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A bstract

The research work in this thesis can be divided into two parts. The first part was on 

the modeling and design of high-speed GaAs CMCCDs (cermet-gate charge-coupled 

devices), which is a part of a research collaboration between TRIUMF and the Univer­

sity of Victoria. The second part was a project on the design and the implementation 

of a prototype GaAs artificial neural network v<iNN) IC using CMCCDs and MES- 

FET technologies.

The research on high-speed GaAs CMCCDs in this thesis primarily focused on 

the modeling of the charge transfer properties of the device, as well as an attempt 

to develop a design methodology to optimize the device structure. On the modeling 

side, we have developed two-dimensional numerical models such that they will allow 

us to compute the channel potential distribution and the charge transfer efficiency 

for different device geometries and clocking schemes. In addition, an equivalent cir­

cuit model was developed and it allowed us to more efficiently (than the numerical 

model) study the transient effects of the clock waveforms using a SPICE-type sim­

ulator. Using our numerical device models and an optimization algorithm, we have 

also developed a design method that will allow us to optimize the device geometry for 

both the two-phase and the uni-phase CMCCDs. For the particular uni-phase CM- 

CCD that is of interest to us and TRIUMF, our theoretical analysis has predicted a 

device performance that is in close agreement with what we measured on a fabricated 

CMCCD.

The second phase of our research was on the design of a prototype ANN IC using 

the GaAs CMCCDs and MESFET circuits. The CMCCDs were to be used as the 

analog storage elements of the synaptic weights as well as the binary sbift-reg'ister in



iii

the ANN circuit. For these purposes, we have tested extensively the signal-to-noise 

ratio and the linearity of the CMCCDs. The ANN circuit was designed based on 

the popular Hopfield model and can be used as an associative memory. We have 

developed a hybrid ANN architecture to reduce the number of the components that 

is required. In this architecture, each synapse is made up of a CMCCD (for the 

weight storage) and a transconductance amplifier (for the multiplication). The result 

of the neuron weight-summation is multiplexed by an activation circuit that performs 

a hard-limiting function. The feedback to the synapses was achieved using shift- 

and buffer-registers. An ANN circuit with 16 neurons and several subcircuits were 

fabricated using the NT/BNR 0.8 //m GaAs depletion-mode MESFET technology 

and this technology unfortunately is not able to support the fabrication of the CCDs. 

A multi-chip approach was therefore taken and the CMCCDs were fabricated using 

the TRIUMF GaAs technology. The individual subcircuits and CMCCDs were tested 

at frequencies up to 200 MHz. The entire system, however, was only tested up to 

40 MHz due to the testing environment. Nevertheless, a very good agreement between 

measurements and simulations was observed. When it was tested as an associative 

memory, the ANN IC appears to be fairy robust since it can withstand an error rate 

up to 25%.
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Chapter 1

Introduction

1.1 G aA s Sem iconductor

Gallium Arsenide (GaAs) is a III-V compound semiconductor particularly suitable 

for making high frequency devices. As far as the electrical properties are concerned, 

GaAs has several superior properties. One is the very high intrinsic electron mobility 

which is almost six times that of silicon. High electron mobility and high saturation 

velocity are usually required for high frequency device operation. The second superior 

property related to GaAs is the possibility to grow high resistivity semi-insulating 

GaAs. Semi-insulating GaAs is frequently used as the device substrate to produce a 

very low parasitic capacitance. A low parasitic capacitance also gives a low ac power 

dissipation. The third superior property of GaAs is the existence of a direct barid-gap 

which is essential for radiative recombination to occur. Direct band-gap also makes 

GaAs a very efficient light emitter in opto-electronic applications.

The first metal-semiconductor field-effect transistor (MESFET) using an epitaxial 

layer of GaAs on a semi-insulating GaAs substrate was fabricated by Hooper and 

Lenrer in 1967 [1]. It was only in the middle of the 1980’s that GaAs MESFET

1
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technology reached the point where IC production was contemplated at the industrial 

level. Nowadays MESFET is the predominant device in the design of GaAs ICs. 

Fig. 1.1 shows the basic GaAs MESFET structure and the typical process parameters. 

The 0<*As M ESFET shown has a n-type doped active layer (or channel) and its 

fchh'V.icss is controlled by the depletion of the metal-semiconductor Schottky barrier. 

As observed, the gate metal (Schottky metal) is directly in contact with the channel 

and the drain region and the source region are highly-doped n+ regions. The metal 

electrodes on top of the drain and the source form the ohmic contacts. The I-V  

characteristics of a GaAs MESFET are quite similar to those of the silicon MOSFET, 

although the superior properties of GaAs combined with the removal of the oxide layer 

and a low threshold voltage give the GaAs MESFET marked advantages in speed, 

power consumption and radiatiun-tolerance over the silicon MOSFET.

Schottky metal gate

n GaAs Active layer

Buffer layer

I. S. substrate

Thickness of active layer: 0.1 ~ 0.2 >um 
Doping density of active layer: > 1018/cm3

Figure 1.1: Basic GaAs MESFET structure.
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1.2 G aA s C harge-coupled D evices

The concept of a charge-coupled device (CCD) was first proposed in 1970 by Boyle and 

Smith at Bell Laboratories [2, 3]. Basically, a CCD is a shift register formed by a string 

of transport electrodes (for simplicity, we shah call the transport electrodes as the 

electrodes). An analog input signal introduced electrically or optically into the CCD 

can be stored in the form of charge packets in the potential wells under the electrodes. 

A set of clocks applied to the electrodes will transfer the charge packets from under one 

electrode to the next. The charge packets are then detected at the output after they 

have sequentially passed through all the electrodes. Initially, CCDs were realized by 

MOS technology. In MOS CCDs, the electrodes are insulated from the semiconductor 

by a thin oxide layer and each electrode is, in effect, a metal-insulator-semiconductor 

(MIS) capacitor. Alternatively, CCDs can be fabricated using GaAs technology. The 

electrodes of a GaAs CCD are reverse-biased metal-semicouductor Schottky diodes 

instead of MIS capacitors. It has been observed that a GaAs CCD inherently has low 

noise and a wide dynamic range due to the fact that the signal charge packets are 

stored and transferred in isolation in the depleted channel of the CC'D.

The first proposal of a GaAs CCD was made in 1972 by Schuermeyer et al. [4]. 

A Schottky-gate GaAs CCD employing Schottky diodes separated by approximately 

1 micron wide dielectric-filled gaps was fabricated in 1977 by Kellner et al. [5] and 

in 1978 by Deyhimy et al. [6]. This kind of device is known as capacitive-gate CCD 

(CGCCD) as the GaAs surface in the interelectrode gap is covered with a dielectric 

material. GaAs CGCCDs operating with one-phase, two-phase, three-phase arid four- 

phase clocking schemes have since been reported and they were found to operate in 

the clock frequency range from 500 MHz to 1 GHz with a charge transfer efficiency up 

to 0.999 [7, 8, 9, 10, 11]. In comparison, the highest clock frequency used in a silicon 

CCD was 180 MHz as reported by Esser and Sangster [12]. This level of performance
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allows the GaAs CCDs to realize specialized analog signal processing functions at a 

high-speed with a reduced area and power consumption [13, 14, 15].

The GaAs CGCCD, however, sometimes suffers from a low charge transfer ef­

ficiency due to potential troughs that are formed in the interelectrode gaps [16]. 

Potential troughs between the adjacent potential wells will retain some of the pass­

ing electrons during the charge transfer. These electrons, at a later time, will be 

transferred to the output resulting in an increase in the signal dispersion. To achieve 

a high transfer efficiency, most CGCCDs will need submicron gaps. This oftentimes 

requires more sophisticated processing steps and can cause the devices to easily break­

down. [16].

The requirement for a submicron gap can be avoided if a resistive-gate CCD 

is used. This was demonstrated by Higgins, et al. [17, 18], and Song and Fos- 

sum [19, 20, 22]. In a resistive-gate CCD, the GaAs surface in the interelectrode 

gaps is covered with a resistive material. The resistive-gate CCD is also known as 

cermet-gate CCD (CMCCD) as cermet has been used very frequently as the resistive- 

gate material in GaAs CCDs. Cermet is an insulator-metal composite containing SiO 

and Cr. It has a high resistance of up to mega-ohms per square and makes a low- 

leakage Schottky contact to the GaAs. Fig. 1.2 shows the GaAs CMCCD structure 

and the typical process parameters. As observed, the GaAs surface in the interelec­

trode gap is covered with a cermet film. The cermet film provides two important 

functions. Firstly, it ensures that the variation of the surface potential along the 

interelectrode gaps is monotonic at all clock frequencies [23]. This allows wider inter­

electrode gaps to be used and avoids the formation of potential troughs. The relatively 

short electrode also provides an increased electric field component along the direc­

tion of charge transfer under the electrode and this improves the charge transfer [17]. 

Secondly, since a thicker active layer is no longer needed for the removal of the poten­

tial troughs [15], a thinner active layer can be used in the CMCCD, thus making it
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Schottky metal gates Cermet gate 
(electrodes) \

n GaAs Active layer

Buffer layer

I. S. substrate

Thickness of active layer: 0.3 ~ 1jum 
Doping density of active layer: 1015 ~ 1017/cm3

Figure 1.2: Basic GaAs CMCCD structure.

possible for a MESFET-compatible technology to be developed. The first four-phase 

GaAs CMCCD was demonstrated in 1982 by Higgins et al. at a clock frequency of 

1 GHz with a charge transfer efficiency of 0.999 [17]. In 1990, LeNoble et al. reported 

a two-phase GaAs CMCCD with 2 pm  electrodes and 3 pm  gaps. The device used a 

castllated structure and was reported to operate at 46 MHz with a transfer efficiency 

of 0.996 [24]. In 1991 Song et al. demonstrated a four-phase GaAs CMCCD with 

1 pm  electrodes and 4 pm  gaps. The device operated at the clock frequencies from 

10 MHz to 1GHz and had a charge transfer efficiency of 0.999 [20].

GaAs CCDs have been successfully used in a number of signal processing ap­

plications [13, 14, 26, 27], even though the process parameters are not necessarily 

compatible with those for GaAs MESFETs. It can be observed from Figs. 1.1 and

1.2 that a GaAs CCD uses a relatively thick, low-doped active layers in order to 

avoid potential troughs [9] while a GaAs MESFET really requires a thin, highly-
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doped active layer in order to obtain a high transconductance. Much effort has been 

made to integrate GaAs CCDs monolithically with GaAs MESFETs by using cermet 

gates and compromising process parameters. A GaAs VHF/UHF transversal filter 

was fabricated by Sovero et al. at Rockwell [26]. The thickness of the active layer 

was approximately 0.3 pm.  This filter used GaAs CMCCDs arranged in a pipeor- 

gan structure to provide weighted sampling, programmable delay and summation of 

the analog signals. Supervisory functions were provided by the GaAs MESFET cir­

cuits integrated monolithically with the CMCCDs. The CMCCD transversal filter 

demonstrated a dynamic range of 60 dB for filter operation at a sampling rate of 

1 GHz [27]. The two-phase CMCCD reported in [24] was also fabricated at TRIUMF 

using a GaAs MESFET compatible CMCCD process. The thickness of active layer 

was also 0.3 pm.  The TRIUMF process, however, was optimized for the CMCCD 

but not for the MESFET circuits.

1.3 C C D ’s A p p lication  in A rtificial N eu ral N e t­

works

A wide variety of technologies and design approaches has recently been investigated 

for VLSI implementation of artificial neural networks (ANNs) [28, 29, 30, 31]. It 

has been demonstrated that analog circuits are probably more suitable for the VLSI 

implementation of ANNs due to the similarity between the analog ANN architecture 

and the biological neural system, and the simplicity in the implementation [32, 33]. 

CCD technology has also been highlighted for its potential in realizing analog ANNs 

due to the low power consumption and the small chip area as well as the ability of 

storing and transferring analog signals [34, 35, 36, 37].

ANNs, in general, attempt to mimic, at least partially, the structures and the
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functions of the human brain and the nervous system. In 1982, Hopfield proposed a 

simplified model of a neural network [38], which consists of an array of fully inter­

connected synapses and neurons that are connected to each other by the synapses. 

Each synapse will give a new output by multiplying the current neuron state to the 

connection weight stored in the synapse. The outputs of the synapses connected to 

the same neuron are then summed. This summation determines the neuron activity 

and changes the neuron output after it has passed through an activation function [39].

In the analog implementation of the Hopfield ANNs, the activation function of 

a neuron is frequently represented by an amplifier and a synapse by a multiplier. 

Since the neural network contains a large number of synapses, one of the essential 

problems in the implementation is to develop the storage for the analog synaptic 

weights. In most applications, the synaptic weights are required to be programmable 

and adjustable for the adaptive learning, and they can be stored in either an analog 

or a digital form.

When the synaptic weights are stored in a digital memory, a D-to-A converter is 

required for each synapse. CCDs have been successfully used to implement multiply­

ing D-to-A conversion (MDAC) in the charge domain. A CCD programmable signal 

processor for computing vector-matrix products based on charge domain MDAC was 

proposed in 1990 by Chiang at MIT [34]. For neural network applications, the pro­

cessor computes in a pipeline fashion the weight-summation required by the neural 

network. Using a 2  pm  CCD rule, the 8 -bit CCD MDAC occupied a 200 x 220 pin2 

chip area. Another CCD MDAC-based signal processor using the wire transfer tech­

nique [40] was reported in 1991 by Fossum et al. at Columbia University [41]. The 

size of the 1 0 -bit pipeline MDAC is 130 x 300 pm 2 for a 2  pm  process.

The chip area used for the storage of the synaptic weights can be reduced signif­

icantly if the weights are stored in analog form. A common storage technique is to 

store a weight value as a charge packet in a capacitor [43]. However, such a dynamic
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storage technique requires refreshing due to charge decay, and refreshing analog sig­

nals also requires an elaborate support circuitry that may offset a lot of the advantage 

gained in the smaller size of the storage cell. Floating-gate transistor can be used as 

a programmable non-volatile analog memory [44, 45]. The weight value is set by pro­

gramming the threshold voltage of the floating-gate transistor, and it is possible that 

both the weight storage and the analog multiplication can be implemented simultane­

ously using the same circuit [46]. Special fabrication techniques such as an ultra thin 

tunneling oxide layer and the use of a high voltage to excite the electrons across the 

gate oxide barrier represent the major drawbacks of the floating-gate analog memory.

A neural network IC combining MNOS devices for the storage of the synaptic 

weights with CCD technology was reported in 1989 by Sage et al. at MIT [35], and 

a similar IC was reported in 1991 by Neugebauer et al. at Caltech [47]. In these ICs, 

CCD technology was used to fabricate the matrix of charge injection device (CID) 

elements which store the charge packets encoding the synaptic weights. These ICs 

compute the fully parallel vector-matrix products and the typical size of a storage 

cell is 25 x 25 p m 2.

A conventional CCD behaves like a serial analog memory and it is possible to 

load or program the synaptic weights into a CCD either electrically or optically and 

read them serially. A semi-parallel CCD neural processor computing vector-matrix 

products was proposed in 1990 by Agranat et al. at Caltech [37]. The neural processor 

contains 256 neurons and 65536 programmable analog synapses. The vector-matrix 

products are computed by a simultaneous combination of the horizontal and the 

vertical shifting of the charge packets in the CCD array.
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1.4 M otivation s and C ontributions o f  th e  T h esis

1.4.1 M otivations

We have discussed the potential of CCDs for high-speed analog signal processing 

and ANN implementations. The purpose of this research work is to design high 

performance GaAs CMCCDs and to use them with GaAs MESFET circuits in the 

design of an ANN chip functioning as an associative memory.

When the CMCCD is used as a component in analog signal processing, the main 

considerations in the CMCCD design are focused on the charge transfer efficiency, the 

operating speed and the charge-handling capacity (to provide a better signal-to-noise 

ratio). In most cases, however, these parameters are interdependent. For example, 

the charge-handling capacity as determined by the depth of the potential well can 

be increased by increasing the thickness of the active layer [25]. However, the depth 

of the potential well also has some bearing on the formation of the potential trough. 

This can in turn reduce the charge transfer efficiency. The potential trough is also 

related to the lengths of the electrode and the gap, which determine the operating 

speed of the CMCCD (we shall show this in Chapter 3).

A design methodology, therefore, needs to be developed to optimize the CMCCD 

structure so that a compromise among the charge transfer efficiency, the operating 

speed and the charge-handling capacity is achieved. We found that there was no such 

design methodology reported when we started this work. The design methodology 

should provide great flexibilities in the clocking schemes and the device parameters, 

and should be efficient in computation. To develop the CMCCD design methodology, 

numerical models are required to compute the channel potential distribution and the 

signal charge transfer in the CMCCD [53].

When the CMCCD operates at high frequency, the clock waveforms have finite rise
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time and fall time due to the parasitic effects. It has been shown that the effectiveness 

of the charge transfer is determined by the fringing field, while the clock voltages make 

an important contribution to the fringing field. Therefore, it is necessary to investigate 

how the clock waveforms affect the charge transfer efficiency. To effectively investigate 

this, a standard SPICE-type simulator needs to be used. Again, according to our 

knowledge, there was no reported work on this research. In addition, an equivalent 

circuit model of the CMCCD was developed earlier [55] and we could use it to fulfill 

this investigation.

In most of the ANN implementations, a fully connected parallel architecture has 

been used in order to make the ANNs most similar to the biological model of the 

neural network [42]. It should be pointed out, however, that a parallel architecture 

consumes a large chip area not only for the electronic neural cells but also for the 

massive interconnections. The latter is limited by the wiring of a large number of 

interconnections on the two-dimensional surface of the wafer. In fact, a parallel archi­

tecture limits the size and complexity of the neural networks, reduces the reliability 

of the device and suffers from massive power dissipation because N  amplifiers and 

N 2 multipliers are required.

CCDs have been used in neural signal processing with special capabilities of storing 

analog synaptic weights and reducing massive interconnections. The semi-parallel 

CCD neural processor proposed in [36] tried to solve the problems suffered from 

by the parallel architecture. This neural processor itself, however, suffers from the 

following problems. Firstly, the number of multipliers, adders and activation functions 

are all equal to the number of neurons (N ). This means that the area and the power 

consumed by the neural cells will not be reduced compared to the parallel structure. 

Secondly, the charge summation is completed serially in N  clock pulses, and this 

will result in charge decay and consequently will limit the number of the neurons 

that can be integrated. In addition, the neural processor was only tested using the
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binary weights in terms of the vector-matrix product operation. To overcome those 

problems in [36], we need to develop a new architecture for the ANN implementation. 

Moreover, the implemented ANN should demonstrate its functionality of associative 

memory using the analog synaptic weights.

As mentioned in Sections 1 . 1  and 1.2, GaAs technology is excellent in realizing 

high-speed electronic circuits for signal processing. It has been noted, however, that 

almost all of the ANNs implemented so far have used CMOS technology, and there was 

no report on the GaAs implementation of the ANN according to the author’s literature 

survey. If the ANN is implemented using GaAs technology and the synaptic weights 

are stored in the GaAs CMCCDs, the high-speed charge transfer in the CMCCDs 

would reduce the computation time of the ANN and increase the number of the 

neurons to be integrated.

1.4.2 Contributions

Specific contributions of this thesis are the following:

•  Development of two-dimensional numerical models to compute the potential 

distribution and the signal charge transfer in the CMCCDs.

• Development of a design methodology to optimize the structure of a CMCCD 

using the Fletcher-Reeves algorithm and the potential distribution model. The 

method was applied successfully to the design of a two-phase and a uni-phase 

CMCCDs [59, 60]. The simulations were performed using the charge transfer 

model and a comparison of the devices was made [61].

•  Investigation of the effect of the clock waveforms on the charge transfer effi­

ciency. This has been done successfully by using SPICE3e2 incorporated with 

the equivalent circuit model and the analytical fringing field expression [62].



Chapter 1. Introduction 1 2

•  Fabrication (TRIUMF process) and measurement of the uni-phase GaAs CM­

CCD. The experimental results have verified the simulation results.

•  Development of a hybrid architecture for the implementation of the Hopfield 

ANNs [63]. This approach merges parallel multiplication/summation and serial 

neuron state updating and only uses one adder and one activation function, thus 

reducing significantly the chip area, the power dissipation and the complexity of 

the interconnections compared to the parallel architecture and the semi-parallel 

architecture proposed in [36].

•  Design of the subcircuits of the hybrid ANN architecture using CMCCD and 

MESFET technologies. We have shown by experiment that the CMCCD serial 

analog memory can be used for the synaptic weight storage with very low noise, 

large dynamic range, and low on-chip power dissipation. The experimental 

results have verified the simulation of the MESFET subcircuits.

•  Fabrication (Northern Telecom/Bell Northern Research process) and measure­

ment of a prototype GaAs MESFET ANN IC containing 16 neurons. We have 

successfully demonstrated, using a multi-chip approach, the functionality of the 

chip as an associative memory.



