magic Signal, each cell can only provide one output to its neighbor in each direction. If in 

one direction, the output multiplexer is occupied by the logic result, the redirection signal 

has to go through another route to reach its destination. 

As our gate array expands to approach the size of the commercial XC6209 48×48 gate 

array, the power dissipation of CML multiplexers becomes a very serious problem. A 

design trick has to be employed to reduce the power consumption. 

In this document, basic cell improvements focus on the cell performance, routing 

capability and reducing power consumption of a basic cell. 

IV.      New Multiplexer Structure 

XC6200 is a multiplexer based FPGA. Multiplexers are basic components in this FPGA 

design as well. The overall performance and power consumption of a single multiplexer 

determines chip performance and total power consumption. To achieve high-speed 

multiplexing, CML circuits are used in the multiplexer design. 

The earlier designed 4:1 multiplexer is shown in Figure 13. Input signals are sent into 

bipolar junction transistor (BJT) pairs. Each BJT pair acts like a digital buffer, expecting 

its current source is controlled by different combinations of selection bits. The height of 

the selection tree is determined by the number of inputs to be multiplexed. An ‘N’ level 

tree is used for a 2N:1 multiplexer. In the 4:1 multiplexer, selection bits are sent into a 

two-level selection tree. These two levels of the selection bits work as a decoder. Each 
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time, a single BJT pair on the top is selected. Since selection bits come in differential 

pairs, at anytime, at least one BJT pair is selected. A CML tree can't be turned off without 

an additional control circuit to turn off its corresponding current source.  

In order to make the NFET transistor work properly, a certain voltage drop has to be 

guaranteed between the source and the drain terminal on each transistor. Taller trees 

require a higher supply voltage. The tallest tree in a chip determines the power supply 

voltage. In the previous design a three-level current tree in 8:1 multiplexers set the chip 

voltage to 3.4 V. 

A0 A1B0 B1C0 C1 D0 D1

S10 S11 S10 S11

Z0

Z1

Vcc

Vee

S20 S21

 

Figure 13. 4:1 Multiplexer in the Previous Design. 

A new 4:1 multiplexer is a single-level selection tree, as shown in Figure 14. Selection 

bits are on the same level, but without their complement signals. Each time after 

configuration, one of four selection bits is set. The BJT pair above that selection bit is 

selected. The new structure needs a separate decoder to set selection bits. If none of the 

selection bits is set, the whole multiplexer is turned off. A later part of this document 
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shows that multi-mode routing circuits take advantage of this feature by turning off 

unused circuits. 

The new structure saves one voltage level on selection bits. It allows the use of a lower 

voltage supply, thus reducing the power consumption of the circuits. In the previous 

design, the tallest tree is a three-level selection tree in 8:1 multiplexers. In the new 

design, the 8:1 multiplexer won't require more levels than 2:1 multiplexers. As a direct 

result of the new multiplexer structure, the power supply can be lowered from 3.4 V to 2 

V. Forty percent power is saved even without changing other parts of the design. 

Another benefit from the new multiplexer structure is that more versatile multiplexers can 

be implemented. The previous multiplexer must have 2N inputs, where N is the number of 

selection bits. The new structure allows an arbitrary number of inputs. For example, a 9:1 

multiplexer is needed in a later part of this project. It can be implemented with the new 

structure. 

A0
A1 B0 B1 C0 C1 D0 D1

S1 S2 S3 S4

Z0

Z1

Vcc

Vee

 

Figure 14. 4:1 Multiplexer in the New Design (by Jong-Ru 
Guo) [61-63]. 
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The new multiplexer structure has the features of less power consumption, versatile 

inputs and the capability to be turned off. These advantages help to build a lower power 

FPGA. For instance, previous design had a power supply voltage of 3.4 V. The new 

design has a power supply voltage of 2.5 V. Approximately 30% power is save by using 

this single level multiplexer structure. 

V.      Basic Cell Improvement 

1. Introduction 

A basic cell is the most important component in the FPGA design. The basic cell’s 

performance determines FPGA’s speed, power consumption, routing capability and 

functionality.  

The original basic cell structure is simplified as shown in Figure 15. The outputs from 

combinational logic and sequential logic are selected by the CS multiplexer. One output 

is sent to the 4th level selection. The first improvement focuses on the gate delay spent on 

the CS multiplexer. With the new multiplexers introduced before, the CS multiplexer can 

be removed altogether to reduce one gate delay. The combinational result and sequential 

result are now sent directly into the output multiplexers, where 5:1 multiplexers replace 

all 4:1 multiplexers. The first basic cell improved version is called BCI as shown in 

Figure 16. 
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Figure 15. Reorganized Basic Cell Structure. 

The BCI is only slightly different from the original basic cell. The cell performance is 

improved by one gate delay, but the chip area increases since four 5:1 multiplexers are 

used instead of four 4:1 multiplexers. The cell power consumption is also reduced due to 

the removal of the CS multiplexer. Most circuits, other than output multiplexers, can be 

reused from the previous design. The BCI design doesn’t have any power saving circuitry 

to turn off unused current trees, so it is not suitable for a large gate array. For this reason, 

the BCI structure was not fabricated for testing purposes. A better design, the BCII, was 

developed to replaces the BCI. 
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Figure 16. BCI Structure (without CS multiplexer). 

2. Basic Cell II 

The objective of further improvements on the BCI is to make the signal path shorter and 

eliminate the redundancy in the selection process by directing the output of a cell straight 

into the input of the next cell, and solely using the input side multiplexers for selection.   
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Figure 17. Diagram of BCII Structure. 

After studying the BCI structure, one can see that each cell selects which signals are 

chosen to be the outputs and which signals are chosen to be the inputs. In the BCII, a cell 

gives all its results to its neighbor cells without selecting them. All selection task are 

passed to the input multiplexers. Therefore, the gate delay spent on output multiplexers is 

saved. The cell performance is greatly improved. Figure 17 shows a BCII structure, 

which can be simplified into two parts: the output components and the input components. 

Figure 18 shows a simplified BCII structure. 

3. The Input Components: 

The input components collect inputs from all neighboring cells, select three signals from 

them, and send the three signals to the “output components.” The signals that the input 

components collect from neighbor cells are combinational results, sequential results, 

redirection results and FastLANEs from all four directions. Which signals are selected 

depends on what kind of function will be performed by the cell. 
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One of the three input multiplexers needs sixteen inputs from all directions. The other 

two multiplexers have an extra input from the Mater-Slave latch feed back signal. In 

practice, the gate delay of 16:1 and 17:1 multiplexer is big enough to degrade the overall 

performance. In the revised circuit, the 16:1 multiplexer is replaced by five 4:1 

multiplexers, as shown in Figure 19, which has a shorter gate delay then a conventional 

16:1 multiplexer [32]. 

