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Abstract

Broadband ISDN will be tre foundation of the next generation of telecom-
munications networks, offering a single high bandwidth network capable of
efficiently transmitting all forms of data, including voice, image, video and

computer data.

Asynchronous Transfer Mode (ATM) is the protocol used to transmit data
in Broadband ISDN networks. Traditionally data rates have been limited
by transmission technology and not switching, however due to recent
advantages in transmission technologies such as optical fibre, the opposite
is now true. To support this new ATM network, switches capable of switch-

ing several gigabits of data per second must be designed.

Gallium Arsenide (GaAs) is an excellent material for the implementation of
high speed ATM switches because of its high electron mobility and low par-

asitic capacitance, and superior speed/power performance over silicon.

One of the main requirements of an ATM switch is buffering. To maximise
throughput, this buffering is ideally located on-chip. Due to the size of the
ATM cell, large amounts of buffer space are required and the memory cell

must therefore be compact and its power dissipation small while still

XV



retaining acceptable performance. These properties are usually associated
with Dynamic RAM, however due to it’s leaky nature, most GaAs RAM

designs are static in nature.

This thesis discusses the design of a Dynamic RAM in gallium arsenide for
use as a buffer in an ATM switch. The causes of leakage are investigated
and methods to overcome or compensate the leakage are devised, resulting
in a memory cell with a large storage time, high speed and low power dissi-
pation. Based upon the cell, a 14kbit (128 words x 112 bits) RAM array is
designed and layed out in gallium arsenide. The RAM array is designed to
operate over a -25 °C to +125 °C temperature range using process parame-

ters which vary by up to 2 ¢ from typical.

Xvi
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Chapter 1: Introduction to
Broadband ISDN and
ATM

Traditional communications networks have evolved around voice, and the
fact that the most scarce resource was bandwidth. With the advent of mod-
ern optical fibre, bandwidth is no longer of concern, with the bottleneck
forming instead at the switch nodes. Combined with this is the desire to
create a single all-purpose network, suitable not only for voice communica-
tions, but many other forms such as data, facsimile and digitised video and
images. These services require high bandwidth digital transmission, hence

the need for the Broadband Integrated Services Digital Network (BISDN).

1.1 Broadband ISDN

The Broadband Integrated Services Digital Network (BISDN) will be the
foundation of the next generation of telecommunications networks, inte-
grating voice, video and data onto a single, worldwide, public access net-
work. The first transition from the current analogue telephone networks to
BISDN has been implemented as a low bit rate (typically 64 kbit/s) service
called Narrowband ISDN (NISDN). However, because of its limited band-
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width it is unsuitable for video, images and other high bit rate services.
Currently standard bit rates for Broadband ISDN are set at 150 Mbit/s,
622 Mbit/s and 2.4 Gbit/s, with higher bit rates becoming standard as

switching technology improves.

NISDN is implemented using circuit switching, as is the current analog
network. In circuit switching, time is segmented into fixed size recurring
frames, with each frame being divided into a number of slots. A channel is
identified by the position of the time slot it uses within the frame. A partic-
ular call is allocated a channel (hence a slot within the frame) and keeps
that channel for the duration of the call [5]. Because of this fixed structure,
the call has a fixed bandwidth available to it, and is hence most suitable for
fixed bit-rate services. If a variable bit-rate service were to be transmitted
using circuit switching, at times when its bit-rate is low it may not require
all of the allocated slots resulting in an inefficient use of bandwidth. When
its bit-rate is high, it may require more bandwidth than has been allocated
resulting in long delays in the transmission of this extra data. For these
reasons circuit switching is unsuitable for variable bit-rate services, and
hence a different protocol is required for BISDN. The protocol, chosen by
the CCITT Study Group XVIII Task Group on ISDN Broadband Aspects
[1], 1s called Asynchronous Transfer Mode [2].

1.2 Asynchronous Transfer Mode

In Asynchronous Transfer Mode, time is again segmented into fixed size
slots, however the slots are allocated to a particular service on demand,
with any service having access to any particular slot, unlike the fixed allo-
cation structure used in circuit switching. In this way variable bit-rate
services are more efficiently transmitted. Because of the lack of fixed struc-
ture of ATM, a particular service cannot be identified by the position of its
slot. Each packet of information being transmitted must therefore have its
own identification. This information (along with other information which
will be discussed later) is contained in a header which is appended to the

data at the start of the cell. Therefore, as well as transmitting the data, a
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header must also be transmitted resulting in a less efficient use of band-
width than transmitting the data alone. In terms of efficiency it is there-
fore desirable to have the header comprising the smallest proportion of the
cell length as possible which can be achieved by making the cells very big.
However this introduces packetisation delay. The cell cannot be transmit-
ted until each packet of data is full and the longer the packet is, the more
time a cell will take to be filled. Packetisation delay is therefore minimised
by minimising the size of a cell. Obviously a trade-off has to be made
between bandwidth efficiency and delay. The ATM cell has been standard-
ised at a length of 53 bytes, with 5 bytes of header information and a 48
byte data payload [3]. The general structure of an ATM cell is shown in

Figure 1.1.
48 byt
5 bytes ytes -
Header - Péy}oad
=i -
53 bytes

Figure 1.1. General structure of an ATM cell

1.2.1 ATM Cell Format

There are two different header formats defined in ATM, that at the User
Network Interface (UNI) and at the Network Node Interface (NNI). The
cell format at the Network Node Interface is shown in Figure 1.2 [6]. The
header includes the following fields:

o VPI: Virtual Path Identifier (12 bits) - This field defines the Virtual Path
which contains this cell’s Virtual Channel. A Virtual Path is a collection

of Virtual Channels.

o VCI: Virtual Channel Identifier (16 bits) - This field defines the Virtual
Channel within the Virtual Path along which the cell will be routed.
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Bytes
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Payload

Figure 1.2. Format of the ATM cell at the Network
Node Interface

e PT: Payload Type (2 bits) - This field defines the type of information con-

tained in the payload. e.g. user, network control etc.
» Res - Reserved for future use (1 bit).

o CLP: Cell Loss Priority (1 bit) - A high priority cell will have preferential
treatment over normal priority cells throughout the switch fabric to
increase its probability of being successfully reaching its destination in

the minimum time.

o« HEC: Header Error Control (8 bits)- This field contains a Cyclic Redun-
dancy Code (CRC) to detect errors within the header.

1.3 ATM Switching Requirements

The role of an N x N ATM switch is to accept cells at any of N inputs, and

route them to any of N outputs. In the case that more than one of the input
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cells require simultaneous access to an output, some form of buffering must
be supplied to allow cells to be routed sequentially. Thus an ATM switch

has two functions:

1. Routing

2. Buffering

The quantity and architecture of the buffering will determine the number
of cells that will be lost in the switch. This is referred to as the cell loss

rate. The cell loss rate should ideally be no more than that of optical fibre

(the likely transmission medium), approximately 1012 {7].

1.4 ATM Switches

A typical ATM switch block consists of an ATM switch, Input and Output

Line units and some form of control as shown in Figure 1.3.

The Line Units are the interface between the switch architecture and the
transmission medium. They must perform functions like header error cor-
rection, synchronisation and translate the data from the raw ATM form
into that required by the switch, if necessary. This is further discussed in

Section 1.5.1.

The Switch Control is used to monitor traffic within the switch and ensure
that blocking throughout the switch is minimised. To do this, cells are

routed through areas of minimum congestion.

1.4.1 Switch Architectures

There are three basic types of ATM switching architectures, named after
the configuration of their buffering: Input buffered, Shared buffered and
Output buffered [4]. The basic architecture of each is shown in Figure 1.4.

Each of the particular architectures has advantages and disadvantages.

In summary:
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Figure 1.3. A typical ATM Switch Block

1. Input Buffered switches have FIFO buffers on each input. Incoming
cells are placed into the buffers. If contention occurs, the cell at the front
of the FIFO is held back. This leads to what is called Head Of Line
(HOL) blocking. This architecture has the poorest performance of all
three in terms of cell loss [4]. However, the buffer needs only to read
from one input and write to one output and hence the required memory
speed is much lower than other types at only 2B, where B is the input

data rate.

2. Output Buffered switches have FIFO buffers at each output of the
switch. The problem of HOL blocking disappears, hence these switches
have much better performance than input buffered switches, however
this comes at the expense of increased memory speed. The buffer must
read from each input and write to one output and hence the required
memory speed is (N+1)B where N is the switch size and B is the data

rate.
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Figure 1.4. ATM Switch Architectures
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3. Shared Buffer switches offer a more efficient way of using memory than
Output buffered switches, hence for the same cell loss rate, a smaller
buffer size can be used, saving considerable chip area. However this
comes at the expense of increased switch complexity and higher memory
speed. The Buffer needs to read from N inputs and write to N outputs
hence the required buffer speed is 2NB, where N is the switch size and B

1s the data rate.

Many ATM switches have been designed around these architectures
[4][8][9].

1.5 2 x2 ATM Switch

Due to the experimental nature of this research the chosen architecture
was designed to be small and scalable. As such the basic switch is 2 x 2 in
size, and has been segmented into three distinct chips, composing a multi-
plexer chip, a router chip and a buffer chip. Figure 1.5 shows the 2 x 2
switch. The two incoming ATM cell streams are multiplexed onto a single
line of twice the bit-rate and passed into a router chip for routing. The
router then interprets the header information and sends the cell to either of
its outputs. The outputs from the router are then passed into a buffer chip
which halves the bit-rate and thus the outputs from the buffer chip are at
the same bit-rate as the inputs to the switch. This technique is called Bit
Rate Conversion [10]. The switch architecture is of the output buffered
type. The switch has been designed to operate with two input streams with
bit-rates of 2.4 Gb/s, by parallelisation of the input data stream onto 16
lines. The architecture was proposed by Jakobsen [11]. The full specifica-
tions of the chip set can be found in [12].

1.5.1 Cell Format Within the Switch

To enable routing of the cell without modification to the original ATM cell,
an additional header is appended to the cell before it enters the switch fab-
ric by an Input Line Unit (ILU). This 3-byte header is shown in Figure 1.6.

The header contains the following information:
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Bit-rate: B 2B 2B B

. v
Input \ — / Output
.

T —

/ \

Multiplexer Router [P —»
Chip Chip —_—

Buffer
Chips

Figure 1.5. 2 x 2 Switch Architecture

S - Start Bit: If set to 1 the cell is valid. If the entire header is set to 0

the cell is empty or idle and is ignored by the switch.

e P - Priority: This is the same as the Cell Loss Priority (CLP) as in
Section 1.2.1.

e B - Broadcast: If set to 1 the cell is broadcast to both outputs of the

router.

e A - Address Field: A 16 Bit Address field. The first bit is used by the cur-
rent router and then shifted out to prepare for the next router. Thus a
cell can pass through a maximum of 16 routers or switches before a new

address field must be written.

e R - Reserved Field: 5 Bits reserved for future use.

Of course, this extra header is an additional overhead in the switch which
reduces its efficiency and effective data throughput. An alternative way of
routing is to use an on-chip look up table which determines from the VCI/
VPI of the cell which output the cell should be routed to [15], but this adds

significant extra complexity into the switch design. The bit-rate must also
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S|P|BlAO|AL-----------. Al5 Reserved ATM Cell

Figure 1.6. Extra Header inside the Switch Fabric

be increased proportionately to allow transmission of the extra informa-

tion. For example the 2.4 Gb/s data-rate must be increased to 2.53 Gb/s.

The total size of each cell is therefore 48 bytes ATM payload + 5 bytes ATM
header + 3 bytes extra Switch header = 56 bytes. Therefore the size of the
32 cell buffer is 32 x 56 x 8 = 14336 bits = 14 kilobits.

1.5.2 Buffer Chip

The buffer chip receives one input stream and outputs one input stream at
one half the input rate. Because the input stream is coming from the
router which has two outputs, on average half of the input cells will be
information bearing and the other half will be empty. However there will
be fluctuations where more than half of the router traffic will be diverted to
one buffer (equivalent to contention within the switch). These fluctuations
must be absorbed by a buffer otherwise the excess cells will be lost. The
larger the buffer, the fewer the number of cells that will be lost. The buffer

size has been chosen to be 32 cells, according to [4], such that the switch

will have a cell loss rate of 10712 at an offered traffic load of 0.6. i.e. 60% of
the ATM cells arriving at the switch contain information and have to be
processed, while the remaining cells are empty and are discarded by the

switch.

The buffer consists of Serial to Parallel converters, to convert the input
data stream into 112 bit words (see Section 6.1), a 32 cell memory where
the ATM cells are temporarily buffered, and Parallel to Serial converters to
convert the output data stream back to the serial format of the input

stream. The Input Controller, Buffer Manager and Output Controller con-



Chapter 1: Introduction to Broadband ISDN and ATM 11

trol the operation of the Serial to Parallel Converters, Memory Array and

Parallel to Serial converters respectively. A floor plan of the buffer chip is

shown in Figure 1.7 [16].

Input Buffer Output
Controller Manager Controller

= S

ol Memory g 2
s 3 Array 0 g
Q—i - » ? (@) 4;
o 9 Drivers S5
=g and T 5
80 Decoders TS
’5 ~

o i

Figure 1.7. Floor plan of the Buffer Chip

The design and implementation of the 32 cell memory is the main concern
of this thesis. The design and implementation of the control logic associ-

ated with the buffer chip was done by Eric Chu and can be found in [16].

1.5.2.1 Buffer Memory Performance Requirements

The buffer memory performance specifications are as follows:

1. Storage time:
The data is being read from the buffer at 2.53 Gb/s. The maximum time
a cell must be stored will occur when the cell is in the 32nd memory cell.
Each cell is 56 bytes long (Section 1.5.1). Therefore the maximum
require storage time is:

32x56x8

253% 10°

= 5.66 Us
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The buffer therefore has to have a storage time of at least 5.66 us. Note
that for slower bit rates, the storage time required will increase propor-
tionately. For example at a data rate of 622 Mb/s (increased to 657 Mb/

s), the storage time required is 21.8 ps.

2. Read and Write Cycle Times:

The read and write cycle times will depend on the word size of the buffer
(i.e. how much data is read/written to the buffer per operation). The
array is dimensioned into 128 words each of 112 bits as described in

Chapter 6. Therefore, as the data is being fed into the buffer at 5.06 Gb/

s, a write operation must be performed every 112/5.06 x 10° = 22.1 ns.
The data is read out of the buffer at 2.53 Gb/s, so a read operation is per-
formed every 44.2 ns. Therefore the read and write cycle times must be

less than 44.2 ns and 22.1 ns respectively.

3. The data is only read from the cell once, and so no advantage is obtained

using a cell with a non-destructive read cycle.

4. Because there is no synchronisation between input and output circuits,
the memory cell will ideally be dual ported, so that the array can be both
read from and written to simultaneously [16]. This also maximises

available read and write cycle times.

1.5.3 Multiplexer Chip

The multiplexer receives two input streams and multiplexes them onto a
single output line at twice the bit-rate. In this way no cell loss occurs inside
the multiplexer chip. The complete specifications for the multiplexer chip

can be found in [12].

1.5.4 Router Chip

The router chip receives a single input stream from the multiplexer and
interprets the first bit of the cell, then deciding to route the cell to either of

the two outputs. Both output streams run at the same speed as the input
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stream to ensure no cell loss occurs within the router chip. The full specifi-

cations of the router chip can be found in [12].

1.5.5 Larger Switch Networks

Once the two by two switch has been completed, larger switches can be con-
structed using multiple smaller switches. There are many different config-
urations for such switches, such as the Delta network [13] and the Benes
network [14], both shown in Figure 1.8. The Delta network uses a smaller
number of switches to implement the larger switch network, but only has
one possible path from each input to each output. The Benes network,
whilst using a larger number of smaller switches, has multiple paths from
each input to output and therefore has superior performance as it is less
easily blocked. In fact, the Benes network is the smallest network for

which all permutations of interconnect are realisable [4].

1.6 Gallium Arsenide Implementation

To maximise the bit-rate in the switch, it will be implemented in gallium
arsenide (GaAs), a compound semiconductor with superior speed/power
characteristics to silicon [19]. However GaAs is not without its disadvan-
tages. In many instances it is harder to design than silicon, as currently it
is a non-complimentary process (similar to nMOS), it is prone to leakage
currents and other detrimental effects, and is also subject to a large varia-
tion in characteristics across the process. These properties make the
design of a suitable memory buffer, with low power dissipation, high den-

sity, fast cycle times and long storage time a particularly challenging task.