Chapter 2 

O peration and M odeling of GaAs 

CM CCD

2.1 In trod u ction

Functionally, a GaAs CMCCD is similar to an analog shift-register. It has an input 

section, a string of electrodes, and an output section. In order to transfer charge from 

under one electrode to the next, a set of clocks applied to the electrodes is required. 

The clocks can be either four-phase, three-phase, two-phase, or uni-phase. In general, 

the smaller the number of clock phases, the less the complexity of the clock driving 

circuit. In this chapter, the operation of a uni-phase CMCCD is described. Two two- 

dimensional numerical models for computing the channel potential distribution and 

the signal charge transfer are developed. An equivalent circuit model of CMCCDs is 

also discussed.

13
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2.2 O peration  o f  a U ni-phase C M C C D

Fig. 2.1 shows a cross-sectional view of a uni-phase GaAs CMCCD together with the 

signals applied to the device nodes. The CMCCD consists of a n-type active layer (or 

n-channel) and a semi-insulating GaAs substrate. Initially, the input ohmic contact 

and the output ohmic contact are both biased positively with respect to the voltages 

applied to the control gates and the electrodes so that the channel region under the 

gates Gi, G2 , G3  and the electrodes are all depleted of electrons. The clocks <f> 1  and 

<j>iA have voltage levels of 0 /—4 V and + 1 /—3 V respectively, and Bias!  and Bias2 

are set at —2 V and —1 V respectively. These voltages are required to transfer signal 

charge packets in the channel to the device output where they are detected.

The input voltage 14, applied to Gi is converted to a charge packet using the 

fill-and-spill method which has been widely used due to its advantages of low-noise 

and better conversion linearity [25]. Fig. 2.2 shows the sequence of events that occurs 

in the voltage-to-charge conversion by the fill-and-spill method. The different times 

(i.e., t \ ,  t i  and <3 ) appearing in Fig. 2.2 correspond to those appearing in Fig. 2.1. 

Besides the input voltage V{n applied to Gi, a reference voltage Vrej  is applied to 

G2 , and an input sampling pulse Vj/p to the input ohmic contact. At t =  4 , Vi/p 

is high and <f> 1 is low. Therefore, the region in the channel extending from the right- 

hand edge of the input ohmic contact to the left-hand edge of G2  is depleted. At 

t =  t?, Vi/p is lowered to a voltage between the potentials under Gi and the first 

electrode <f>\. This causes the thermally generated electrons to flow into and to fill the 

potential well under G2  from the input ohmic contact. Note that the voltage in the 

first electrode <f>t also provides a barrier to the electrons under G2 . At t — t3, Vf/p is 

returned to a high voltage and the electrons under Gi as well as the excess electrons 

under G2  is removed from the channel through the input ohmic contact. This creates 

a well-defined charge packet consisting of electrons under G2 . It can be shown that
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Figure 2.1: Cross-sectional view of a uni-phase GaAs CMCCD and the signals applied 

to the device nodes.
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Figure 2.2: Potential and charge distribution of the CMCCD for charge injection 

process.
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the size of the charge packet is proportional to VTej  — V{n [25].

The charge packet residing in the potential well under G2  is transferred to the 

transport region during the positive cycle of <j>\ and Fig. 2.3 shows the actual 

transfer of a charge packet across one pixel of the CMCCD. At t = t,.\, the charge packet

Vi/p Vin Vref d>i 4>ia  Bias 1 Bias 2

i/p Ji' A ( L JL
-4 V

-3 V
-2 V

-1 V
t = t3

-2 V

OV

+1 V

-4 V

t = X*

~\  -3V
~ \ - 2 V

-1 V t -  t5

Figure 2.3: Potential and charge distribution of the CMCCD for charge transfer 

process.

under G2  moves to the potential well under the electrode where the potential is 

maximal. At t =  t 5, both <j> 1 and (f>\A are at high voltage levels and the charge packet 

under the electrode <f>\A moves to the potential well under the electrode Bias2. As
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indicated in Fig. 2.3, the direction of the charge transfer is determined by the direction 

of the electric field due to the difference in the voltages applied to the adjacent 

transport electrodes.

A charge packet transferred to the potential well under the final electrode fa^ 

moves into the output ohmic contact during the negative cycle of <f>i and <f>\A, as 

shown in Fig. 2.4. Prior to the charge detection, the output ohmic contact of the

R/G R/D
B/D

4>i <Pia B iast Bias 2  Gfc 

1 1 1 1 1 0/P j
H i =r=Co/p BIO

-2 V
4

B/S

-1 V
OV

PrechargeV +1 V

-4 V

t = t6

-3 V
-2 V

Float
t = t 7

Figure 2.4: Potential and charge distribution of the CMCCD for charge detection 

process.

CMCCD is first precharged to a high voltage by turning on the reset MESFET using 

the same voltage pulse as fa applied to R /G  (t =  t6). The reset MESFET is disabled
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on the negative cycle of fix and This allows the output ohmic contact to float 

at its precharged level. At t =  <7 , the electrons passing through the potential well 

under G3  exit the CMCCD through the floating output ohmic contact, charging the 

parasitic capacitance C o / p  and driving the output ohmic contact to a voltage negative 

with respect to its precharged level. The signal produced at the output ohmic contact 

is also buffered by a MESFET source follower. As observed from the waveform of 

B IO  in Fig. 2 .1 , the output of the CMCCD is the delayed input signal modulated by 

the clock feedthrough.

It should be pointed out that the operations of two-phase, three-phase and four- 

phase CMCCDs are similar to the operation of the uni-phase CMCCD, and therefore 

the charge transfer mechanisms and the modeling of the devices with these clocking 

schemes are essentially the same.

2.3 C M C C D  M odeling

It is generally accepted that the operation of a CMCCD can be accurately modeled 

by the Poisson equation and the continuity equation [25]. To study and design a CM­

CCD we must first compute the channel potential distribution by solving the Poisson 

equation. Another reason for computing the potential distribution is to determine 

the fringing field. The fringing fields under the electrodes are crucial for the charge 

transfer. As we shall see later, the computation of the fringing fields is quite indis­

pensable if we want to model the signal charge transfer. The fringing field can be 

obtained by computing the gradient of the channel potential.

To evaluate the performance of a CMCCD, we need to model the signal charge 

transfer. This can be done by solving the continuity equation. Three types of charge 

transfer mechanisms are considered, namely, the self-induced drift effect, the drift 

effect due to the fringing field, and the thermal diffusion of the electrons.
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Sometimes a CMCCD needs to be simulated using a standard circuit simulator 

like SPICE. This necessitates the development of an equivalent circuit model for the 

GaAs CMCCD. As we shall see in the next chapter, the effect of the clock waveforms 

on the charge transfer can be efficiently determined by the simulation using SPICE3e2 

incorporated with an equivalent circuit model of CMCCDs.

Among the four clocking schemes, the two-phase CMCCD is the only one that 

requires an asymmetric electrode geometry to achieve unidirectional charge flow, and 

it also requires an embedded cermet layer. In other words, the structure of the two- 

phase CMCCD is most complicated. In this work, we have developed the numerical 

models mainly based on a two-phase CMCCD structure. The corresponding computer 

programs can also be used for the other three kinds of CMCCDs by changing the 

geometric parameters of the device. Fig. 2.5 shows a two-dimensional plane of a 

single pixel used for the two-phase CMCCD modeling. The plane is coincident with 

the central axis of the CMCCD so that the potential il>(x,y) and the charge density 

n(x, y ) are considered to be invariant along the axis normal to this plane. Cartesian 

coordinates are defined as shown with the origin located at the left upper corner.

We assume, for simplicity in computation, that the CMCCD consists of two re­

gions, namely, a n-type GaAs active layer (0 <  x <  xt, 0 <  y <  ym) and a semi- 

insulating GaAs substrate (xt <  x <  xm, 0 <  y < ym). The n-type active layer is 

uniformly doped and fully depleted. The semi-insulating GaAs substrate is slightly 

p-type and depleted at its upper surface.
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Figure 2.5: A single pixel used for the two-phase CMCCD modeling.

2.4 T w o-d im ension al M odel for C hannel P o ten ­

tia l in  C M C C D

In the absence of any signal charge, the channel potential, y ), of a GaAs CMCCD,

can be obtained by solving the Poisson equation, i.e.,

qNd
v  4>(*,y) =

in the active layer, and by solving the Laplace equation, i.e.,

v '  V’(z, y) =  o

(2 .1)

(2 .2)

in the semi-insulating substrate. Nd is the donor density in the active layer, e„ is the 

permittivity of GaAs, and q is the electron charge. The x direction is chosen to be 

the depth of the CMCCD, and the y direction is the length of the CMCCD along 

which the charge packets are transferred. The two-dimensional solution of Eqs. (2.1)
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and (2.2) is determined using the abrupt doping approximation shown in Fig. 2.6. 

The boundary conditions are given by:

1 . the potential along the GaAs surface under the transfer electrodes is given by 

Vg — Vi,,, where Vg is the applied gate voltage and 14, is the built-in voltage;

2 . the surface potential in the gap region is given by the linear interpolation of the 

potentials at the adjacent electrodes [24];

3. the bottom surface of the semi-insulating substrate is assumed to be grounded;

4. periodicity of the channel potential is assumed for every pixel;

5. the potentials and their derivatives are assumed to be continuous across the 

channel and the substrate.

z

X : Depth of the CCD 
Y : Length of the CCD 
Z : Chaige density

X

Figure 2.6: Two-dimensional abrupt doping distribution under the CMCCD transport 

electrode.
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In the computations, Eqs. (2.1) and (2.2) are discretized on a finite difference 

grid superimposed onto a pixel. Fig. 2.7 shows the rectangular mesh adopted for the 

finite-difference ap  ̂ oximation [53]. A grid spacing Ax  is superimposed along the 

depth of the CCD and a grid spacing Ay  along the CCD channel. The discretized 

forms of Eqs. (2.1) and (2.2) are given by:

V’t '+ l j  V’i - l , j  V’i . j - t - l  V’i . j —1 _  , 0 i  , j  x (l N , i

A x 2 A x 2 A y 2 A y 2 A x 2 A y2) (2.3)

(2.4)A x 2 A x 2 A y 2 A y 2 A x 2 ' A y 2J 

The values of 0(* ,i) are computed at each of the grid points using Eqs. (2.3) and (2.4) 

and the boundary conditions. Iteration is performed till the difference between the 

values at each point obtained in the successive iterations is below a preset tolerance 

which is chosen to be 10~ 4  V in this work.

ax

i . j - 1

i-1 . j

i .J i . j + 1

i+1  . j

ay

Figure 2.7: Mesh points for the finite-difference approximation.

A computer program ccdjpot was developed in C  to calculate 0(®, y) from Eqs. (2.3) 

and (2.4). The inputs of ccdjpot include a vector of the geometric parameters of the 

device, the clock voltages, and the grid spacings. The grid spacing Ax  is chosen to 

be 0.01 pm  and A y  to be 0.125 pm  respectively. We have examined the accuracy of 

our computation by running ccdjpot for a two-phase CMCCD for different values of
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Ax  and Ay  and have found that the further reduction in the grid spacings by half 

would only improve the accuracy of by an average value of 0 .8 %.

2.5 T w o-d im ensional M odel for Signal C harge Trans­

fer in C M C C D

When a signal charge packet is fed to the input section of a CMCCD, it will move from 

under one electrode to the next due to the clock voltages. A two-dimensional charge 

transfer model similar to the one-dimensional model proposed in [54] was developed 

to study the performance of the CMCCD in terms of charge transfer efficiency. The 

efFects of the surface-state traps and the interface traps were neglected because the 

charge packets are transferred primarily in the depleted channel of the CMCCD.

The generation and recombination of carriers were also ignored. The charge transfer

process is described by the continuity equation, i.e.,

(2.5)

where the current density J(x ,y )  is given by:

J(x, y) =  qns(x, y)v(E(x, y)) -  qD(E(x, y)) \ / n a(x, y) (2.6)

ns( x , y , t ) is the area charge density along the x and y directions. D  is the electron 

diffusivity and is defined as [2 1 ]:

D(E) =-D0 +  A c ' W I^D-MEpl/inM) ] 2  (2 .7 )

v(E)  is the electron velocity given by:

v(E) =  —  ! * E  (2.8)
v /n ^ M jT
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where

+  <2J>
The physical constants used in the above equations are the same as those used in [53]. 

They are listed in Table 2.1.

Parameter Unit Value

cm/sec 4.77 x 107

V2 cm/sec 3.24 x 107

El V/cm 1644

e 2 V/cm 130.5

B 0.32

Do V/cm 129.5

D x cm2/sec 312

EP V/cm 3394.8

A V/cm 1.82

fJ-Q cm2 /V.sec 5000

Table 2.1: Physical constants used in the charge transfer modeling.

Eqs. (2.6) suggests that the lateral electric field E(x,y)  in responsible for the 

charge transfer. The electric field is comprised of two terms (see Appendix A):

E(x, y) =  Ef (x, 11) +  y n,( i ,  y) (2.10)
£s Md

where xt is the thickness of the active layer. The first term in Eq. (2.10) is the fringing 

field which is the derivative of tj)(x, y), the solution of Eqs. (2 .1 ) and (2.2) under the 

empty well condition (i.e., there is no signal charge in the channel) in a fully depleted 

channel. The second term of Eq. (2.10) is the self-induced drift field resulting from
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the mutual repulsion of the signal charge. In the interelectrode gap, the electric field 

is given by:

E (x ,y )  =  Eappiied +  -  xt )\7ns(x,y)  (2.11)
Ss l\d

where EapPued is the applied electric field underneath the cermet filling gap and is 

assumed to be constant [24].

As can be seen from Eqs. (2.6) and (2.10), a charge packet is transferred from 

the emptying electrode to the collecting electrode due to three separate mechanisms: 

the self-induced drift effect, the drift effect due to the fringing field, and the thermal 

diffusion of the electrons. Physically, the self-induced drift is a charge-to-charge 

repulsion effect, and it is the main driving force of transferring charge in the early 

stage of the transfer. In the final stage of the transfer, because the charge under the 

emptying electrode is very small, the self-induced drift effect becomes very small, and 

the thermal diffusion which results in an exponential decay of the charge will become 

more important in the charge transfer. The fringing field is due to the difference of 

the voltages on the adjacent electrodes. Since the fringing field exists even in the 

absence of the signal charge, it becomes the dominant mechanism in transferring the 

last bit of the signal charge when the self-induced drift effect becomes negligible. The 

magnitude of the fringing field is determined by the geometric parameters and the 

amplitudes of the clock voltages.

In the finite difference approximation, the time-dependent charge density at the 

grid point (i , j )  is updated in every iteration using the finite difference form of Eq. (2.5) 

and is given by:

»  (i  < 1 * 4 .  — n (i  i  4-  1 r J ( « - A s , j ) - j ( i , j )  J ( i , j - A y ) - J ( i , j ) ,v ' > “ • iM) — ns[z, j, ) • i I

(2.12)

and the finite difference approximation of Eq. (2.6) is given by:

=  q n s ( i , j ) v ( E ( i , j ) ) - q D ( E ( i , j ) )
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{ns(i +  A x , j ) - n a( i , j )  t n„(i, j  +  Ay)  -  na( i , j ) ,  /o i .lx 
X l  A i  +  A~y-------------------- 1 ( 2 U )

A computer program ccddrs f  was developed in C  to calculate na( i , j , t )  at each 

space grid point and time grid point for a given number of pixels and a given transfer 

time. In this way CMCCD can be simulated numerically using ccddrsf  to evaluate 

its performance in terms of charge transfer efficiency. The inputs of ccddrsf  include 

a vector of the geometric parameters of the device, the channel potential //;(:);, y) 

obtained under the empty well condition, the transfer time, the clock voltages and 

the peak signal charge density. It was found that the two-dimensional charge transfer 

model given by Eqs. (2.13) and (2.12) improved the accuracy of computaion by an 

average of 3% over the one-dimensional model developed in [53] where the electrons 

in the charge packet were assumed to locate at the potential maximum along the 

CMCCD channel.

2.6 E quivalent-circu it M odel for C M C C D

The key elements of the CMCCD are the transport electrodes. Based on the one­

dimensional charge transfer model of the CMCCD, the electrodes can be modeled as 

distributed capacitors [55]. Charge transfer is facilitated by current sources linking 

the capacitors. Fig. 2.8 shows an one-dimensional equivalent circuit model of a unit 

cell of the CMCCD. Each pixel of the CMCCD is divided into a number of such unit 

cells. The current sources are given by the following equations [55]:

i \ }j =  under electrodes

_  v(Eapphed) Qj under gaps (2.14)

*2 ,j =  ' {Qi  ~  Qj+Ay)  under electrodes
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13, y

C j + A y  — Vj + AyCj

Figure 2.8: Equivalent circuit of unit cell of the CMCCD.

D(EappUed)
2  (Qj ~  Qj+Ay) under gaps (2.15)

i,3 tj =  r  '3 (Qj — Qj+Ay) under electrodes

A y 2 

A y 2'

(Qj ~  Qj+Ay) under gaps (2.16)A y 2'

where Qj represents the charge stored at the position j ,  E j ( j )  is the fringing field 

at position j ,  v (E ) is the field-dependent electron drift velocity, D(E)  is the field- 

dependent electron diffusivity, Vj is the voltage across the capacitor Cj, and p is the 

effective mobility which is given by:

In [55], the fringing field was first calculated numerically from the potential dis­

tribution, and then put into the equivalent circuit model. If the clock voltages are 

changed, the fringing field (also the potential distribution) must be calculated again. 

This offsets the efficiency of the equivalent circuit model and make it impractical.
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Only if the fringing field is expressed analytic?Jly, the equivalent circuit model can 

be used practically and flexibly. The fringing field under the A:th electrode can be 

expressed analytically as [56]:

... 2AV ^  . lV>+lr, . mrLgm r L g 2ivnj 2wnxt .
=  L  (“ I)^ [(sm ^ x  ) / ( “3T )]C°S'T _eX p(----- 37T~)

n = l ,n / 3 ^ i n i .  ■* " J

(2.1,8)

where AV is the voltage difference on the adjacent electrodes, and is given by:

{Vk — Vk- 1  for E[(j)  under the left-half of the electrode
A ;  (2.1,9)

l4+i — 14 for E j( j )  under the right-half of the electrode

j  is the position along the length of the electrode in increments of A y, L\ is the 

electrode length, Lg is the gap length, L =  L\ +  Lg, and xt is the channel thickness. In 

SPICE3e2, E j( j )  can be easily realized using a nonlinear dependent source function. 

The charge-dependent capacitors are of the form [53]:

^
where Co =  esw A y / x t and ki -  (qwAyNdXt)-1. Similar to Eq. (2.18), Eq. (2.20) can 

be realized in SPICE using the nonlinear dependent source function. Fig. 2.9 shows 

the equivalent circuit of the charge-dependent capacitor. The capacitor Cj with a

terminal voltage Vj is associated with a charge Qj - CjVj. Substituting in the value

of the capacitance as a function of charge, Vj can be expressed:

V . =  Q J l - M i )  (2 .2 i)
Co

To realized the capacitor, a current meter (a zero-voltage source) is used to sense the 

current flowing into the capacitor. A voltage-controlled current source mimics the 

sensed current and feeds it to a test capacitor with a capacitance of 1  F. A voltage- 

controlled voltage source given by Eq. (2.21), with Q j  being replaced by the voltage 

across the 1  F capacitor, gives the terminal voltage of the charge-dependent capacitor.
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Vj Vj

Vi = 0

= f =  Vc = Qj

Figure 2.9: Equivalent circuit of charge-dependent capacitor.

The voltage at node 2 represents the charge stored in the original capacitor that is 

modeled.

It was found by simulation that the differences in charge transfer efficiency between 

an analytical model and the equivalent circuit model vary between 5% and 20% [55], 

and the equivalent circuit model, though less accurate, appears to be computationally 

far more efficient, especially if an analytical expression of the fringing field is used. 

A SPICE3e2 code for the equivalent circuit model for a unit cell of the CMCCD is 

given in Appendix B.



Chapter 3

D esign O ptim ization and 

Sim ulation o f GaAs CM CCDs

3.1 In trod u ction

It has been noted that the two-phase CMCCD has the most complicated geometric 

structure since asymmetric electrodes are required to achieve the unidirectional charge 

flow [25]. In this chapter, a design methodology is developed to optimize the structure 

of a two-phase CMCCD, and applied to the design of a uni-phase CMCCD. The 

simulations of the two structures are performed to evaluate the performance in terms 

of the charge transfer efficiency. The effect of the clock waveforms on the charge 

transfer efficiency is also simulated. The numerical models and the equivalent circuit 

model for the CMCCD described in Chapter 2 are used in. the design and simulation.