4. The Output Components: 

The output components collect inputs from the “input components,” compute the logic 

function results and send the results together with the redirected signals to the 

neighboring cells. The combinational logic result goes directly from the 2:1 multiplexer 

to neighboring cells. The sequential logic result goes directly from the Master-Slave latch 

to neighboring cells. Each redirection multiplexer gets its inputs from three directions and 

selects one signal to feed a neighboring cell. After a combinational or a sequential logic 

result is computed, this result is sent to the neighboring cell directly. Therefore, the 

combinational logic result bypasses a CS multiplexer, a 4:1 multiplexer and an emitter 

follower. The sequential logic result bypasses a CS multiplexer, a 4:1 multiplexer and an 

emitter follower. 

A redirection multiplexer routes an input from one neighbor cell to another neighbor cell. 

It receives inputs from three neighbor cells. Since each neighbor cell sends out three 

outputs in the new design, the redirection multiplexer receives nine inputs from the 

neighbor cells and sends out one output. A 9:1 multiplexer can be implemented by the 
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new multiplexer structure introduced as before. Figure 17 shows how the output 

components change. 
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Figure 18. Simplified BCII Structure. 
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Figure 19. (A: on the left) 16:1 Multiplexer. (B: on the 
right) 17:1 Multiplexer. 

Even though the BCII structure is quite different from the original XC6200 cell, it 

preserves all the logic functions and has three less gate delays than a XC6200 cell. The 
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saved gate delays can also be used to compensate for the speed loss due to a smaller 

current used in the CML tree for power saving purposes. 

The RP multiplexer in Figure 15 is merged into the Master-Slave latch, thus further 

reducing the number of CML trees. The revised Master-Slave latch is shown in Figure 

20. The original first level Master-Slave latch receives its signal from the RP multiplexer. 

To remove the RP multiplexer, two current trees are used here. The RP multiplexer 

selection bits are used as an enable-bit for those two trees. In practice, only one of the 

two trees is turned on at a time. Only the selected signal (P or R) goes through the first 

stage. Both P and R can be set to low in order to turn off the first stage Master-Slave 

latch. The circuit to set both P and R off is shown later in this document. 

R0 R1 P0 P1

CLK1

Z0

Z1

Vcc

Vee

CLK0CLK0 CLK1

Vee  

Figure 20. Master Latch. 

The slave latch has not been changed quite as much, as shown in Figure 21. One enable 

bit “MS” has been used to turn off the Master-Slave latch. If both MS and CLR are 

cleared, the slave latch will be turned off (by Jong-Ru Guo) [61-64]. 
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Figure 21. Slave Latch. 

VI.      Multi-Mode Routing 

1. Introduction 

When a computer is left idling for a while, the screen saver pops up. When it is left for a 

little longer, the hard drive turns off automatically before the whole computer goes into 

hibernation. The idea is to shut down the unused hardware. Each time an FPGA chip is 

loaded with an application, many cells remain unused. The previous basic cell structure 

powers up every single cell even though some cells are not used. An application using 

one basic cell in a 16×16 gate array will consume the same power as an application using 

256 cells. Shutting down the other 255 unused cells saves considerable power in this 

scenario. At the cell level, all CML trees are turned on at the time of configuration. The 

Master-Slave latch consumes power even if the sequential logic is not used in a cell. 

Turning off those unused current trees will save much power as well. Although not as 

critical for CMOS FPGA implementations, this feature is necessary for CML FPGAs. 
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2. Multi-Mode Routing 

Turning off cells or current trees has to be done by configuration memories. Different 

applications turn off different cells and CML trees. That’s the reason this feature is called 

“Multi-Mode Routing.” Each BCII cell performs the following functions: combinational 

function, sequential function and redirection function. Each function uses different part of 

the circuit in a BCII. Thus, the multi-mode routing features are divided into the following 

six modes according to functions performed by the BCIIs. Every mode presents a cell’s 

power saving features in different situations. 

1. Mute Mode: 

A cell is turned off in the mute mode, when the cell is not used in a loaded 

application. Every BCII needs an additional RAM bit to indicate whether it is 

used in an application or not. The enable RAM bit is called Master-Key (MK) in 

this design. In other words, the MK enables or disables a cell. After the 

configuration information is loaded into RAM, the MK is set to zero in the unused 

BCIIs. Then all the current trees in those cells are turned off. No power is 

contributed to the total power consumption. If the MK is set to one, the cell goes 

to its normal function defined by other RAM bits. The percentage of power saved 

on the mute mode depends on the average cell usage in an FPGA.  

2. Normal Mode: 

When a BCII cell only uses its combinational function but not sequential function 

nor redirection function, the BCII cell is in its normal mode. After a cell is 

programmed, the required signal goes through a certain path. The multiplexers not 
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involved in this path shall be turned off to save power. As shown in Figure 22, the 

cell only sends out its combination logic result to its neighbors. So, the sequential 

logic Master-Slave latch, redirection multiplexers and their emitter follower 

drivers can be turned off. 

Beside the unused circuits described above, more CML trees can be turned off to 

save power. As mentioned before, each cell computes a two-variable logic 

function. A BCII cell only needs at most two signals from its neighbors. The 

emitter-follower drivers in the unwanted neighbors may be turned off to save 

more power. 
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Figure 22. Normal Mode Operation.  (Black stands for 
turned on; dark green (grey) stands for turned 
off). 
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3. Sequential Mode: 

The sequential mode refers to a BCII performing sequential logic function as 

shown in Figure 23. The combinational circuit is functioning at this time. The 

redirection function is not used. In this mode, the redirection multiplexers may be 

turned off to save power. As discussed above, a sequential function needs two 

inputs from a cell’s neighbor at most. Two emitter-follower drivers in neighbor 

cells may be turned off to save power. 
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Figure 23. Sequential Mode Operation. (Black stands for 
turned on; dark green (grey) stands for turned 
off). 

4. FastLANE Mode: 

A FastLANE is a shared bus for four cells in the same row or column. Instead of 

obtaining inputs from neighbor cells, a cell can obtain its inputs from FastLANEs 

or a combination of a FastLANE and a neighbor cell outputs. In either case, the 
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neighbor cell’s emitter follower drivers, which do not supply signals, may be 

turned off to save power. 

5. Redirection Mode: 

As mentioned above, a cell may only perform a redirection function to redirect or 

relay a signal. No logic function results are expected in the cell. Thus the 

combinational function and sequential function circuits may be turned off. 

Besides the logic function circuits, usually in a cell, not all redirection function 

circuits are required. Any unused redirection circuit may be turned off to save 

power as shown in Figure 24. 
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Figure 24. Redirection Mode Operation. (Black stands for 
turned on; dark green (grey) stands for turned 
off). 
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6. Full Mode: 

The full mode happens in rare situations. When a BCII performs the sequential 

function and also some redirection function, we say that a cell is in a full mode. In 

the full mode, all CML trees need to be turned on to perform the desired 

functions. 