The chip set is being implemented in the Vitesse H-GaAs II process, a
0.8 pm Self Aligned Gate Array (SAGA) process [26]. This process is specif-
ically designed and optimised for high speed digital logic. However, as will
be seen in the following chapters, the Dynamic RAM storage time may be
improved in a process designed for analogue circuits with more emphasis

on minimising leakage and process variation effects.
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Figure 1.8. Constructing Larger Switches
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The memory array designed in this thesis has been designed to operate
over a temperature range of -25°C to +125°C, and over a process variation
in parameters of 20 slow to 2¢ fast from typical parameters (For informa-
tion on process spread please see Section 2.4.5). Because of this very wide
operating range, many of the circuits have been over designed, particularly
to function at 2¢ slow. The result is an increased power consumption at
typical operation, but also an increased yield in chips which will operate to

specification.
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Chapter 2: Gallium Arsenide
VLSI

This chapter will provide an introduction to gallium arsenide, its properties
and advantages/disadvantages over silicon, and the processes used to fabri-
cate GaAs VLSI (Very Large Scale Integration) wafers. The operation and
modelling of GaAs devices will then be discussed, including inaccuracies in
the modelling process. A summary of GaAs logic families will then be pre-

sented, with a detailed discussion of those families used in the thesis.

2.1 Structure

Gallium arsenide (GaAs) is a compound semi-insulator material composed
of the elements gallium (Chemical Symbol Ga, Group III of the periodic
table) and arsenic (Symbol As, Group V). The atoms are arranged in a crys-
tal lattice structure. To enable switching devices to be fabricated, it is nec-
essary to introduce impurities into the GaAs substrate which enables the
GaAs to become conductive. This process is referred to as doping. Once the
material has been doped, it must be heated to a high temperature to allow
the dopant atoms to become part of the crystal lattice structure, a process

called annealing. The dopant usually used is silicon, and after annealing,
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the silicon atoms take the place of the large Ga atoms, not the smaller As.

The structure of gallium arsenide both before and after doping and anneal-

ing is shown in Figure 2.1 [17].
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Figure 2.1. Crystal Lattice structure of GaAs.
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2.1.1 Comparison with Silicon

Gallium Arsenide’s properties make it suited to high speed micro-electron-

ics and microwave applications. These properties include:

1. Gallium Arsenide’s electron mobility, |, and saturated drift velocity is
higher than that of silicon [18], with the result that for a given Electric
Field, E, the velocity, v, of electrons in GaAs will be higher, related by the

expression:

v=u-E (EQ 2.1)

Figure 2.2 shows the drift velocity of electrons in both GaAs and Silicon
as a function of the Electric field [20], emphasising the superiority of
GaAs. As the Electric Field is increased to very high levels (>> 10 kV/
cm), the saturated drift velocities of GaAs and Silicon approach one
another [19], and so the maximum speed advantage is only obtained at
low values of Electric Field. Although dependant on a large number of

factors, this speed increase is a factor of approximately 6 [18][20].
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Figure 2.2. Drift Velocity of electrons in GaAs and silicon.
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2. Gallium Arsenide’s band gap is higher than that of Silicon. The band
gap is the distance (in energy) between the valence and conduction
bands. In large band gap materials, few electrons have enough thermal
energy to jump from the valence band to the conduction band and hence
the material will be an insulator. In conductors, the band gap is very low

and many electrons have the energy to reach the conduction band.

Gallium Arsenide’s higher band gap therefore makes it a better insulator
than silicon and its resistivity is consequently approximately 3 orders of
magnitude higher. This provides for better insulation between devices
without the pn junction isolation required in Silicon[20]. More impor-
tantly, however, the semi-insulating nature of the substrate reduces the
magnitude of parasitic capacitances compared to the better-conducting
silicon substrate, further increasing the relative speed advantage. How-
ever, in large digital circuits, often metal lines are closely packed and
highly interconnected resulting in high coupling capacitances. This can
result in capacitive loading in GaAs being of similar size to a silicon cir-

cuit [22].

Figure 2.3 shows the Energy band diagrams of GaAs and Silicon
[18][21].
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Figure 2.3. Energy Band Diagrams of Gallium Arsenide and
Silicon.
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3. Gallium Arsenide is a direct band gap semiconductor. A direct band gap
material has the minimum of the conduction band occurring at the same
crystal momentum as the maximum of the valence band [18], as demon-
strated in Figure 2.3. The most likely transition between valence and
conduction band will be the one that requires the least energy change,
i.e. from the peak of the valence band to the minima of the conduction
band. Thus in GaAs, these transitions require no momentum change
and can be effected by emitting or absorbing a photon. This gives GaAs
excellent optoelectronic properties, allowing integration of optical and
electronic components onto a GaAs chip. This will be important in Ultra
High Speed systems of the future [17], where fast optical interconnec-

tions will play in important role.

Figure 2.3 also shows that silicon is not a direct band semiconductor, and
thus electrons require both a change in energy and momentum to trans-
fer from one energy band to the other. The momentum change implies
some physical interaction with the lattice and is much less likely to

occur.

4. Gallium Arsenide has a higher resistance to radiation damage (radiation
hardness) than silicon. This makes GaAs an ideal technology for use in
space where high radiation levels are present, giving higher reliability
ICs and lighter spacecraft as the need for heavy shielding is reduced

- [23].

Although these advantages make GaAs appear a perfect semiconductor
material, there are many problems and disadvantages associated with
designing, fabricating and using it. While some of these are elaborated fur-

ther on, a short list is presented here:

1. Gallium Arsenide material is generally more brittle and fragile than sili-

con, and requires very careful handling. It is also highly poisonous.

2. Gallium Arsenide is more susceptible to damage by Electro-Static Dis-
charge (ESD).
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3. Gallium Arsenide circuits are usually more susceptible to leakage

effects.

4. Present Gallium Arsenide MESFET technology provides only n-type
devices, meaning all logic families are non-complimentary - similar to
silicon nMOS, although complimentary GaAs processes, offering both n-
FET and p-FET devices are in the developmental stage [24]{25].

5. Gallium Arsenide process technology is about 5 years behind present sil-
icon technology. This is reflected in larger device sizes and less sophisti-

cated modelling.

6. Gallium Arsenide fabrication costs are more expensive than an equiva-

lent silicon process.

2.2 Technology

Gallium Arsenide technology currently provides two major technologies;

MESFET (MEtal Semiconductor Field Effect transistor) and HEMT (High
Electron Mobility Transistor), with the MESFET being most readily availa-
ble. MESFET technology has also reached a point where Very Large Scale
Integrated Circuits, with more than 1 000 000 transistors on a wafer are
achievable [27]. HEMT technology is still at a lower level of integration,

making it useful for small, very high speed circuits.

2.2.1 GaAs Schottky Barrier Diodes

The Schottky Barrier diode is the simplest of the GaAs devices. A Schottky
barrier diode is a rectifying metal-semiconductor junction, named after W.
Schottky [28]. In GaAs, such a diode consists of a layer of gate metal over
n-doped substrate (active area), the metal becoming the anode connection
and the semiconductor becoming the cathode. This forms a metal-semicon-
ductor junction. The current flow mechanisms in the schottky diode are
different from those in the pn junction diode (minority carrier devices) as
schottky diodes are primarily majority carrier devices [19]. Many detailed

discussions of schottky barrier diode operation are available [19][28][29].
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A potential barrier is formed at the junction of the metal and semiconduc-
tor. The potential barrier is often referred to as the built-in voltage, Vg;.
At the equilibrium point of the metal and semiconductor, the built-in volt-
age is such that zero net current flows across the junction, with current
flow due to the built in voltage from the channel to the metal being
matched by thermionic emission of electrons in the opposite direction from
anode to cathode [28]. This results in the highly n” doped substrate being
positively biased with respect to the metal gate, as in Figure 2.4. The cur-

rent due to the built-in voltage is called the saturation current, Ig.

N

Anode Cathode

Va1

e

Semi Insulating GaAs Substrate

Figure 2.4. Schottky Barrier Diode.

If a forward bias is applied to the diode, the built-in voltage is reduced and
electrons will begin to flow from the channel and into the metal. As the for-
ward bias is increased, the current flowing will increase exponentially. The

reverse current due to thermionic emission, with value -Ig remains inde-

pendent of the applied voltage [19]. Under the reverse-bias case, the built-
in voltage is increased which effectively reduces the current flowing from
channel to metal to zero, leaving a constant reverse bias current of elec-
trons flowing from the metal into the channel. The current flowing in a

schottky diode can be expressed as:

_ q-V
I= IS-exp(n'k'T)—IS (EQ 2.2)
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where Ig is the saturation current, V is the voltage applied to the diode ter-
minals, n is the ideality factor and kT/q is the thermal voltage. The first

term in Equation 2.2 is the forward current, the second being the reverse

current. Referring to the above explanation of diode operation:

1. Under forward bias, as V increases, then I increases exponentially.

2. Under no external bias (V = 0), the forward and reverse currents are

equal, resulting in zero net current flow.

3. Under reverse bias, as V becomes very negative, the first term (forward
component of the current) becomes zero and the current becomes the

reverse-blas saturation current.

The above analysis is for an ideal schottky diode, but there are several sec-
ond order effects which are not taken into account in Equation 2.2, includ-
ing: non-saturation and breakdown in reverse bias [33][34], edge effects

[30], high level injection effects [31] and defects in the diode junction [32].

2.2.2 GaAs MESFETs

The GaAs MESFET is quite similar in structure to a silicon MOSFET.
There are two varieties of MESFET;, the enhancement mode MESFET (nor-
mally off) and the depletion mode MESFET (normally on).

The MESFET is formed by implanting n-type ions in the semi-insulating
GaAs substrate, forming the conductive channel, and placing a layer of
metal over the channel to form the gate. Drain and Source connections are
then made at each end of the channel using an ochmic contact - a metal sem-
iconductor junction which does not produce a schottky barrier junction.
The gate metal and implanted channel form a schottky gate junction and
due to re-combination of electrons and holes, a depletion region is formed
on either side of this junction. On the channel side, this depletion region
extends into the channel some distance, reducing the effective thickness of
the implanted conductive channel. Depending on the impurity concentra-
tion and depth of the channel, the depletion region may extend down to the

semi-insulating substrate, making conduction from drain to source impos-
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sible. This condition is referred to as cut-off. By applying a voltage to the
gate relative to the source, the depth of the depletion region can be altered.
A positive voltage on the gate will attract electrons from the substrate into
the channel, increasing their concentration and thus reducing the depth of
the depletion region, thereby increasing the effective thickness of the con-
ducting channel. Conversely, by applying a negative voltage to the gate,
electrons in the channel are repelled, reducing their concentration and
increasing the depth of the depletion region. The effective thickness of the
conducting channel is reduced. The voltage at which conduction begins (i.e.

channel thickness becomes non-zero) is called the threshold voltage.

An enhancement mode, or normally off transistor is one which under no
external gate-source bias is cut off. A positive gate source voltage must be
applied to turn on the transistor. In the Vitesse H-GaAs II process, the
threshold voltage of an enhancement mode transistor is typically 0.227

volts [26].

A depletion mode, or normally on transistor is one which is conducting
under no external gate-source voltage. A negative gate-source bias must be
applied in order to switch the transistor off. Depletion mode transistors

have a typical threshold voltage of -0.87 volts [26].

The operation of enhancement and depletion mode transistors is illustrated

in Figure 2.5.

Figure 2.6 shows a typical MESFET characteristic. Three distinct areas of

operation are visible:

1. Subthreshold: The gate-source voltage applied to the MESFET is below
the threshold voltage. This region is characterised by very low levels of
current flowing in the drain-source region as the transistor is in its off
state. This region of transistor operation is currently poorly understood
and modelled. However, current research indicates that the effects of
the reverse bias schottky leakage currents dominate subthreshold leak-

age.
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Figure 2.5. MESFET Operation.
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A

Linear Saturation

ids

Figure 2.6. Operating regions of MESFET.

2. Linear: The transistors exhibit a linear region where drain-source cur-
rent is approximately proportional to drain-source voltage when drain-

source voltage is low.

3. Saturation: As drain-source voltage is increased, the drain-source cur-
rent saturates and the current remains approximately constant. Some
slight increase is observed due to the dependence of threshold voltage on

drain-source voltage.

2.2.3 Fabrication

The Vitesse H-GaAs II process is a self-aligned gate additive implant MES-
FET process [26]. The self-aligned gate process defines the schottky gate
first, and then positions the drain and source of the transistor relative to
the gate, reducing alignment errors. All transistors are initially fabricated
as enhancement mode, and a second mask layer is then used to add extra
implant to those transistors which are required to be depletion mode, hence

the term additive implant.
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The basic masking steps for an E-MESFET are shown in Figure 2.7 [17].
Extra masking steps are required depending on the number of layers of

metal used.

2.3 Layout

The software that was used to produce the VLSI layout is Magic [35]. This
software uses a graphical environment to design the layout. The software
includes a real-time error checking facility, so that any design rule errors
are shown and can be fixed immediately. Once a layout is generated, a
spice compatible netlist can be produced. Once the external stimulus has
been added to the file, it can be input to Aspice, the simulation program

used for this work.

The layers used in the H-GaAs II process are shown in Figure 2.26.

layerscil scabes 0175550 ($439K) _ Siec 450 W mberons

gale_melal ohmic_meal melal_I metal_2

achive efel dfel depletion_implank

e 2
4 i
[ L
t‘.:' 3=

alie_contact

Figure 2.8. H-GaAs II layers.

2.4 Modelling and Simulation

All simulation in this thesis was done using hspice, an advanced SPICE
compatible device level simulator from Meta Software [36]. Hspice uses

equations to model all devices. These equations require specific parame-
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Figure 2.7. Basic Fabrication Steps.
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ters to be input regarding the characteristics of the device. The parameters
are supplied by the foundry, and are the result of curve-fitting on the meas-
ured characteristics of many devices. The parameters describing the proc-
ess have a spread of values associated with them. See Section 2.4.5 for a

more detailed description.

While the schottky diode is equivalent in functionality to a MESFET with
drain and source shorted together, modelling of schottky diodes is not done
using the MEFET parameters. Instead, a separate set of parameters used
specifically for diode modelling is used, which provides a more accurate
match to diode characteristics than the MESFET characteristics which are
more concerned with modelling MESFET behaviour. The diode models are
denoted by the prefix DIO in the parameter file, while the MESFET param-
eters have the prefix JFET [26].

2.4.1 Diode Characteristics

GaAs schottky diodes are modelled in Aspice using the ideal diode equation
as discussed above. To increase simulation speed, a reverse saturation volt-
age is defined, below which the diode current is assumed to be equal to the

saturation current. The hspice diode equations are:

i,=1i, (t)-|e -1 v,>-10-N-v
d Sy d J (EQ 2.3)

i; = _lSeff(t) vdS—lO-N-vt

The value of saturation voltage is typically low (of the order of several hun-
dred millivolts). Table 2.1 shows the reverse bias saturation voltage for
both enhancement and depletion mode schottky gate-source/drain diodes

over various temperatures. Typical parameters are assumed.

However, as discussed in Section 2.2.1, the behaviour of GaAs schottky bar-
rier diodes is not ideal, and this causes inaccuracies in the simulation

result. In normal static logic, these inaccuracies are negligible, but because
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dynamic memory operates in the subthreshold region with very small cur-
rents (in the order of picoamps), these errors are significant. In particular,
the non-saturating nature of the reverse-bias characteristic means that the
net leakage current cannot be accurately simulated and a generous safety

factor must be allowed, as discussed in Section 5.5.

Table 2.1. Diode Reverse Saturation voltages versus Temperature for
typical minimum sized D- and E-MESFETs.

Saturation Voltage Enhancement Depletion
Voar = ~10V s, Mode Mode
25°C -0.315v -0.352v
75°C -0.368v -0.412v
125°C -0.421v -0.471v

Due to the difference in the channel thickness and doping concentration of
enhancement mode and depletion mode transistors, the schottky diodes at
the gates of these transistors will have different characteristics. Diode cur-
rent characteristics of similar MESFETSs will also vary over the wafer and

process, as discussed in Section 2.4.5.