31
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3.2 T w o-p hase C M C C D  D esign  O ptim ization

3.2.1 D evice Structure

Fig. 3.1 shows a cross-sectional view of a single pixel of a two-phase CMCCD with an 

asymmetric electrode structure (also known as castllated structure). The dopant den­

sity of the active layer Nj  is 5 xlO16. This dopant density was used in the TRIUMF 

process [24], from which our CMCCD were made. Nd, therefore, is not considered as 

a variable in our design. The electrodes are divided into two sections with lengths 

of L\ and L-i respectively. They will be called subelectrode 1 and subelectrode 2

Electrode Electrode

Gap Gap

Active layer

S. I. GaAs substrate

Schottky metal 1 (subelectrode 1)

EEH i Schottky metal 2 (subelectrode 2)

I c e r m e t

Figure 3.1: Cross-sectional view of a single pixel of a two-phase CMCCD.

and are distinguished from each other by the thicknesses of the active layer, i.e., xt\ 

and i j 2 * The signal charge is initially stored under subelectrode 2 where the channel
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potential is a maximum. Subelectrode 1  has a lower potential and it forms a barrier 

for the stored charge. Unlike the structure reported in [24] where the cermet layer 

is planar over the gaps with a length of Lg, the cermet layer appearing in Fig. 3.1 is 

partially-embedded (50%) into the active layer to a depth of d. The purpose of this, 

as we shall see, is to ensure that there are no potential troughs under the gaps.

It should be pointed out that although the structure shown in Fig. 3.1 is a two- 

phase CMCCD, it is possible to change the structure to suit uni-phase, three-phase 

or four-phase CMCCDs. This can be achieved by letting xti =  z t2, d =  0, and adding 

one or more electrodes. In this way, the optimized design methodology described 

below will be suitable for any of the four clocking schemes.

3.2.2 O ptim ization o f the Two-phase CM CCD G eom etry

The two-dimensional channel potential distribution obtained from the program ccd^pot 

is a function of the geometric parameters: Ll} L2, Lg, d, i (1, and xt2 (see Fig. 3.1). In 

optimization we assumed that the electrons always reside at the potential maximum, 

and only the maximum potential profile along the y direction (the charge transfer 

direction) is of interest, i.e., ipmax{y) — MAX{rj)(x, j/)} for all x. This assumption 

reduces the computing time significantly. Ideally the potential profile of a CMCCD 

should be flat near the potential maximum V’peait in order to increase charge storage 

and it should have steep edges to give a high fringing field. This is illustrated in 

Fig. 3.2, where ippeak is the peak potential in the channel when the clock is 0 V, and 

ipBH is the barrier height, i.e., the depth of the potential well which determines the 

amount of charge stored. For a clock voltage of 5 V, we assume ippeak =  2.5 V and 

i>BH =  1.5 V.
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-5V OV

0BH

Figure 3.2: Ideal maximum potential profile of the two-phase CMCCD along the CCD 

channel.

3.2.2.1 O bjective Function for Optim ization

Let V’mai(i) he the maximum potential profile along the y direction and if)max J i { j ) 

be the ideal potential profile. For a given clock voltage, i/>max( j )  is determined by a 

geometric parameter vector X  =  [L\, L2 , Lg, d, xn , x^] and %J)maxj(j )  is determined 

by some of the elements in X , namely, L \ , L2 5  and Lg. An objective function is then 

defined as an error function of the following form:

I Ng- i
= IF (V’max(i) ~

A g  j = o
(3 .1 )

where No is the number of the grids along y direction. The optimization can then 

be described so as to find X  =  [L\, L2 , Lg, d, xt\, <̂2 ], such that e ( X )  is minimized. 

Note that L\, L2, and Lg must be the integer multiples of Aj/, and d, xn,  and xt2 

must be the integer multiples of Ax.
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3.2.2.2 Im plem entation of Optimization

It should be noted that the objective function e ( X ) of Eq. (3.1) is computed nu­

merically rather than analytically. Therefore, the computation of the second order 

derivatives should be avoided to reduce the computing time. The Fletcher-Reeves 

method [57], a conjugate-direction-approach-based algorithm, was used in the op­

timization. The evaluations of e ( X ) and its gradient and the use of a lino-search, 

approach are required by the Fletcher-Reeves method. The gradient of e ( X )  is ex­

pressed by the finite difference approximation. A more detailed description of the 

Fletcher-Reeves algorithm is given in Appendix C. Fig. 3.3 shows the flow chart; of 

the optimization. A computer program ccdjopt was developed in C  based on the flow 

chart to implement the optimization. In the beginning of the iteration, the starting 

point is to set X q =  [2, 3, 3, 0.05, 0.24, 0.30] (pm) which was found to cause a 

potential trough in the channel.

3 .2.2.3 O ptim ization R esults

Table 3.1 lists the results of the optimization, where X*  is the solution of the error 

function. The clock voltage is 5 V. The two-dimensional potential profiles of the 

optimized two-phase CMCCD with and without partially-embedded cermet-gates 

are plotted in Fig. 3.4 (a) and (b). A cross sectional view of Fig. 3.4, i.e., the

X * (pm) e ( X ' )

Li

2.3750

7/2

3.2500

La

1.2500

d

0.0800

*ti

0.2400

®12

0.3500 0.0736

Table 3.1: Optimization results of the two-phase CMCCD. 

one-dimensional maximum potential profile along the CMCCD channel is plotted in
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CCD geometry 
Clock voltages j -  input 
Grid spacing J

^J- Input
Start point 
Tolerance

Satisfy
tolerance

Yes

Optimized geometric 
parameters of CCD .

Error function

Ideal potential 
distribution

Computing number of grids

Potential distribution 
call ccd_pot

Fletcher-Reeves
method

Gradient of the 
error function

Figure 3.3: Flow chart of the optimization.
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Distance along the CCD

Depth of the CCD Distance along the CCD

Figure 3.4: Two-dimensional potential profiles of (a) the optimized two-phase CM­

CCD and (b) the CMCCD without partially-embedded cermet-gates.
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Fig. 3.5. As can be seen from Fig. 3.5, there is no potential trough in the active 

layer for the optimized structure, whereas there exists a potential trough under the 

gap when the partially-embedded cermet in the right-half side of the gap is removed 

(i.e., d — 0 ). The barrier height î bh in the optimized device is 1.3 V compared to 

1.5 V in the ideal case, indicating a close to the maximal charge handling capability. 

The optimization results suggest that increasing the depth of the active layer under 

the electrode results in an increase in charge handling capability, while reducing the 

depth of the active layer under the gap (through a partially-embedded cermet-gate) 

is helpful to removal the potential trough.

Potential trough

o .

8-1

—  Ideal
-  -  With partially-em bedded c erm et-g a te  
  Without partially-em bedded c e rm et-g a te

100
Distance along the CCD channel (0.125 x microns)

Figure 3.5: Maximum potential profiles of the optimized two-phase CMCCD with 

and without the partially-embedded cermet-gates.
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3.3 U n i-p hase C M C C D  D esign  O ptim ization

3.3.1 D evice Structure

The uni-phase CMCCD has a simpler structure than the two-phase CMCCD in the 

sense that the uni-phase CMCCD uses a planar electrode structure and only one- 

phase clocks. Fig. 3.6 shows a cross-sectional view of a single pixel of the uni-phase 

CMCCD. The doping density of the active layer Nj is also 5 x 101 6  /cm3. In order to

Electrode 1 2  3 4
(phase 1) gap (phase 1 A) gap (bias 1) gap (bias 2)

X| Active layer

S. I. GaAs substrate

X H E SS Schottky metal

cermet

Figure 3.6: Cross-sectional view of a single pixel of a uni-phase GaAs CMCCD.

develop a built-in electric field within the CMCCD channel to direct the charge flow, 

four electrodes are used to form one pixel. Two of the electrodes are directly clocked 

and two are dc biased. Fig. 3.7 shows the ideal one-dimensional maximum potential 

profile along the CCD channel where the clock voltage is 4 V. It can be seen from 

Fig. 3.7 that at t =  ti the signal charge is under the second electrode and at t
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tl t2

<t»i 4> ia  B ia s l  B ias 2
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0
0BH

y

> Z
Figure 3.7: Ideal maximum potential profile of the uni-phase CMCCD along the CCD 

channel.
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= t 2  the charge moves to the fourth electrode (Bias2) where the potential becomes 

maximal. In both cases the ideal barrier height i/>bh is chosen to be 1 V.

3.3.2 O ptim ization o f th e Uni-phase CM CCD G eom etry

The geometric parameter vector for the uni-phase CMCCD is X  =  [L \ , L,,, a*]. The 

objective function of the optimization is the same as in Section 3.1.2, and the same 

program ccd-opt is used to implement the optimization. The clock voltage is 4 V. 

The starting point is to set X 0  =  [3, 3, 0.4] (pm) which was also found to cause 

a potential trough in the channel. Table 3.2 lists the optimization results. The

X*  (pm) e ( X ' )

In

3.0000

Lg

3.0000

xt

0.2800 0.0525

Table 3.2: Optimization results of the uni-phase CMCCD.

optimization results suggest that a large gap (equal to the length of the electrode) 

can be used in the CMCCD. This agrees with the design of a resistive-gate CCD 

where even larger gaps (4 pm  gaps and 1  pm  electrodes) were used [20]. Fig. 3.8 

shows the maximum potential profile along the CCD channel of the optimized uni- 

phase CMCCD. The solid line in Fig. 3.8 represents the situation when the electrode 

voltages are (0, 1, —2, —1) (V) while the dashed line when the electrode voltages are 

(—4, —3, —2, —1) (V). Due to the planar structure of the uni-phase CMCCD, we do 

not expect to see a potential trough in Fig. 3.8. As can be seen from Fig. 3.8, the 

barrier height iJjbh in the optimized structure is about 0 . 8  V compared to 1  V in the 

ideal case, indicating a reduced charge handling capability.
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2.5

1.5

1  0.5

Electrode voltage = ( 0V, IV, -2V, -1V) 
Electrode voltage = (-4V, -3V, -2V, -1V)

-1.5

100
Distance along the CCD channel (0.25 x microns)

Figure 3.8: Maximum potential profiles of the optimized uni-phase CMCCD.

3.4  S im ulations o f  C harge Transfer P rocess

One of the important properties of a CCD is the charge transfer efficiency (CTE) 

which is defined as the ratio of Q t j / Q o , where Q tf  is the amount of charge transferred 

forward to the collecting electrode and Q0 is the initial charge under the emptying 

electrode. The charge transfer processes of the optimized two-phase and uni-phase 

CMCCDs were simulated using the charge transfer program ccd.trs f  [59]. The initial 

signal charge distribution is assumed to be a symmetric exponentially decaying distri­

bution function. Simulations were performed to determine the variation of the CTE 

as a function of the transfer time, the size of the charge packet, and the amplitude of 

the clock voltage.
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3.4.1 CTE versus Transfer Tim e

The CTEs at different times during the charge transfer are listed in Table 3.3 for 

the two-phase CMCCD and in Table 3.4 for the uni-phase CMCCD. The peak area 

charge density Qpeak is assumed to be 1 0 1 2  /cm 2  for the two-phase CMCCD and 

5 x 101 1  /cm 2  for the uni-phase CMCCD and the clock voltages are 5 V and 4 V 

respectively. The simulation results suggest that in the two-phase CMCCD, 99.87

Transfer time (ps) 1 0 0 2 0 0 300 400 500

CTE 0.6894 0.9913 0.9943 0.9987 0.9989

Table 3.3: Variation of the CTE with respect to the transfer time in the two-pliase 

CMCCD.

Transfer time (ps) 2 0 0 400 600 800 1 0 0 0

CTE 0.6490 0.8531 0.9514 0.0.9884 0.9990

Table 3.4: Variation of the CTE with respect to the transfer time in the uni-phase 

CMCCD.

percent of the initial charge has been transferred from the emptying electrode to 

the collecting electrode after 400 ps and beyond that time, the CTE increased less 

significantly. The main reason for this is that near the end of the charge transfer, 

the self-induced drift under the collecting electrode becomes significant. This tends 

to counter the charge flow due to the fringing field. Consequently, near the end of 

the charge transfer, the effective electric field is very small, and the charge transfer 

practically stops. In addition, it is noted that for the uni-phase CMCCD it takes
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a longer time for the charge transfer. This is due to the larger separation between 

one potential well and the next (12 pm  in the uni-pliase CMCCD versus 6.875 pm  in 

the two-phase CMCCD). Our simulation result suggests that the two-phase CMCCD 

may potentially operate at the clock frequency of 1.25 GHz with a CTE up to 0.9987 

and the uni-phase CMCCD at the clock frequency of 500 MHz with a CTE up to

0.9990.

3.4.2 CTE versus Size o f Charge Packet

To investigate the charge handling capability of the two-phase and the uni-phase 

CMCCDs, the time evolutions of the signal charge v/<=re simulated with different 

values of Q peak- Fig. 3.9 shows the time evolution of a two-dimensional charge packet 

in the two-phase CMCCD, where Q peak is 101 2  /cm2; the transfer time is 400 ps; and 

the clock voltage is 5 V. Fig. 3.10 shows the time evolution of an one-dimensional 

charge packet in the uni-phase CMCCD, where Q peak is 5 x 101 1  /cm 2; the transfer 

time is 1000 ps; and the clock voltage is 4 V. Fig. 3.11 shows a plot of the variation 

of the CTE versus Q peak for the two-phase and the uni-phase CMCCDs. When Q peak 

increases from 10lo/cm 2  to 101 2 /cm2, the CTE drops very slowly. On the other hand, 

when Q peak is increased beyond 1 0 1 2 /cm2, the CTE reduces more rapidly. This is 

because the size of the charge packet now exceeds the charge handling capability of 

the device and the reverse charge flow becomes greatly enhanced [6 6 ]. It is noted that 

the charge holding capability of the two-phase CMCCD is greater than that of the 

uni-phase CMCCD and this can be explained by the fact that the barrier height in 

the two-plvase CMCCD is 1.3 V while in the uni-phase CMCCD is 0.8 V.
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Figure 3.9: Time evolution of a two-dimensional charge packet in the two-phase 

CMCCD. (a) t=200 ps, (b) t=400 ps, and (c) t=600 ps.
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Figure 3.10: Time evolution of a one-dimensional charge packet in the uni-phase 

CMCCD.
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Figure 3.11: CTE versus the the size of the charge packet.
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3.4.3 CTE versus Am plitude o f Clock Voltage

In a CMCCD, charge transfer is due to the clock voltages applied to the electrodes. 

The amplitudes of the clock voltages, therefore, affect directly the fringing field and 

hence the CTE. A plot of the variation of CTE with respect to the peak-to-peak 

amplitude of the clock voltage is shown in Fig. 3.12, where Qpeak is 1 0 1 2  /cm 2  for the 

two-phase CMCCD and 5 x 10u /cm 2  for the uni-phase CMCCD. The transfer time 

is 400 ps for the two-phase CMCCD and 1000 ps for the uni-phase CMCCD. It is 

observed that the CTE decreases when the amplitude of the clock voltage is increased 

beyond 6  V. This result agrees with a similar observation reported in [20].

0.98

0.96

C.94
ui
c5

0.92

0.9

0.88 T w o -p h ase  CMCCD 
U n i-phase  CMCCD

0.86

Peak-to-peak amplitude of clock voltage (Volts)

Figure 3.12: CTE versus the peak-to-peak amplitude of the clock voltage.
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3.5 S im ulations o f  th e  Effect o f  C lock W aveform s  

on  C TE

Charge transfer in a CCD is also affected by the clock waveforms, especially at high 

frequency. It was noted that the fringing field under the emptying electrode largely 

determines the effectiveness of the charge transfer to the collecting electrode, and 

the difference of the clock voltages at the adjacent electrodes makes an important 

contribution to the value of the fringing field. For practical device operation, the 

clock waveforms will have finite rise time, delay time and fall time (as shown, in 

Fig. 3.13) due to the parasitic effect. Using the equivalent circuit model of the GaAs

OV

-2 V4)1

-4 V

<J)2

4)3

tr

t) : (all time, td : dalay  time, t r : rise  time.

Figure 3.13: Waveforms of the three-phase three-level stepped clocks.

CMCCD described in Section 2.4, we developed a SPICE3e2 program to investigate 

how the rise time, the delay time and the fall time of the clock waveforms could
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affect the CTE [62]. In the simulation, a three-phase clocking scheme was used as the 

clock voltages in a three-phase CMCCD represent the most complicated three-level 

waveforms. The electrodes and gaps are both 2 pm  in length and 100 pm  in width 

and they are divided into 16 segments (i.e., Ay =  0.125 pm). The thickness of the 

active layer is assumed to be 0.40 pm  and charge transfer time is 200 ps. The peak 

area charge density is 5 x 101 1  /sq.cm and the clock voltage levels are —4 V, —2 V 

and 0 V, respectively.

3.5.1 CTE versus R ise Tim e

Figure 3.14 gives the time evolution of the CTE of the CMCCD for different values 

of the rise time of the clock voltage. With an increase in the rise time, the transfer 

process was slowed down considerably. The main reason for this is that the rise time of 

the clock voltage on the collecting electrode determines how fast the potential well will 

be formed. Since the voltage on the collecting electrode takes a finite time to change 

from -4 V to 0 V, charge cannot be transferred from the emptying electrode to the 

collecting electrode instantaneously. This means that a substantial amount of charge 

may remain under the emptying electrode during this transition. The slower the rise 

time, the larger the amount of charge that remains under the emptying electrode. In 

addition, the holding time of the peak potential (= 0 V in the simulation) during 

charge transfer will be proportionally reduced, and this also reduces the CTE. The 

effect of the rise time on the fringing field is given in Table 3.5 which shows that 

the average fringing field under both the left-half and the right-half of the emptying 

electrode are indeed smaller for a faster rise time.
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Figure 3.14: CTE versus transfer time for different values of the rise time. Fall time 

is 1 0  ps.

Rise times (ps) E, (KV/cm) ET (KV/cm)

1 0 3.642 2.508

50 3.315 2.448

1 0 0 2.818 2.355

150 2.438 2.096

Table 3.5: Average values of the fringing field under the emptying electrode for the 

different rise time.
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3.5.2 CTE versus D elay Tim e

CTE is less affected by the delay time than the rise time and this is shown in Fig. 3.15. 

As the voltage at the collecting electrode rises rapidly to a high value (for a rise time of 

1 0  ps), the potential well will begin to form, while at the same time, the voltages at the 

emptying electrode and the preceding electrode go down slowly. It is observed that 

the voltage difference between the preceding electrode and the emptying electrode 

remains the same during the delay time and hence the fringing field under the left-

0.95

0.9

0.85

0.8
UJ

0.75

0.7

  Delay lime = 10 p s
—  Delay lime = 5 0  p s
  Delay time = 100 p s

Delay time = 150 p s
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250 300
Transfer time (ps)

350 400

Figure 3.15: CTE versus transfer time for different values of the delay time. Rise 

time is 1 0  ps.

half of the emptying electrode reduces slightly, resulting in a reduction in CTE. Note 

that the charge packet is transferred from left to right. Table 3.6 gives the average 

fringing field under the emptying electrode for the different delay time.
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Delay times (ps) Ei( KV/cm) Er (KV/cm)

1 0 3.642 2.508

50 3.642 2.240

1 0 0 3.642 1.955

150 3.642 1.653

Table 3.6: Average values of the fringing field under the emptying electrode for the 

different delay time.

3.5.3 CTE versus Fall Tim e

Fig. 3.16 shows the variation of CTE versus the transfer time for different values of the 

fall time when the rise time is 10 ps. The fall time almost has no effect on the charge 

transfer. This is because most of the charge has already been transferred from the 

emptying electrode to the collecting electrode during the fall time. It can be observed 

that as the voltages on the emptying electrode and the collecting electrode go down 

together, the voltage difference between these two electrodes remains un.ch.ange, and 

therefore the fringing field under the right-half of the emptying electrode does not 

change either. Only under the left-half of the emptying electrode does the fringing 

field go down. But it is obvious that the fringing field under the right-half of the 

emptying electrode affects the charge transfer much more significantly than the left- 

half when the signal charge moves from left to right. Table 3.7 gives the average 

fringing field under the emptying electrode for the different fall time.
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Figure 3.16: CTE versus transfer time for different values of the fall time. Rise time 

is 1 0  ps.

Fall times (ps) Ei (KV/cm) Er (KV/cm)

1 0 2.750 2.051

50 2.420 2.051

1 0 0 2.053 2.051

150 1.655 2.051

Table 3.7: Average values of the fringing fields under the emptying electrode for the 

different fall time.



Chapter 4 

Fabrication and M easurement of  

G aAs CM CCD

4.1 In trod u ction

A uni-phase CMCCD with an optimized geometric structure was fabricated using the 

TRIUMF (Tri-University Meson Facility) GaAs process. The fabrication used a 2 /mi 

minimum design rule and required six mask layers. The device was tested at the clock 

frequency ranging from 100 KHz to 100 MHz. In this chapter, the fabrication of the 

device is briefly described, and the experimental results are presented and discussed. 

More specific test results on noise and linearity will be given in Chapter 6 .