With these new features of the multiplexers, decoders of the multiplexers may be turned 

off to configure BCIIs into corresponding power saving mode. Table 6 shows a power 

estimation of the multi-mode routing. 

Table 6. Multi-Mode Routing Configuration. 

Design Core MS-Latch Inputs Redir. CML Trees Power 
Mute Mode OFF OFF OFF OFF 0 0% 
Normal Mode ON OFF ON OFF 9 42% 
Sequential Mode ON ON ON OFF 11 52% 
FastLANE Mode ON – OFF OFF 3 14% 
Redirection Mode OFF OFF OFF ON 3/6/9/12 14/28/42/57% 
Full Mode ON ON ON ON 21 100% 

VII.      Multi-Mode Circuit 

Multi-mode routing circuits are used to turn off unused current trees in a basic cell. They 

are implemented in CMOS logic circuits, which use less space and less power than CML 

circuits. 

1. Input Multiplexer 

Figure 25 shows one 17:1 multiplexer used in a BCII with the routing circuits. The same 

structure has been seen before without multi-mode routing circuits. One 4-bit decoder is 

used to select one signal from all neighboring signals. After an application is loaded, only 

one output out of sixteen from the decoder is set, which turns on only one current tree in 
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the four first-level multiplexers. For layout purposes, all combinational logic results are 

put into the first multiplexer, sequential logic results are put into the second multiplexer, 

redirecting results are put into the third multiplexer, and FastLANEs are put into the 

fourth multiplexer. 

A Selection Indicator (SI) and a Complement Selector (CS) work as the decoder for the 

second-level multiplexer. The Selection Indicator tells which signal from the first-level 

multiplexer is going to be used in the second-level multiplexer. The Complement 

Selector determines whether the original signal or its complement will be selected as the 

final output. 

If the input of the 17:1 multiplexer comes from the feedback, the decoder in the first-level 

is disabled. The four first-level multiplexers are turned off. The Selection Indicators and 

Complement selectors are asserted to “0”. The Sequential Enable (QE) bit is asserted to 

indicate that sequential feedback is enabled. A sequential logic selection control circuit 

enables the feedback signal or its complement to be selected. A safety circuit is used to 

prevent both the first level multiplexer selection and feedback selection from being 

asserted. 
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Figure 25. Dynamic Routing Circuits for Input multiplexer. 

2. Redirecting Multiplexer 

A redirecting multiplexer is only needed for redirecting signals. In one direction, nine 

signals from the other three directions may be redirected, namely the combination logic 

result, sequential logic result and redirection result from neighbor cells. A FastLANE is 

not redirected in a 4×4 array. A 4-bit decoder is needed in the 9:1 redirection multiplexer.  

The redirection multiplexer control decoder has ten outputs as shown in Figure 26. The 

first nine outputs work as selection bits for the multiplexer. The last output from the 

decoder is asserted when the output multiplexer needs to be turned off. An inverter is 

inserted after output ten to turn off the redirection multiplexer driver. If the multiplexer is 

turned off, the emitter follower driver is also turned off to save power. 
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Figure 26. Redirecting Multiplexer with Control Circuit 
(An example multiplexer facing north). 

3. Other Control Circuits 

The input multiplexers, the combinational function multiplexer and the sequential 

function MS-Latch also need multi-mode routing circuits. In our design, the input 

multiplexers and the combinational function multiplexers are treated as one function unit 

(FU). A FUEnable signal turns them on/off at the same time. The MS-Latch is controlled 

by an MS signal. 

The combinational function drivers and sequential function drivers have their own RAM 

bits to control them, named “CEnb” and “QEnb”. Their directions are named by suffix of 

“N, S, E, W”. For example the east combinational function driver is called “CEnbE” and 

sequential function is called “QEnbE”. Other RAM bits that need to be mentioned are 

QEA and QEB. They determine which input multiplexers will accept the feedback signal. 

First of all, if any combinational function driver or sequential function driver is turned on, 

the FUEnable is ON. If any sequential function driver is turned on, the MS is on. If the 

feedback control QEA or QEB is on, the MS is on. 

The FUEnable and MS are controlled in a logic expression as shown in the following 

equations:  
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FUEnable = CEnbN+CEnbE+CEnbW+CEnbS+QEnbN+QEnbE+QEnbW+QEnbS 

MS=QEA+QEB+ QEnbN+QEnbE+QEnbW+QEnbS 

The control circuits of FUEnable and MS are shown in Figure 27. 
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Figure 27. FUEnable and MS control circuits. 

The multi-mode routing turns off the unused circuit to save power without affecting the 

logic results and circuit performance. The dynamic routing needs a good software kit and 

extra circuits to control multiplexers inside the cell. These extra circuits can be made by 

CMOS since they don’t need to run at high speeds and they do not affect the cell speed as 

well. 
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Chapter 5   

BCII Gate Array 

FPGAs have influenced a large variety of research and industrial 

fields. Digital circuit design and emulation systems as well as final 

consumer electronic products incorporate more and more FPGAs. 

Mainly due to huge projected design and mask costs, reconfigurable 

technology might become the implementation style preferred by more 

and more products, also in medium and large volume electronic 

products. 

–––Design, Automation and Test in Europe 05’ 

I.      Introduction 

The BCII is a configurable logic block, which is only a basic element of a complete 

FPGA. Other circuits are needed for an array of BCII cells to operate as an FPGA. For 

example, a clock tree structure is needed to route the clock signal to each cell. Input pads 

are needed to deliver power to the chip as well as allow input signals to be transmitted to 

an FPGA chip. Output pads are needed for transmitting the logic results off an FPGA 

chip to testing scopes. This chapter describes these circuits that are crucial to the 

functionality of the entire FPGA. 
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II.      Clock tree 

A clock distribution scheme is a key issue for delivering clock signals uniformly to each 

cell without any clock skew. Our design utilizes a traditional H-Pattern tree to distribute 

the clock signal across the entire FPGA. In addition to the H-Pattern tree, a multi-mode 

routing method is used in conjunction with the clock tree distribution. By switching 

on/off the high-speed clock drivers that are located at each “T” intersection of the H-

Pattern, the clock signal can be turned off to save power when the particular segment of 

the FPGA is not used. An illustration of the H-Pattern clock distribution tree is shown in 

Figure 28.  

This is a significant improvement over the old design, where the clock signal is 

distributed to the entire chip without power management circuits. With this new power 

management method, the total clock power consumption of the device is now at a 

minimum, solely depending on what is needed in a particular configuration. 