A hspice simulation of the forward and reverse characteristics of a typical
enhancement mode schottky diode at 75 °C are shown in Figure 2.9. it can
be clearly seen that significant forward conduction starts at a voltage of
approximately 0.6 volts. On the reverse characteristic, the simulated
response is shown, along with the general shape of the actual schottky bar-
rier diode response, although this is not to scale and is shown only to dem-

onstrate the deficiencies in the ideal hspice model.

2.4.2 MESFET Equivalent Circuit and Model

The MESFET equivalent circuit used in hspice [36] is shown in Figure 2.10.
A full description of the hAspice model can be found in [36]. The equivalent
circuit is composed of drain and source resistances, gate-source and gate-
drain schottky diodes, gate-source and gate-drain capacitances and a drain-

source current source.
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Figure 2.10. Hspice MESFET model.

This circuit is a simplified version of more complex equivalents [37][38].
Hspice offers three levels of simulation, each increasing in complexity. The
level 1 model is the basic SPICE model, based upon the work done by
Schichmann-Hodges [39]. The level 3 model is used in all simulations in
this work and is significantly more advanced, being based on the Curtice

model [40] with alterations by Statz [41].

The basic Curtice model MESFET equation [40] is:

igs = B (Vys=vy) - (1+A-vy) - tanh (ot~ vy) (EQ2.4)

N4

L
where B is the transconductance of the MESFET, W and L are the width
and length of the gate respectively, A is the proportionality constant
between drain-source voltage and threshold voltage and o is the constant to

account for current saturation at high drain-source voltages. The Curtice



Chapter 2: Gallium Arsenide VLSI 33

Model does not include the subthreshold region and so a different model is

used in this region, as discussed in Section 2.4.2.1.

A hspice simulation showing both enhancement and depletion mode char-

acteristics is shown in Figure 2.11.

In Chapter 3, tests on some fabricated MESFETSs used to verify the accu-

racy of the hspice modelling are described.

2.4.2.1 Subthreshold Model

The MESFET subthreshold model uses the same equations used in model-
ling the silicon MOSFET subthreshold region. This equation is extremely
complex, and is similar to that presented in [42]. The subthreshold current

model used in Aspice is:

The subthreshold current expression is:

I - Ilim ’ Iex
sub Ilim + Iex (EQ 2.5)
where:
vgs_ VTH __V_d.f
2 18 xn - V, Vr
Iex=Beff~vt-e e | 1-e
Ly, = 4. 'Beff‘ Ve

xn = NG+ND'vds

NG and ND are the gate and drain subthreshold parameters, B is the
effective gain of the transistor, Vg is the threshold voltage, and v; is the

thermal voltage (k'T/q).
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Figure 2.11. MESFET Characteristics.
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From Equation 2.5 it is obvious that as (v - Vgy) becomes more negative,
I, will approach zero, therefore i, — 0 as Vs~ Vry = —>. To minimise

subthreshold current it is necessary to make Vgs @s negative as possible.

Although inaccuracies may exist within this model, it has been shown
experimentally that provided the gate-source voltage is several hundred
millivolts below the threshold voltage, the reverse-biassed schottky leakage
currents will be much larger than the subthreshold currents, and thus the
total drain current will be approximately equal to the reverse bias schottky

leakage [43]. This is demonstrated in Figure 2.12.

Total Drain
Current (Igs + Igg)

Subthreshold  ______
Current (Iy,)
Reverse-biassed <
Schottky Current (Ig.)——— 2
E
=)
@)
€—---—-=mma===="""" T B
VTH

Gate-Source Voltage (V)

Figure 2.12. Subthreshold and Reverse-bias schottky currents.

2.4.3 Backgating

Backgating and sidegating effects occur in Gallium Arsenide circuits if

changes occur in the space-charge region of the channel-substrate junction.
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Such changes can be caused by current flowing into the substrate, voltage
being applied to the substrate or illumination of the substrate [44]. When
electrons become trapped within the substrate, electrons in the channel
will be repelled, increasing the thickness of the depletion region and lower-
ing the effective channel thickness. This will reduce the drain-source cur-
rent and can be modelled as an increase in the transistor threshold voltage.
The transistors thus appear ‘slower’ and a performance reduction occurs.
This problem is enhanced by the fact that the channel/junction capacitance
is high and thus suitable for storing large amounts of charge. This effect is
demonstrated in Figure 2.13. In hspice, the backgating effect is modelled

as in increase in threshold voltage, using the equation:
Vg = VTo+Yds'Vds+K1'VBS (EQ 2.6)

Where K1 is the backgating coefficient.

Drain Gate Source Drain Gate Source
SI GaAs substrate Channel Si GﬁaAws SI-Jbs-traEe
No Backgating/Sidegating Sidegating present showing a

reduction in channel depth

Figure 2.13. Cross-section of MESFET.

The backgating and sidegating phenomena and its adverse effects on cir-
cuit operation have been well researched [46] - [50]. Three distinct proc-

esses can be identified [51]:

1. Self-Backgating:

Self backgating occurs when a portion of a MESFET’s drain-source cur-
rent flows into the substrate, due to the finite resistance of the semi-

insulating substrate.
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2. Backgating:

Backgating is caused by a negative voltage (with respect to the source of
the affected transistor) being applied to the substrate. This is usually
done via a transistor drain/source being biassed negatively. This is anal-
ogous to the body effect encountered in CMOS circuits. However, due to
the highly resistive nature of the substrate, its potential is not well
known [19]. It will depend on the number and nature of transistors in

the local area.

3. Sidegating:
Sidegating occurs when negative charge flows from a sidegate node

which is negatively biassed with respect to the source of the affected

transistor, into the substrate and then into the channel of the affected

transistor. Because the substrate is slightly p*, this current is akin to
collector-emitter current flowing in an NPN transistor, with the sub-

strate as the base.

To account for the backgating/sidegating effect in simulation, it is recom-
mended that the substrate node in the MESFET model be connected to
0.6 volts above the most negative supply [26]. Research has shown that
due to the high resistivity of the substrate, backgating and sidegating are
only localised phenomena, with affected MESFETSs in a range of the order
of 10 to 50 um from the negatively biassed sidegate/backgate node [48][51].
This range is highly dependent on the magnitude of the negative bias. Sev-
eral methods of reducing the effect of backgating have been investigated,
including compensating the substrate material to minimise the channel/
substrate capacitance [47], using a p-Type ring to isolate the MESFETSs
[562], use of a negatively biassed Schottky gate metal ring as isolation [53]

and use of a buffer layer between channel and substrate [54].

2.4.4 Temperature

Temperature effects are built in to the hspice MESFET and diode models.

The schottky diode current varies exponentially with temperature and this
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is modelled as an exponential increase in the saturation current, ig, with

temperature.

MESFETSs exhibit various changes with temperature:

1. A reduction in threshold voltage as temperature is increased, acting to

increase the drain-source current.

2. A reduction in transconductance as temperature is increased, acting to

reduce the drain-source current.

3. Variations in gate-source and gate-drain capacitances.

The overall effect of temperature on drain current is dependent on gate

voltage: at low v, the threshold voltage shift is dominant and hence drain

gs’

current increases with temperature. At high Vg, the opposite is true and a

reduction in drain current is observed as temperature increases [19].

2.4.5 Process Variation

Due to variations during fabrication in process parameters such as channel
implant dose, activation efficiency, built in voltage and substrate material,
and short and long channel effects, supposedly identical MESFETs will
exhibit large variations in characteristics over a wafer (local variation) or
set of wafers (global variation). These variations are characterised by an
average or typical value, and a standard variation from the average. To
maximise yield, it is important that the design be tolerant to a wide varia-

tion in process parameters.

Process variation can occur in two forms [26]:

1. Fast: Under fast variation, the threshold voltage of the transistor is
lower than that of the typical case. This results in the transistor turning
on at a lower gate-source voltage and hence the circuit will operate faster

than typical. The power dissipation is also increased.
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2. Slow: When slow process variation occurs, the fabricated transistor has
a higher threshold voltage than the typical case. The transistor hence
requires a higher gate source voltage to turn on and the circuit will
therefore operate at a slower speed. The power dissipation is proportion-

ally reduced.

A diagram shown in Figure 2.14 explains these concepts more clearly. The
example is given for an enhancement mode transistor. The waveform
shown is an input to the gate of the MESFET. On the horizontal axis are
shown the times when the input voltage is enough to turn the transistor on.
It can be seen that the fast transistor is turned on quickest, followed by the

typical and slow transistor.

0.6 _|
0.5

04 _

Vry slow

03

VTH typlcal 0.2 ]

Gate Voltage (Volts)

VTH fast 0. 1

fast typical slow
turn-on time

Figure 2.14. Demonstration of fast, typical and slow
transistors.

In addition to the delay caused by the increase of threshold voltage, a sec-
ond order effect further reduces operational speed as transistors become
‘slower’. The maximum value of vy, is limited by the schottky gate to
approximately 0.6 volts. Therefore as the threshold voltage, vy, becomes

higher, we can see from Equation 2.4 the drain source current will reduce

with the square of the threshold voltage. Therefore as transistors become
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slower the time taken to charge capacitive gates will increase in proportion
to (vgs - vrg)?. This further compounds the delay, as not only does the tran-

sistor gate need to be charge to a higher value to be turned on, the charging
itself is occurring at a slower speed as even when turned on, they are ‘less

turned on’ than in the typical case.

Following a similar argument, fast transistors will sink/source more cur-
rent than the typical case which further increases the speed advantage

gained from the lower threshold voltage.

The process spread occurs in a normal distribution, centred around the typ-
ical parameters. Figure 2.15 shows a graphical representation of the distri-
bution of threshold voltages. The bottom left corner is the fast corner of the
process, with fast enhancement and depletion mode MESFETs. The top
right corner is the slow corner of the process. As discussed above, the H-
GaAs II process uses an additive implant technique, whereby depletion
mode transistors are formed by re-implanting enhancement mode transis-
tors hence increasing the channel concentration. If the original enhance-
ment mode MESFET was slow, then the added implant is likely to make a
slow depletion mode transistor and conversely for the fast case. Thus
enhancement and depletion mode MESFETSs will be formed along the diag-
onal connecting the slow and fast corners shown in Figure 2.15. Therefore
simulation is done using parameters where both enhancement and deple-
tion mode MESFETSs are slow, typical or fast, and the cases of fast E-MES-
FETs, slow D-MESFETs and fast D-MESFETSs, slow E-MESFETs are not

simulated as fabrication of such transistors is unlikely.

2.5 Layout Methodology - Ring Notation

Layout methodology is an important part of any VLSI design. Ring nota-
tion [55] is a method of placing transistors which gives a high packing den-

sity, reduces the length of interconnects and provides for noise isolation.

It provides a simple intermediate symbolic stage between schematic and

layout which can be drawn quickly by hand showing all transistors and
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Figure 2.15. Graphical representation of process variation.

interconnects. This symbolic stage can then be mapped directly into a lay-
out, and the result is a uniform layout, as opposed to using a haphazard

approach and placing transistors ‘at random’.

An example of a ring notation design is shown in Figure 2.16 for a DCFL
NOR gate.

Most layouts in this thesis use the ring notation methodology, however in
certain places where circuits were required to have minimal width (e.g. col-

umn drivers), ring notation was not practical.
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Figure 2.16. Ring Notation.

2.6 Metal Line Sizing

Because of the finite resistance and current carrying capacity of the metal
layers, the sizing of both power supply and interconnect lines is critical to
ensure correct, reliable operation of the circuit. The lines are dimensioned

according to two criteria [26]:

1. Current carrying capacity:

Each metal layer is capable of supplying a certain amount of current per
unit width. If this limit is exceeded, the metal line is subject to degrada-

tion via metal migration or heating until eventual failure occurs [64].

The current carrying capacity of a line can be expressed as:
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Lyax = 1~ (W=AW) (EQ2.7)

Where I is the Maximum Current Limit per unit width, W is the width

of the line and AW is the process control factor to allow for inaccuracies

which may occur in the line fabrication width.

2. Voltage drop:

Metal lines have a finite resistance proportional to their length, and so a
voltage drop proportional to the current flowing and line length will
occur. For supply lines, this difference should not exceed 5% of the sup-
ply voltage [26]. For a 2 volt supply, the allowable voltage drop is there-
fore 0.1 volts. The voltage drop across a line can be expressed, using
Ohms law, as:
vV =R 1 S 1

prRoP = Riine liine = 37" Rs Lin, (EQ2.8)

Where L and W are the length and width of the line respectively and Rg

is the sheet resistance of the layer in Q/Q.

Table 2.2 shows the Layer Resistances and Maximum Current limits of dif-

ferent metal layers for the H-GaAs II process [26].

Table 2.2. Layer Resistances and Maximum Current Limits.

Maximum Current Limit (mA/[lm)

Metal Layer Rg (£20) DC AC Peak AW (Lm)
Gate Metal 05-15 50 5.0 25.0 0.4
Ohmic (n+) Implant 190 - 230 1.0 1.0 2.0 0.0
Ohmic Metal < 10.0 03 0.3 0.6 0.0
Metal 1 <0.070 1.0 1.0 5.0 0.2
Metal 2 <0.035 2.0 2.0 10.0 0.0
Metal 3 <0.025 2.8 2.8 14.0 0.0
Metal 4 <0.025 2.8 2.8 14.0 0.0

The metal width must therefore be chosen such that it satisfies both of the
above conditions under worst case conditions, and the greater of the two

line widths must be used.
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2.6.1 Contact Sizing

The current limit of a contact is determined by the current handling ability
of the two adjoining metals which form the contact, and the width of con-
tact perpendicular to the primary direction of current flow. Therefore, in
general, if the contact extends the full width of the line, and the line is ade-
quately dimensioned with a sufficient safety factor, the contact will also be
adequately dimensioned. Because of fixed overlap being required on con-
tacts due to design rules, thin contacts will more susceptible to being below

minimum width than wider contacts.

2.7 Logic Families

Due to the fact that present gallium arsenide processes use only n-type
semiconductor for active channels, the logic families used in GaAs closely
resemble those in nMOS, with no complimentary logic families currently in

use.

The logic families can be divided into two types: Normally on and Normally
off.

Early GaAs processes offered only Depletion mode MESFETs. Any logic
constructed had to be made using only D-MESFETs. Depletion mode MES-
FETs are “normally on”, that is when no gate voltage is applied, they con-
duct from drain to source, and thus logic families utilising only depletion

devices are known as “Normally on”.

As process technology improved, it became possible to fabricate both
enhancement and depletion mode devices together. Enhancement mode
devices have no conduction from drain to source when zero gate voltage is
applied, and are thus referred to as “Normally off”. Logic families utilising
both enhancement and depletion mode MESFETSs are called “Normally off”
logic families. They require no level shifting diodes and only a single sup-

ply voltage and are thus simpler than Normally on families.
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Although Normally on circuits are the most mature form of GaAs logic,
Normally off families are often simpler, dissipate less power and are much
more widely used, as most modern commercial GaAs processes offer both

enhancement and depletion mode MESFETSs.

Most GaAs logic families allow only NOR/OR (parallel pull-down) type
operations, and not AND/NAND which require two or more pull-down tran-
sistors on series. The reason for this is due to problems with noise margin
due to the increase in pull-down voltage. This can be compensated to allow
operation of two input NAND gates, but higher fan-ins will have unsatis-

factory performance [19].

Using DeMorgan’s logic laws, any expression can be rearranged and

expressed in terms of NOR/OR functions, so this limitation is acceptable.

2.7.1 Performance Measures

An important part of the evaluation of logic families is to compare their
performance. In this section, some of the more common performance meas-

urements are discussed.

2.7.1.1 Noise Margin

Noise margin gives a measure of the tolerance or susceptibility a circuit has
to the influence of noise. Noise margin is particularly important in GaAs
design due to the low voltage swing caused by the schottky barrier gate

diodes.

There are several methods of measuring noise margin, but the two most
common are referred to as maximum square method [73] and the slope = -1
criterion [19]. Both methods require the use of the characteristic (i.e. V,

vs. Vyut) of the circuit being tested.