4.2  C M C C D  Fabrication

The TRIUMF GaAs process was designed and optimized for CMCCD fabrication. It 

is also possible to integrate monolithically MESFET output circuits with the CMC- 

CDs. The wafer used for the CMCCD fabrication was an undoped semi-insulating

55
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GaAs onto which an epitaxial layer had been grown. The epitaxial layer consists of 

a 1  pm  thick undoped buffer layer and a 0.3 pm  thick uniformly doped n-type active 

layer. The fabrication of the GaAs CMCCD required six mask layers; one for each of 

the following steps: the ohmic contacts, the isolated active regions, the metal/GaAs 

Schottky gates, the cermet/GaAs Schottky gates, the interconnect vias and the sec­

ond level metallization. Conventional contact lithography was used. Table 4.1 lists 

the main process parameters of the TRIUMF GaAs technology.

Parameter Value

Active layer thickness 0.3 pm

Epitaxial doping density 5 x 101 6  /cm 3

Pinch-off voltage -2 .0  V

Min. design rule 2  pm

Cermet gate Yes

Table 4.1: Main process parameters of the TRIUMF GaAs technology.

Fig. 4.1 shows the microphotograph of the 128 pixel, uni-phase GaAs CMCCD 

fabricated at TRIUMF. The input section, located on the left-hand end of the CM­

CCD, consists of an input ohmic contact and two control gates Gj and G2 . This 

input structure allows for charge injection by the fill-and-spill method. The output 

section is used for charge detection and it consists of a control gate G3, an output 

ohmic contact, a reset MESFET and a source follower formed by two depletion-mode 

MESFETs of 30 pm  wide. The CMCCD chip was mounted in a 28-pin ceramic flat 

package of LCC28TS2. Table 4.2 lists the geometric parameters of the CMCCD.
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Figure 4.1: Photomicrograph of the CMCCD.

Parameter Value (//m)

Width of CCD channel 1 0 0

Length of electrode 4

Length of gap 3

Length of Gi, G2  and G3 3

Length of ohmic contact 5

Space between Gj and G2 3

Space between Gi and input ohmic contact 2

Space between G2  and first electrode 3

Space between G3  and last electrode 3

Space between G3  and output ohmic contact 2

Table 4.2: Geometric parameters of the CMCCD.
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4.3  C M C C D  Test Setup

Fig. 4.2 shows the test setup for the CMCCD. A HP-8130A dual-channel pulse gener­

ator and a HP-8131A signal-channel pulse generator were used to generate the clocks 

<f>i and (j>\A and the sampling pulses V//p. A HP-8112A pulse generator was used to 

synchronize the clocks and V/yp. A Philip PM-5134 function generator was used for 

the input signals. The fill-and-spill method was used for charge injection by feeding 

the input signal to Gi and biasing G2  at a dc level. The signal levels and the dc bias 

voltages used for testing the CMCCD are listed in Table 4.3.

DC DCDCDC
Tektronix 2645 
OscilloscopeHP-8130A 01

pulse generator 02

HP-8131A 
pulse generator

Philips PM-5134 
function generator

HP-8112A 
pulse generator

HP-3577A
network
analyzer

«PlA CMCCD SUB 
Bias 1 

Bias 2

G 3 R/G B/S B/O 
R/D B/D

0 2  l/P G i

DC DC DC DC

t
Multiplexer-type connector

Figure 4.2: Block diagram of the CMCCD test setup.



Chapter 4. Fabrication and Measurement of GaAs CMCCD

Gate Signal level ( Volts)

IP - 2  to + 1  (pulses)

Gx - 1  to 0  (input)

G2 0

< h —4 to 0 (clock)

<f>lA —3 to +1 (clock)

Bias 1 - 2

Bias 2 - 1

G3 0

RG —4 to 0 (clock)

RD +3

BD +5

BS - 5

Table 4.3: Signal levels and dc bias voltages using for testing the CMCCD.
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4 .4  E xp erim enta l R esu lts

The I-V  characteristics of the CMCCD were measured prior to testing the charge 

transfer in order to determine if the gates and the transport electrodes were functional. 

The input ohmic contact and the output ohmic contact of the CMCCD were used as 

the drain and the source, respectively. All of the electrodes and the three control gates 

were connected together to the gate voltage. A HP-4145A semiconductor parameter 

analyzer was used to measure the I-V  characteristics which is shown in Fig. 4.3, 

where AVg is 0.25 V. The measured threshold voltage is approximately —IV  and the 

saturation current is approximately 6.5 pA  when the gate voltage was 0.5 V.

Figure 4.3: I-V  characteristics of the CMCCD.

The GaAs CMCCD was tested at the clock frequency ranging from 100 KHz to 

100 MHz by feeding its input (gate Gi) with either a sawtooth signal or a pulse signal. 

The measured input and output waveforms of the CMCCD are shown in Figs. 4.4 

and 4.5 where the CMCCD operated at 10 MHz and 50 MHz, respectively. The 

oscillographs display the CMCCD input waveform along the upper trace and the 

processed CMCCD output waveform along the bottom trace. The CMCCD output 

waveform at 10 MHz contains the delayed input waveform modulated by the clock
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(a) (b)

Figure 4.4: Oscillograph of the CMCCD for 10 MHz operation.

(a) (b)

Figure 4.5: Oscillograph of the CMCCD for 50 MHz operation.
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feedthrough. The clock feedthrough can be removed using a low-pass filter, as shown 

in the oscillographs at 50 MHz. The pulse responses of Figs. 4.4 and 4.5 show the 

signal delay at the output to be 12.80 ps and 2.56 ps at 10 MHz and 50 MHz, 

respectively. Such measurements agree with the theoretical calculations of the delay 

time of a CMCCD which is given by:

Npixet
tde lay

f c
(4.1)

where N pixei is the number of pixels of tiie CMCCD and f c is the clock frequency.

A more detailed quantitative demonstration of the performance of the CMCCD

is shown in Fig. 4.6, where the waveforms of the input, signal, the output signal and

the clock are displayed. The spikes near the positive and the negative transitions of

the output is the result of the coupling of the reset pulse to the output ohmic contact

through the parasitic capacitance Gas of the reset MESFET. This happens all the

time for the single-transistor pass-gate.
MWaas-wdhii

input

V- V- ‘ V" W V; V- v-

N- a*-----fW -- — -------

An . ..Cm .. .Am ...fW.

5'0mU; 50mU ' £5 0J 50Qns^. "

output

clock

Figure 4.6: More detailed quantitative demonstration of the performance of the CM­

CCD.

The CTE, denoted by r/, of the CMCCD was determined by fitting the data to
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the following equation [69]:

G v -  exp[-iVr(l -  r/)( 1 -  cos - - ) }  (4.2)
Jc

where Gv is the amplitude response, Nt is the number of transfers through the CM­

CCD, /  is the input signal frequency and f c is the clock frequency. Fig. 4.7 shows 

the typical amplitude response of the CMCCD obtained from a HP-3577 A network 

analyzer. The measured CTEs at different clock frequencies are listed in Table 4.4. 

The small degradation in the CTE at low frequency, as observed at 1 MHz, is at-

marker 4®o coo.eeo**/
0  . I C . C &C t f S  h a g  ( A)  - 3 3  8 I 3 > 3 »

T-©<o 1LEYEu 0 . 0OCoO-«

\

Figure 4.7: Typical amplitude response of the CMCCD.

Clock frequency (MHz) 1 2.5 10 50 100
.... ..................... - ........

CTE 0.9982 0.9990 0.9990 0.9955 0.9810

Table 4.4: Measured CTEs at different clock frequencies

tributed to the dark current which is due to thermally generated electron-hole pairs 

in the depleted CMCCD channel. The dark current limits the device performance
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at low frequency [25]. At very low clock frequency the dark current begins to fill up 

the potential well and causes a decrease in the amplitude of the output signal. This 

therefore reduces the CTE.

The effect of the clock waveforms on the CTE was also tested by measuring the 

amplitude responses of the CMCCD for the different leading edges of the clock pulses. 

The CTEs were then calculated using Eq. 4.2. The measured and simulated CTEs 

versus the normalized leading edges of the clock pulses are plotted in Fig. 4.8. The 

simulation result was obtained by running a SPICE3e2 program incorporated with 

the equivalent circuit model for the uni-phase CMCCD. The difference between the 

measurement and the simulation, as observed, is quite small.

0.95

0.9

0.85

Hr 0.8

0.75

0.7
  simulation
o o m easurem ent0.65-

0.6
0.05

Normalized
0.1 0.15 0.2

Normalized leading edge of the clock pulses
0.25

Figure 4.8: Measurement of the CTE with respect to the normalized leading edge of 

the clock pulses.



Chapter 5 

Hybrid Architecture for A N N  

Im plem ent at ion

5.1 In trod u ction

Artificial neural networks (ANNs) attempt to mimic, at least partially, the struc­

ture and the function of the human brain and the nervous system. Advances in VLSI 

technology and development of the simplified neural model originated by Hopfield [38] 

in 1982 make it possible to realize electronic neural networks in lacge-scale. in this 

chapter, the concept of the ANN is introduced, and the mathematical model of the 

Hopfield ANN is described. Based on the Hopfield model a hybrid architecture for 

ANN implementation is developed to overcome the problems suffered by the conven­

tional parallel architecture. The overview of the hybrid architecture is also given.
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5.2 C oncept o f  A N N s

The biological neuron is a complex analog computing device. Fig. 5.1 shows the 

models of a biological neuron and an artificial neuron. The neuron consists of a 

cell body, or soma, branching extensions that serve as inputs, or dendrites, and the 

output channel of the cell, or axon. The axon carries the electrical signal to the other

Dendrite Soma

Axon

Synapse

ThresholdSummer

(a)

Weighted
inputs

Activation
functionSummation

Wii

VN

(b)

Figure 5.1: Models of (a) a biological neuron and (b) an artificial neuron.

neurons. The connections between the neurons are through specialized contacts called 

synapses that can change either positively or negatively the potential of the axon. 

The. function of the synapses is therefore to weight the the neuron inputs which
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are the outputs of the other neurons. In general, the biological neuron performs 

the simple operation of summing the weighted input signals, i.e., inner product of 

two vectors, one for the neuron outputs and other for the synaptic weights. The total 

weighted sum changes the level of activity of the neuron. If the result exceeds a certain 

threshold, a different signal is generated from the neuron. An artificial neuron can be 

modeled according to the simplified biological neuron model. As shown in Fig. 5.1(b), 

an artificial neuron consists of the weighted inputs, the summation function, and the 

activation function (also called the threshold function) that generates a binary output.

The operation performed by the neurons can be used in pattern recognition where 

the neural network is also known as associative memory. Unlike conventional digital 

memory in which each stored word is retrieved by providing its address, the associative 

memory has no address, a memory word (or pattern) is retrieved by identifying the 

best match between an input pattern and a stored pattern. If the input pattern is 

the nearest match to one of the stored patterns, that stored pattern will appear at 

the memory output. This is similar to the way the human brain seems to behave,

i.e., some of a memory input can evoke other associated data.

The Hopfield ANN can perform the function of an associative memory by coding 

the patterns to be stored in the synaptic weights [39, 48]. Fig. 5.2 shows the Hopfield 

ANN with N  neurons. The output of each neuron is fed back to the other neurons 

through the synapses, and each synapse computes a new output according to the 

outputs of the neurons and the weights stored in the synapses. The outputs of all the 

synapses connected to the same neuron are then summed arid this summation updates 

the neuron state (output) through its activation function. If an unknown TV-bit binary 

input pattern is applied at time zero, the network will iterate until convergence when 

the neuron outputs reach the stable states most similar to the initial inputs. Because 

the Hopfield ANN Can employ an enormous number of interconnections among the 

neurops to perform parallel processing, they have the potential benefits of a high
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Outputs (valid after convergence)
V i  V 2 Vn-1 V n

Synapse

V n- i Vn Neuron

X2 Xn-1X1

Inputs (applied at time zero)

Figure 5.2: Hopfield ANN.

computation rate as provided by a massive parallelism and a robustness or fault- 

tolerance due to the fact that a few degraded or nonfunctional neurons will not 

greatly affect the overall operation of the network. The speed and the robustness of 

the neural networks make them very attractive for a variety of applications, such as 

pattern recognition, robotic control, and combinational optimization.
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5.3 M ath em atica l D escrip tion  o f th e  H opfield  A N N

First, we define

Vj Neuron State : The neuron output after the activation function of the

neuron has been performed.

U{ Neuron Activity : The input to the activation function, i.e., the total

level of activity in neuron i mediated by the input stimuli and the 

interneural connections.

Zij Synaptic Weight Function : The strength of connection between neu­

rons i and j .  Learning can change this term

Ai Se lf -Term  : This term represents the passive decay of neural activity

in the absence of both synaptic input and external input.

X{ Initial Input : This term can force an initial state on neuron i or can

be switched off completely, to allow the network to settle.

Bij Forgetting Term : This term represents the passive decay of the synaptic

weight if Bij  is a constant. Memory loss is modulated if Bij  is variable.

Vj Neuron Learning Signal: A different definition of the neuron state for

learning purpose.

M  The number of patterns (or vectors) to be learned by the network.

D{j Learning Strength : This term allows learning to be modulated for each

synaptic link.

fo Hard-limiting Activation Function : fg — 0 if it,- < o, and fo =  1 if

Ui > 0.

The dynamic behavior of the Hopfield ANN with N  neurons is given by [50]:

d w  N
-  - A i U i  + ]T) Z i j  Vj -|- X ;  (5.1)
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and
dz
- , £  = - B i j Z i i  A  U i j \ ,

These two equations form a general description of the way the neuron states {VJ} and 

the synaptic weights {zij}  develop in time.

The time evolutions of the state of the network may therefore be written as:

ui(t +  At) =  ui(t) +  At
N

- A i U i ( t )  +  Z i j V j ( t )  +  X i ( t )  

j = 1

(5.3)

If we choose At  =  A, \  and let the synaptic weight u),j =  zi1Ai 1 and x\ =  Xi{t)A{*, 

Eq. (5.3) becomes
N

m(t +  At)  =  WijVj(t) + x'ft) (5.4)
j=i

Hopfield applied the following restrictions on the above equation: W(j =  Wji, wn =  0, 

and Vi is a binary value with no intermediate values. Hopfiled also applied a hard- 

limiting activation function, fo with 0 =  0, to give a scheme for updating the neuron

states {K}- The new neuron states {Vi} is given by:

^  = fo wHvi + *«(*)j  (5-5)

Consider {.r|} to be the initial inputs to the network, i.e., K(0) =  the neuron 

states updating with respect to time is then given as:

Vi(< +  1)) =  A  (5.6)

If we expand Eq. (5.2) in the same way as we expand Eq. (5.1) to obtain Eq. (5.3),

and consider fe is a hard-limiting activation function relating {Vi} and {V^} to the

activities {«,•(<)}, we can obtain an expression for iterating u;,y (= ZijAf1)

w{j(t +  At) =  W{j(t) +  A t  [-BiWij(t) +  EijV-(t)Vj(/)] (5.7)
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where Eij =  A ,Aj. Hopfield’s learning strategy, or “storage prescription” therefore 

adjusts the synaptic weights {u>ij} to store a set of M  TV-bit input vectors, or patterns, 

{V̂ ’(n)}. In other words, {V^(n)} will become the stable states of the network. For 

the network to learn the states through Eq. (5.7), it must be held in each of the vectors 

{ V^(n)} for a fixed time At,  while the synaptic weights evolve according to Eq. (5.7). 

If the synaptic weights are initially {mtj(0)}, and are {le.j (??.)} after exposure to the 

nth input vector, V^n),  then Eq. (5.7) gives:

Wi]\(n) =  W{j(n -  1) +  A t  - B iW i j (n  -  1) + EijV-(n  -  1 )V/(n -  1) (5.8)

If we define =  BijAt  and e;j =  EijA t , this updating scheme gives a final form 

(once all M  vectors {V;(n)} have been presented to the network) as:

M
« * ( * )  =  ( 1 - % ) " “>«(») +  £  K '(»)^(n) x £ij(l -  ««)*-* (5.9)

n = l

If we start with a set of null weights, {w,j(0) =  0}, and there is no forgetting term in 

the learning equation, i.e., Bij =  0, then for etj =  1 (Efj1 =  At),  Eq. (5.9) becomes

M
V-(n)Vj(n)  (5.1.0)

71=1

Note that Eqs. (5.6) and (5.10) define the neuron state updating and the synaptic 

weight learning in the Hopfield ANN, respectively.

5.4  D evelop m en t o f  A H ybrid A N N  A rch itectu re

As can be seen from the preceding section, the Hopfield ANN is presented with a 

set of inputs X  =  {.r,}. for which it generates a set of outputs V  =  (Vi). Assume 

the network consists of N  binary neurons (two-state neurons) which are connected 

to each other by the synapses. The neuron states are then updated according to 

Eq. (5.6). The synaptic weights are given by an array W ,  where u;,/ is the analog
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weight between the ith neuron and the jth neuron. If the input X  to the network is 

not one of its stored patterns, the network will be attracted by the dynamics to the 

stable state most similar to the input X .

Most Hopfield ANN implementations have used a. parallel architecture [49], as 

shown in Fig. 5.3. The neuron activation function is realized by an activation circuit 

which is usually a high-gain amplifier. Each neuron is connected to all other neurons 

by the multipliers acting as the synapses. The synaptic weights can be stored in

W2 1

wNi

f: Activation function 
Xj: Only valid a tt  = 0

Figure 5.3: Parallel architecture of the ANN.

either digital or analog form, depending on the method of the realization of the 

synapses. All the neurons in the network update their states simultaneously. This 

architecture is most similar to the biological neural network. It should be pointed 

out, however, that the parallel approach consumes a large chip area, not only for the 

activation circuits and the multipliers but also for the massi ve interconnections. With
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the increase in the number of the neurons, it becomes more and more difficult to place 

the electronic neurons and route the interconnections two-dimensionally on a wafer. 

The massive interconnections in fact represent a major bottleneck for the parallel 

implementation. In addition, this approach suffers from the problem of significant 

power dissipation because in a network with N  neurons there are N  activation circuits 

and N 2 multipliers.

The other end of the spectrum is the serial architecture that only employs one mul­

tiplier, one adder, one activation circuit, and one shift-register, as shown in Fig. 5.4. 

The weight array is flattened into a N 2 long vector and stored in an analog shift- 

register. This approach is most economical in terms of power and area, but takes 

a longer computation time. The computation speed of the serial architecture is N 2 

times slower than that of the parallel architecture.

wNi

A: Adder
f : Activation function

Figure 5.4: Serial architecture of the ANN.

By merging the parallel and serial architectures, we create a hybrid architecture, 

as shown in Fig. 5.5. This approach uses N  multipliers, one adder, and one activation 

circuit which is multiplexed over all neurons. Therefore, the problems such as large 

power dissipation and chip area are obviated as in the serial approach, whereas the 

computation speed is reduced by N  compared to N 2 in the serial approach. The
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Win

W22

--- 1

A: Adder
f : Activation function Vn

Figure 5.5: Hybrid architecture of the ANN.

weight-summation operations are completed in parallel for the individual neurons 

and in series for the other parts of the network. It can be seen that the hybrid 

architecture ranks first in power dissipation and chip area and second in computation 

speed among the three architectures.

5.5 O verview  o f  th e  H ybrid  A N N  A rch itecture

Fig. 5.6 shows the block diagram of the proposed hybrid ANN architecture. In order to 

use the ANN to solve a particular function, we must first obtain the synaptic weights. 

The weights can be calculated by either on-line learning or off-line learning [52]. In 

on-line learning, the ANN is connected to a computer. The computer trains the 

ANN by introducing known input vectors to be stored in the network, evaluates the 

outputs and changes the synaptic weights. Eq. (5.7) describes this learning process.
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Figure 5.6: Block diagram of the proposed hybrid ANN architecture.
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In off-line learning, the weights are computed directly using Eq. (5.10). After the 

weights are obtained, they are loaded into the network for operation. In general, 

on-line learning produces much better results than off-line learning, but need extra 

hardware nd software for the learning process. On the other hand, off-line learning 

allows the designer to quickly change and modify the synaptic weights in the test of 

the ANN. Since our work is focused on the development of a hybrid ANN architecture 

rather than the ANN learning method, we use off-line learning to produce the synaptic 

weights in this work.

The synaptic weights are stored in the analog shift-register array which is com­

posed of N  self-connected TV-bit shift-registers. It has been suggested that CCDs 

would be the best candidate for the analog shift-register and lienee lor the storage 

of the synaptic weights [37]. The weight Wij may very positively or negatively with 

respect to a reference wrej.  Note that in the hybrid ANN architecture the weight 

array is represented by the weight vector W  = { W\ , W2, ..., IE,-, ..., Wn }, where 

Wi is { w n , Wi2 , ..., }, and is electrically represented by a string of pulses.