C

C ClockBasic Cell

1st Lever Driver

2nd Lever Driver

3rd Lever Driver  

Figure 28. H-Pattern clock distribution in a 4×4 gate array. 
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In each BCII, there is a configuration signal called MS, which is the enable bit for the 

Master-Slave latch. The Master-Slave latch is the only sub-circuit in the BCII that needs 

a clock signal. The enable bits for the Master-Slave latch can be used to turn on/off clock 

drivers. As shown in Figure 29, each cell will send out the MS enable bit to the first level 

drivers, determining when the first level drivers will be turned on.  The enable bits are an 

OR function result from the cells that the first level clock drivers drive. The first level 

driver's enable bits are sent to the second level drivers. The second level drivers also have 

enable bits, which are OR function results from the drivers the second level clock drivers 

drive, and so on. If none of the cells uses the clock around a first-level driver, the first 

level driver will be turned off. In turn, this driver votes to turn off the upper level driver. 

By using such circuits, the clock signals are only sent to where they are needed. No clock 

power is wasted in this scenario. 

Basic Cell

1st Lever Driver

2nd Lever Driver

Clock

3rd Lever Driver

Control Signal

Clock Signal

MS

MS MS

MS

 

Figure 29. Multi-Mode clock control circuit. 
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III.      Memory Configuration Structure 

1. Introduction 

A memory configuration structure is used to store user applications and to supply 

configuration bits to multiplexers. In the previous design, 26 memory bits are used to 

configure a single cell. A parallel memory configuration structure is used. Memory bits 

are configured by a 26-bit wide data bus. In the BCII, 41 memory bits are needed to 

configure a cell. Due to the large number of configuration bits, the parallel configuration 

is inefficient and hard to layout. In the BCII, a shift register configured memory bank is 

used to configure memory. 

2. Memory Structure in Basic Cell 

Figure 30 shows a shift register configuration structure. Two memory banks are utilized 

in this design to implement the FPGA with two personalities. Each personality might 

hold one application at a time. The two bank-enable signals are used to switch between 

personalities. One clock signal is used to shift memory data. The memory banks enable, 

data and clock signal are system control signals routed to every single cell. 

BCII

Two 41-Bit Memory Banks

41-Bit Shift Register
Data

Clock

Data

Clock

Bank #1 Enable

Bank #2 Enable

Bank #1 Enable

Bank #2 Enable

 

Figure 30. Shift register configured memory banks. 
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A schematic of a single bit memory is shown in Figure 31. It utilizes two inverters to hold 

data. If the W is enabled, the data will be sent to inverters to change the value of memory. 

Once the W is disabled, the Z1 and Z0 will hold the bit value till the W is enabled again. 

 

Figure 31. A single bit memory schematic. 

The shift registers are basic D Flip-flops in a series sharing a universal clock. At each 

clock rise-edge, one bit of data will be shifted forward. All registers will have valid data 

when the first data bit reaches the last register. The block diagram of the shift register is 

shown in Figure 32. The Clock and DATA from each cell are connected in 

series.
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Data
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Data
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Figure 32. Shift register diagram. 
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Both memory and shift registers are implemented by CMOS circuits since the power 

consumption and space requirement are much lower than these implemented by bipolar 

circuits, and speed does not limit operational frequency. 

3. System Wide Memory Configuration 

BCII memories use a shift register structure to configure two memory banks. The entire 

system shares the same DATA and CLOCK. We use the following S-pattern to supply 

DATA and CLOCK to each cell. When signals reach the right end of the chip, they 

cannot be feed into BCIIs from the right to the left. Each cell has a uniform layout. To 

keep the system consistent, the signals have to be feed into the left-end BCII as shown in 

Figure 33. 
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Figure 33. Simplified system wide memory configuration [64]. 
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IV.      Input/Output Blocks (IOBs) 

1. Introduction 

Input pads and output pads are interfaces between FPGAs and the outside world. The 

XC6200 series has configurable Input/Output Blocks (IOBs). IOBs can be configured as 

input pads or output pads depending on how their memory bits are configured. In the 

previous test chip, separate input pads and output pads are used. Input pads are laid on the 

left side of the chip and output pads are laid on the right side. If a signal generated in the 

left side of the chip needs to be measured, the signal has to be routed to the right side of a 

chip by basic cells configured as buffers. FPGA cells are wasted in this scenario. With 

this new IOB introduced in the following, one signal can be routed to the most adjacent 

IOB in order to be measured. 

The signals to be delivered or measured are high-speed signals. Therefore, transmission 

line effects [33] should be considered. Several termination methods have been introduced 

in [34, 35]. In this FPGA design, the impedance match is done at the far end of the cable 

as shown in Figure 34. The impedance of the probe cable is 50 ohm. There is a build-in 

50-ohm resistor for impedance matching purposes in the testing scope. 
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Figure 34. Transmission Line Termination. 
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Two different kinds of pads are used in the FPGA design: bipolar pads and CMOS pads. 

Bipolar pads are high-speed signal pads implemented by bipolar transistors. They are 

used for signals of 250 mV voltage swings. CMOS pads are low-speed signal pads 

implemented by MOSFET. They are used for memory configuration signals of 2.5~2.8 V 

voltage swing. These pads are described in the following. 

2. Bipolar Input Pads 

Input pads are used to receive outside signals and convert them to appropriate differential 

signals. The input signal of an input pad is usually a signal from a signal generator with a 

voltage swing of 250 mV. The output signals of an input pad are differential signals with 

a voltage swing from 0 to –250 mV. 

In order to generate differential signals, ECL logic is used as shown in Figure 35. The 

requirement for the input “Pad” pin are: 1) Offset voltage should equal the voltage of the 

base of Q3, 2) Voltage swing should be 240 mV. A diode is used to set Vref to the 

appropriate voltage so that the base of Q0 has a ±120 mV swing over the base of Q1. The 

collector currents of Q2 and Q3 are 5 mA. The resistance of Rs is 25 Ω. The voltage of 

Vref is set to –1.025 V. After a signal (voltage swing from 0 to -250 mV) passes through 

the emitter follower of Q2, the base of Q0 has a voltage swing from –900 mV to –1.150 

mV. As previously stated in Chapter 2, 120 mV VEB difference can create a current ratio 

of 100 between Q0 and Q1. A simulation result of Figure 35 is shown in Figure 36. The 

current relationship shows that the collector current IEE is steered between Q0 and Q1. 

The voltage of Vref is critical in this input pad circuits. Figure 36 also shows a simulation 

when Vref is not set appropriately. For an input sinusoidal signal, the differences are 

shown. 
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Figure 35. Input pad schematic. 