To measure the maximum square noise margin, a chain of three identical
characteristics is required, with the middle inverter characteristic being
used as the scale for the x-axis and the characteristic of the inverters on

either side being plotted. Figure 2.17 shows the resulting output for a
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series of DCFL inverters. The maximum square noise margin can be
obtained by finding the dimension of the largest square that can fit in

between the two curves.
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Figure 2.17. Noise Margin.

The noise margin according to the slope=-1 method is found simply using
the point on the characteristics at which the slope is -1, again as shown in

the figure.

While much debate has occurred regarding the validity and benefits of each
method, the maximum square method gives a lower noise margin and can

be regarded as a worst case when designing.
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2.7.1.2 Fan-out

A circuit’s ability to drive those following it can be characterised in terms of
its fan-out performance. The fan-out assumes that the circuit being meas-
ured is only driving circuits of the same family and ratio as itself, and can
be defined as the ratio of the total size of the circuits being driven to the
size of the circuit being tested. Therefore, when driving identical circuits in
parallel, the fan-out is simply equal to the number of circuits being driven.
A circuit with the same pull-up to pull-down ratio, but with transistors

three times the size represents a fan-out of 3, for example.

As the fan-out increases, the current required to drive the following tran-
sistors rises, resulting in a lower logic high output, and the capacitance also
increases which causes extra delay. There are therefore both timing and
noise margin considerations when determining the fan-out performance of

circuits.

2.7.1.3 Fan-in

Fan-in measures the number of inputs to a circuit. A two-input NOR gate
has a fan-in of 2, a four-input gate has a fan-in of 4. As the fan-in
increases, capacitance at the input node is increased, causing increased
delay when charging the node, and the amount of leakage through pull-
down transistors when they are ‘off” is also increased, resulting in a slower
pull-up that is also reduced in voltage. As with fan-out, there are both

noise margin and timing considerations.

Circuits which exhibit good fan-in performance are used to perform logic

functions with a large number of variables.

2.7.2 Normally on Logic Families

Normally on logic families require extensive use of level shifting diodes to
negatively shift logic levels to a point where they can turn off depletion
mode transistors, and multiple supply lines. Normally on circuits are the
most mature form of GaAs logic, and many such logic families have been

developed, for example:
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e Capacitively Coupled Domino Logic [59]
e Inverted Common Drain Logic [60]

o Schottky Diode FET Logic [61]

» Capacitor Diode FET Logic

» Source Coupled FET Logic [62][63]

o Buffered FET Logic [64]

e Unbuffered FET Logic

o Capacitively Coupled FET Logic [65]

No normally on logic families were used in the thesis and so no detailed dis-

cussion of their operation is included.

2.7.3 Normally off Logic Families

In the following section, the GaAs logic families used in the designs in this
thesis are described, and the advantages/disadvantages of their operation
are summarised. The simplest logic family, Direct Coupled FET Logic, is

analysed in detail.

2.7.3.1 Direct Coupled FET Logic

Direct Coupled FET Logic (DCFL) [66] is the simplest GaAs logic family. It
requires only a single supply rail and two transistors in its most simple
form of an inverter. In the general NOR format, the number of transistors
required for an n-input NOR gate is n+1. The DCFL inverter and two-
input NOR gates are shown in Figure 2.18. A detailed explanation of
DCFL operation follows, along with some analysis on the circuit to obtain

appropriate transistor sizes for satisfactory operation.

The pull-up transistor, Q2, is a depletion mode MESFET, with gate and
source shorted together (i.e. vy = 0 volts). Therefore this transistor is per-
manently on. The pull-down transistor, Q1, is an enhancement mode MES-
FET, the gate of which forms the input to the inverter. The inverter has

two states of operation:
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Figure 2.18. DCFL Inverter and 2-input NOR gate.

1. When the input, a, is low, Q1 is off and ideally no current will flow from
its drain to source. Therefore the output will be tied to Vpp by the per-
manently on pull-up, Q2. If the output is unloaded, the resultant output

voltage will be very close to Vpp as there will be very little current flow-

ing through Q2 and hence the voltage drop across it will be small.

In practical operation there will most often be a load circuit connected to
the output of the inverter. In this case the output voltage will depend
upon the current drawn by the load. The most common load will be the
input of another DCFL circuit, and this is therefore equivalent to a for-
ward biassed schottky diode between the output and ground, as shown in

Figure 2.19.

The output voltage will be that at which the current flowing through the
transistor Q2 equals that through diode D1. i.e.

V such that: i =1 (EQ 2.9)
? dst Vs = Vpp=V, bl v="V,

Due to the exponential nature of the schottky diode current-voltage char-
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Q2

@ GND

Figure 2.19. DCFL Output Stage Equivalent Circuit.

acteristic, this point occurs at approximately 0.6 volts, with variation of

approximately 0.1 volt due to temperature and process variation.

2. When the input, a, is high, transistor Q1 is on. This causes current to be

drawn from Vpp through Q2 and Q1 to ground. This results in a lower

output voltage than when Q1 was off. The maximum voltage at the gate
. of Q1 to turn it on is limited by the gate-source schottky barrier diode to
approximately 0.6 volts. A gate voltage higher than this will result in
significant forward conduction from input to output via the gate-drain

schottky diode and increase the output voltage.

For correct function of the inverter, we require that this output be inter-
preted as a logic low, and hence the output voltage when Q1 is on must
be less than the threshold voltage of an E-MESFET. Because the pull-up
transistor is permanently on, and permanently in saturation, it is sourc-
ing an almost constant amount of current. Therefore, if we assume that
when Q1 is on, the majority of this current flows through Q1 and very lit-
tle through the output load schottky diode, the current flowing through

Q1 will not vary as the dimensions of Q1 change. To provide an adequate



Chapter 2: Gallium Arsenide VLSI 51

noise margin, an output low voltage in the region of 0.1 volts should be
achieved. This will give the drain-source voltage of Q1 as

Vasql = Vo = 0.1 volts and therefore Q1 will be in the linear region.

Again, Q2 will be in saturation as v4,q9 = Vpp - V, = 1.9 volts.

From Equation 2.4, we see that iy, < B vy and as p = W/L, iy, o« W/L vy,.
Therefore, if ij; remains constant, increasing the transistor width to

length ratio will reduce the drain-source voltage. By equating expres-
sions for drain-source current in the pull-up and pull-down MESFETs, it
is possible to evaluate the value of pull-up to pull-down ratio required to

give the output of V,=0.1 volts. The following analysis refers to the

quantities shown in Figure 2.20.

Figure 2.20. Definitions of DCFL inverter voltages and
currents.

From Equation 2.4, the current in the pull down MESFET is:

mt*<|u§

. 2
ldSE . BE . . (VgSE_ VTHE) . (1 + A.E . vdSE) . tanh (aE . VDS) (EQ 2.10)
Assuming that no current flows to the output (v,), the two currents must

be equal (Kirchoffs current law), and substituting:

V. =V, vdsE=v0 v =0V vdsD=VDD_V

g5 { 0
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and rearranging gives:

)" (T4 (Vpp=v,) ) - tanh (0 (Vpp=v,)) - By

(v = vy ) e (L4 hgov,) - tanh (o -v,) - B

Uhlbglmhlmg

As discussed above, in the high input, low output state, v; = 0.6 volts and

v, = 0.1 volts. Also, at typical parameters, 25 °C [26]:

vpy, = 0.227V, vy, =-0870 V,

XE = 0.072, 7‘0 = 0.037
O = 6.53, o, = 3.91

B, =302x107", B, =265%10""

and substituting these parameters and voltages gives a pull-up to pull-

down ratio of:

WE LD
Zyw _Le _Wp _ (0870)%- (140037 (2-0.1)) - tanh (391 (2-0.1)) -2.65x 10 _ 585
Zoa Wp  Lg (0.6-0.227) > (1+0.072- 0.1) - tanh (6.53 - 0.1) - 3.02x 10™*
%

We can thus see that a pull-up to pull-down ratio of at least 8.85 (i.e. the
pull up transistor must be 8.85 times more resistive than the pull-down)
is needed for the inverter to pull-down to 0.1 volts at 25 °C under typical
conditions. Any increase in this ratio will reduce the pull-down voltage

further.

As process parameters and temperature vary, the required pull-up to pull-
down ratio also changes. The Vitesse design manual [26] recommends
using a ratio of 14, however hspice simulations carried out by the author
revealed that a ratio of 12 was satisfactory for function over a temperature
range of -25 to +125 °C and a process variation of 20 slow to 2¢ fast. All
DCFL logic designed in this thesis uses a pull-up to pull-down ratio of 12

unless stated otherwise.
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Once the ratio has been chosen, the physical sizes of the transistors must
be decided. This involves trading off speed and drive capability for area
and power dissipation. An inverter with large transistors will be fast and
able to drive a large load, but it will also consume more power and occupy

more area.

There have been many attempts at optimising the transistor sizes of DCFL
circuits [56][57][58]. The minimum possible size will be determined by the
process limitations. In [56], the authors conclude that the DCFL inverter
power delay product is minimised when the width of the pull-down
enhancement mode transistor, Wg, is in the region of 8um to 12um (assum-
ing minimum gate length of 1.2um). If Wg is made smaller, the inverter
delay becomes excessive, and as Wy is increased, power dissipation
becomes larger. The size of the depletion mode pull-up transistor is then
determined by the pull-up transistors. In some parts of the memory
(address decoders, sense amplifiers etc.), memory performance was sacri-
ficed to enable a lower power dissipation, in which case a smaller pull-down
transistor was used. Some examples of DCFL inverter designs are shown

in Figure 2.21.

W=12.0um

e

Low power, high delay Higher power, less delay High power, low delay

Figure 2.21. Various DCFL Inverters.



Chapter 2: Gallium Arsenide VLSI 54

A hspice simulation showing a DCFL inverter transfer characteristics is
shown in Figure 2.22. The result shows the output from two inverters at
25 °C and typical parameters: the first inverter has the pull-up to pull-
down ratio previously derived of 8.85 and the second has a ratio of 12 as
used in the thesis and shown Figure 2.21b. It can be seen that the inverter
with a p.u./p.d. ratio of 8.85 pulled down to approximately 100 mV as
designed, and that the second inverter pulled down further, giving it a bet-
ter low noise margin. The increase in output voltage due to forward con-
duction with an input voltage larger than 0.6 volts is clearly seen. This is
caused by the forward current passing through the gate-source parasitic

resitance, rg, as shown in Figure 2.10.
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Figure 2.22. Transfer characteristic of typical DCFL at 25 °C.

2.7.3.2 Source-follower Direct Coupled FET Logic

Source-follower Direct Coupled FET Logic (SDCFL) [55] is similar in struc-
ture to DCFL but has a source follower output stage. A source follower is
an inverted DCFL inverter, as shown in Figure 2.23 and so called because
the value at the output (or source of the E-FET) will directly follow the
value at the input (the gate of the E-FET). The source follower structure is
therefore non-inverting. The source follower utilises a permanently on
depletion mode MESFET as its pull-down, with the pull-up as an enhance-
ment mode MESFET.



Chapter 2: Gallium Arsenide VLSI 55

I Vop

— Q1 Q2 — QI

Q2 a—— QI
GND T

Figure 2.23. (a) Source Follower; (b) SDCFL inverter.

Q2

The advantages of SDCFL over DCFL are that the Source follower output
stage has a better driving capability than the DCFL inverter, and that the
output low voltage is not determined by a pull-up to pull-down ratio - when
Q1 in Figure 2.23a is off, the output low voltage is 0 volts. This results in a
better low noise margin. However, due to the presence of the source fol-

lower, power dissipation is significantly increased.

2.7.3.3 Source Follower FET Logic

Source Follower FET Logic (SFFL) [57] is similar in structure to SDCFL,
except that the source follower is used as an input stage that feeds into a
DCFL output stage. An SFFL inverter and two-input NOR gate are shown
in Figure 2.23. The source follower input stage presents a different load to
the DCFL inverter. There is a schottky diode and a depletion mode transis-
tor in series between the input and ground. As a result the output voltage
of the previous stage is not limited by the schottky diode to 0.6 volts, but a
higher value (approximately 1.0 volts). This results in an increased logic

high noise margin. The source follower also allows a bigger fan-in.

The major disadvantage of SFFL is the high leakage current in the forward
biassed schottky gate diodes of the inputs (Ql and Q2 in Figure 2.23b).
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This problem is compounded with a high fan-in. SFFL also has an

increased power dissipation over DCFL.

J VDD @ . — &
Ql

Q3 — | Ql —» Q2 Q4

Q2 —»{ 4 Q3 Q5
&— GND 1

Figure 2.24. (a) SFFL Inverter; (b) SFFL Two input NOR gate

2.7.3.4 Super Buffer FET Logic

Super Buffer FET Logic (SBFL) [19] is a logic family designed specifically
for driving large fan-outs and capacitive loads. Its output stage is different
from those discussed, in that it is complimentary in operation. The SBFL
inverter and two-input NOR gate is shown in Figure 2.25. In Figure 2.25a,
it can be seen that the pull-up output transistor, Q4 is connected as a
source follower to the output of the preceeding DCFL stage, and the pull-
down output transistor, Q3 has its gate connected to the input of the pre-

ceeding DCFL inverter stage. The operation is as follows:

Assuming the input, a, is low, then Q1 and Q3 are both off. Q2 is perma-
nently on and so the gate of Q4 is high and therefore Q4 will also be
turned on allowing the output to be charged high. As input a is brought
high, Q1 and Q3 are turned on, causing the output to be discharged via
Q3. The output of the DCFL stage feeding into the gate of Q4 is also
bought low via Q1, turning off Q4. The output is therefore low. However,
due to the delay in Q4 turning off due to the DCFL stage, Q3 and Q4 are

simultaneously on, causing a low impedance path from Vpp to GND,

resulting in a large current spike. If input a is then taken low again, Q1
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Figure 2.25. (a) SBFL Inverter; (b) SBFL two input NOR gate.

and Q3 will be switched off. The gate of Q4 will then be charged via Q2,
and hence Q4 will be switched on allowing the output to be charged high
via Q4. Hence there is no current spike associated with the negative
input transition (positive output transition), only the positive input tran-

sition (negative output transition).

SBFL offers excellent high and low logic levels due to the complimentary
nature of the output stage, however its power dissipation is high. The large
current spike during the negative output transition can induce noise into
the supply line, with unwelcome consequences on the operation of digital

logic.

2.7.3.5 Ultra Buffer FET Logic

Ultra-Buffer FET logic was reported in [56] as a means of maintaining the
high driving capacity of SBFL, but minimising the supply noise injection by
preventing the direct path to ground during positive input transition. It
achieves this using a feedback mechanism from the output to the input, via
a 2 input DCFL NOR gate instead of the DCFL inverter used in SBFL. The
feedback is used to turn off the pull-up transistor once the output is

charged high. The output high is then held using a permanently on deple-
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tion mode MESFET. A schematic of a UBFL inverter is shown in
Figure 2.26.

Vi — 9
Q2 — Q5 Q6
[ S —
Q3 |w—
> > Q4
Q1
GND @ L 4 —®

Figure 2.26. UBFL inverter.

The operation of UBFL is as follows:

When the input, a, is high, Q1 and Q4 are both on. The output of the
DCFL NOR stage is therefore low so Q5 is off and the output is low
because of the DCFL inverter effect between Q6 and Q4, and Q3 is there-
fore also off. As the input goes low, Q1 and Q4 are turned off, and as the
output is low, Q3 is still off. Therefore, the output of the NOR gate will
rise and turn on Q5 which will charge the output high. However, as the
output becomes high, Q3 is turned on, lowering the voltage of the NOR
gate and turning Q5 off. Therefore in the output high state, both Q4 and
Q5 are off, with the output high value being held by Q6. When the input
goes high again, Q1 and Q4 are turned on, but Q5 is already off and
therefore no direct current path to ground occurs as it did with SBFL.
The output is discharged via Q4.

While the supply line noise is reduced using this method, UBFL has sev-
eral disadvantages caused by the modifications. Due to the NOR gate and
pull-up depletion mode MESFET, average static power dissipation is signif-



Chapter 2: Gallium Arsenide VLSI 59

icantly increased. However, the feedback into the DCFL NOR gate also
limits the output high voltage of the UBFL driver to approximately 0.6

volts, making it useful for driving only DCFL circuits.