The multiplication of the weight with the input V; is realized by a trauscon- 

ductance amplifier. The N  current components resulted from the multiplication, are 

summed together concurrently. The total current is then converted to a voltage which, 

is the input of the activation circuit. A TV-bit bir.ary shift-register is used to store arid 

serially shift the updated neuron states (V) generated from the activation circuit. A 

A-bit binary buffer-register is used to either set the initial neuron states (X)  or store 

the updated neuron states (V) delivered in parallel from the X-bit shift-register.

As far as timing is concerned, the network is controlled by two groups of clocks. 

Clock <t>\ and its compliment <f>i control the weight storage array and the X-bit shift- 

register, whereas <f>2 controls the X-bit buffer-register. Fig. 5.7 shows the timing 

diagram. In the beginning of the operation, (f>i = 0 and <j>2 -- 1, the input of the 

initial neuron states are loaded into the buffer-register by the pulse Reset,. During
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the first clock pulse of <f>i, the multiplication and summation is done, and the state 

of: the first neuron is updated through the activation circuit and then stored in the 

shift-register. Because </>2 is low, the outputs of the bufEer-register are unchanged

1 2  N-1 N 1

4>1

<t>2

Reset

X
(N-bit)

V
(N-bit)

set  initial s la te s

one cycle of updating

Figure 5.7: Timing diagram of the neuron states updating.

during this time. This process of computation controlled by <f)\ and (f>i is repeated 

till the state of the iVth neuron has been updated and shifted into the LSB (bit N ) 

of the shift-register. After N  pulses of <f>i, <j>2 becomes high, and the updated neuron 

states are loaded in parallel into the buffer-register for the next cycle of computation 

and updating. It can lie seen from Fig. 5.7 that the computation time is given by 

the inverse of the frequency of <f>2 which is 1/N  times of <f>i, i.e.,

r =  A  = h  (5-n )

Assuming the frequency of <f>\ is 100 MHz which is not difficult to achieve for a GaAs



Chapter 5. Hybrid Architecture for ANN Implementation 78

CMCCD and 1000 neurons arc integrated in the network, the speed of one cycle of 

computation as determined by (f>2  is 105 times per second.



Chapter 6

GaAs Analog Circuit D esign of  

Hybrid A N N  Architecture

6.1 In trod u ction

The hybrid ANN architecture basically consists of a weight storage array formed by TV 

self-connected TV-bit serial analog memories, a weight-summation circuit composed 

of TV transconductance amplifiers, an activation circuit with a threshold function, 

a TV-bit shift-register, and a TV-bit buffer-register. This chapter describes the GaAs 

circuit design of the analog part of the hybrid ANN architecture, i.e., (1) the CMCCD 

analog memory, (2) the weight-summation circuit, and (3) the activation circuit. The 

experimental results of the fabricated circuits are also described for each design.

79



Chapter 6. GaAs Analog Circuit Design of Hybrid ANN Architecture SO

6.2 C M C C D  A nalog M em ory

6.2.1 Structure and Operation

The basic features of the CMCCD analog memory loop are illustrated in Fig. 6.1. 

The analog signal is represented by the charge packets in the potential wells in the 

CMCCDs. The full-well determines the dynamic range of the signal. The analog 

signal detected at the CCD output may be at a different dc level compared to the input, 

signal. Thus, a level-shifting circuit is required. A 2-to-l multiplexer is incorporated 

in the loop to control the write and read operations.

Level-shifting

W/R-

L i
r-X-1

<]
CMCCD

Output

2-to-1 MUX 

Input

Figure 6.1: CMCCD analog memory.

Fig. 6.2 shows the timing diagram of the CMCCD analog memory. During the 

write period Tw, W / R  is high, and the analog signal is transferred into the CMCCD 

serially. When W / R  is low, the stored data is read out at the output of the CCD 

and fed back to the input of the CMCCD after its level-shifting. In order for the 

CMCCD memory to store one bit data per pixel, the write time Tw is chosen, to be 

Ttri equal to the one cycle time for the charge packet to transfer from the input to the 

output of the CMCCD. Note Ttr is the same as delay time (tdalay) given in Chapter 4. 

If we assume that both charge injection and detection of the CMCCD take place in 

the negative cycle of the clock (as described in Chapter 2), the clock feedthrough
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at; the output of the CMCCD memory will not affect the operation of the CMCCD 

memory. On the other hand, only the speed of the level-shifting circuit and the 2-to-l 

multiplexer will affect the speed of the memory system.

Input

W/R

T {r

Figure 6.2; Timing diagram of the CMCCD analog memory.

6.2.2 Performance Evaluation

Intrinsically a GaAs CMCCD has very low noise and almost perfect signal linearity. 

In many cases, the noise and the linearity of the GaAs CMCCD analog memory are 

determined by the input and the output circuitry. Although the level-shifting circuit 

and the 2-to-l multiplexer may also contribute noise and nonlinearity to the memory 

system, the following discussion only focuses on the noise and the linearity of the 

CMCCD itself.

Noise in a CMCCD can be separated into four components, i.e., (1) thermal 

generation noise (or dark current noise), (2) bulk trapping noise (or fast interface state 

noise), (3) input noise and (4) output noise (or K T C  noise). The first two types of 

noise are associated with charge transfer and the last two are associated with charge

25160774268257870641018672^99570
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injection and detection. Appendix D gives the detailed analysis on the CMCCD noise. 

Using the parameters obtained for the two-phase and the uni-phase CMCCDs, the 

calculated noise for the two-phase and the uni-phase CMCCDs at 100 MHz are 273 

electrons and 389 electrons, respectively. The maximum charge handling capabilities 

of the two-phase and the uni-pha.se CMCCDs (from. Appendix D) are 8.6 x 105 

electrons and 6.0 x 105 electrons, respectively. If we define the signal-to-uoise ratio 

of the CMCCD as:

S / N  =  20 log{Qmax/Qnoise) (6.1)

then the S/Ns are 67 dB and 63 dB for the two-phase and the uni-pliase CMCCDs, 

respectively.

Linearity is another factor that affects the CMCCD as an analog memory. The 

major source of nonlinearity in a CMCCD is the variation in the depletion capaci­

tances associated with the input gate. For the charge injection and detection methods 

described of Chapter 2, the voltage- to-charge and charge-to-voltage conversions a,re 

given by:

Qsig =  Cinp(yrej  — Kn) (6.2)

Vout =  VP + ^  (6.3)
C-'O'p

where Vp is the precharged voltage at the output ohmic contact/, and C'op is the 

parasitic capacitance at the output ohmic contact. Cop is given by [53]:

Cop =  Cqd +  (1 — Gv)Cgs  (6.4)

where G v is the voltage gain of the output buffer of the CMCCD. C{np is the depletion 

capacitance of a Schottky barrier (gate Gi) and it depends on the applied voltage. 

The relation between and Cinp is given by [65]:
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where A „ is the area of the input gate, Vb is the built-in voltage of GaAs, and N d is 

the donor density of the active layer of the CMCCD channel. Assuming Vrej  is zero 

and using Eqs. (6.5) and (D.8) we can rewrite Eqs. (6.2) and (6.3) as:

Q s i o -  V ” A ‘r - ] ] 2 ( V l - V i n )  ( 6 ' 6 )

Vmi =  Vp +  — z r ^ S~ r ~ ) r ~  (6 J )
^ G D  +  G  — GS

The relationship between Vin and Vout can be obtained by solving Eqs. (6.6) and (6.7),

and is plotted in Fig. 6.3 for different width of MESFET in the output buffer. The

parameters used in the computation are listed in Table 6.1. It can be seen that by

Parameter Unit Value

An pm2 500

(1 C 1.6 x 10~19

e., F/cm 116 x 10-14

vb V 0.7

Vp V 3

N d /cm3 5 x 1016

C gd fF/pm 1.5

C qs fF/pm 1.5

G v 0.85

Tablj 6.1: Parameters used in computing CMCCD linearity.

changing the width of the bufFer MESFET so that C inp equals C op, the nonlinearity 

can be reduced to minimum. In this design, when the width of the bufFer MESFET 

is around 50 pm, the best linearity can be achieved.
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Figure 6.3: Voui v.s. Vin of the CMCCD for different width of MESFET in the output 

buffer.
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6.2.3 Experim ental R esults

The operation of the CMCCD analog memory was verified by measuring the uni-phase 

CMCCD in a close-loop form. Fig. 6.4 shows the test setup. A IH5352 quad switch 

LC chip was used to realise the 2-to-l multiplexer, and a NE592 IC chip was used in 

the ievel-shifting circuit. Fig. 6.5 displays the measured waveforms which show the 

proper operation of the analog memory. High speed testing (beyond 10 MHz) was 

limited by the performance of the NE592 and IH5352 ICs at high frequency.

IE592

V-  v w w V+
H15352 

IN1 D
W/R

D2
CMCCD Output

D3
IN4
S4 D4

Input

Figure 6.4: Test setup of the CMCCD analog memory.

The signal-to-noise ratio of the uni-phase CMCCD was measured using the tan­

gential method [67] for different clock frequencies. Fig. 6.6 shows the signal-to-noise 

ratio in dB with respect to the clock frequency when the amplitude of the input 

signal is 0.5 V. As expected, the difference in the signal-to-noise ratio between the 

measurement and the theoretical calculation is very small.

The overall linearity between the input and the output of the CMCCD was also 

measured. The input of the CMCCD is a square waveform with one-half the clock fre-



Chapter 6. GaAs Analog Circuit Design of Hybrid ANN A r c h i t e c t i r  < 86

input

output;

W / R

Figure 6.5: Oscillograph of the input, control and output waveforms of the CMCCD 

analog memory.
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Figure 6.6: Signal-to-noise ratio of the CMCCD with respect to the clock frequency 

obtained from the measurement and the calculation.
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quericy. Fig. 6.7 shows the oscillograph of the CMCCD for the linearity measurement, 

where the upper and lower traces display the input and output waveforms, respec­

tively. By changing the amplitude of the input square waveform, we measured the 

amplitude of the output waveform in the negative cycle of the clock. The measured 

input-output relationship for the different clock frequency are plotted in Fig. 6.8. It 

can be seen from Fig. 6.8 that the linearity of the CMCCD is satisfactory when the 

amplitude of the input is within 0.7 V and the clock frequency is within the range 

from 1. MHz to 50 MHz. Since the minimum amplitude of the output voltage of the 

HP-8112A pulse generator is 10 mV, the bottom line of the CMCCD output that can 

be r leasured is therefore around 10 mV. This gives a dynamic range of the CMCCD 

of at least 38 dB.

input

output

Figure 6.7: Oscillograph of the CMCCD for the linearity measurement.
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Figure 6.8: Measured linearity between the input and output of the CMCCD.

It should be pointed out, however, that the CCD analog memory shown in Fig. 6.1 

may have poor performance limited by the CTE of the CCD, the linearity of the 

level-shifting circuit, and the performance of the switches in the multiplexer. This 

can be observed from the output waveform of Fig. 6.4, where the output signal has 

a distortion compared to the input signal. Therefore, only multiple-level signals (for 

example, 4 levels) could be stored and transferred in the CCD analog memory and a 

regeneration circuit may be required [2-5].
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6.3 W eight-sum m ation  Circuit

6.3.1 Circuit Design

The con ventional design of the weight-summation circuits (WSCs) is to source or sink 

the currents of W M  to the single input of the activation function [29]. This kind of 

design, however, suffers from the problem of summing the noise from each multiplier 

in the WSC and hence reducing the signal-to-noise ratio of the output of the WSC. 

To overcome this drawback, we developed a WSC using two distinct lines to sum the 

currents: one for excitatory current and the other for inhibitory current. The noise 

generated from these current lines can be cancellated at the differential input of the 

activation circuit.

Fig. 6.9 shows the block diagram of the WSC which is composed of N  transcon-

V dd

I DD(I)

WN -W i -

V H Vn H

Mi—*4M2 Activation
-i H circuit

T n

Vss

Figure 6.9: Block diagram of the weight-summation circuit.

ductance amplifiers acting as the multipliers. The result of the multiplication of



Chapter 6. GaAs Analog Circuit Design of Hybrid ANN Architecture 90

the neuron state Vi and the synaptic weight M7- is in the form of current. Each 

transconductance amplifier generates two distinct currents (i.e., excitatory current 

and inhibitory current). These two currents are summed separately. The summed 

currents, and are then converted into the corresponding voltages and V- 

across the MESFETs Ml and M2. These voltages are compared at the differential 

inputs of the activation circuit.

Fig. 6.10 shows the schematic of a 6-transistor tra^sconductarice amplifier where 

all MESFETs are assumed to be of the same size except for the active load Mr. M l 

and M2 are controlled by the analog synaptic weight IF, and weight reference wrej. 

M3 ~  M6 are controlled by the binary neuron states Vi and its complement Vi. To 

make the circuit work properly, Ml and M2 must operate in the saturation region 

and M3 ~  M6 are either in the linear region or in the cutoff region. Assume Vi —

M l

M 2

W ref

M 4 M 6

Figure 6.10: Schematic of the transconductance amplifier.
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1, M3 and M6 are in the linear region and M4 and M5 are in the cutoff region. The 

branch currents are given by:

h  =  f  W  -  Vi -  VTf (6.8)

h  = ^(wref - v 2 -  VT f (6.9)

h  =  m  -  V3)(Vi -  Vs) (6.10)

h  =  m  -  V4)(V2 -  V4) (6.11)

£
 

N . II II (6.12)

I - (i) = /« =  /> (6.13)

where /? is a transconductance parameter. The differential current I+(i) — I - ( i ) can 

be derived from the above equations and is given approximately by:

M O  -  M O  »  -  « w ) ^ f ^  -  [§ W  -  *■,„,)]* (e .u )

for Vi =  1. Similarly, we can obtain

M O  -  I - ( i )  a  - • ( 6 . 1 5 )

for Vi =  —1. It is observed from Eqs. (6.14) and 6.15 that if (W, — wre/ ) 2 <C 

47d.d(*)//®> then the transconductance amplifier will perform four-quadrant multi­

plication. Fig. 6.11 shows a plot of the I-V  characteristics of the transconductance 

amplifier resulting from Eqs. (6.14) and (6.15) and from HSPICE simulation where 

^dd(0 was 100 //A. Note that to make the WSC work properly and accurately, the 

currents flowing into the transconductance amplifiers should be the same. This can 

be achieved by keeping the sizes of the load MESFETs the same.
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Figure 6.11: I-V  characteristics of the transconductance amplifier.

6.3.2 Performance Evaluation

A WSC with 16 transconductance amplifiers was simulated using HSPICE incorpo­

rated with the device models of the NT/BNR (Northern'Telecom/BelI Northern Re­

search) 0.8 pm  GaAs depletion-mode MESFET process. The analog synaptic weights 

change between 0.2 V and 0.8 V and wTej  is 0.5 V. The voltage level of the neuron 

state Vi is either 0 V or -4 V to ensure that the MESFETs connected to V and Vi are 

either cutoff or in the linear region. The widths of the MESFETs as determined by 

HSPICE simulation are 8 pm  for the MESFETs in the 6-transistor transconductance 

amplifier and 6 pm  for each of the load MESFETs. Fig. 6.12 shows one group of 

the waveforms of VP, and Vi used in the simulation. The simulation waveforms of the 

output currents of the WSC are shown in Fig. 6.13 where the solid-line represents 7+ 

and the dashed-line represents As can be seen from Fig. 6.13, the linearity of the
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inner product computation is quite good. The power dissipation of the WSC is 21 

mW according to the simulation when Vqd and Vss are 5 V and —2 V, respectively.
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W 7
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Figure 6.12: Waveforms of 1J and J  used in the WSC simulation.

The design and simulation of the WSC were based on the assumption that all 

the transconductance amplifiers are perfectly matched and the load MESFETs are 

of the same size. It should be pointed out, however, the process spread will cause 

some variations in size even for a set of identical MESFETs. In order to investigate 

this effect, we simulated the WSC by randomly changing the sizes of the MESFETs 

— positively or negatively — 1 /im from their standard sizes. It was found that
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Figure 6.13: Simulation waveforms of the output currents of the WSC.
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Figure 6.14: Simulation waveforms of the output currents of the WSC when the load 

MESFETs are not the same.

the linearity of the computation for the WSC were degraded by an average of 7%. 

Fig. 6.14 shows the simulation waveforms of the output currents /+ and /_ of the 

WSC when the load MESFETs are not the same.

It has been noted that for a given Vpo and Vss, increasing the number of transcon­

ductance amplifiers will cause an increase in the currents IdDi and hence f + and 

The inert e in /+ and /_ will in turn increase the voltage drops V+ and V- across 

the MESFETs Ml and M2 in Fig. 6.9 because Ml and M2 are not the ideal current 

sources. These increases in V+ and V. will reduce the output dynamic range of the 

activation circuit due to the common-mode voltage of the activation circuit (will be 

described in the next section). In order to determine how the number of transcon­

ductance amplifiers affect the output voltage of the activation circuit, a HSPICE 

simulation was performed under the worst-case condition, i.e., when N j 2 — 1 mul­

tipliers are connected to the “on” neurons and N/2  +  1 to the “off”-neurons (i.e.,
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I -  >  i+), or the reverse (i.e., 7+ > /_), while the weights are kept constant. Fig. 6.15 

shows the simulation result. When the number of transconductance amplifiers in­

creases to 27, the dynamic output range of the activation circuit decreases to about .1 

V, which is still acceptable for the input of the shift-register. However, if the number 

of transconductance amplifiers increases to 30, the dynamic range shrinks to less than 

0.5 V. To make the WSC function properly for a large number of transconductance 

amplifiers (more than 28), the MESFETs have to be resized.

2.5

2

1.5

1

«3 0.5

0

1

-1.5

2
16 18 20 22 24 26 28 30

Number of transconductance amplifiers

Figure 6.15: Output voltage of the activation circuit with respect to the number of 

the transconductance amplifiers.
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6.3.3 Experim ental R esults

We fabricated a WSC with 16 multipliers using the NT/BNR 0.8 p m  GaAs depletion- 

mode MESFET process. Fig. 6.16 shows the microphotograph of one of the transcon­

ductance amplifiers. The performance of the WSC was measured in terms of the ac­

curacy of the inner product computation. In the measurement, the synaptic weights 

were binary (i.e., W; — wrej — 0 or 1 ). This is sufficient to show the function of the

1

Figure 6.16: Microphotograph of one transconductance amplifiers in the WSC.

WSC although in general the weights can also be analog, as we shall see in Chap­

ter S. In measuring the linearity of the weight-summation operation, we kept one of 

the vectors, V  or W , constant, and changed the elements in the other vector to a 

high voltage level one at a time until all the elements are high. Fig. 6.17(a) shows the 

result of a constant vector of weights IV multiplied by V. The output of the WSC 

(AF =  F+ — F_) is a function of the number of “on”-neurons in V.  Fig. 6.17(b) 

shows the result of a constant neuron output V  multiplied by a vector of weights 

W . The output of the WSC is a function of the number of l ’s in W  while V  is
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constant. Fig. 6.17 shows that the measured linearity of the WSC has some random 

divergences. The divergences are due to the variations in the sizes of the devices in 

the fabrication process. They can also be observed in the oscillographs we obtained 

from the ANN chip, which will be described in Chapter 8 .
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Figure 6.17: Measured and simulated linearity of the WSC for binary weights.
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Figure 6.17: Measured and simulated linearity of the WSC for binary weights 

tinued).



Chapter 6. GaAs Analog Circuit Design of Hybrid ANN Architecture

6.4 A ctiva tion  C ircuit

1 0 0

In general, there are three common activation functions lor the artificial neurons, 

namely, the hard-limiting function, the linear function, and the sigmoid function. 

Gain-adjustable function has also been proposed to apply the ANN to the optimiza­

tion problems [51]. When the Hopfield ANN was used as an associative memory, the 

activation function is usually a hard-limiting function [38]. In this work, therefore, 

we assumed the neurons have hard-limiting activation function.

6.4.1 Circuit Design

The activation circuit required to implement a hard-limiting function should ideally 

have an infinite gain. For the GaAs MESFET technology, however, a high-gain am­

plifier is generally difficult to achieve because of the inherently low transconductance 

and the low output resistance of the MESFET. To obtain high-gain within a wide 

frequency range, we used an operational amplifier configuration for the design of the 

activation circuit. Fig. 6.18 shows the schematic of the activation circuit which has an 

input stage, a gain stage and an output stage. HSPICE simulation was used to deter­

mine the sizes of the MESFETs. Frequency compensation was achieved by addition 

of an on-chip capacitor Cc (= 0.6 pF) around the gain stage (see Appendix E).