 

(a) 

 

(b) 

Figure 36. Effects of the offset voltage on the pad receiver. 
(a) When the offset voltage is set properly, the 
pad receiver works properly. (b) If offset 
voltage is not equal to the voltage of the base of 
Q3, it provides wrong results. 
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In the above circuit, the disadvantage is obvious. The offset voltage of the input pad must 

be set to the base of Q3. While the current of Is is a function of the frequency of the input 

signal, the offset of the input pad cannot be well predicted. 

An improved alternate design is shown in Figure 37, where RS is removed from the 

previous design. The new requirement for the input pad is a voltage swing of 250 mV and 

offset voltage at 0 V. The advantage of this new design is that the offset of the input 

signal is not a function of input signal frequency any more, as shown in Figure 38. 
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Figure 37. Improved pad receiver design. As long as the 
pad offset voltage is 0 V. The receiver will 
work properly. 
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Figure 38. Simulated pad receiver. The pad input is 
independent to the offset voltage. 

3. Bipolar Output Pads 

Bipolar pad drivers are used to send internal signals off the chip. The signals to be 

delivered are high-speed signals. A previously used output pad driver is shown in Figure 

39. As shown in the figure, there is no impedance match resistor in the previous design. 

The impedance of a test probe is 50 ohms. The 8 mA current tree will provide 400 mV 

voltage swings when a probe is connected to a pad. 
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Figure 39. Output Pad driver. 

The challenge of designing a high-speed pad driver is that the collector current sinks to 

internal capacitors. When studying a transistor in a dynamic way, one must consider 

base-collector and base-emitter capacitance. A bipolar capacitive model [34] indicates 

that there are intrinsic capacitances among base-collector, base-emitter and collector-

substrate terminals. As the base input signal’s frequency goes higher and higher, the 

current through the collectors is much less than the current that goes through the emitters.  

When a transistor is switched on/off, the base region is charged/discharged. The base 

current can be expressed as shown in EQ-4.1 [36]. 

  

! 

iB =
QF t( )
"BF

+
dQF

dt
 (EQ-4.1) 

Where QF is the minority carrier base charge. 

! 

"
BF

 is the time constant which represents 

the combined effects of base recombination current and the current injected by the base 

into the emitter. The base current consists of a steady-state term and dynamic state term. 
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The steady-state term indicates the recombination current in the base region. The second 

term is the dynamic state when a transistor is turned on/off. As frequency goes up, the 

input sinusoidal waveform has a short dt. The dynamic term dominates the base current. 

The base current increases as the base signal’s frequency increases.  
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Figure 40. Frequency vs base current (emitter current 9 
mA). 

Another explanation contributing to the “current loss” is that steady-state current gain 

drop as collector current increases. In the previous design, there was no impedance 

matching resistor, in order to generate 400 mV swings over the 50 ohms probe, an 8 mA 

current in the collector is needed. If a built-in impedance termination is added, the total 

equivalence resistance is 25 ohms when the 50 ohms probe touches down. A 16 mA 

current needs to be conducted. Current gain is also a function of collector current [37] as 

shown Figure 40. ß will decrease as Ic increases. From EQ-4.2: 

 
  

! 

" =
I

c

I
b

# I
b

=
I

c

"
 (EQ-4.2) 
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The nunerator of the above equation increases and the denominator decreases; the net 

effect on the base current is an increasing base current. 

 

Figure 41. Forward current gain as a function of collector 
current [37] (not specifically an IBM 7HP 
technology). 

An improved output pad circuit is shown in Figure 42. Instead of one transistor (Q0), two 

parallel transistors (Q0 and Q2) are used to conduct current so that each transistor will 

have less collector current. The simulated output voltage swing is about 390 mV with 25 

ohms equivalent resistance attached at the end. 

Vcc

Vee

P

10 mA

P0

1mA

P1

1mA 10 mA

Q1 Q3Q0Q2

 

Figure 42. Improved output driver. 
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4. CMOS Input/Output Pad 

CMOS input pads are mostly used to configure memory bits. CMOS output pads are used 

to verify configuration bits. Both input pads and output pads use Schmidt Trigger pad 

drivers and ESD circuits. Figure 43 shows a CMOS pad output driver. CMOS input pads 

used the same structure except the ESD protection circuits are on the input side.  

Q1

Q2

Q3

Q4

Q5

Q6

Q7

Q8

IN OUT

Vcc

Vee
 

Figure 43. CMOS pad output driver. 

5. Input/Output Blocks (IOB) 

An Input/Output Block (IOB), in a simple definition, is the combination of all the above 

pads with configuration bits. An IOB block diagram is shown in Figure 44. There are 

several advantages and disadvantages of the IOB. The advantages of an IOB are: only 

one ESD circuit is needed. Only one 50 ohms impedance matching resistor is needed. 

Any pad can be configured as an input pad or output pad. An IOB can be reconfigured to 

any kind of input/output pad. At the same time, the configurable feature also requires a 

large area to implement all circuits. 
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One of the obstacles of the IOB is that large amount of current needs to be conducted 

through the bipolar current trees in order to make the full 400 mV voltage swing for 

output drivers, even with the bipolar input driver and all CMOS IO turned off. The 

parasitic capacitance added by those transistors also consumes lots of power at high 

frequency. 
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Input

Receiver
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PAD

 

Figure 44. Block diagram of an IOB. 

Control bits of bipolar pads are placed at the output of the reference voltage circuit. 

Control bits of CMOS pads are placed at the last stage of the Schmitt Trigger. 

V.      Gate Array 

1. Introduction 
Dr. Bryan Goda provided a very good start for creating the SiGe high speed FPGA. This 

continuation of his work focuses on high speed, low power, and small area, in which high 

speed is still the primary goal. The cut-off frequency of the IBM 7HP process is two 

times higher than the IBM 5HP process. One fully powered 7HP BCII has a gate delay as 

low as 120 ps with 0.2 

! 

µm  by 0.64 

! 

µm  NPN transistors. The BCII structure has a shorter 

gate delay, which allows the use of a smaller current. This gate delay is still half that of 

Dr. Goda’s circuit, while the power is only 4% of his cell. Two simulation results are 

shown in the following Figure 45.  
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Figure 45. 7HP BCII simulation of AND gate. 

Several methods and new structures were introduced. In particular, these methods 

showed that power can be saved by using less current, a smaller voltage supply and 

dynamically turning off unused circuits. The final BCII structure has 50 ps total gate 

delay at 0.4 mA with 2.0 V voltage supply using the IBM 7HP process. Total power 

consumption is 4.2 mW per cell without dynamic routing. Total chip power consumption 

depends on the loaded application and the number of MS-latches used in the application. 

Figure 46 shows a power-delay trend. 

Table 7. Power Consumption and Speed Trade. 

Design Power (mW) Delay (ps) 
BC  0.6 mA 53 80 
BCII 0.8 mA 16 46 
BCII 0.6 mA 12 55 
BCII 0.4 mA 8 70 
BCII 0.2 mA 4 120 
(An AND gate is simulated for design comparison) 
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Figure 46. Power Delay Trade-off in IBM 7HP Process. 