2.7.3.6 Double Super Buffer FET Logic

Double Super Buffer FET Logic was devised by the author to obtain a
driver with the speed of SBFL but a lower power dissipation. The main
cause of static dissipation in SBFL is the DCFL stage which drives the out-
put transistors. To reduce the power dissipation, it is necessary to reduce
the size of this inverter, and this reduces the load driving capacity and
speed. A solution is to use an intermediate super buffer stage between the
DCFL stage and the output stage, as shown in Figure 2.26. This allows a
smaller inverter to charge the intermediate stage as a super buffer, and
then the large output stage is driven by the intermediate stage. This
allows a reduction in power dissipation, although small increases in delay
will be caused by the extra stage. DSBFL also has a large input capaci-
tance due to the gates of Q1, Q3 and Q5. As with SBFL, the problem of the

direct DC path to ground during a positive input transition is also present.

GND - j

Q2 Q4 Q6

1.
W S |

Figure 2.27. DSBFL inverter
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2.7.3.7 Other Logic Families

There are many other normally off logic families which have not been used
in this thesis, due to their complexity, poor performance or other disadvan-

tages. Such logic families include:

» Capacitively Coupled FET Logic [65]

Pseudo Current Mode Logic [68]

Two-phase Dynamic FET Logic [69]{70]

Differential Pass Transistor Logic [71]

FET FET Logic [72]

2.7.4 Power Supply

The value of power supply chosen is a trade-off between several factors. A
high supply voltage will give faster operation and better noise margin, but
at the expense of increased power dissipation. If the supply voltage is too
large, breakdown effects in the MESFETs and diodes will occur. With these

factors in mind, a supply voltage of Vpp = 2 volts was used throughout this

work.

2.7.5 Summary and discussion

This chapter has provided an introduction to the chemistry and capabilities
of gallium arsenide, outlining its advantages over silicon. It is these advan-
tages, particularly the speed advantage, which make it suitable for the
implementation of a high speed ATM switch. The modelling and simula-
tion of gallium arsenide circuits was then discussed, followed by an analy-
sis of GaAs logic families suitable for the implementation of the memory.
In the following chapter, the testing of some fabricated gallium arsenide

transistors is presented.
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Chapter 3: MESFET Testing

This chapter presents results obtained from the testing of two gallium arse-
nide MESFET devices fabricated on a test chip. More detailed information
can be found in [76].

3.1 Devices Under Test

Two MESFETSs, an enhancement mode and a depletion mode, were fabri-
cated in the H-GaAs II process on a chip for testing. Once the transistor
operating characteristics were obtained, they were compared with simula-
tion results in an attempt to verify the accuracy of the Aspice models used
in this thesis. The layouts of the enhancement mode and depletion mode
MESFETSs are shown in Figure 3.1. The MESFETs are layed out as five
FETs of width 74.8 um in parallel in a ‘fingered’ structure, giving an effec-
tive width of 374 pm. This is an exceptionally wide MESFET, made so to
afford some protection against current damage by the testing equipment.
There are no pads with current protection etc. so as not to distort or influ-
ence the transistor characteristics. The MESFET gates, sources and

drains are bonded directly to the chip pins.
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Depletion Mode MESFET

Figure 3.1. Layout of fingered MESFETs.

3.2 Test Equipment and Setup

To obtain the transistor characteristics, a transistor curve tracer was used.
This curve tracer offered only an analog output displayed on a CRT (similar
to an oscilloscope) and thus to obtain numerical data for comparison with
simulation results it was necessary to photograph the output and manually
read points from the photograph. Not only was this a laborious task, but it
is obvious that some errors will have inevitably been introduced at this
stage. This process was not helped by the lack of a scale illumination con-
trol on the transistor tracer, resulting in scale lines which are very hard to
discern in the photographs. The tester has a scan frequency of approxi-

mately 1 kHz.
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To obtain the characteristics, the drain-source voltage was swept over a 0 -
4 volts range. The gate source voltage was varied over a range suitable for
the testing of the particular MESFET: -1.2 volts to 0.4 volts for the deple-
tion mode MESFET (Vg = -0.9 volts nominally) and 0 to 0.7 volts for the

enhancement mode MESFET (Vpy = 0.225 volts nominally).

Before testing the MESFETS, it was necessary to connect a capacitor
between the drain and source terminals of each FET, as shown in
Figure 3.2, to prevent oscillations between the drain and source occurring.
These oscillations are caused by the parasitic capacitances of the transistor
and the inductance of the leads forming a resonating circuit, and the tran-
sistor acting as an amplifier. The capacitance has to be significantly larger

than the magnitude of the parasitic capacitances, and the value used was

0.1 pF.

Drain

Gate —» —— C=01yuF

Source

Figure 3.2. Capacitance used for MESFET testing.

3.3 Test Results

3.3.1 Enhancement Mode MESFET

For the enhancement mode MESFET, the transistor tracer was set up to

provide six 0.1 volt steps of gate voltage starting at 0.2 volts, i.e. V43 =0.2,
0.3,0.4, 0.5, 0.6 and 0.7 volts.

A photograph of the transistor tracer screen is shown in Figure 3.3. It can

be seen that the characteristic curves are generally of the shape that we
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would expect, however a large amount of hysteresis appears to be present.
Similar hysteresis has been noted in [74]. The modulation of the drain
voltage over a 0 to 4 volt range is also changing the voltage and charge
underneath the substrate and thus the hysteresis is occurring due to back-
gating effects as discussed in Section 2.4.3. Because of the high resistivity
of the semi-insulating GaAs substrate, the charge has a long transient
delay time (1 ms - 1s) [75], which is similar to the scan frequency of the

transistor tracer. Hence the hysteresis effects in the curves.

A

Vgs =0.6v
<& Vgs = 0.5v

B
Vgs =0.4v
Vg =0.3v
Vgs =0.2v

0

V45 (volts)

Figure 3.3. Photograph of the E-MESFET characteristics.

The hysteresis is not modelled, so for comparison with simulation, the mid-

point of each curve was used as the characteristic.

In finding the appropriate simulation characteristics, two unknowns must

be solved: temperature and process variation.
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1. The gate junction temperature will be above ambient room temperature
due to dissipation within the transistor, but due to the size of the chip
and only moderate dissipation occurring within the transistor, the heat-
ing effect should not be excessive. The temperature of the gate junction

was estimated to be in the region of 30 °C - 60 °C.

2. The degree of process variation experienced by the chip is unknown, and
hence a range of simulations over different process variations and the
temperature range indicated above were executed, and the best match to
the measured characteristics sought. Simulations were carried out at
the following values of process variation: 3c slow, 2s slow, 1o slow,
0.50 slow, 0.250 slow, typical, 0.25¢ fast, 0.50 fast, 1o fast, 20 fast and
3o fast. It was found that the best simulation match occurred at a tem-

perature of 50 °C with typical parameters.

The results of the hspice simulation superimposed with the measured E-
MESFET characteristics is shown in Figure 3.4. It can be seen that a rea-
sonable agreement was obtained between measurement and simulated

parameters, with the maximum error being approximately 12%.

Measured vs Simulated (50 C, typical parameters) E-MESFET Characteristics
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Figure 3.4. Simulated and Measured E-MESFET characteristics.
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3.3.2 Depletion Mode MESFET

To test the depletion mode MESFET, the tracer was set up to give 8 steps at
0.2 volts per step, beginning at -1.2 volts. This gives the characteristics for
Vgs=-1.2,-1.0, -0.8, -0.6, -0.4, -0.2, 0 and 0.2 volts. A photograph of the
transistor tracer output for the depletion mode transistor is shown in

Figure 3.5. Again, significant hysteresis in the transistor curves is evident.

Iy, (mA)

V45 (volts) 4

Figure 3.5. Photograph of the D-MESFET characteristics.

Hspice simulations were again done and the best match was found to occur
again at a temperature of 50 °C, but using 1o slow parameters. The results
of the hspice simulation superimposed with the measured characteristics
obtained from the photograph is shown in Figure 3.6. Once again, a rea-
sonable correlation between measurements and simulation was obtained,

with a maximum error of about 10%.
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Measured vs Simulated (50 C, 1 sigma slow parameters) D-MESFET Characteristics
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Figure 3.6. Simulated and Measured D-MESFET characteristics.

3.4 Discussion

It can be seen that in both cases, the model provided a reasonable degree of
accuracy in approximating the measured transistor characteristics. At low
values of gate-source voltage, the model appears to over-estimate the meas-
ured characteristics, while at high gate-source voltages the measured char-
acteristics are higher than those simulated. The closest correlation

appears at middle values of gate-source voltage.

There are some factors which may account for these discrepancies:

e The model parameters were determined using 10 pm wide transistors.
Therefore, some non-linear scaling effects in these very wide transistors

may be occurring which would not be accounted for by the model.

e The simulation does not model any geometrical considerations of the of
the fingered MESFET structure, and treats the fingered MESFET sim-
ply as 5 MESFETs in parallel.
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e The models were determined using Vitesse’s H-GaAs II foundry. The
chips were actually fabricated at Thomsons’ (TCS) foundry which has
licensed the process from Vitesse. Although the foundries should pro-
duce very similar results, there will undoubtedly be some variation in
performance between the two. Unfortunately, Thomson’s have not char-
acterised their process and supply actual models derived from their foun-

dry.

The results of the tests performed do, however, indicate reasonable validity

of the supplied models under a limited range of test conditions.

With both transistors exhibiting different process variation, the importance

of simulating designs over a wide range of process variation is evident.
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Chapter 4: Memory Cells in
Gallium Arsenide

This chapter will first provide a brief overview of basic MOS memory cells,
and the performance of each cell when implemented in gallium arsenide.
Each memory cell’s characteristics are then analysed and the cell which is

considered to be best suited to the desired application is determined.

4.1 Memory cells

The operation of all VLSI memory cells relies on the storage of charge at a
capacitance, either the gate of a transistor or a capacitor. Because of its
highly leaky nature (due mostly to the presence of the schottky barrier
diode at the transistor gate), the storage of charge in gallium arsenide is
more difficult than silicon. Thus, a direct translation from silicon to GaAs
may produce a memory cell that is much less efficient than its silicon coun-
terpart, or worse, one that barely functions at all. The following sub-sec-
tions show the evolution of the MOS memory cells from the 6 transistor
static cell, as in [77] and give their direct GaAs equivalents. The merits of
the cell’s GaAs implementation and suitability based on the project require-

ments detailed in Section 1.5.2.1 will then be discussed. Note that no in-
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depth simulation (such as cycle times, etc.) was done on the cells, but sim-
ple storage time estimation and performance estimating simulations were

executed.

4.2 Six Transistor static cell

A typical nMOS 6 transistor memory cell [77] is shown in Figure 4.1a,
using the classic cross-coupled inverter structure, whereby each inverter is
constantly maintaining the voltage stored at the others’ gate, hence this
cell is a Static RAM. This can be converted to an equivalent MESFET
structure of cross-coupled DCFL inverters as shown in Figure 4.1b. Deple-

tion type MESFETSs are used as the pass transistors (see Section 5.3)

Q3 Ql
word word word word
@ ® GND ® ®
(a) Typical nMOS cell (b) GaAs Static cell

Figure 4.1. Six Transistor static memory cells

To write to the memory cell, the data and data are placed on the bit and bit
lines respectively. The word line is then enabled, transferring charge onto
the gates of Q1 and Q3. To read the cell, both bit and bit lines are first pre-
charged to a certain voltage, either the high voltage level, midway between
the high and low voltage [78], or ground. The word signal is then enabled,

and one of the bit lines is then charged and the other discharged relative to
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the precharge value. This difference is then fed into a differential amplifier
and sensed accordingly. The operation of the cell in GaAs is virtually iden-

tical.

There have been many reports of GaAs RAM being implemented in this
form [79] - [81].

There are several disadvantages with using the static approach. Firstly,
the cell has a large stand-by power because of the continuous dissipation by
both inverters being permanently on. At first glance, it may appear that
only one inverter is on, but the supply voltage is usually set such that both
pull-up D-MESFETs remain in saturation (in the range 1.5v - 2v)and
because of the 0.6v schottky diode limited output high, both D-MESFETSs
are continuously conducting. This results in a very little variation in cur-
rent drawn from the supply rail which minimises noise, but up to 200uW
continuous dissipation for each cell. Secondly, the GaAs cell is typically
large in area, because of the large number of transistors required and the
need for a suitable pull-up/pull-down ratio in the DCFL inverters. Thirdly,
the cell is essentially a one port structure, and can only be written to or

read from at a particular time.

It is possible to significantly reduce the stand-by power dissipation of the
static GaAs cells by reducing the value of the Vpp supply to approximately
the value of the schottky diode clamp voltage (0.6v). By limiting the supply
voltage to the logic high level, the dissipation in the on inverter is substan-
tially reduced (P « V?2), while the dissipation in the other inverter becomes
virtually negligible. Cell dissipations as low as 5 uW have been reported
[83]. However, in such cases the noise margin is also reduced causing prob-

lematic operation, particularly as the temperature is increased [80][84].

Due to the static nature of these cells, problems with leakage currents are
not as important in determining memory performance as they are in the

dynamic cells which are discussed in detail in future sections.
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4.3 Six Transistor dynamic cell

In order to reduce the power dissipation, (remembering that NMOS also
has static power dissipation), the permanently-on inverter pull-up loads of
Figure 4.1 can be replaced with switched loads that can be dynamically

turned on and off as shown in Figure 4.2.

® 2 Vad #- o
q)rel' ¢‘rct'
bit bit bit bit
| Q5| | 1 Q6 Q5 Q6
Ql Q3 Q1 <—><—> Q3
word word word word
' PN GND @ ®
(a) nMOS cell (b) Equivalent GaAs cell

Figure 4.2. Six Transistor dynamic memory cells.

Before the advent of more advanced dynamic cells, the MOS form of this
cell was used quite widely [78] [85]. The operation of the cell is similar to
that of the six transistor static cell, except that instead of constant static
inverters constantly refreshing each gate charge, the inverters are turned

on by a refresh clock, ¢,..f, only when necessary to prevent storage degrada-

tion by refreshing the charge stored on the gates of Q1 and Q3. Because of
the low leakage levels in MOS, refreshing needs to be done only in the
order of milliseconds. The advantage of such a cell is a very simple refresh
strategy, in that instead of having to read the cell and then write it back, a

single clock signal can be used.

A GaAs implementation of the circuit, however, is not as effective due to
leakage factors which are orders of magnitude higher than those present in

MOS circuits, via the forward biassed gate-source schottky diodes and sub-
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threshold currents present in transistors Q1 and Q3. The large subthresh-
old leakage is exaggerated by the fact that the low level DCFL voltage is
approximately 100mV, and that even though this is substantially below the
E-MESFET threshold voltage, a large subthreshold current is still present
to discharge the node storing the high level. Simulations indicate that this
current is in fact larger than the schottky diode leakage current.

Figure 4.2 shows the dominant leakage modes present in such a cell.

@ @ Vdd
¢ref
Q2 O S ——— forward bias
_ . schottky leakage (EFET)
. — — — subthreshold
bit s 3 =l 6"' leakage (EFET)
Q Q [T —— — subthreshold/reverse
bias schottky leakage (DFET)
Ql
word : rl : : ‘ i word
& ' ' & GND

Figure 4.3. Leakage modes in 6 transistor dynamic GaAs
DRAM cell.

It can be seen that three forms of leakage are present:

1. Forward biassed schottky diode leakage via gate-source diode of Q1 and
Q3.

2. Subthreshold leakage via drain-source channel of Q1 and Q3 (Typically,
Vgs - Vg = -100 mV)

3. Subthreshold and reverse-biassed schottky diode leakage via pass tran-

sistors Q5 and Q6 (Typically, vgs - v =-1V)

As the leakage currents are always draining charge from the gates of Q1
and Q3, the limit affecting storage time will be determined by the decay
rate of charge stored on the logic high gate. Leakage mode 2 is dominant

over 1, because of the fact that the forward biassed schottky diode leakage
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is strongly dependant on gate source voltage. i.e. as the high gate is dis-
charge via modes 1 and 2, the schottky diode causing leakage mode 1 is for-
ward biassed less, resulting in less leakage via mode 1. Leakage mode 3 is
negligible because of the small (in comparison) magnitudes of both the
reverse-biassed schottky diode leakage and subthreshold current when the

depletion mode transistor is turned off by a large negative voltage.