6.4.1.1 Input Stage

In order to compare the currents I+ and /_  from the WSC, a differential amplifier is 

used as the input stage of the activation circuit. For a basic commori-source differ­

ential amplifier with small MESFETs as active loads, the differential-mode voltage 

gain is approximately given as:



Chapter 6. GaAs Analog Circuit Design of Hybrid ANN Architecture 101

Vdd

H  40 20 H40
M6 M10 M14M5M8

200 M17
M4 D1840

M13 M16
M2M1

VjrvVin+

D22M7 M12

D10 D14 100 VoutM9 M11 M18

D13 D17

VSS1
Vss

Figure 6.18: Schematic of the activation circuit.

where qm and rjs are the transconductance and the output resistance of the MESFET, 

respectively. It has been shown that the gain of the GaAs MESFET differential 

amplifier is inherently small because of the low transconductance and the low output 

resistance [71]. In order to increase Gd, one can increase gm by using large MESFETs 

in the differential pair. Unfortunately, this will result in the reduction of the input 

resistance of the differential amplifier, and hence, the input resistance of the activation 

circuit, and the reduction of r̂ s.

Alternatively, we used a cascode circuit to increase the differential gain, as shown 

in Fig. 6.19(a) since a cascode circuit provides a high output resistance. The small- 

signal equivalent circuit for the cascode configuration is shown in Fig. 6.19(b). The 

voltage gain of this circuit can be obtained by analysing the equivalent circuit and is
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M3

Vout

M2
V in Q )  Q ^)9miVgsi S  rds1 Voul

Vin

(b)(a)

Figure 6.19: (a) MESFET cascode circuit and (b) its small-signal equivalent circuit, 

given by:
^  Vout I ds'.)(f jm  1 r 'i.sl T  ( Jr n 1 fjm2* ii,sl7 ds2^) j n \CjTy ‘ ( ( J

Vin Vdsx 4" 1'ds2 T C(i.s\ 3  -f- Qm2̂  dsH da2 

Note that the voltage gain of the differential amplifier formed by the cascode config­

uration is given by Gv/ 2. To minimize the power dissipation, we restrict the current 

of the power supply by using a narrow MESFET M3 as the active load. The output 

resistance of M3 is then much greater than those of Ml and M2, and the differential 

gain of the cascode configuration can be approximated by:

Gd ~  ~Qm\ Vdsl (1 4~ fjrn 1 rds I ) (6.18)

where Ml and M2 are assumed to be of the same size, it can be seen from Eq. (6.18) 

that the differential gain of the cascode configuration is significantly increased com­

pared to that of the common-source configuration. In addition to the increase of the 

differential gain, the cascode configuration offers a good high-frequency performance 

by lowering the Miller capacitance multiplication effect.

The differential input stage shown in Fig. 6.19 uses the cascode MESFETs Ml ~  

M4 as the differential pair, M5 and M6 as the active loads, and a source follower (M10
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and M il) as a level-shifting circuit to drive the gain stage consisting of normally-on 

MESFETs. Local feedback through M8 and M9 keeps the amplifier biased in the 

high-gain region by dynamically adjusting the current source M7 to compensate for 

the process variation and it also provides differential to single-ended conversion [72]. 

The differential gain of the input stage is given by Eq. (6.18).

6.4.1.2 Gain Stage

A current bleeder with positive feedback as proposed in [73] was used in the gain 

stage, as shown in Fig. 6.19. The voltage gain of this stage is given by:
n

r t  V ~  9 m \ 2 r ds\4 ( a  ■,

=  V  "  ‘ 9)

where v" and v are labelled in Fig. 6.19. It is theoretically possible to make M14 and

M16 of the same size and obtain infinite gain. However, positive feedback may cause 

self-oscillation and increase the output impedance of the gain stage.

6.4.1.3 Output Stage

A source follower with serially-connected Schottky diodes was used as the output 

stage of the activation circuit to provide a low output impedance and a level-shifting 

function. To increase the output voltage swing of the activation circuit and reduce 

the offset voltage, Vssi, a negative power supply which is more negative than Vss was 

used in the output stage. The output resistance and the voltage gain of the output 

stage are approximately given by:

T o u t  «  ——  (6 .20)
9 m l 7

Go =  ^ &  — J - . ------------ \ - — l-------------r (6.21)
V 1 +  (l/gmnTdsn) +  {l/gmnTdsis)

It can be seen from Eq. (6.21) that if gmi 7 i /rdsn  + l/^ s is , unity gain will be 

achieved. For a given quiescent point, however, if gm is increased by increasing the
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width of the MESFET, rjs will be decreased simultaneously. In this design, the gain 

of the output stage is about 0.8.

6.4.2 E xperim ental R esults

The activation circuit was simulated by HSPICE and fabricated using the NT/BNR 

0.8 pm  GaAs depletion-mode MESFET process. Fig. 6.20 shows the microphotograph 

of the activation circuit. Fig. 6.21 shows the oscillographs of the input, and output 

waveforms of the activation circuit operating at 20 Mllz and 100 Mllz. The dc

Figure 6.20: Microphotograph of the activation circuit.

transfer characteristics of the activation circuit obtained from the measurement and 

the simulation are shown in Fig. 6.22. It can be seen that the output swing is 

larger than ±1.7 V when Vd d , Vss and Vssi are ±5 V, —2 V and —3 V. The input 

offset voltage is about 50 mV. Fig. 6.23 shows gain responses obtained from the 

measurement and the simulation. The gain is 50 dB at low frequency and drops to 

40 dB at 5 MHz. The unity-gain frequency is beyond 500 MHz. Table 6.2 summarizes 

the performance of the activation circuit.
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A A A

v 2mU ^DmU : ;  ; 1 0 n s  ^

(a) (b)

Figure 6.21: Oscillographs of the input and the output waveforms of the activation 

circuit at (a) 20 MHz and (b) 100 MHz.
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Figure 6.22: Transfer characteristics of the activation circuit obtained from the mea­

surement and the simulation.
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Figure 6.23: Amplitude response of the activation circuit obtained from the measure­

ment and the simulation .
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Parameter Value

Voltage gain 50 dB

Unity-gain frequency > 500 MHz (CL =  11 pF)

hoffset 0.5 mV

Output swing ±1.7 V

Settling time 50 ns (Cl =  11 pF)

Input resistance 120 Iif l  (at 100 MHz)

Output resistance 60 Q (at 100 MHz)

Phase margin 115° (at 100 MHz)

CMRR 63.5 dB

Equivalent input noise* 5 nN j\ fH z

Power dissipation 150 mW

*: obtained from simulation.

Table 6.2: Performance of the activation circuit.



Chapter 7

GaAs D igital Circuit D esign of 

Hybrid A N N  Architecture

7.1 In trod u ction

The digital part in the hybrid ANN architecture includes a A-bit shift-register, a 

A-bit buffer-register, and other auxiliary circuits. This chapter describes the design 

of the shift-registers and the buffer-registers using the MESFET and the CM CCD 

technologies. Performance of the circuits are also discussed.

7.2 M E SF E T  Shift- and B uffer-registers

7.2.1 Dual-inverter

It is required that both the shift-register and the buffer-register should provide the 

binary outputs as well as their complements since the inputs of the WSC require both 

the neuron state Vi and its complement Vi. A dual-inverter based on BEL (Buffered 

FET Logic) [75] was designed as the core element in the both shift-register and the

108
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buffer-register. Fig. 7.1 shows the schematic of the dual-inverter with the size of each 

MESFET as labelled. Fig. 7.2 shows the microphotograph of the dual-inverter.

Vdd

Clock-

M5 M7 M9

V ss

-Out

•Out

Figure 7.1: Schematic diagram of the dual-inverter.

Figure 7.2: Microphotograph of the dual-inverter.

The dc performance of a logic gate is usually defined in terms of the dynamic
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range of the output voltage and the noise margin. The dynamic range of the output 

voltage is given by:

A F =  Voh — Vol (7.1)

where V o h  is the high output voltage and V o l  is the low output voltage. The noise 

margin is defined as:

V n h  = V o h  — V/o (7.2)

V n l  —  V i l  —  V o l  (7.3)

where Vjh and Vil are the minimum-high and maximum-low input voltages, respec­

tively. The MESFETs were sized to obtain a better noise margin and dynamic range. 

The transfer characteristics and the dc parameters of the dual-inverter were obtained 

by HSPICE simulation for an inverter chain [76], as shown in Fig. 7.3. The device 

models of the NT/BNR GaAs process were used in the simulation. The simulated 

transfer characteristics of the dual-inverter are shown in Fig. 7.4. To calculate the 

noise margin, we need to obtain V i l  and Vrn- In this work V j l  and Vm are defined as 

the input voltages in the transfer curve where the slopes are —1 [76]. Table 7.1 sum­

marises the dc performance of the dual-inverter obtained using HSPICE simulation 

when V d d  and Vss are 3.5 V and —2 V, respectively.

Vjnl
* 0 U t1  -  » in 2

o

Figure 7.3: Inverter chain used for DC analysis of the inverter.

One of the transient properties of an inverter is the propagation delay. The propa­

gation delay tjp  is defined as the time interval between the 50% value of the input and
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Slope = -1
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Figure 7.4: Transfer characteristic of the dual-inverter.
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Parameter Value

Voh 1.12 V

Vol -1.08V

Vil -0.25 V

Vih 0.30 V

Vnl 0.83 V

Vnh 0.82 V

Din 60 Kft

D0ut 450 0

Power dissipation 12.05 raW

Table 7.1: DC performance of the dual-inverter.

the 50% value of the output. In general, the propagation delay for high-to-low tran­

sition, TpjjL, is different from that for low-to-high transition, t p l i i - The propagation 

delay is then determined by the average value of Tpm, and t p l h  [76],i.e.,

TPD =  ^JPHL +  Tpfjf) (7.4)

The propagation delay of the dual-inverter was calculated by a transient analysis of 

the dual-inverter chain. An square wave was used as the excitation source and the 

response of the first and second inverters were measured. Fig. 7.5 shows the waveforms 

of the input, the first and second outputs of the dual-inverter chain. It was measured 

(from Fig. 7.5) that tplh =  85 ps, tpul = 27 ps, and Tpp =  56 ps. The oscillograph 

of the input and the output waveforms of the dual-inverter are displayed in Fig. 7.6.
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O utput 1
Output 2

4  6
Time (r.s)

Figure 7.5: Transient, response of the dual-inverter.
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re 7.6: Oscillograph of the input and the output waveforms of the dual-inverter.
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7.2.2 M ESFET Shift-register

The MESFET shift-register was designed using the dynamic flip-flops [76] configured 

with the pass-gates and the dual-inverters clocked by <f>i and <f>x, as shown in Fig. 7.7. 

As can be seen from Fig. 7.7, each stage of the shift-register consists of two dual­

inverters and four pass-gates. Fig. 7.8 shows the oscillograph of a 16-bit shift-register.

01
01

Dynamic flip-flop Dynamic flip-flop

Figure 7.7: Diagram of the shift-register.

Vn

Vn

Dual
Inverter

Dual
Inverter

Dual
Inverter

Dual
Inverter

n-j SET

Figure 7.8: Oscillograph of the input and the output waveforms of the shift-register.

Clock <j>i, the input pulse and the delayed pulse at the output of the MSB (bit 1.) are 

displayed in the upper, middle and lower traces, respectively. Note that the outputs 

of the shift-registers are only valid during the negative cycle of fa. It is observed that
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the input signal is delayed by 1.6 ps after 16 clock pulses when the circuit operates at 

10 MHz. It is also observed that there exist voltage spikes at both the positive and 

the negative transitions of the output. This is the result of clock feedthrough in the 

pass-gates of the dual-invertei.

7.2.3 M ESFET Buffer-register

The bufFer-register was designed using the dual-inverters and the pass gates, as shown 

in Fig. 7.9. There is one dual-inverter and four pass-gates at each stage of the buffer- 

register. When the initial neuron states are loaded into the buffer-register, all pass- 

gates connected to Xi  and X i  are on due to the high voltage of Reset  and those 

connected to K and V, are off due to the low output voltage of the XOR gate. After 

the completion of one cycle of the computation, all pass-gates connected to V{ and V,- 

are on due to the high voltage of </>2 and those connected to X, and X ,  are off due to 

the low voltage of Reset. During the clock pulse of <̂2, K and V{ are transferred to 

the outputs of the buffer-register and ready f_r the next cycle of computation.

<1>2
R eset

XOR

VnVn
Dual

Inverter

Dual

Inverter

Figure 7.9: Diagram of the buffer-register.

Fig. 7.10 shows the schematic diagram of the XOR gate. Table 7.2 lists its logic
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function and Fig. 7.11 shows the input and the output waveforms of the XOR, gate 

obtained from HSPICE simulation.

Reset

<t>2
M3M1

Output

VSS3

Figure 7.10: Schematic diagram of the XOR gate.

<f>2 Reset Output of X O R

Low Low Low

Low High X

High Low High

High High Low

Table 7.2: Logic function of the XOR gate.
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Time (ns)

I

I
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Time (ns)

Figure 7.11: Simulation waveforms of the input and the output of the XOR gate.
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7.3 C M C C D  Shift- and B uffer-registers

Alternatively, the shift- and bufFer-registers can be implemented using the CMCCD 

technology. CMCCD, by its construction, is a shift-register. As we discussed in 

the preceding chapter, the CMCCD has low noise and a large dynamic range, and 

it is therefore quite suitable for use in our design of the shift- and buffer-registers. 

Moreover, compared with the MESFET counterpart, a CMCCD shift-register should 

also be superior in bit density and power consumption , as we shall demonstrate in 

the end of this section.

7.3.1 Circuit Structure

The diagram of the iV-bit CMCCD shift- and bufFer-registers using the uni-phase 

clocking scheme is shown in Fig. 7.12. The main part of the circuit is a /V-pixel 

CMCCD with four electrodes per pixel. The input structure of the shift-register is 

the same as that described in Chapter 2. The outputs of the shift-register appear 

vertically at the upper side of the Bias2 electrode in each pixel. Similar to the output 

structure described in Chapter 2, each output of the shift-register consists of an output 

gate controlled by </>2 and an ohmic contact connected to a reset MESFET. As can 

be seen, this structure allows the shift-register to function as a series-in parallel-out 

register.

The buffer-register is composed of N  output buffers. Fig. 7.13 shows the schematic 

of the output buffer which uses a flip-flop configuration. When the charge packet; 

arrives at the output ohmic contact, the precharged voltage at the source of the 

reset MESFET changes, and the output buffer switches into one of the states due 

to regenerative action, depending on the relative value of the source voltage of the 

reset MESFET and Vref 2 - Usually, Vrej 2 is chosen to lie midway between the source 

voltages of the reset MESFET representing logic 1 and 0. The output buffer generates
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V i V i    V n  V n

V r /D 

Reset 2

Xn

Reset 1

XOR<t»2

V |/P

4>1

4 > ia  
Bias 1

LSB(bitN) MSB (bit 1)

I I Schottky metal H B  Ohmic contact

Figure 7.12: Diagram of the CMCCD shift- and buffer-registers.
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an output signal and its complement, which are required in the weight-summation 

operation.

V/DD

Vnefi

Vss

Figure 7.13: Schematic of the output buffer.

7.3.2 O peration o f the CM CCD Shift- and Buffer-registers

The timing diagram of the CMCCD shift- and buffer-registers is given in Fig. 7.14. in 

the beginning of the computation, the initial neuron states X i , X 2, . . . ,  X n  are loaded 

into the buffer-register through the pass-gates controlled by Resell .  Synchronized 

by <j>i the neuron states are updated and transferred serially into the CMCCD

shift-register through the input gate G2. When the Nth  pulse of <f>\ (fa a )  appears, 

the updated state of the iVth neuron is loaded in the LSB (bit N) of the shift- 

register. Before the charge packets are detected, all the output ohmic contacts are 

precharged to a more positive voltage level than fa. During the negative half cycle of 

fa (^ia), all the charge packets representing the binary neuron states are under the 

electrodes connected to Bias2 (—1 V), and no charge packets exist under the other 

electrodes. The charge packets move to the buffer register in parallel when fa is high,
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N 1 2  3 N 1 2

<£>1

V|/p

<t>2

R e se t 1

R e se t 2

X
(N-bit)

V
(N-bit)

s e t  initial! neuron  s ta te s

L

1 I
o n e  cycle of com putation

Figure 7.14: Timing diagram of the CMCCD shift- and buffer-registers.
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and therefore, there is on charge packet in the channel of the CMCCD shift-register. 

The “reset” shift-register is then ready for the next cycle of computation. Note that 

when the shift-register is operating in series, no charge will be detected as (ft2  is low 

until the negative half cycle of the N th  pulse of <f>i ( ( / > i a ) .  This means all the neuron 

states V\, V2, ..., Vjv are kept in the stable states in the buffer-register for N  serial 

weight-summation operations.

7.4 D iscu ssions on  Pow er and A rea C onsum p­

tion s o f th e  Shift- and Buffer-registers

The power consumed in a CMCCD shift-register is essentially that required to charge 

the gate capacitances. This power is dissipated mostly in the clock driver, not on the 

CCD chip itself. The power dissipated per pixel in the clock driver is given by:

Pdock =  Ccv 2f e (7.5)

where Cc is the total clock line capacitance associated with the electrodes connected 

to the clock within the pixel, V is the clock voltage, and f c is the clock frequency. 

Using the parameters of the two-phase and the uni-phase CMCCDs, and assuming 

that clock frequency is 100 MHz and the amplitude of clock voltage is 5 V for the

two-phase CMCCD and 4 V for the uni-phase CMCCD, we calculated the power

dissipations of the clock drivers to be:

jPc/odfe =  0.050 mW/pixel (7.0)

for the two-phase CMCCD, and

Pdock =  0.032 mW/pixel (7.7)

for the uni-phase CMCCD.
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The power dissipation per pixel due to the current flowing and the charge packet 

lifting over a potential barrier is approximately given by [66]:

Pccd «  n- - —-  +  2nqfcippsH ~  (7.8)

where n is the number of electrons per pixel, L is the length of the pixel, p  is the 

electron mobility in GaAs. Fig. 7.15 shows the curves of the on-chip power dissipation 

with respect to the clock frequency for the two-phase and the uni-phase CMCCDs. 

From Eqs. (7.6) and (7.7) and Fig. 7.15, it can be shown that for both the two-phase 

and the uni-phase CMCCDs driven by a 100 MHz clock driver, the driver power 

dissipation per pixel is about 100 times greater than the on-chip power dissipation 

per pixel.

Since one stage of the MESFET shift-register consists of two dual-inverters, the 

power dissipation of the MESFET shift-register is, therefore, 2 x 12.05 mW =

24.1 mW. If we assume the CMCCD shift-register uses the uni-phase clocking scheme, 

the power consumed by one stage of the CMCCD shift-register is approximately 

0.032 mW. This suggests that the CMCCD shift-register consumes only 1/80 of the 

power consumed by the MESFET shift-register.

The active area of the dual-inverter layout shown in Fig. 7.2 is 135 pm  x 90 //m, 

and therefore, the total active area of one stage of the MESFET shift-register is 

270 pm  x 90 pm  =  0.0243 mm2. It should be mentioned here that the layout of the 

dual-inverter has not been compacted. If we use the geometric parameters obtained in 

Chapter 3 for the uni-phase CMCCD, the area occupied by one stage of the CMCCD 

shift-register is 24 pm  x 100 pm  =  0.0024 mm2. This means that CMCCD shift- 

register consumes only about 1/10 of the area consumed by the MESFET shift- 

register.
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  Two-phase CMCCD
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Figure 7.15: On-chip power dissipation versus clock frequency for the two-phase and 

the uni-phase CMCCDs.



Chapter 8 

Fabrication and M easurem ent of  

A N N  IC

8.1 In trod u ction

In order to verify the design of the hybrid ANN architecture described in Chapters 

6 and 7, we constructed a Hopfield ANN circuit with 16 neurons and had it fabri­

cated using the NT/BNR (Northern Telecom/Bell Northern Research) 0.8 /tm GaAs 

MESFET process. Fig. 8.1 shows the schematic of the circuit which consists of 16 

transconductance amplifiers used for the WSC, an activation circuit, a 16-bit shift- 

register, a 16-bit buffer-register, and other auxiliary circuits. Since the NT/BNR 

process is not compatible with the fabrication of GaAs CCD (we shall discuss this 

later), the circuit doesn’t include the CMCCD weight storage array, and uses the 

MESFET shift- and buffer-registers. A multi-chip approach was taken for testing. 

The synaptic weights were generated externally using EPROMs. In Fig. 8.1, the 

symbols labelled by “T,” stand for the transconductance amplifiers, the symbol la­

belled by “AC” stands for the activation circuit, and the symbols labelled by “D-I”
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stands for the dual-inverters. In this chapter, we describe briefly the simulation, the 

physical layout and the GaAs fabrication of the ANN chip. We then present the ex­

perimental results of the ANN IC and demonstrate its functionality as an associative 

memory. The problems related to the chip fabrication and the measurement are also 

discussed.

W

W9 W14 W1

Wref

Vbias

A C

X  X1 4

16 ^ x T

Reset—
<t> 2

d5 2 '~"
X O R

^ — '  Bit 9

D-l D-l

Bit 15 B id

j
D-lD-l D-l D-l D-l D-l

D-lD-l D-l D-l D-li u
Bit. 9 ? Bit.1.5

V o u t

V

Figure 8.1: Schematic of the ANN chip.
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8.2 S im ulation , P h ysica l Layout and Fabrication

8.2.1 Simulation

The circuit shown in Fig. 8.1 was simulated using HSPICE incorporated with the 

device models of the NT/BNR process prior to the physical layout and the fabrication. 