The power can be further reduced since some circuits in the BCII can use 1.2 V as a 

power supply. However, the circuit’s layouts might become larger since two more power 

wires are needed in each cell. 

2. Ring Oscillator Measurement 
The new multiplexer based FPGA has shorter gate delays, reduced power usage and more 

routing capability than similar multiplexer based FPGA designs. To demonstrate the 

advantages of the new FPGA structure, a chip was fabricated in June 2002. This test chip 

utilizes IBM’s SiGe BiCMOS 7HP technology. Four hardware configured FPGA ring 

oscillators are built to demonstrate the performance in a 2 mm x 2 mm area. The layout of 

the chip is shown in Figure 47. 

The two left ring oscillators in Figure 47 (A and B) are high speed FPGAs with gate 

delay of 100 ps. The left bottom oscillator has diodes on the current tree to prevent 

collector-emitter breakdown. The two right ring oscillators (C and D) are low power 

FPGAs with gate delay of 250 ps. The right bottom oscillator also has diodes on the 
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current trees to prevent collector-emitter breakdown. A waveform of the high-speed ring 

oscillator is shown in Figure 48. The measurement is taken at 20ºC. The voltage supply is 

2.5 V. The output voltage swing is 400 mV. 

 

Spice simulations for the high-speed oscillators show a clock period of 680 ps. The 

frequency of oscillation is defined by equation EQ-4.3. 

! 

f =
1

2 " N "T
       (EQ-4.3) 

where T is the gate delay through the CLB. From our simulation results, each CLB has a 

gate delay of 85 ps. The measured high-speed oscillator in Figure 19 shows a clock 

period of approximately 800 ps, and a CLB gate delay of 100 ps. For the 4 similar 

designs, the estimated gate delay ranges from 120 ps to 150 ps with a considerably higher 

power consumption. The difference between simulation and measurement is due to wire 

resistance, parasitic capacitance and circuit parasitic capacitance.  
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Figure 47. Microphotograph of the IBM 7HP BiCMOS 
chip layout. “A”: 4-stage ring oscillator. “B”: 
4-stage ring oscillator with diodes on the 
current trees. “C”: 4-stage low-power ring 
oscillator. “D”: 4-stage low power ring 
oscillator with diodes on the current trees. Chip 
size: 2 x 2 mm2. 

 

3. Power Measurement Discussion 
The chip contains twelve pad drivers, five divide-by-eight circuits, one divide-by-two 

circuit, two high-speed FPGA ring oscillators, two low-power FPGA ring oscillators and 

one regular ring oscillator. Pad drivers, divide circuits and high-speed FPGA ring 

oscillators utilize a 2.5 V power supply. The regular ring oscillator and low-power FPGA 

ring oscillators utilize a 2.0 V power supply. A 2.5 V power supply feeds the west side of 

the chip and a 2.0 V power supply feeds the east side of the chip. To power up the high-

speed FPGA ring oscillators, the power supply is solely needed on the west side of the 

chip. To power up the low-power FPGA ring oscillators and CML ring oscillator, a 2.5 V 
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power supply is needed on the west side for all pad drivers and divide circuits and a 2.0 V 

power supply is needed on the east side. Table 8 shows the designed power consumption 

of this chip. 

For the two high-speed oscillators, the predicted power consumption is 848 mW for a 2.5 

V power supply with 339 mA total current. The measured power supply voltage is 2.5 V 

when the ring oscillator starts to oscillate. The measured current ranges from 258 mA to 

295 mA. The reduced current draw is due to the voltage drop over the power rails and 

resistive losses on the cable. 

Table 8. Current in Each Fabricated Component. 

Circuit Current (mA) Number Total (mA) 
Pad Driver 17.00  12 204.00 
Divide-by-2 1.23 1 1.23 
Divide-by-8 3.69 5 18.45 
High-Speed RO 57.44 2 114.88 
Low-Power RO 6.476 2 12.952 
CML RO 10.53 1 10 
(RO stands for Ring Oscillator) 
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Figure 48. Chip gate delay measurement screen capture. 
The high-speed ring oscillator proves a gate 
delay as short as 100 ps.  

4. Larger Gate Array 
Figure 49 shows a 5 mm x 5 mm, 20 x 20 gate array layout that has been submitted for 

fabrication. The input pads include input drivers for memory configuration, external 

system clock, and external inputs. The output pads include output drivers for memory 

configuration output for verification purpose, and outputs from the FPGA. System clock 

is provided by an on-chip VCO and external system clock. A user can specify which 

clock he wants to use via a high-speed 2:1 multiplexer.  

In the 7-metal layer IBM 7HP BiCMOS technology, the first three metal layers are used 

for cell interconnection. Two metal layers are used for clock distribution. Two metal 

layers are used to supply power. 
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Figure 49. Submitted 20 x 20 gate array chip. Chip size 5 x 
5 mm2. 
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Chapter 6   

Demultiplexer 

There has been considerable interest in integrated circuits (ICs) and IC 

technologies for light wave communication systems operating at next 

generation synchronous optical network (SONET). High speed 1:4 and 

higher order demultiplexers will play a key role in these systems. 

    —K. Runge (Electronics Letters)   

I.      Introduction 

A demultiplexer is considered as an interesting application to be implemented into the 

FPGA design. A demultiplexer is usually used in time division multiplexing (TDM) [38,  

39]. A TDM block diagram is shown in Figure 50. On the transmitter side, a multiplexer 

selects one input signal from 4 data sources and puts it on the transmission channel at a 

frequency of   

! 

fs . At the receiver, a demultiplexer puts the received signal onto different 

output channels at a frequency of   

! 

fs . Before the deserialized signals are delivered to 

different low pass filters (LP), the demultiplexer has to hold the value until the value is 

updated again. 
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Figure 50. TDM diagram. 

II.      Basic Cell Implemented Demultiplexers 

Two possible implementation methods can be used to implement a 4-channel 

demultiplexer [55, 57]: the Hierarchy Method and the Select-Hold Method. 

1. Hierarchy Method 

A demultiplexer can be obtained hierarchically from lower level demultiplexers. The 

Boolean function of a 1:2 demultiplexer is. 

  

! 

Z1= S 
0
"D

Z2 = S
0
"D

 (EQ-5.1) 

A 1:2 demultiplexer [40] is shown in Figure 51. A 2:4 demultiplexer can be derived from 

the 1:2 demultiplexer: 

 

  

! 
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 (EQ-5.2) 

A 2:4 demultiplexer is shown in Figure 52. A larger demultiplexer can be implemented 

using the same style. For example, a 3:8 demultiplexer is a 2:4 demultiplexer with four 
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1:2 multiplexers. One of the advantages of the hierarchy method is that the 1:2 

demultiplexer circuits can be repetitively used. 