Simulations show that the storage node is discharged in a time of the order
of 1 ns. This time can be increased somewhat by reducing leakage mode 1.
One method is to use pass transistors to isolate the gates from the drains
using pass transistors, and turning them on only during refresh. This will
increase storage time to around 10ns, but requires more complex control,
and the noise margin is reduced considerably because of the voltage drop
across the pass transistors. Future sections will show that far better per-

formance can be obtained from a GaAs DRAM, so this form is not used.

4.4 Four Transistor dynamic cell

The next step in the development of DRAM was the removal of the two load
transistors to leave the 4 transistor DRAM cell [85], as shown in Figure 4.4.

bit bit b1t bit
1207 T ) -
Ql Q2 Ql Q2
word word word word
@ & GN © ®
(a) nMOS cell (b) Equivalent GaAs cell

Figure 4.4. Four Transistor dynamic memory cells.

The operation of this cell is similar to the Six Transistor dynamic cell,
except this cell has no internal refresh capability. A refresh must therefore

be done by reading and then writing back the contents of the cell. The
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advantage is that the cell is smaller in area. The equivalent GaAs cell,
shown in Figure 4.4b, is subject to the same leakage modes discussed in the
previous section and so once again, only a very short storage time can be

achieved.

4.5 Three Transistor dynamic cell

The feedback path of the 4 transistor cell can be removed to leave a 3 tran-
sistor cell [86] [87] shown in Figure 4.6. There is now a single storage node

at the gate of Q1. This introduces a number of benefits in cell operation.

The enhancement mode MESFET subthreshold leakage current (the most
prominent form of leakage in the above sections) has been eliminated from
the remaining storage node, leaving forward biassed schottky gate leakage
and subthreshold and reverse-biassed schottky leakage via the pass tran-

sistors.

Because of the removal of the feedback system, only a single transistor is

required for the write process. The second transistor may be used to facili-



Chapter 4: Memory Cells in Gallium Arsenide 76

tate reading of the cell, making the cell a dual port memory with separate

read and write bit lines and read and write word enable lines.

Writing of the cell is accomplished by placing the data to be written on the
write bit line and asserting write enable. Reading of the cell is done by pre-
charging the read bit line high and then asserting the read enable line. If
the data stored on the gate of Q1 was high, the read bit line will be dis-

charged. Otherwise it will remain high. Hence the cell is inverting.

write bit - read_bit write bit read bit
] Q2] Q3 Q2 Q3
’ Ql Ql
write enable read enable write enable read enable
T GND ®
(a) nMOS cell ‘ (b) Equivalent GaAs cell

Figure 4.6. Three Transistor memory cells.

Again, however, storage time is limited to the order of nanoseconds because
of the high forward biassed schottky diode leakage from the gate of Q1. To
remove the forward biassed diode leakage, the structure of the cell can be
inverted [88], resulting in the cell shown in Figure 4.6. Because the lack of
feedback transistor has removed subthreshold leakage from the gate of Q1,
the success of the inverting operation on this cell is much greater than that
of the 4 transistor memory. The only leakage affecting the cell charge stor-
age is via reverse-biassed schottky gate diodes on Q1 and Q2 and small
subthreshold leakage via Q2’s drain-source. Because reverse biassed
schottky leakage is several orders of magnitude lower then forward biassed
leakage, a corresponding increase in storage time can be expected. The
leakage is also arranged such that some is acting to charge the storage
node and some is acting to discharge the storage node, with both being of

similar magnitude, further reducing the net leakage to/from the storage
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node. The leakage present in the cell is explained and analysed in detail in

Chapter 5.

Vdd L
write enable read enable
Q1
Q2 Q3
write bit read bit

Figure 4.7. Inverted 3 transistor GaAs memory cell.

To write to the memory cell, transistor Q2 is turned on via write enable so
the data at Write Bit can be transferred to the storage node on the gate of
Q1. If Write Bit is high, charge will be transferred onto Q1’s gate capaci-
tance, storing a logic high, while if Write Bit is low, any charge on the gate
of Q1 will be discharged through Q2, resulting in a logic low being stored in

the memory cell.

Reading the memory cell is controlled by pass transistor Q3. Before read-
ing, the Read Bit bus is precharged to logic low, as there is no pull-down
facility within the memory cell. Read Enable is then set high to perform
the read operation. If there is a logic low stored, transistor Q1 will be off
and the Read Bit bus will remain low. If a logic high has been stored, Q1
will be turned on and the Read Bit bus will be charged via Q1 and Q3.
When a logic high is read, the gate source diode of Q1 is forward biassed,
resulting in significant forward conduction from the storage node. This dis-
charges the storage node. Although the node will not be completely dis-
charged, data integrity cannot be guaranteed after the first read. The cell

thus has a destructive read cycle.
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4.6 Single transistor dynamic cell

The final step in DRAM evolution was the removal of the read and storage
transistors and the use of a capacitor as the charge storage element. The
single transistor dynamic RAM cell [89] is the result, shown in Figure 4.8.
This cell is the most commonly used MOS DRAM cell, because of its small
area and low transistor count, and therefore high density [90]- [92]. There
has also been a large amount of research into improving cell structure and
capacitance formation [93], with fabrication processes being specifically
designed for the manufacture of DRAMs only. The cell also has the disad-
vantages of a fully destructive read and needs very sensitive sense amplifi-
ers because of the small storage capacitance/bit-line capacitance ratio. The

cell is also a single port structure.

bit bit

1 d
word T €s &ND word T

(a) nMOS cell (b) Equivalent GaAs cell

Cs

Figure 4.8. Single Transistor memory cells.

This GaAs implementation of this cell suffers from charge degradation via
subthreshold and reverse-bias schottky leakage in transistor Q1. One pos-
sible way to increase storage time is to add an extra transistor to provide a
facility to add charge into the storage capacitor at approximately the same
rate at which it is being taken out. As discussed in Section 2.4.2.1, the
reverse-bias schottky leakage dominates subthreshold leakage, and so a
possible solution is shown in Figure 4.9a. Depending on storage time con-
straints, the cell can be reduced to a 2 transistor configuration using a

MESFET gate capacitance for storage as shown in Figure 4.9b.
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(a) Leakage compensated GaAs (b) Compensated cell using a
Single Transistor cell Gate as a storage element

Figure 4.9. GaAs Single Transistor DRAM cells.

An implementation of the GaAs cell in Figure 4.8b has been reported in
[94] and shows storage times in the order of 2.5 ms at room temperature,
although the process used was optimised for cell performance. Simulations
show that the cells shown in Figure 4.9 have superior storage performance
over that in Figure 4.8b, but due to limitations discussed in Section 2.2.1,

the accuracy of these simulations may be limited.

4.7 Discussion

RAM cell designs suitable for a GaAs buffer have been discussed. Due to
the nature of the buffer, a small high density, low power, dual port dynamic
RAM cell is ideal. The three transistor cell, discussed in Section 4.5, was
considered to have the best characteristics in these respects and hence was
chosen, analysed and implemented. This is described in the following

Chapters of the thesis.

The single transistor cell is not suitable for this buffer due to it’s single port

nature.
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The static RAM cell is also unsuitable for this application due to its high

power consumption and the large area required for each cell.
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Chapter 5: Three Transistor
Dynamic Memory Cell
Optimisation

The operation of the three transistor memory cell chosen in the previous
chapter is analysed in detail. From this analysis the leakage modes are
determined, and the total leakage minimised so that the storage time of the

cell is maximised.

5.1 Pass Transistors

The Three Transistor dynamic memory cell schematic is shown in
Figure 5.1. The reading and writing of the cell is controlled using pass
transistors. Obviously either enhancement or depletion mode MESFETSs
may be used for implementing these. The pass transistor should be chosen
so that the maximum voltage is passed from drain to source when the tran-
sistor is turned on. For the purposes of this analysis the voltage swing at

the source is defined as:

V. <V <V (EQ5.1)
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Figure 5.1. Three Transistor GaAs dynamic memory cell.

The condition for a transistor to be in its on state can be expressed as:

= - >
Vgs Vg V.2 Vg (EQ 5.2)
Therefore, when the transistor is on, the source voltage is:
< .
Vs < Vg VTH
(EQ 5.3)
Vsmax - ngax B VTH

But, the forward biassed schottky diode at the gate of the transistor limits
the gate source voltage to the schottky clamp voltage, Vgc:

V. =V -V <V

gs g S SC (EQ5.4)

Therefore the maximum voltage at the gate to turn the transistor on is:

Vg < Vs + VSC (EQ 5.5)

The maximum gate voltage that can be applied will therefore be higher for

Vsmax than for Vg,..... so we must set Vg to Vg,;, so that Equation 5.5 is
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valid for all Vg. Therefore, the maximum gate voltage which can be applied

to turn the transistor on is:

% =V + VSC (EQ 5.6)

gmax smin

Substituting Equation 5.6 into Equation 5.3 gives:

14 =V _Vt=VS

max gmax nmin

+ VSC -V (EQ 5.7)

t
Rearranging, the maximum available voltage swing at the source of the

pass transistor is:

-V (EQ 5.8)

Therefore the maximum voltage swing at the source can be increased by
increasing either the schottky diode clamp voltage or decreasing the tran-
sistor threshold voltage. However, because the schottky diode clamp volt-
age is fixed (at approximately 0.6 volts), to maximise the source voltage

swing it is necessary to minimise the transistor threshold voltage.

The typical D-MESFET has a threshold voltage of about -0.871 volts, com-
pared with the typical E-MESFET threshold of 0.227 volts [26]. Using D-
MESFETs as pass transistors thus offers approximately 1.1 volts of extra
voltage swing. For this reason, depletion mode MESFETs are superior pass
transistors. The major disadvantage in using depletion mode pass transis-
tors is that a negative voltage must be used to turn them off, increasing

design complexity.

5.2 Voltage Levels in the DRAM cell

5.2.1 Write Bit Line Voltages

To effectively store a low level, Q1 must be off when the cell is being read

(i.e. Q3 is on) and as the Read Bit bus is pre-charged to 0 volts, the source
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voltage of Q2 will also be approximately 0 volts. To turn off a transistor, we

require:
Vgs < VTH (EQ5.9)

We therefore require a logic low stored on the gate of Q1 to be less than the
threshold voltage of an enhancement mode MESFET, nominally
0.227 volts.

In the case of successfully storing a high level, when the cell is read the
Read Bit bus must be charged to a logic high level, typically 0.6 volts. For
transistor Q1 to be on in this case, we see from Equation 5.2 that the gate
voltage must be at least a threshold voltage higher than this high level, and
the further above this value it is the more transistor Q1 will be turned on.
As we want to maximise the rate of charge of the Read Bit bus, the logic

high level on the gate should be maximised.

From the above arguments, 0 volts for a low level and 2 volts for a high
level will be ideal. However, due to logic family limitations in the design of
the Write Bit driver bus (Section 6.2.6), the maximum logic high voltage

available is approximately 1.5 volts.

5.2.2 Pass Transistor Turn Off Voltages

In turning off the pass transistors, we seek to minimise the currents flow-
ing in them, thereby reducing leakage currents. As discussed in
Section 2.4.2.1, while the accuracy of the subthreshold model is not known,
provided that the gate-source voltage is several hundred millivolts below
the threshold voltage, reverse-biassed schottky leakage currents will be
dominant. Therefore to minimise the effect of the subthreshold leakage
currents in the pass transistors, we need only ensure that the gate-source
voltage of the transistors in their off state is sufficiently low for this to

occur.

However, as threshold voltage varies with temperature and process varia-

tion, the point at which the subthreshold current becomes negligible will
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also change. The worst case will occur when the transistor threshold volt-
age is at its lowest (i.e. the transistor will be fastest). In this case, the gate-
source voltage required to minimise the subthreshold current will be at its
maximum negative value. Care must be taken to ensure that the turn off
voltage is not too low, as this will result in increases in reverse bias
schottky leakage, and eventually failure if the breakdown voltage is
reached, as discussed in Section 2.4.1. Nominal minimum size depletion

mode MESFET threshold voltages are shown in Table 5.1.

Table 5.1. Nominal minimum size D-MESFET threshold voltages for
different process variations (25 °C).

D-MESFET 20 Slow 16 Slow Typical 16 Fast 20 Fast
Vi (volts) -0.677 -0.774 -0.87 -0.969 -1.067

As temperature increases, threshold voltage is reduced (Section 2.4.4) and
therefore at 125 °C, threshold voltages will be significantly lower than
those shown in Table 5.1. By this reasoning, a turn off voltage of -2 volts

was decided upon. This value was verified using simulation.

Figure 5.2 shows the result of an Aspice simulation of the subthreshold cur-
rents in a minimum sized D-MESFET. The graph is a plot of drain-source
current at a drain source voltage of 2 volts and temperature of 75 °C versus
gate-source voltage. It can be clearly seen that the gate-source voltage
required to cut off the subthreshold currents becomes more negative as the
transistor threshold voltage reduces (i.e. becomes more negative), and that

a cut-off voltage of -2 volts is adequate.

Table 5.2 presents a list of required turn-off voltages for a range of process
variations and temperatures. The increase of cut off voltage with tempera-
ture can be clearly seen. It can be seen that using a -2 volt cut off voltage
will provide enough swing to turn the transistors very close to fully off over

the required operating range.

5.2.3 Pass Transistor Turn On Voltages

The higher the turn on levels for the pass transistors are set, the greater

the voltage swing that will be passed across the pass transistors
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Figure 5.2. Subthreshold currents in a minimum sized
D-MESFET.

Table 5.2. Voltages required to turn off D-MESFET subthreshold
currents for various temperatures and process variations

Temperature | 26 Slow 1o Slow Typical 1o Fast 20 Fast
25°cC -1.20 -1.32 -1.44 -1.55 -1.66
75°C -1.46 -1.58 -1.70 -1.82 -1.94
125°C -1.58 -1.71 -1.84 -1.96 -2.08

(Equation 5.8). It is therefore advantageous to make the levels as high as

possible. However if the level is set too high, forward biassed schottky

leakage into the storage node or Read Bit line may degrade operation.

To turn on the pass transistors, a voltage greater than their threshold volt-

age (nominally -0.87 volts) is required. Without introducing another power

supply voltage into the design, two possibilities are evident: a 0 volt turn
on signal can be generated by using GND as the positive rail, or by using

Vpp as the positive rail, a higher turn on signal (which will be schottky

diode limited at the gates of the pass transistors to approximately 0.6 volts)

can be produced.
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At a gate-source voltage of 0 volts they will be turned on, and because the
gate-source voltage is 0 volts, there will be no forward biassed schottky
leakage. At the higher turn on voltage, a higher voltage swing will occur,
but significant forward conduction of current through the schottky diode

may effect the logic low level in particular.

5.2.3.1 Write Enable Transistor On Voltage.

When the Write Enable on signal is set to 0 volts, satisfactory operation
occurs, and the maximum logic high value which is stored is approximately
1 volt. When a logic low is stored, no forward conduction occurs and so a

logic low value of 0 volts occurs.

A higher value of stored logic high voltage will result in a better read from
the cell as Q1 will be turned on more. To increase the value of stored logic
high voltage, the Write Enable on signal can be increased in voltage. If the
output of the Write Enable signal driver is instead tied to the high voltage

rail, the Enable signal on voltage will be increased.

When storing a logic low value, the Write Enable signal will be constrained
to 0.6 volts by the gate-source schottky diode of the Write Enable transistor,
Q2. This voltage will result in significant forward conduction through into
the storage node. Initially, it was thought this process would be damaging
to the cell operation by storing a higher value of logic low. However, this is
not the case as illustrated in Figure 5.3. Assume that when storing a logic
low, 0 volts is present on the Write Bit line. When the Write Enable signal
is applied, it increases to the point at which schottky clamping will occur -
approximately 0.6 volts. Current then flows into the storage node via the
gate, increasing the voltage at the storage node above 0 volts. Eventually,
the Write Enable signal is turned off, and the voltage level of the signal
falls. As it falls towards 0 volts, the transistor is still on (as the depletion
mode threshold voltage is = -0.8 volts), but the forward conduction ceases.
Further, because the Storage node (> 0 volts) is now significantly higher
than the Write Bit line (= 0 volts), the Storage node is discharged through
the Write transistor back to 0 volts.
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Figure 5.3. Why a high WE voltage does not increase low stored
voltage.