As can be seen from Fig. 8 .1 , th circuit has a set of inputs for the clocks and the 

reset signal, 16 inputs for the synaptic weights, 16 inputs for the initial neuron states 

and a group of dc power supplies. It has one output from the activation circuit, 16 

outputs from the shixt-register to give the updated neuron states, and two outputs, 

V+ and F_, of the WSC. All the inputs and the outputs of the activation circuit, the 

WSC, and each stage of the shift-register are accessible, and hence these subcircuits 

are testable. Tae frequency of <pi used in the simulation is 200 MHz and the frequency 

of <f>2  is 12.50 MHz. This means that each neuron will update its state every 2.5 ns 

and it takes 80 ns for the circuit to complete one full cycle of the computation.

Fig. 8.2 shows two 16-bit test patterns to be stored in the synaptic weight array. 

The number of patterns M  is limited by the storage capacity of the Hopfield neural

(a) (b)

Figure 8.2: Two 16-bit test patterns stored in the synapses.

network and it is found to be less than N /(2  log N ) [77]. For 16 neurons, M  -  2. 

These two patterns are represented by the following vectors:
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- 1  +1 +1  - 1  - 1  +1 +1 - 1  - 1  +1 +1 - 1  - I  +1 + ]  - 1

- 1  - 1  - 1  - 1  + 1  +1  + 1  + 1  +1  +1  +1  +1 - 1  - 1  - I .  - 1

where +1 stands for the black square and — 1  stands for the white square. For these

two patterns, the weight array was obtained from Eq. (5.10) and is given by:

16 15 14 13 12 11 10 9 8

0 0 0 2 0 - 2 - 2 0 0

0 0 2 0 - 2 0 0 - 2 - 2

0 2 0 0 - 2 0 0 - 2 - 2

2 0 0 0 0 - 2 - 2 0 0

0 - 2 - 2 0 0 0 0 2 2

- 2 0 0 - 2 0 0 2 0 0

_2 0 0 - 2 0 2 0 0 0

0 - 2 - 2 0 2 0 0 0 2

0 - 2 - 2 0 2 0 0 2 0

- 2 0 0 - 2 0 2 2 0 0

- 2 0 0 - 2 0 2 2 0 0

0 - 2 - 2 0 2 0 0 2 2

2 0 0 2 0 - 2 - 2 0 0

0 2 2 0 - 2 0 0 - 2 - 2

0 2 2 0 - 2 0 0 - 2 - 2

2 0 0 2 0 - 2 - 2 0 0

7 6 5 4 3 2 1

- 2 - 2 0 2 0 0 2 w ,

0 0 - 2 0 2 2 0 w 2

0 0 - 2 0 2 2 0 w 3

- 2 - 2 0 2 0 0 2 W,|
0 0 2 0 - 2 - 2 0 Ws
2 2 0 - 2 0 0 - 2 w <(

2 2 0 - 2 0 0 - 2 w 7

0 0 2 0 - 2 - 2 0 w 8

0 0 2 0 - 2 - 2 0 W9

0 2 0 - 2 0 0 - 2 W,o
2 0 0 - 2 0 0 - 2 Wu

0 0 0 0 - 2 - 2 0 w I 2

- 2 - 2 0 0 0 0 2 WKt
0 0 - 2 0 0 2 0 Wn

0 0 - 2 0 2 0 0 w ir>

- 2 - 2 0 2 0 0 0 w,„

Note that the weights have three levels and each row of the array represents an ‘ '

signal to the Wi pin of the chip.
41
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The functionality of the ANN IC as an associative memory was simulated by 

introducing an input vector to the circuit during the first pulse of <f)2. Fig. 8.3 shows 

one of the patterns of the input vector which is represented by:

X \ X ’i X3 X \ Xs Xa X 7 Xg Xg X w A n  A12 A i3 X14 Xm X \q

- 1  + 1  +1 - 1  +1 +1 +1 - 1  - 1  +1 +1 +1 - 1  +1 -fl - 1

Figure 8.3: One of the input patterns applied to the circuit.

Fig. 8.4 shows the simulation waveforms of the 16-bit outputs of the ANN IC. It can 

be seen that after one cycle of the computation, i.e., when the second pulse of <f>2 

comes at t =  80 ns, the outputs of the network reaches its stable states:

Vi v2 V3 F, V5 Ve V7 Vg V9 V1 0  Vn V12 V1 3  V14 Vi5  Vie

- 1  +1  +1  - 1  - 1  +1  +1  - 1  - 1  +1  +1  - 1  - 1  +1  + 1  - 1

which is the first stored pattern and is the nearest match to the input pattern. Fig. 8.5

shows the simulation waveforms of the clocks <j> 1 and <f>2 and the output of the ac­

tivation circuit corresponding to the first stored pattern. The simulation waveforms 

corresponding to the second stored pattern are shown in Fig. 8 .6 .
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Figure 8.5: Simulation waveforms of the clocks fa and fa and the output of the 

activation circuit corresponding to the first stored pattern.
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8.2.2 Physical Layout

Fig. 8.7 shows the microphotograph of the ANN IC. The standard-cell approach [78] 

was used in the layout. The physical layout of the transconductance amplifier, the 

activation circuit, and the dual-inverter were accomplished at the transistor level 

using Cadence Edge that is supported by the NT/BNR MESFET device library. The 

layout of the chip was then accomplished hierarchically and checked using a design- 

rule checker in Cadence incorporated with the NT/BNR design rules. The ANN IC 

contains totally 1303 MESFETs and Schoitky diodes and occupies an active area o f  

3.1 x 1.5 mm2. The dies were packaged in the 84-pin PGAs.

It' li1 U1 l i l . l t1 |.ir lii l i 1 It1 U t «• 1 1* l i  I? l i
<1* <i» '1 * (i,j '1' '1 ' 'tr m d?

i ,,ii i 1 , j \ i ''i i ;;i i !'i i yi i - I i*1 i iy 11-11'-’ i i»3 i j« i .
; C ^ . C g c C l f C c  !
Li I dfi.iiSI TfiT«!Jr11.ffll Itf)9i Jr*i.Tjhi fi1 ,,f)5i .)!<,J)«1 ,
■ .y; 1 2 ^i 1  j - v ? i L !‘2 i :.l i

Figure 8.7: Microphotograph of the ANN chip.
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8.2.3 Fabrication

The ANN IC was fabricated using the NT/BNR 0.8 pm  GaAs depletion-niode MES- 

FET process. The MESFET fabricated by the process exhibits a pinch-off voltage 

(Vp) of —1.2 V, a saturation current (I d s s ) of 120 A/m, a transconductan.ce (<7m) of 

140 S/m, and a cut-off frequency (/x) of 20 GHz. The process provides two layers of 

metallization with the sheet resistances of 30 mfl/cm 2  for metal 1 and 20 rafi/cin2  for 

metal 2. The capacitor used in the activation circuit was formed in between metal 1 

and metal 2. The device models and the fabrication steps of the process are given in 

Appendixes F and G.

8.3 M easurem en t o f  th e  A N N  IC for O pen-loop  

O peration

In order to test the functionality of the neuron, i.e., the weight-summation operation 

and the activation function, of the chip, we first made a measurement on the open-loop 

operation of the chip, i.e., when the output of the activation circuit was disconnected 

from the shift-register and the inputs of the initial neuron states were connected 

externally to the WSC.

The neuron activation function was tested by measuring the output characteristic 

of the activation circuit which is connected with the WSC. The 16 inputs of the 

WSC were assumed to be the binary states of the other neurons (V). Fig. 8 . 8  shows 

the output characteristic of the neuron. Vout, the output voltage of the neuron, is a 

function of the number of “on”-neurons in V  when the weights are constant. In this 

measurement, all of the weights were 0.7 V while wrej  was 0.5 V. It can be seen that 

the output of the neuron is always saturated, either in the “on” state or in. the “off” 

state, when the difference between the numbers of “on”-neurons and “off”-neurons in.
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1.5

2-0.5

-1.5
<>—

Number of "on"-neurons in V

Figure 8 .8 : Output characteristic of one neuron.

V  is greater than two. The fact that the neuron behaves as a hard-limiting function 

is due to the high gain of the activation circuit.

The linearity of the weight-sumrnation operation for the analog weight was mea­

sured using the square-waveform signals in V  and W . For simplicity, the 16 transcon­

ductance amplifiers were divided into two groups, i.e., eight of the transconductance 

amplifiers were connected together to the same signal source. We kept the binary 

inputs in V  fixed and only changed the analog voltage of one of the weights in W . 

The differential output (V+ — V~) of the WSC with respect to the change in the 

analog weight is plotted in Fig. 8.9. It is observed that the results are quite linear as 

long as the voltage range of (W,- — wrej)  is within ±0.5 V.

We also ran a series of tests on the chip to evaluate the dynamic function of 

the Hopfield neural network in the open-loop operation. The test was performed at
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-10

-20

-30

-40
-0.5 0.5

Change of weights (Volts)

Figure 8.9: Measured linearity of the weight-summation computation for analog 

weights.
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the frequency range of 1 MHz to 100 MHz. Again, for simplicity, some of the pins 

associated with the weights and the inputs of the neuron state were fed by the same 

signal sources. The differential output of the WSC and the output of the activation 

circuit were measured.

Fig. 8.10 shows a group of the input waveforms used in the test and the theoretical

output waveforms of the ANN IC for the open-loop operation. The weights W\ ~  W\

were fed by the same signal source, and so did weights W5 ~  Hg, Hg ~  W \2, and 

Wx3  ~  Wi6. The inputs of the neuron state Vi, V2 , V3 , V4, Vi3, Vu, V15, and Vi6  

were fed by the same signal source, and so did V5, Vq, V7 , Vs, V9, V1 0 , In , and V\2 - 

The differential output of the WSC (AC =  V+ — V-) which is also the input of the 

activation circuit, is determined by the Hopfield ANN model and is given by:

16

A V  =  V + - V -  =  '£ W iVi (8 .1 )
1 = 1

The output of the activation circuit is given by :

16

V0Ut =  f (J 2 W{Vi) (8 .2 )
1 = 1

where /  is the hard-limiting function.

Fig. 8.11 shows the oscillographs of the open-loop measurement. The waveforms 

within the time slot marked by the vertical cursors correspond to those shown in 

Fig. 8.10. The four traces in Fig. 8.11(a) are the waveforms of the weights. The first 

two upper traces in Fig. 8.11(b) are the neuron state inputs. The differential output 

of the WSC and the output of the activation circuit are displayed in the lower traces 

of Fig. 8.11(b) and (c).
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One cycle of computation

W1~W4

W5~W8 

Wg ~W-|2 

W13 ~ W16 

Vi

V5 

V+" V.

Vout

Figure 8.10: Input waveforms used in the test and the theoretical output waveforms 

of the ANN IC for the open-loop operation.
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(c)

Figure 8.11: Oscillographs of the open-loop measurement.
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8.4 M easurem ent o f  th e  A N N  IC as A n A ssocia ­

tiv e  M em ory

The functionality of the ANN IC as an associative memory was tested under the 

close-loop operation where the output of the activation circuit was fed into the shift- 

register and the network was controlled by two clocks, <j>x and fa. Several groups 

of the test patterns were used in the test. In the following we assume that the two 

stored patterns used in the test are the same as those used in the simulation (see 

Section 8 .2 ).

Fig. 8.12 shows the circuit used to generate the three-level synaptic weights. The 

three-level weight signal is coded as shown in Table 8.1. The coded binary signals

2 0 - 2

11 01 00

Table 8.1: Coding of the three-level weights.

are generated using EPROMs. One 27C64 EPROM can generate 4 weight signals 

and therefore four EPROMs are required for the 16 weight signals. The 2 -bit DAC 

includes two 4 K resistors and an op-amp NC952. The potential meters in the 2- 

bit DAC are used to adjust the voltage level and amplitude of the weight signal. 

LS193 is a 4-bit up/down counter and is used to generate the addresses for the 27C64 

EPROMs. The oscillographs of the 16 weight signals are shown in Fig. 8.13, where 

W\ ~  W4 are displayed in Fig. 8.13(a), W5 ~  W8  are displayed in Fig. 8.13(b), W<) ~  

WX2 are displayed in Fig. 8.13(c), and W X3 ~  Wlfi are displayed in Fig. 8.13(d).

The ANN IC was evaluated by constructing a list of input patterns derived from 

a stored pattern. One of the input patterns is introduced to the network during
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Figure 8.12: Schematic of the circuit used to generate the three-level synaptic wei
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Figure 8.13: Oscillographs of the 16 weight signals.
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the first pulse of fa.  After the network reaches its stable state we can determine if 

the output pattern is one of the stored patterns. The input patterns are derived by 

inverting each bit of one of the stored patterns from + 1  to — 1  or vice versa with 

a fixed percentage chance (called as the bit-error rate). The results of the test is 

given by the correct recall rate with respect to the bit-error rate, and is plotted in 

Fig. 8.14. The results obtained from the Hopfield model [79] in fact coincide very

s O

0.9

0.8

2  0.7

0.6

  Theory
-  -  Simulation 

o  o  Measurement
0.5

0.4
1 0 0

Bit-error rate (%)

Figure 8.14: Correct recall rate versus bit-error rate.

well with that from the measurement. The deviation between the simulation and the 

measurement when the bit-error rate is greater than 2 0 % is due to the insufficient 

simulation times. Therefore, the simulation curve is not accurate. It is noted that 

even when the percentage bit error rate reaches 1 0 0 , the correct recall rate is between 

0.5 and 0.4. This is due to the fact that the patterns used in the test have a 50% 

overlap even when aLl of the bits in one of the patterns are inverted.
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As an example, Figs. 8.15 and 8.16 show four different input patterns and the 

correspondent output patterns of the ANN IC. When the input pattern is closely 

associated to one of the stored patterns, the chip will recognize it, as indicated by 

Fig. 8.16(a) and (b). However, when the difference between the input, pattern and 

the stored patterns is large enough (i.e., greater than '25% as observed in Fig.8.14), 

the chip may fail to recognize the input pattern and reaches a stable state which 

is different from all the stored patterns, as observed in Fig. 8.16(c) and (d). These 

spurious patterns (as called by Lippmann in [39]) represent the major problem suffered 

from by the Hopfield ANN when it is used as an associative memory. This problem 

can be reduced or eliminated either by storing a small number of the patterns which 

share few bits in common, or by a number of orthogonalization procedures [3 9 ].

Fig. 8.17 shows the oscillographs of the clocks <j>i and fa and the output of the chip 

(Vout) for the different input patterns. The subfigures (a), (b), (c), and (d) correspond 

to the patterns shown in Fig. 8.16. The time slots within the vertical cursors in the 

oscillographs represent one cycle of computation. Note that the simulation waveforms 

shown in Figs. 8.5 and 8 . 6  have been verified functionally by Fig. 8.17 (a) and (b).

The total power dissipation of the ANN IC was found to be 565 mW. The per­

centage of the power consumed by the subcircuits are summarized in Table 8.2. As 

can be seen from Table 8.2, the shift- and buffer-registers consumed more than 2/3 

of the the total power of the chip.

WSC Activation circuit Shift- and Buffer-registers Other

4 23 6 8 2

Table 8.2: Percentage of the power consumed by the subcircuits of the ANN chip.
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Figure 8.15: Input patterns used in the ANN chip test

( < 0  (<*)

Figure 8.16: Output patterns from the ANN chip.
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Figure  8.17: Osci l lographs  of t h e  clocks  < f > { and cfo and the  o u tp u t  of the  chip for the  

d i fferent  i n p u t  p a t t e r n s .
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8.5 D iscussions

The performance of the ANN IC has been successfully demonstrated by a series of test 

patterns. The problems related to the fabrication and the measurement are discussed 

in the following.

8.5.1 Fabrication

The original motivation of this work was to have the CMCCD fabricated using the 

NT/BNR process and then to integrate our MESFET ANN circuit monolithically 

with 16 16-pixels CMCCDs for t^e storage of the synaptic weights using the NT/BNR  

process. However, we found that the NT/BNR process is not suitable for the fab­

rication of GaAs CCDs. One of the reasons is that the NT/BNR process is strictly 

optimized for MESFET fabrication. Table 8.3 lists the main process parameters of 

the NT/BNR GaAs technology. Another technology limitations is the lack of a cer-

Parameter Value

Active layer thickness 0 . 1  pm

Implant doping density 2 . 1  x 1 0 1 8  /cm 3

Pinch-off voltage -1 .2  V

Min. gate metal space 2  pm

Cermet gate No

Table 8.3: Main process parameters of the NT/BNR GaAs technology.

met, gate process in the NT/BNR GaAs process. Deyhimy et al. [70] showed that a 

GaAs CCD without cermet gate could be fabricated on a deep n-type epitaxial layer 

(> 1  pn i) grown on a semi-insulating GaAs substrate, and the doping density for the
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n-type epitaxial layer would have to lie within the range from 1 0 1 5  /cm 3  to 1 0 1 7  /cm3. 

They also demonstrated that an interelectrode gap with a length greater than 1 //m 

would result in the formation of potential troughs. The process parameters required 

for the GaAs CCD fabrication obviously do not match those for the MESFETs as 

provided by the NT/BNR process which uses a thin and highly doped active layer 

and has a minimum gate metal space of 2  pm.

It should be pointed out that not only the process parameters described above but 

also the masking can be a problem. A CCD has a continuous channel doping under 

the entire gate metal area in order for the device to function. However, the NT/BNR 

process is a self-alignment MESFET process. It turns out that there is a n.+ region in 

each of the spaces between the gate metal since in the NT/BNR process it is the gate 

metal that acts as the n+ mask which is used for the formation of the source and the 

drain of the MESFET. It is therefore not possible to form a CCD using this process.

8.5.2 Linearity o f the W eight-sum m ation Operation

The accuracy of the neuron weight-summation operation is of importance for the 

neural network. It is found from Fig. 8.9 that the measured linearity of the weight- 

summation operation has slight divergence from the ideal case. This degradation, as 

we discussed in Chapter 6 , seems to be caused by the deviations in the sizes of the 

matched devices due to the fabrication process. This degradation in linearity can 

also be observed from the lower trace in Fig. 8.11(b), where the middle voltage levels 

of the differential outputs of the WSC at different times are slightly different. By 

optimizing the physical layout of the chip and improving the process, the linearity of 

the weight-summation operation can be improved.
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8.5.3 G litches in the Output Waveforms o f the A N N  IC

It is noted from both the simulations and the measurements that the output wave­

forms of the activation circuit (Vout) contain glitches, as can be seen from Figs. 8.11 

and 8.17. The glitches occur whenever there is a high-to-low (or low-to-high) tran­

sition in the waveform of either the weight or the input of the neuron state. The 

finite rise time and fall time of the input signals contribute to the glitch generation. 

The glitches can be generated during the signal multiplication, and amplified by the 

activation circuit. In general, the glitches are found to be much narrower than the 

clock signals, and much smaller in amplitude than the output of the activation circuit. 

Therefore, they can not affect the operation of the chip unless the clock frequency is 

too high ( >5 0  MHz).

8.5.4 L im itations on High-frequency M easurem ent

As indicated in Chapters 6 , 7 and 8 , the ANN IC and the other subcircuit ICs gave 

good performance at a frequency up to 50 MHz. Testing at a higher frequency is 

limited by the parasitic effects of the devices under testing as well as those related to 

the chip packaging and the input signals.

A GaAs die usually requires LCC (Leadless Chip Carrier) package. However, 

the LCC packaging available from NT/BNR and CMC (Canadian Microelectronics 

Cooperation) only has 44 pins which is much less than the number of pins of our chips. 

The packages used for our GaAs dies are PGA (Pins Grid Array) which is usually 

used for CMOS die packaging. The PGA does not have proper 50 fl termination, and 

only works at a speed below 200 Mb/s.

The high frequency test is also limited by the signal generators. The maximum 

frequency our signal generators produce is 500 MHz (i.e., the rise time and the fall 

equal .1 ns and the width of the pulse is 0 ns). For a clock pulse with a width of 2 ns
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and a rise (or fall) time of 1 ns, the frequency reduces to 160 MHz. The measurement 

of the ANN chip as an associative memory also depends on the 1.6 weight signals 

from the external circuit. The circuit demonstrated its highest operation frequency 

of 40 MHz which was limited by the highest operation frequency of the NC952 Op- 

amp, the 27C64 EPROMs and the LS193 up/down counter.

It is hopeful that a revised version of the ANN IC would be able to operate at a 

much higher frequency when these limitations are eliminated.
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Summary and Recom m endations

9.1 Sum m ary o f  th e  R esu lts

Contributions have been made to develop a design methodology to optimize the GaAs 

CMCCD structure, and to design GaAs CMCCDs and MESFET circuits for the arti­

ficial neural network (ANN) application. The results of this research are summarized 

in this section.