In Figure 52, the routing feature of the BCII has shown its advantage. The BCII, which 

receives inputs of S0 and S1, supplies two outputs to the south. In the previous design, 

three more cells are needed to route signals. In the new design, the cell has a logic 

function result and redirection signal to the south at the same time. Therefore, three 

routing cells are saved.  

Data

S0

Z1

Z2

 

Figure 51. 1:2 Demultiplexer Implemented by BCIIs. 
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Figure 52. 2:4 Demultiplexer implemented by BCIIs. 

2. Select-Hold Method 

The Select-Hold Method can also be used as a demultiplexer structure. The demultiplexer 

used in a TDM receiver requires the holding feature to latch each channel’s data until 

next data-update cycle. The select-hold circuit might be implemented as shown in Figure 

53 using one BCII. Four select-hold circuits can implement a 2:4 demultiplexer. The SEL 

signal comes from outputs of a 2-bit counter. The counter shares the same clock with the 

MS latch. When one SEL signal is asserted, the circuit updates its value one gate delay 

after the SEL asserted. In the next clock cycle, the SEL is set to zero. The circuit holds its 

value till the next time the SEL signal is asserted again. The select-hold method is much 

simpler than the hierarchy method. A test chip using select-hold method is elaborated 

next. 
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Figure 53. Demultiplexer select-hold circuit. 

III.      Demultiplexer Test Circuit 

One test chip that contains 2 x 4 gate arrays was submitted to fabrication in November 

2003. The block diagram of the chip is shown in Figure 54.  

 

Figure 54. Test chip schematic. 
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As shown, the 1 x 4 gate array on the left side of the chip is configured as a 2:4 decoder. 

The decoder’s truth table is shown in Table 9. The 1 x 4 gate arrays on the right side of 

the chip are four basic cells configured as Select-Hold circuit shown in Figure 4. One 

built-in Feed Forward Interpolated VCO [41, 48, 49] provides a 10 GHz system clock. A 

4-bit Linear Feed-back Shift Registers (LFSRs) as shown generates a pseudorandom bit 

stream for testing purposes. 

1. 2:4 Decoder 

The 2:4 decoder is used to generate the SELx signals. Table 9 shows the truth table. 

Table 9. Truth table of the 2:4 decoder used in the test chip. 

A B SEL1 SEL2 SEL3 SEL4 
0 0 1 0 0 0 
0 1 0 1 0 0 
1 0 0 0 1 0 
1 1 0 0 0 1 

From the above table, the four basic cells need to be configured as shown in (EQ-5.3) in 

order to generate the SELx signals. 

! 

SEL1= A " B 

SEL2 = A " B

SEL3 = A " B 

SEL4 = A " B

 (EQ-5.3) 

Also as shown in Table 9, the frequency of signal “A” is half the frequency of signal “B”. 

Therefore, signal “A” is generated by a frequency divider from signal “B” in Figure 54. 

In this test chip, signal A has a frequency of 5 GHz and signal B has a frequency of 10 

GHz. 
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2. LFSR 

A LFSR [42] is used to generate pseudorandom bits in this Built In Self Test (BIST) 

design. The truth table of the state machine is shown in Table 10. The state sequence is 

also shown. State 0 (0000) is not permitted. A maximum of 15 states can be obtained 

from this LFSR. The pseudorandom number comes from stage 4 as shown in Figure 55.  

Each stage is a master-slave latch that shares the same system clock. To prevent all stages 

from being set to “0” at the time of power up, the output from stage 4 is inverted before it 

is fed back to stage 1. 

Stage 1 Stage 2 Stage 3 Stage 4

out

 

Figure 55. LFSR block diagram. 

Figure 56 shows a simulation result of the LFSR with the VCO. The VCO is configured 

at 9 GHz. The LFSR outputs a bit pattern of “000111101011001” and this pattern repeats. 

 

Figure 56. Simulated LFSR circuit with 9 GHz clock. 
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Table 10. States of the 4-bit LFSR. 

Cycle Stage 1 Stage 2 Stage 3 Stage 4 State Out 
0 0 0 0 1 1 1 
1 1 0 0 0 8 0 
2 1 1 0 0 12 0 
3 1 1 1 0 14 0 
4 1 1 1 1 15 1 
5 0 1 1 1 7 1 
6 1 0 1 1 11 1 
7 0 1 0 1 5 1 
8 1 0 1 0 10 0 
9 1 1 0 1 13 1 
10 0 1 1 0 6 0 
11 0 0 1 1 3 1 
12 1 0 0 1 9 1 
13 0 1 0 0 4 0 
14 0 0 1 0 2 0 

 

IV.      Test Chip Simulation and Measurement 

The chip was simulated at 27ºC. The center frequency of the VCO is 10 GHz. Because of 

the way the LFSR is designed, the corresponding LFSR will generate a signal of 10 Gb/s. 

In each clock cycle, one of the SEL signals is enabled to turn on the Select-Hold circuit. 

Since the LFSR is synchronized with the VCO, data is synchronized with the SEL 

signals. Valid data is shown at the output side. The data from LFSR is also routed to an 

output pad so that data can be compared with each channel’s signal. Chip simulation 

results are shown in Figure 57. 
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Figure 57. Demultiplexer simulation waveform. 

The fabricated chip is shown in Figure 58. The chip area is 1.09 mm by 1.68 mm. Twelve 

signal pads are used. Two VCO control signals are located at the left side of the chip. 

Four SEL signals are routed to the left side of the chip. Channel output, system clock, 

LFSR output and clock trigger signals are also routed to the left side of the chip. 
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Figure 58. Fabricated demultiplexer chip layout and 
photograph. Chip dimension are 1.09 mm × 
1.68 mm. Area A is the 4:1 decoder. Area B is 
the four Select-Hold circuits. Area C is the  
VCO and LFSR. 

The chip was measured at room temperature. Test power supply is -3.2 V. The supply 

current is 840 mA. Approximately 45% of the power is consumed by the input and output 

pads. The channel A signal is shown in Figure 59. The bit pattern read on the scope is 

“10001111010110”. The signal voltage swing is 960 mV. Channel A bit throughput is 1.1 

Gb/s. Therefore, the DEMUX bit rate is 4.4 Gb/s. Figure 60 shows a typical eye diagram 

of channel A at a higher speed. The bit rate is 1.8 Gb/s and the corresponding DEMUX 

bit rate is 7.2 Gb/s.  
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Figure 59. Chip measurement. The upper signal is the 
channel selection signal. The lower signal is 
the channel “A” data output (1 ns/div). The bit 
pattern (upper signal) shown in the figure is 
100011101010110. The voltage swing is 960 
mV. 