Therefore, a Write Enable voltage high level of 0.6 volts is used as it max-
imises the high level stored in the memory, but does not increase the low
level stored. Using this level, simulations will show a logic high value of

approximately 1.6 volts on the storage node.

5.2.3.2 Read Enable Transistor On Voltage Level

The Read Enable level can only be set to a maximum of 0 volts. Increasing
this voltage results in significant forward conduction into the Read Bit
node. This problem is exacerbated by the very high gain sense amplifier
which must be used to extract the low output high voltage from the cell.
Simulations indicate that a logic high when reading can be as low as
400 mV, while using a 0.6 volt Read Enable signal can result in an output of
a logic low as high as 300 mV. It can be seen that this situation is unac-
ceptable due to the noise margin problems it produces. Therefore the Read

Enable level is set to a maximum of 0 volts.
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5.2.4 Summary

The control voltage levels used in the memory cell are summarised in the

Table 5.3:

Table 5.3. Control Voltages for optimum memory cell performance.

Signal Low level High level
Read Enable -2 volts 0 volts
Write Enable -2 volts 0.6 volts

Write Bit 0 volts 2 volts

The shaded cells in the above table represent the voltages which are
applied to the memory cell under steady state conditions, i.e. when no read-

ing or writing is occurring, and a bit is being stored in the memory cell.

5.3 Leakage Model

To maximise the storage time of the memory, a full understanding of the
ways in which current is leaking into/out of the storage node must be
obtained. The MESFET equivalent circuit model, Figure 2.10, can be sub-
stituted into the Dynamic RAM cell (Figure 5.1), to obtain the equivalent

circuit of the memory cell. The resulting circuit is shown in Figure 5.4.

The currents which act on the storage and internal nodes are shown in

Figure 5.4, and defined as:

igge - Current flowing from Vpp to the Storage node via the E-MESFET

(Q1) gate-drain schottky diode.

igse - Current flowing from Vpp to the Internal node via the E-MESFET

(Q1) drain-source current source.

lgse - Current flowing from the Storage node to the Internal node via the

E-MESFET (Q1) gate-source schottky diode.

- Current flowing from the Storage node to Write Enable via the Write
Enable D-MESFET (Q2) gate-drain schottky diode.

igdww



Chapter 5: Three Transistor Dynamic Memory Cell Optimisation 90

' Vbp
2 1gde
_m_
i Storage Node
Q1 i
idse + S]
3 lodww

Q2
Write

Internal Node ———p» ldsww
. Enable

A
wYY

lodrw 3
_>

P
Q3 H

Read .
Word | @+ Ydsrw

AAA

Yy

Read
Bit

Figure 5.4. Memory Cell equivalent circuit.

igsww - Current flowing from the Storage node to Write Bit via the Write

Enable D-MESFET (Q2) drain-source current source.

- Current flowing from the Internal node to Read Enable via the Read

Enable D-MESFET (Q3) gate-drain schottky diode.

igdrw

igsrw - Current flowing from the Internal node to Read Bit via the drain-

source current source of the Read Enable D-MESFET (Q3).

To simplify analysis of the leakage currents acting on the storage node, it is
assumed that the memory cell is in steady state. i.e. that no reading or

writing is occurring in the cell. The Write (Q2) and Read (Q3) Word tran-
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sistors are therefore turned off by -2 volts as discussed in Section 5.2.2. We
can therefore assume that their subthreshold currents are negligible com-
pared to the reverse-bias schottky leakage and remove them from the cir-
cuit. By assuming the resistances are negligibly small compared to the off
resistance of the transistors, and ignoring the effect of the capacitors

(steady state), the leakage model can be somewhat simplified to that shown

in Figure 5.5.
' . VDD =2v
1gde
! ] Storage Node
idse *@ QI ig dww
-
Internal Node_pl—lq— WWord = -2v
- Q3
igdrw lgse
—
RWord = -2v——Jp}—
Q2

Figure 5.5. Simplified Leakage Model of Dynamic RAM Cell.

By assuming that the voltages at the storage and internal nodes are some-
where between +2 volts and -2 volts, we can summarise the leakage effects

in Figure 5.5 as:

» Reverse bias schottky leakage, igge, Will charge the storage node from
Vop.

» Reverse bias schottky leakage, iy, Will drain current from the storage

node into the Write Word line.

 There will be some current flow, iy, either charging or discharging the

storage node via the internal node, depending on the relative voltages of

those two nodes.
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The relative voltage between the storage node and the internal node must

therefore be found. Summing the currents at the internal node gives:

idse + igse T igdrw =0 (EQ 5.10)

Rearranging gives:

idse = *igse . iga'rw (EQ5.11)

We know that the drain current in Q1, i, cannot be negative as current

will always flow out of the supply, Vpp, and into the circuit. Substituting

igse 2 0 into Equation 5.11 gives:

e i 7z S0 (EQ 5.12)

Rearranging gives:

lose S ~Lodrw (EQ 5.13)

We assumed before that the internal node voltage was higher than -2 volts,

and therefore izq, Will be a reverse bias schottky diode current. Hence,

current izg, can be one of three possibilities:

1. If vgee > 0 volts, a very small forward bias schottky current (lower in
magnitude than the reverse-bias schottky current iy4.,), flowing from

the storage node into the internal node.
2. If vgge = 0 volts, 155, = 0.

3. If vgge < 0 volts, a reverse bias schottky current flowing from the internal

node to the storage node.

If we assume that case 1 is true, then the magnitude of iy, will be smaller
than the magnitude of the reverse-bias schottky current igg., (from
Equation 5.11). Such a small drain source current requires that the tran-
sistor is heavily into the subthreshold region. From [43] and discussions in

Section 2.4.2.1, we know that if the drain source current is less than the
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reverse-bias schottky leakage, then the gate source voltage must be several
hundred millivolts below the threshold voltage, such that the transistor is
well into the subthreshold region. We would expect that a typical E-MES-
FET with a nominal threshold voltage of 0.227 volts would require a gate
source voltage of the order of -0.5 volts. This was verified in comprehensive
simulation over all operating conditions. Therefore for this small drain-

source current we require Vgg, < 0 volts, but the first assumption is that

Vgge > 0 volts. Therefore case 1 cannot be true.

If we assume case 2 is true, then the magnitude of iy, will be equal to the
magnitude of reverse-bias schottky current iyq., A similar argument to
case 1 can be followed, with the result that if vy, = 0 volts, the transistor

will not be far enough into the subthreshold region to have such a small

drain current and that therefore the actual value of vy, must be lower

resulting in it being non zero and the initial assumption cannot be possible.

Now, assuming that case 3 is true, then from Equation 5.11 we know that
the magnitude of ijg, will be the sum of two reverse-bias schottky diode cur-
rents, iz, and gy, Once again this is a very low drain-source current

which will require the transistor to be heavily into the subthreshold region.
An enhancement mode transistor will require a negative gate-source volt-
age, therefore vy, < 0, which is the original assumption we made. There-
fore case 3 is the only case which can exist under steady state conditions.
Once again this was verified by simulation over the full range of operating
conditions. Therefore iy is a reverse-bias schottky diode current flowing
from the internal node into the storage node. i.e. charging the storage node.
We can then further simplify the leakage mode to its simplest format,

shown in Figure 5.6.

The magnitude of the current iz, charging the Storage node will depend on
the value of voltage difference between the storage and internal nodes, v

The exact value of this voltage can be found by substituting in to

Equation 5.10, as shown below in Equation 5.14.
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Figure 5.6. Most simplified Leakage Model of the Dynamic

RAM Cell
ldse‘ _ _ v
Vg_v - vSmruge “ Vinternar Yas = Ydd = Yinternal
+i
gse _ (EQ 5.14)
Ves = Vsiorage = Vinternal
+i, drw| ~ y =0
ng = Vinternat — Y we

Solving this equation by hand is extremely complex, however it can be

solved by hspice simulation, using vi,ie.ma1 @s the variable and evaluating

the points at which the curve crosses the x-axis. As an example, a simula-

tion of Equation 5.14 for fixed vgtorage = O volts (storing logic low) using

minimum sized transistors at 125 °C and typical parameters is shown in
Figure 5.7. It can be seen from this example that where the curves cross

the 0 current axis, Viuterns] ranges from 420 mV to 480 mV at the equilib-
rium point for different process spreads, and since vgirage 18 set to Ov, this

corresponds to a Vg in the range of -420 mV to -480 mV.

By performing a similar simulation over the whole range of operating con-

ditions and values of voltage at the storage node, it can be shown that v,

is always negative.
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Figure 5.7. Memory equilibrium point at Vg 4g4e = 0, 125 °C,
20 variation.

Table 5.4 shows the values of vgiqrage - Vinternal @t equilibrium points over a
range of temperature and process variations at Vgi,ra0e = 0V, that typical of

a logic low level being stored. A similar result is obtained as the voltage
stored on the storage gate is increased from Ov up to that stored for a logic
high (typically around 1.2 volts). Values of Vgi5rage - Vinternal 2t equilibrium
points over a range of temperature and process variations at

Vistorage = 1.2V, that typical of a logic high level being stored, are shown in
Table 5.5.

Further, by comparing the values of the reverse-bias voltage vy, shown in

Table 5.4 and Table 5.5 with values of reverse saturation voltage such as
those shown in Table 2.1, it is evident that the equilibrium point is always

such that iz, will be in, or very close to, reverse saturation.

We can therefore validly assume that all three diodes in Figure 5.6 are in

reverse saturation. By determining the total current flowing into/out of the
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Table 5.4. Table of Vgi4rage - Vinternal Under various operational
conditions for Vgiorage = OV.

Temperature 20 Slow 10 Slow Typical 16 Fast 20 Fast
25°C 270 mV 310 mV -360 mV -400 mV -439 mV
75°C 387 mV 425 mV 470 mV -485 mV -500 mV

125°C -430 mV -447 mV -463 mV -476 mV -488 mV
Table 5.5. Table of Vgiorage = Vinternal Under various operational
conditions for Vgi,rage = 1.2V.

Temperature 20 Slow 1o Slow Typical 1o Fast 20 Fast
25°C -140 mV -190 mV -230 mV -269mV -309 mV
75°C -256 mV -298 mV 312 mV -324 mV -345 mV

125°C -269 mV -288 mV -307 mV -322 mV -336 mV

Storage node, an estimate of the cell storage time can be made. The tran-

sistor sizes can then be optimised to minimise the current and hence max-

imise the storage time.

5.4 Leakage Minimisation

To simplify analysis, a re-labelled version of the fully reduced leakage

model is shown in Figure 5.8.

: Vop
lrbel
_.._b_

Storage Node
D1 / D3

—14

WWord = -2 volts
Internal Node

D2 i .
r
Vinternal | :]
_>
irbeZ

Figure 5.8. Simplest Leakage Model of the Dynamic RAM Cell.
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By summing currents at the storage node, we gain the total leakage cur-

rent, 1jg,k:

Yeak = 'rbel T lrbe2 T trbd (EQ 5.15)

Thus the current through the two reversed biassed E-MESFET (Q1) diodes,
D1 and D2, acts to increase the charge stored on the gate of Q1, while the
current through the reversed biassed gate-drain diode of D-MESFET Q3
acts to reduce the charge stored at the gate of Q2. The expression in
Equation 5.15 can be plotted against temperature and process spreads to
find its maximum value, which will correspond to the minimum storage

time.

Three important points can be stated about the leakage, due to the fact it is

caused by the schottky diodes, as discussed in Chapter 2:

1. It is directly proportional to diode area. Therefore, all transistors are set

to be minimum size as an initial attempt to minimise leakage.

2. It increases exponentially with temperature, and therefore as tempera-
ture increases the net leakage current affecting the storage node will
also increase. Power dissipated by the chip should therefore be mini-

mised.

3. It increases as process spread becomes faster. Therefore leakage will be

a bigger problem when transistors are 2c fast.

A simulation result of Equation 5.15 is shown in Figure 5.9, using all mini-
mum sized transistors over a temperature range of 0 to 125 °C for process
variations ranging from 20 slow to 2c fast. It can be seen that as tempera-
ture and process speed increases, a large net current is flowing into the
storage node, due to the current imbalance between the two E-FET diodes
and single D-FET diode. By increasing the width of the depletion mode
Write Enable transistor Q2, the current leaking out of the Storage node will
increase and reduce the net current flowing into the Storage node. If the

width is increased too much, eventually a large net current will flow out of
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Figure 5.9. Simulation of Memory leakage current.

the storage node. The appropriate balance must be found such that the
maximum leakage current is minimised. A table comparing maximum
leakage currents for differing widths of transistor Q2 is shown in Table 5.6.
It can be seen from Table 5.6 that a width of 2.2um and 2.3 um offer similar
maximum magnitude of leakage current. However, a width of 2.3 um was
chosen because leakage over the operating range is always negative, mean-
ing the storage node will always be discharged. This provides better per-
formance, due to the fact the when storing a logic low, the node can only be
charged by about 200 mV before it will be at the E-MESFET threshold volt-
age and at risk of providing a false reading. A logic high level can be dis-
charged by significantly more before reading falsely. A simulation of the
leakage with a 2.3 um wide transistor for Q2 is shown Figure 5.10. The

worst case net leakage current is -8.12 pA.
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Table 5.6. Table of maximum leakage currents from Storage node for
different widths of D-MESFET Q2 over a 0 - 125 °C temperature range

Maximum Maximum
Q2 Width (Lm) Positive Leakage | Negative Leakage
2.0 38.6 pA -581.7 fA
2.1 25.5 pA -1.4 pA
2.2 9.6 pA -3.5pA
2.3 - -8.12 pA
2.4 - -18.22 pA
2.5 -- -39.65 pA
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Figure 5.10. Memory leakage current for Q2 =2.3 pum, T =0
to 125 °C

5.5 Storage Time Calculation

Now that the maximum leakage currents are known, the storage time can
be determined. We know that at a particular temperature and process var-
iation, the leakage current will be approximately constant as the diodes are

in reverse saturation. The voltage current relationship for a capacitance is:
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AQ =1-At = C-AV (EQ 5.16)
Therefore:

- AV
Ar = 2ore (EQ 5.17)
Ileak

Where: Cy,e = Total Capacitance at storage node, AV = Allowable change
in storage node voltage, I}, = Leakage current into storage node and At =

storage time of memory cell.

The critical case determining the maximum AV will be for the high level
case, as we have assumed that net leakage is always negative over the
operating conditions for the transistor sizes shown. A typical high storage
voltage is around 1.2 volts, and being conservative, a 300 mV drop in this
will still give a true read output. The maximum leakage current, from

Table 5.6, will be 8.12 pA.

The storage time required for the memory is 5.6 pus (from Section 1.5.2.1).
The capacitance at the storage node is that of a gate, typically of the order
of 5 fF. This gives a storage time of approximately 180 us. This offers a
safety factor of roughly 30, however due to uncertainty in the accuracy of
the reverse-bias diode models (discussed in Section 2.4.1), the safety factor
allowed should be made as large as is feasibly possible. Storage time can be
increased by increasing the capacitance at the storage node
(Equation 5.17). A capacitor may be fabricated on chip for each cell and
placed in parallel with the gate capacitance, as shown in Figure 5.11. The
capacitor will require a large amount of area, and hence there will be a
trade-off between cell storage time and area. It was found that a fabricated
capacitance of 50 fF provided a reasonable trade off with area, giving a
total storage capacitance of approximately 55 fF, and a worst case simu-
lated storage time of approximately 2ms. The equates to a worst case
safety factor of roughly 300. Under more favourable operating conditions,
the storage time and safety factor will be many more times higher, as the

leakage current will be significantly reduced. For example, at 75 °C and
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typical parameters, a simulated storage time of about 30 ms is obtainé_fi,

giving a safety factor of approximately 5000. N\

5.6 Read Enable Transistor Sizing

The above analysis also shows that the read transistor, Q3, has no effect on
the steady state storage time of the memory cell. Therefore its size can be
adjusted to optimise the read process. At first glance, it would seem appro-
priate to increase this width and speed up the read cycle. However, this
also has the effect of reducing the value of the output high voltage, due to
the increased pull-down of the wider E-MESFET (an identical effect to that
seen in the DCFL inverter). Therefore, increasing the width of Q2 will
cause the cell to reach a lower output high voltage, faster. Conversely,
increasing the L/W ratio of Q3 will cause the cell to reach a higher output
high voltage, but at a slower speed. For these reasons, the size of Q3 is left
at its minimum size as this represents an effective trade-off between the

two cases.