Two-dimensional models of computing the potential distribution and the signal 

charge transfer in the CMCCD were developed in Chapter 2. The models were based 

on the Poisson equation and the continuity equation. The CMCCD was assumed to 

consist of a uniformly doped active layer and a semi-insulating substrate. The finite 

difference method was used to solve the equations involved in the numeric models. 

The two-dimensional charge transfer model was shown to improve the accuracy of 

computaion by an average of 3% over the one-dimensional model developed in [53]. 

The efficiency of the CMCCD equivalent circuit model developed earlier was improved 

by using an analytical fringing field expression.

A design methodology was developed to optimize the structures of the two-phase

153
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and the uni-phase CMCCDs, as discussed in Chapter 3. An average square error 

between the ideal and computed potential distribution was defined as the objective 

function of the optimization. The potential distribution in the CMCCD channel was 

computed using the numeric model described in Chapter 2. The Fletcher-lheeves 

method, a conjugate-direction-approach-based optimization algorithm, was used in 

the optimization. Charge transfer in the optimized two-phase and uni-phase CM­

CCDs was simulated to evaluate the charge transfer efficiency with respect to the 

transfer time, the size of charge packet, and the amplitude of clock voltage. The sim­

ulation results indicated that the two-phase CMCCD may potentially operate at the 

clock frequency of 1.25 GHz with a charge transfer efficiency up to 0.998'i and the uni- 

phase CMCCD at the clock frequency of 500 MIIz with a charge transfer efficiency up 

to 0.9990. In general, the two-phase CMCCDs have larger charge-handling capability, 

higher speed than the uni-phase CMCCDs. The effects of the clock waveforms on 

the charge transfer efficiency were investigated using SPICE simulation incorporated 

with the equivalent circuit model. The simulation has showed that the rise time plays 

an important role in determining the charge transfer efficiency, whereas the fall time 

has almost no influence on the charge transfer.

The fabrication and measurement of the uni-phase CMCCD using the TR.IUMF 

GaAs process was described in Chapter 4. The measurement included the I V char­

acteristics, the charge transfer efficiency for the different clock frequency, and the 

effect of the leading edge of the clock voltages on the charge transfer efficiency. The 

noise-to-signal ratio and the linearity between the charge injection and detection were 

also measured but presented in Chapter 6 . The experimental results demonstrated 

that the fabricated CMCCD can operate properly within the clock frequency range 

from 100 KHz up to 100 MHz with a charge transfer efficiency of 0.9810.

A hybrid architecture of the Hopfiled ANN implementation using CMCCDs as 

analog synaptic weight storages was proposed in Chapter 5. This approach merges
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parallel multiplication/summation and serial neuron state updating and only needs 

one adder and one activation circuit, and therefore, reduces significantly the power 

dissipation, chip area as well as the complexity of the interconnections. The compar­

ison of the parallel, serial, and hybrid ANN architectures suggested that the hybrid 

architecture ranks first in power dissipation and chip area and second in computation 

speed among the three architectures. The overview of the operation of the hybrid 

A NN has shown that if the clock frequency is 100 MHz and 1000 neurons are inte­

grated, the hybrid ANN will update all the neuron states in 10 /.is.

The hybrid architecture consists of a synaptic weight storage array, a weight- 

summation circuit (WSC), an activation circuit, a TV-bit shift-register, and a TV- 

bit buffer-register. The GaAs CMCCD and MESFET designs of these subcircuits 

were given in Chapters 6  and 7. The weight storage array is composed of TV TV-bit 

CMCCD analog memories which include a self-connected Ar-pixel CMCCD, a 2-to-l 

multiplexer to control the write and read operations and a level-shifting circuit. The 

experimental results demonstrated the function of the CMCCD serial analog memory 

with very low noise (S/N = 60 dB), a large dynamic range (> 38 dB), and low on- 

chip power dissipation. The WSC was designed using TV MESFET transconductance 

amplifiers, and the activation circuit was designed using an operational amplifier 

configuration to give the hard-limiting function. Two versions of the shift- and buffer- 

registers, i.e., CMCCD and MESFET shift- and buffer-registers were designed. The 

comparison between two versions of the shift- and buffer-registers showed that the 

CMCCD shift- and buffer-registers consumes much smaller power as well as smaller 

chip area than the MESFET counterparts. All the MESFET circuits were simulated 

and fabricated using the NT/BNR 0.8 pm GaAs depletion-mode MESFET process. 

The experimental results have verified the circuit design and simulation.

The fabrication and measurement of a GaAs MESFET ANN IC were described in 

Chapter 8 . The ANN IC was fabricated using the NT/BNR 0.8 pm GaAs depletion­
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mode MESFET process. Because the NT/BNR process is not able to support the 

fabrication of the CCD, the chip only consists of a WSC with. 16 transconcluctance 

amplifiers, an activation circuit, a 16-bit shift-register, and a 16-bit; buffer register. 

A multi-chip approach was therefore taken and the CMCCDs were fabricated using 

the TRIUMF GaAs process. The synaptic weights were generated externally using 

EPROMs and 2-bit DACs. A series of measurement was made to evaluate the perfor­

mance and the function of the ANN IC. The experimental results have shown that the 

ANN chip has a good performance in terms of the linearity of the weight,-summation 

computation and the neuron hard-limiting function. By storing two encoded patterns 

(in the form of analog weights) into the synapses and applying a pattern to its inputs, 

the chip can reach a stable state which is the nearest match to the input pattern if the 

difference between the input pattern and one of the stored patterns is small enough 

(< 25%). Thus we have demonstrated the functionality of the chip as an associative 

memory. The discussions on the fabrication and the testing of the ANN 1C were also 

given.

9.2 R ecom m en d ation s for Future W ork

9.2.1 A N N  Circuit Design

As mentioned earlier, the original motivation of this work was to integrate I,lie MES­

FET neural processing circuit monolithically with CMCCD analog storage array. 

Because of the limitations of the GaAs IC fabrication process, we cannot achieve 

this goal at the moment. Our results seem to indicate that to fully utilize the speed 

advantage of the GaAs ICs, a CMCCD/MESFET compatible technology is essential.

We have demonstrated the function of the CMCCD serial analog memory (Chap­

ter 6 ). The performance of the CMCCD serial analog memory at high frequency
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can be improved if the level-shifting circuit and the write/read control circuit in 

the memory loop are integrated monolithically with the CMCCD. To achieve this, a 

CMCCD/MESFET compatible technology needs to be developed.

It was observed in the measurement that the main power dissipation of the ANN 

chip is caused by the shift- and buffer-registers and the activation circuit. We have 

shown that the CMCCD shift- and buffer-registers consume much less power than 

the MESFET shift- and buffer-registers. The MESFET shift- and buffer-registers 

can therefore be replaced by the CMCCD counterpart. This substitution will greatly 

reduce the power dissipation as well as the area of the ANN chip. Again, a CM­

CCD/MESFET compatible technology is required.

The ANN circuit we developed is actually a mixed-mode TC. With the increase 

in the applications of GaAs ICs, especially in the optoelectronic applications, more 

and more mixed-mode very large-scale ICs are required. Therefore it is necessary to 

develop a methodology for the GaAs mixed-mode IC design. Many approaches for 

the CMOS mixed-mode 1C design have been developed but very few for the GaAs 

mixed-mode IC was reported.

9.2.2 Synaptic W eight Loading and Learning

In this work, the synaptic weights were loaded into the CMCCDs serially. This is 

not; convenient for the programming and dynamic learning of the synaptic weights. A 

promising development will replace the CMCCD storage array by CMCCD detector 

arrays which enable optical parallel loading of the synaptic weights and the initial 

neuron states, and make the ANN work in an optoelectronic environment.

The number of the patterns stored in the Hopfield ANN (also called as the pattern 

storage capacity of the ANN) is determined by the learning rules. The learning rule 

we used (Eq. (5.10)) has limited the pattern storage capacity of the network. In
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addition, to ti erate such problems as dynamic range and signal-to-noise ratio of the 

analog weight memory, the synaptic weights can take only a number of values (or 

multiple values) instead of fully analog values. This also causes a decrease in the 

pattern storage capacity. Therefore, a new learning rule needs to be developed to 

allow a good pattern storage capacity with only restricted number of weight values.

9.2.3 Large Scale Integration of the A N N

An ANN chip with more than 16 neurons can be realised in the same way as we

discussed in this thesis. However, because of the limitation of the number of pins 

provided by the current packaging technology, on-chip multiplexers are needed to 

insert between the input of the ANN and the shift- and buffer-registers.

It is noted that the hybrid ANN IC has the ability to realize different types of

the neural networks in large scale. By cascading two chips , a forward propagation 

network (or so-called two layer perceptron network) can be achieved. Or, by using 

two chips in parallel, a network with more interconnections between adjacent layers 

can be realized.
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A ppendix A

D erivation o f the Electric Field in 

CM CCD

When the signal charge resides in the CMCCD channel, the channel potential is given 

by [70]:
\j(  N ,/   ̂ , qNd(xt - n s(x,y)/Nu)2 , AV{x, y)  =  ip{x,y) +  i —----------------------------------- (A.I.)

The first term in Eq. (A.l) is the channel potential in the absence of the signal charge,

and the second term is the channel potential only resulted from the signal charge.

The electric field in the CMCCD channel is then given by:

E{x, y)  =  - S j V ( x , y )

=  -  v  y )  -  V  ( ®£  -  n a( x ,  y ) / N , i Y
Z 6 a

=  -  v  ’>Kx i y) - ~ ( xt -  «»(*> v) /Nd) v  n»(x , v) (A.2)

Note that — y) is the fringing field. Eq. (A.2) can be rewritten as:

E(x,  y) =  Ej(x,  y) +  —( - _  Xl) s jna(x, y )  (A,3)
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A ppendix B

Equivalent Circuit M odel of 

CM CCD in SPICE3e2

The following is the equivalent circuit model for a unit cell of the CMCCD used in 

SPICE3e2 simulation. The model is actually defined in SPICE3e2 as a subcircuit, 

and one pixel of the CMCCD is formed by a number of such unit cells.

******* Equivalent-circuit Model of CMCCD for a unit cell *******
.LIB ccdcell
.SUBCIRCUIT ccdcell 1 2 201 202 K1 
♦Description of the Distributed C 
VI 1 101 0
Bla 101 0 V=V(201)*(1-1E14*V(201))/(0.579675E-15)
Bib 0 201 1=1(VI)
Cl 201 0 1
♦Description of the Current Sources
*Blbb K1 0 V=0.33E4*(V(Gl)-V(G4))*0.90
Blx J1 0 V=4.77e7*exp(-l*sqrt(V(Kl)~2+le-40)/1644)
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+ +3.24e7/(l+(sqrt(V(K1)~2+le-30)/l30.5)~0.32)
Blu LI 0 V=5000/sqrt(l+(5000*V(Kl)/V(Jl))-2)
Biz Ml 0 V=129.5
+ f312*exp(-l*(ln(sqrt(VCKl)“2+le-30)/3394.8)/ln(1.82))'2)
Blc 1 2 I=4e4*V L1)*V(K1)*V(201)
Bid 1 2 I=16e8*V(Ll)*V(101)*(V(201)-V(202))
Ble 1 2 I=16e8*V(Ml)*(V(201)-V(202))
.ENDS ccdcell 
.ENDL ccdcell



A ppendix C

Fletcher-R eeves M ethod

The Fletcher-Reeves method is  ̂ conjugate-direction-approach-based optimization 

algorithm [57] [58]. Its main feature is that constants cv̂  for k — 0, 1, '2, ... are 

determined by minimizing / ( x  +  adfc) with respect to a  using a line search, while the 

line search direction d* is a conjugate direction with respect to d^—i, d ..., d0. 

The Fletcher-Reeves method is more amenable to the minimization of nonquadratic 

problems since a larger reduction can be achieved in calculating /(x )  along d* at 

points outside the neighbourhood of the solution. In addition, this method obviates 

the calculation of the Hessian matrix H ( x ) 1 the second-order partial derivatives of

/(*)•
Before describing the Fletcher-Reeves method, we define the following. If /(x )  € 

C 1 where x  =  [xix2...xn]J , the gradient vector of /(x )  is defined as

=\dl K  M.
9K } [dxi  dx2 ' "  dxn = V /(x ) (C.l)

If there exists a finite set of district nonzero vector {d0, d*, ..., d*} such that

d f H d, =  0 (C.2)

for all i 7  ̂ j , where H  is a real symmetric matrix, the vector {d(), d| , ..., d is said
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to be conjugate with respect to H ,  and dfc is said to be a conjugate direction with 

respect to d*_i, dfc_2, ..., d0.

An implementation of the Fletcher-Reeves algorithm is described as the following.

Step 1 Input Xo and e.

Step 2 Set k = 0.

Compute go and set do =  — go-

Step 3 Find a^, the value of a  that minimizes /(x^. +  ad^).

Set X£„|_i — x& -f- otfcd/;.

Step 4 If Jxjt+x -  x*:| =  la^dfcl < e, then do: 

output x* =  x*+i, /(x*) =  /(x*+1); 

stop.

Step 5 If k =  n — 1, set x 0 = x*+i, and go to Step 2.

Step 6 Compute gk+i- 

Compute

8k =  gfetiS**1 
H s*g k

Set dk+i =  —git+x +  Pkdk- 

k = k +1, and repeat from Step 3.



A ppendix D

N oise A nalysis of CMCCD

Noise in a GaAs CMCCD can be separated into four components: (1) thermal gen­

eration noise (or shot noise, dark current noise), (2) bulk trapping nob.; (or fast 

interface state noise), (3) input noise and (4) output noise (or K T C  noise). The first 

two types of noise are associated with charge transfer arid the last two are associated 

with charge injection and detection.

D .l  T herm al G eneration  N oise

The thermal generation noise, nth, is due to the thermally-generated leakage current 

and is given by the square root of the number of thermally-generated electrons in the 

charge packet as it is transferred down to the CMCCD channel. An expression of n(/t 

is given by [25]

nth =  y ( J dAeNT)/(qfc) (D.l.)

where Jd is the leakage current density, Ae is the area of the transport electrode, N t  

is the number of transfers in the CMCCD and f c is the clock frequency. For the 

two-phase and uni-phase CMCCDs, assuming f c =  100 MHz, N j  =  128 X  2, N d =
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.5 X 1016 /cm3 arid therefore Jd — 1.5 x 10~7 A/cm2 [19], the thermal generation 

noise can be calculated by Eq. (D.l) and are 31 and 32 electrons, respectively.

D .2 B ulk  Trapping N oise

Bulk traps are the dominant sources in fast interface state noise for GaAs CMCCD 

since the signal charge packets are transferred within the bulk of the CCD channel. 

The bulk trapping noise is given by [64]:

ntrap =  yjNTVsiGNtexp(-Tt/Te)[l -  exp (-T t/Te)\ (D.2)

where V s i g  is the volume that the charge packet occupies, N t is the number of bulk 

states per unit volume and typically 1011 /cm3, Tt is the transfer time, and re is the 

electron emission time constant. It can be seen from Eq. (D.2) that the bulk trapping 

noise decreases as the size of the charge packet decreases because the volume that a 

charge packet occupies is a strong function of the size of the charge packet. Therefore, 

the bulk trapping noise does not impose a serious limitation to the signal-to-noise 

ratio of the CMCCD. The factor in Eq. (D.2) has a maximum value of 1/2 when 

1\ =  reln2 [64]. Assuming the size of the charge packet is 106 electrons, then V s i g  

«  10e/Nd =  0.5 x lO-10 cm3. Thus the bulk trapping noise for the two-phase and 

uni-phase CMCCDs is approximately 36 and 51 electrons, respectively.

D .3  Input and O utput N oise

The charge injection and detection in a CMCCD frequently employ some means 

of charging a capacitor to a certain level. When a capacitor is charged through a 

resistor, the voltage across the capacitor contains some noise due to the fluctuation of 

the voltage across the resistor. The noise related to the charge injection and detection
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is given by [64]:

W’input -J k tC u  

ôutput TC,

(D.3)

(D.4)

where K  is Boltzmann constant, T  is temperature, C{np is tlie depletion capacitance 

of the input gate Gi in Fig. D.l, and Cop is the sum of the capacitance associated with 

the output ohmic contact and the gate parasitic capacitance of the output: buffer, as 

shown in Fig. D .l. Since the input and output noise is only proportional to the square 

root of K T C ,  they are also called K T C  noise. At room temperature, Eqs. (D.3) and

R/G R/D

l/P Gi G2

fr
011____

__

Input section

P/D

G3

I f f

Cop=£s

::?::CGS B/O

r <
B/S

Output section

Figure D.l: Input and output sections of the CCD.

(D.4) become:

Hinput — 400y C,np(p.F) 

output = 400y  C o p ( p F )

The depletion capacitance C i np can be calculated approximately by:

(D.5)

( D . 6 )
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where Xt is the thickness of the active layer and Aq, is the area of Gi. And Cop is 

given by:

Cov =  G g d  + ( 1  -  Gv)Cgs ( D . 8 )

where G v  is the voltage gain of the buffer. C g d  and G q s  are approximately 1.5 fF per 

micron of channel width for the depletion-mode GaAs process. Assuming the area of 

Gi is 500 pm2, x t -- 0.3 pm, the width of the MESFETs is 50 pm, then C,np ~  0.2 pF 

and Cop «  0.1 pF. Using the values of Ctnp and Cop, we obtain the input noise ninput 

= 179 electrons, and the output noise noutput =  127 electrons for both the two-phase 

and the uni-phase CMCCD.

D .4  S ign al-to-N oise R atio

The Signal-to-noise ratio (S/N) of the CMCCD, expressed in terms of signal level 

within the devices, is determined at the upper end by the maximum charge handling 

capability and at the lower end by the various noise sources present in the CMCCD 

channel. For both the two-phase and the uni-phase CMCCDs, the maximum charge 

packet size is given by [66]:

Qmax — Ce^BH  ( D . 9 )

where Ce is the depletion capacitance associated with the area of that part of the 

electrode under which the charge is stored, and if?BH is the depth of the potential 

well (or the barrier height). Using the parameters obtained in Chapter 3, we have 

the maximum charge handling capability of 8.6 x 105 electrons for the two-phase 

CMCCD and 6.0 x 105 electrons for the uni-phase CMCCD. If we define the S/N  

of the CMCCD as 20log(Q max/ Q  noise), then they are 67 dB and 63 dB for the two- 

phase and the uni-phase CMCCDs, respectively. Table D.l lists the various noise 

contributions as calculated above, the total noise, and the S/N for the two-phase and
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the uni-phase CMCCDs.

Noise Two-phase CMCCD Uni-phase CMCCD

Thermal generation 31 e~ 32 e“

Bulk trapping 36 e~ 51 e“

Input 179 e~ 179 e"

Output 127 e" 127 e"

Total noise 373 e" 389 e“

Max. charge packet size 8.6 x 105 e~ 6.0 x 105 e~

S/N ratio 67 dB 63 dB

Table D.l: Noise and S/N of the two-phase and the uni-phase CMCCDs



A ppendix E

Stability Analysis of the  

A ctivation Circuit

The activation circuit has an operational amplifier configuration. An amplifier is re­

quired to be unconditionally stable in almost all of the applications. Therefore, an 

amplifier should have a one-pole open-loop transfer function. In practical amplifier, 

however, the ideal one-pole transfer function is not achievable. It is, therefore, neces­

sary to compensate the frequency performance of the amplifier to avoid oscillations. 

In our design, a Miller compensation capacitor Cc was connected across the gain 

stage.

The effect of the input stage is to function as a transconductance amplifier with 

an output current given by firm/utn. If the effect of the output source follower is 

ignored, the activation circuit configurated by the two-stage operational amplifier 

with a Miller compensation c >acitor can be modeled by the equivalent circuit [74] 

as shown in Fig. E.l. The overall transfer function for the equivalent circuit is given 

by:
Vout _  gmi9 miirirn ( 1 — sCc/gmii)  ^
Vin ~  1 +  s A  +  s W  { >
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Cc

+

T

+

© Q m nV i
■ru

+

V o u t

Figure E.l: Small-signal equivalent circuit for a two-stage operational amplifier, 

where

A  =  r i ( C r  +  C c) +  r ; [ ( C n  +  C c) +  gm i i r i r I tC c,

B  =  r t m i C i C n  +  Cc(C t  +  C„)]

Neglecting the finite value of the gain at low frequencies, the voltage gain in the mid- 

and high-frequency ranges can be simplified and is given by:

(E.2)
Vi n ( j U )) U)Cc

Eq. (E.2) exhibits a 6 dB/octave rolloff and reaches a unity-gain at u>\ =  gmi / C <:.

The value of C c is obtained

C c
fjmf
2tt/ i

(E.3)

If gmi  and / x are assumed to be 4 mS and 1 GHz, respectively, C c is approximately 

0.6 pF.
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