 

 87 

 

Figure 60. Eye diagram of the DEMUX. The voltage swing 
is 900 mV. Bit width is 550 ps. Channel “A” 
throughput is 1.8 Gb/s. The DEMUX 
throughput is 7.2 Gb/s. 

In addition, as discussed in [43], when configured to perform sequential logic functions, 

basic cells have speed limits. If the clock cycle time is shorter than the gate delay, the 

MS-latch will be triggered before real data is ready. One bit of data will be lost. 

Therefore, using a conventional eye-diagram to prove circuit speed is not appropriate in 

this FPGA case. Figure 61 shows a measurement taken at 13 Gbps. The bit pattern shown 

is “11011001”. Compared with the real bit pattern “011110101100100”. One bit “0” was 

lost in the 13 Gbps measurement. If an eye diagram is used in the 13 Gbps measurement, 

the missing bit will be hidden. 
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Figure 61. Channel A output measurement of 3.3 Gbps. 
The chip bit rate is 13 Gbps. 

V.      More Testing in 8HP and FPGA Discussion 

A more sophisticated application has been configured and laid out using the cutting edge 

IBM 8HP BiCMOS SiGe technology. A 4x4 gate array is configured as a 4-channel 

pseudo SERDES system, as shown in Figure 62. 

The 2x4 array on the right side is a 4-channel receiver. Four basic cells, configured as 

three 2:1 multiplexers and one redirection cell, are on the left 2x4 array functioning as a 

transmitter. The LFSR generates a 15-bit test pattern. The system clock is generated by 

the VCO, which has a frequency range from 10 GHz to 15 GHz. The transmitter’s bit rate 

is 20-30 Gbps. A chip simulation result is shown in Figure 63 The selected output signals 

are Channel A and Channel C from the transmitter and receiver. The simulation is done 
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with 2.5 V power supply. VCO oscillation frequency is about 13 GHz. The simulation 

results show a bit rate of 26 Gbps.  
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Figure 62. SERDES system implemented by an FPGA. 
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Figure 63. SERDES simulation result. Top two signals are 
Channel A signals from receiver and 
transmitter. Bottom two signals are Channel C 
signals. 
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Chapter 7   

Conclusion and Future Plans 

I.      Conclusion 

This research focuses on high performance FPGAs. Many new ideas are brought into this 

FPGA design. Most of them have been proven to be feasible and have contributed to the 

improvement of FPGA performance. 

A new multiplexer structure with multiple features is employed in this FPGA design. It 

consumes less power, reduces the supply voltage and can be totally turned off if not used. 

With this new multiplexer structure, versatile multiplexers can be made, i.e. 5:1 

multiplexer and 9:1 multiplexer. 

A new basic cell structure is developed in this FPGA design. New basic cell sends out 

three outputs to neighbor cells, thus it increases routing capabilities. With the CS 

multiplexer and output multiplexer removed from the signal path, the new basic cell 

saves two gate delays. A higher system clock frequency can then be used. Combinational, 

sequential and redirection function results are now separated from each other. Therefore, 

different part of the basic cell can be turned off if they are not used in an application, i.e., 

the un-used basic cells can be turned off to save power.  These three features of the new 

basic cell enable our group to implement high-speed applications into our FPGA. 

Excellent measurement results of two applications have demonstrated the improved 

FPGA performance by our design. A ring oscillator is laid out and proves combinational 
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logic can have a gate delay as small as 100 ps. A 4-channel DEMUX is laid out and 

proves a sequential logic circuit can operate at a system clock of 11 GHz. More 

applications are implemented and the corresponding simulation results have been 

provided in this thesis. 

II.      Future Plans 

The author considers this thesis as a milestone in his career path. Still, there are many 

things can be done in this research area. 

Currently, there is no Computer Aided Design (CAD) software ready for the FPGA. The 

hardware FPGA is available, but not the CAD software to implement more applications 

into the FPGA. The CAD software will be the primary goal in the future. 

In July 2003 and June 2004, two large gate arrays were sent out for fabrication. They 

were a 20x20 FPGA and 48x48 FPGA. There were design mistakes in those two chips. 

As part of the future plans, the mistakes in the layout will be located and attempted to be 

fixed. If this is accomplished, more and larger applications can be loaded into the FPGA. 

Three-dimensional IC chip design is becoming more popular. One idea is to place 

multiplexed layers of memory configuration on the top of an FPGA. This 3D FPGA can 

hold multiple memory configurations. The switching between different configurations 

can be very fast. This is an interesting area in which the research group is doing more 

work.  
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Appendix A. XC6200 Function Table [29] 
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Appendix B. Basic Cell II Top Level Schematic 

 

 



 

 104 

Appendix C. Chip Ring Oscillator Layout and Pin List 

 

Table 11. Chip Ring Oscillator Pin List. 

Left Pins Function Function Right Pins 
S0–O RO1 output RO3 output S6–O 
S1–O RO1 trigger RO3 trigger S7–O 

P Power (-2.5V) Power (-2.0 V) P 
G Ground Ground G 

S2–O RO2 output RO4 output S8–O 
S3–O RO2 Trigger RO4 trigger S9–O 

G Ground Ground G 
P Power (-2.5V) Power (-2.0 V) P 

S4 – RO5 output S10–O 
S5 – RO5 trigger S11–O 

 (“–O” stands for output pin) 
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Appendix D. Chip DEMUX Layout and Pin List 

 

Table 12. Chip DEMUX Pin List. 

Left Pins Function Function Right Pins 
S0–O Select A Channel A S6–O 
S1–O Select B Channel B S7–O 

P Power (-3.5V) Power (-3.5 V) P 
G Ground Ground G 

S2–I VCO Control input 0 LFSR Bit Pattern S8–O 
S3–I VCO Control input 1 System Clock S9–O 

G Ground Ground G 
P Power (-3.5V) Power (-3.5 V) P 

S4–O Select C System Trigger S10–O 
S5–O Select D Channle D S11–O 

 (“–O” stands for output pin, “–I” stands for input pin) 
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Appendix E. Chip I/O Block Layout and Pin List 

 

Table 13. Chip I/O Block Pin List. 

Left Pins Function Function Right Pins 
S0 – – S6 

S1–I Bipolar Output Driver (1) – S7 
P Power (-3.5V) Power (-3.5 V) P 
G Ground Ground G 

S2–I Bipolar Input Driver (1) IOB (1) Output S8–O 
S3–I Bipolar Output Driver (2) IOB (2) Output S9–O 

G Ground Ground G 
P Power (-3.5V) Power (-3.5 V) P 

S4–I Bipolar Input Driver (2) VCO Output Trigger S10–O 
S5–I VCO Control VCO Output S11–O 

(“–O” stands for output pin, “–I” stands for input pin) 

 