5.7 Optimised Memory Cell and Layout

A schematic of the final memory cell, optimised for our requirements, is

shown in Figure 5.11.

The layout of the RAM cell must be as compact as possible. Any saving in
area in the cell will result in a large saving in the 14k array. A large capac-
itance will take a substantial portion of the area, and so must be designed
to be as small as possible. The capacitor must be layed out as a parallel
plate, as no special capacitor facilities are provided with the H-GaAs II
process. A table showing the values of interlayer capacitance between var-
ious layers in the H-GaAs II process is shown in Table 5.7 [26]. Cpp repre-

sents the parallel plate capacitance between two layers of metal, while Cs

represents the fringing capacitance component as illustrated in

Figure 5.12.
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Using the largest capacitance metals will obviously provide the most effi-
cient use of area when producing the additional capacitor. The largest
interlayer capacitances occur between metal 1 and gate metal and metal 1
and ohmic metal. However, it should be noted that gate metal also has a
substantial capacitance to the substrate. Therefore by using gate metal as

the storage node plate and metal 1 as the Vpp plate, a large capacitance
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Table 5.7. Interlayer Parallel Plate and Fringe Capacitances

Top Bottom Cpp (fF/um?) Cr (fF/um)
Layer Layer minimum | nominal | maximum nominal
Metal 4 Metal 3 0.0278 0.0293 0.0308 0.080
Metal 2 0.0138 0.0146 0.0153 0.026
Metal 1 0.0105 0.0110 0.0116 0.008
Gate Metal 0.0093 0.0096 0.0100 0
Ohmic Metal 0.0094 0.0100 0.0105 0
Substrate 0.0083 0.0088 0.0092 0
Metal 3 Metal 2 0.048 0.051 0.054 0.048
Metal 1 0.032 0.033 0.035 0.035
Gate Metal 0.026 0.028 0.029 0.030
Ohmic Metal 0.026 0.028 0.029 0.030
Substrate 0.020 0.022 0.023 0.035
Metal 2 Metal 1 0.069 0.073 0.076 0.049
Gate Metal 0.047 0.050 0.053 0.045
Ohmic Metal 0.047 0.050 0.053 0.045
Substrate 0.030 0.032 0.035 0.042
Metal 1 Gate Metal 0.121 0.127 0.134 0.051
Ohmic Metal 0.121 0.127 0.134 0.051
Substrate 0.048 0.052 0.057 0.044
Gate Metal Substrate 0.074 0.076 0.079 0.045

will be made between the storage node and Vpp and the storage node and

ground. Using ohmic metal as the storage node plate and metal 1 as the

Vpp plate will only give the Vdd to storage node capacitance.

The layout is shown in Figure 5.13. The cell was designed to be as compact
as possible with the large capacitance required. This meant laying out the
capacitor as efficiently as possible, hence the square nature of the design.

The cell dimensions measure 25.5 pm square, giving approximately
1538 cells/mm?2. The storage capacitor now comprises a total of 35 fempto-
farads capacitance between Vpp and the storage node, and another 20
femptofarads of parasitic capacitance between the storage node and the

substrate (effectively ground). This gives an effective nominal storage

capacitance of 50 fF.
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Figure 5.13. H-GaAs II Layout of DRAM cell

5.8 Memory Cell Performance

In all memory simulations, the Read Bit bus is driving a typical DCFL
inverter load (resulting in Read Bit discharging through the forward
biassed gate diode once the read cycle has finished, as seen in the simula-

tions), and a D-MESFET is used to pre-discharge the bus.

To demonstrate the performance of the memory cell with the chosen voltage
levels decided in Section 5.2, Figure 5.14 shows three simulation results.
The first, Figure 5.14a shows a simulation of the memory cell at 75 °C,
using 20 slow to 20 fast parameters and 0 volt control signal on the Read
and Write Enable transistors to read and write the memory. The lower

storage and output high voltages can be clearly seen.

Figure 5.14b shows another simulation under the same conditions, this
time using a 0.6 volt signal to enable the Read and Write transistors. It can

be seen that significantly more current flows from the Read Enable line
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onto the Read Bit bus via the forward biassed diode when a logic low is
being read, although the stored logic high level, and consequently read logic
high level and read access time is significantly increased, relative to
Figure 5.14a. This higher logic low level is exacerbated at higher tempera-

tures.

In Figure 5.14c, a simulation with a 0.6 volt signal to write the data to
memory and a 0 volt signal to read from memory is shown. The same high
voltage stored in Figure 5.14b is evident, and the forward conduction is sig-
nificantly reduced, which results in better performance than Figure 5.14a

and Figure 5.14b. The logic levels chosen above are therefore justified.

Simulations were also done to ensure that the storage time requirements of
the memory cell were being met. A simulation showing long term storage
time at 75 °C over a 20 slow to 2c fast process variation is shown in
Figure 5.15. It can be seen that under such conditions the memory storage
time is exceeding 2.5 ms. At lower temperatures, the safety factor is even
larger, while as temperature increases it reduces exponentially, although at
no temperature below 125 °C will the safety factor be less than 80. As it is
unlikely temperatures will reach this point, the storage time should be ade-
quate. Note the storage time simulation differs from the predicted storage
time due to the use of the MESFET model when simulating the memory
cell. As discussed earlier, this model does not accurately model diode
behaviour. Unfortunately, the Diode model does not model the MESFET
operation at all and thus to simulate the memory cell the MESFET model
must be used, at the expense of not accurately modelling storage time. The
MESFET model gives a much larger reverse-bias leakage current than the
diode model and so leakage currents in the simulation are greater than
when using the diode model. This result suggests that the cell will be able

to store for longer periods of time than indicated by simulation.
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5.9 Conclusion

We have now obtained a suitable memory cell for the implementation of the
ATM buffer. The cell has been optimised so that its storage time is maxim-
ised over a wide range of process and temperature variation. The value of
storage capacitance required, allowing for significant inaccuracies in the
hspice models, has been determined. The optimum memory cell has been
layed out and simulated to verify performance. The design of the 14 kilobit

memory array, based on this cell, is presented in the next chapter.
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Chapter 6: Dynamic RAM Array
Design

This chapter discusses the design of the full 14 kbit Dynamic RAM array,
along with all associated word and bit drivers, level shifters and sense

amplifiers.

6.1 DRAM Array

The layout of the DRAM was designed to be as close to square as possible,
and hence the array is partitioned into 128 words each of 112 bits, giving
the core memory dimensions of 2.856 mm by 3.264 mm. A floor plan of the
memory array is shown in Figure 6.1. Seven bit address lines are required
to decode all 128 addresses.

To enable simultaneous reading and writing of the memory, two sets of
word drivers are provided to decode the read and write addresses being

sent from the output and input controllers respectively.
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Figure 6.1. Detailed floor-plan of the DRAM

6.1.1 Voltage Levels in Memory Control Logic

109

Read
Data
Out

As discussed in Section 5.2, the control voltages for the DRAM cell use -2

volts as the low supply rail and lower limit of the voltage levels. The

controller logic has been designed to supply signals which use ground (0

volts) as the low supply rail. This means that at some point there must be

some level shifting of the voltage of signals from a 0 volt low supply logic to

-2 volt low supply logic. Two options present themselves, namely:

¢ Decode the address lines and the read/write enable signal using 0 to +2

volt logic, and level shift the control signal down before entering the

word drivers.

e Level shift address lines and the read/write enable signal down before

decoding and then perform decoding using -2 to 0 volt logic. No further

level shifting is required, as the word drivers can then be driven directly.
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Clearly, the second option is superior, as it requires only one level shifter
for each of the address/enable signals - a total of 16 level shifters (7 address
signals + 1 enable signal for read and write). The first option requires one
level shifter for each word line - a total of 256 level shifters. This will make

a significant addition to the total chip dissipation and area.

For this reason, all address decoding is done using -2 to 0 volt powered

logic.

6.1.2 Address Decoding Strategy

The classical address decoding equation for writing to a word in the mem-

ory array is given by Equation 6.1:
Select=AO-A1-A2-A3'A4-A5-A6-WE (EQ6.1)

When the Select line is enabled, the data on the write bus will be written
into the appropriate memory word. Only one memory word may be
Selected at a time. By mapping the inputs of the AND gate representing
Equation 6.1 to the address lines and their complements, all words of the
memory can be accessed. The Select line is only enabled when the Write
Enable signal, WE is high. When Write Enable is low, all Select lines are

low, and no memory cells are being written to.

Because of the inability to produce AND functions in GaAs, it is necessary
to convert Equation 6.1 into a form which can be implemented using NOR

gates. This can be done using deMorgans law:

Select =A0+A1+A2+A3+A4+A5+A6+WE (EQ 6.2)

An 8-input NOR gate will therefore be required to implement the decoding
function. Because of the poor fan-in performance of GaAs, the 8-input
NOR gate will have to be partitioned into combinations of smaller fan-in
NOR gates. There are several methods of partitioning the NOR gate, and
the optimum method is chosen based upon delay and the number of lines

which must be driven to the decoders. If the 8 input NOR gate is used, it is
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necessary to drive each address line and its complement and the Write
Enable signal, WE, to the decoder. The number of lines which have to be
driven to the decoders is 2n + 1, where n is the number of address lines. In
our case we have 7 address lines and therefore the number of lines which

must be driven to the decoders is 15.

The 8-input NOR gate can be partitioned into two 4-input NOR gates feed-
ing into a 2-input NOR gate. Therefore our gate count is increased 3 fold -

resulting in a large increase in area and dissipation.

Consider however an alternative rearrangement of Equation 6.1:

Select = AO-A1+A2-A3+A4-A5+A6-WE (EQ 6.3)

This can be further altered to NOR/OR form as:

L 3 ") 5 P 3 5

Select = LA_(")+A_IJ+LA_2+A_3J+(A_4+A_5J+LX;+W) (EQ 6.4)

It can be seen that in this form only a single 4-input NOR gate is required
at each decoder, if some decoding is done prior to delivering the signals to
the decoder via 2 input NOR gates. The number of lines necessary to be
driven to the decoders is now 3 x 22 + 2 = 14 lines. i.e. 22 combinations for
each of the first three terms of Equation 6.4, and two for the last
(Ag and Ag). A total saving of 512 gates and one driver is made over the

chip, saving significant amounts of power, area and delay.

Further partitioning of Equation 6.1 is not beneficial, as:

. 3 2 A

Select=LA_0+A_1 +A_2J+LA_3+A_4+A—5J+LX;+W_EJ (EQ 6.5)

Here we require 2 x 23 + 2 = 14 driving lines, but only a 3-input NOR gate
as each decoder. There is little difference in dissipated power between 3-
input and 4-input NOR gates and driver complexity and number will be
higher. Grouping the address lines into still larger groups, i.e. 4, 5, 6, 7 and

8 dramatically increases the number of drivers required (24 for 2 groups of
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4, 36 for groups of 5 up to 128 for groups of 7 and 8). We can thus conclude

that Equation 6.4 represents the optimum form in terms of partitioning.

However, under simulation it was found that this method produces extra
delay in the output write enable signal, due to pre-processing the input
write signal. As a compromise between delay and power dissipation/area,
some pre-processing can be done on the address lines, while the write sig-

nal is passed directly into decoder. The equation can be expressed as:

& 5 £ A £

Select=u_A_O+A_1)+LA2+A3J+(A_4+X;J+A~6J)+VITE (EQ 6.6)
This can be realised as in Figure 6.2.

WE_in

% Select

Figure 6.2. Circuit diagram of the address decoder
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It is also necessary to design a floor plan for the address decoding scheme
as there is a large number of signals involved which must be appropriately
routed. A floor plan of the Write Address decoder section is shown in
Figure 6.3. The Read Address decoder section has an identical floor plan,

except it also includes provision for the pre-charge drivers and decoders.

6.2 Design of Functional Blocks

The functional blocks which make up the DRAM and their design are now
discussed. The following blocks are designed:

e Input Level Shifters/Buffers
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decoding section
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Sense Amplifier

As we saw in Chapter 5, DRAM storage time reduces exponentially with

increased temperature. Therefore, when designing the functional blocks,
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the primary concern of the author was to keep power dissipation as low as
possible while still giving adequate performance. This is a difficult task,
mainly due to the need for large numbers of large capacity, high speed
drivers (i.e. Read and Write Word drivers, of which 128 of each are needed,
and which must drive a load of 112 transistors + about 1pF of capacitance
each). Due to their number, a small amount of dissipation saved per driver
will result in a large overall saving, while a high dissipation driver has its
effects multiplied to result in an enormous dissipation when used in the

completed array.

6.2.1 Level Shifter/Buffer Design

Because all address decoding is done using a -2 volt lower supply, and cir-
cuits external to the DRAM operate on a 0 volt lower supply, level shifters
are required to convert the incoming address and enable signals. The
buffer stage is necessary to provide the level-shifted output and its comple-
ment to the pre-decoder stages, and is easily done using two DCFL invert-
ers with a B ratio of 12, arranged as shown in Figure 6.4. The first inverter
is made slightly larger than the second as in addition to the pre-decoders,
which will amount to a small connecting capacitance and a fan-out of
approximately two, it must drive the second inverter. There will be a slight
amount of delay between the output and its complement, but this it will be
very small compared to the total read/write cycle time and will not create

problems.

Level
Shifted
Signal

Output

p.u. L=3.6n, W=2.0p

p.d. L=1.2p, W=8.0p Output

p.u. L=4.0p, W=2.0p
p.d. L=1.2p, W=7.2u

Figure 6.4. Buffer following the level shifter.
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Level shifting in GaAs is done using constantly forward biassed schottky
barrier diodes, which will give in the region of 0.5 to 0.7 volts of voltage
drop, depending on process and temperature. To provide larger voltage
drops, several diodes in series can be used. To level shift down by 2 volts,
four level shifting diodes must be used. A schematic of a typical level
shifter is shown in Figure 6.5. It has a small DCFL input stage, followed
by a larger DCFL stage driving the level shifting diodes and the active pull-
down D-MESFET load. The level shifted output is taken from across the
load. A simulation showing the performance of the level shifter is shown in
Figure 6.6. The level shifter is driving the buffer shown in Figure 6.4 as its
load, and was done at 75 °C and 125 °C using 20 slow to 2¢ fast process

parameters.

Vpp

Level
Shift in

GND

Level
Shift out

Figure 6.5. Typical level shifter design.

Both the pull-down and pull-up performance of the level shifter can be
improved by using a source-follower type structure as shown in Figure 6.7.
The pull-up performance is improved because of the better driving power of
the wide enhancement mode transistor, while the lower pull-down voltage
at the output is due to the fact that the pull-up enhancement mode transis-

tor is completely turned off when the circuit is outputting a logic low. The



Chapter 6: Dynamic RAM Array Design 116

500 04 —i_ ity : H i ' Output -20 slow
esiennenad : ' _?B_O_ugplxg-lc slow
Qutput -typical

Volts °" ”";
75 OC 750 on;:

Output -20 slow
Pl il

Output -1G slow
Sa=UtpUL,
Qutput -typical

Oyt

250 uni—
Lo

wloalundonstonbinadiahigdian

-~ CET A P ‘ e e e I
2. 0N 5 _ON E_ON @, 0N 10.ON 12 ON Ly o
L] TIME TLIND

Figure 6.6. Simulation of the typical level shifter design.

greatest benefit is the lower pull-down voltage, which enables the following
buffer section to function with less leakage over large process and tempera-

ture variation.

Because the DCFL stages are not directly driving the diodes, they can be
reduced in size and the average power dissipation of the circuit is therefore
reduced. There is no notable increase in delay. A simulation of this level
shifter, again driving the DCFL buffer, is shown in Figure 6.8. The simula-
tion was carried out at 75 °C and 125 °C using 2¢ slow to 20 fast process
variation models. As an illustration of the superior performance of the sec-
ond level shifter, a comparison is shown in Figure 6.9, at typical parame-
ters at 75 °C and 125 °C. The total current drawn from the supply by both
circuits at 125 °C, typical parameters, is also shown. It can be seen that as
well as superior performance, the source follower type level shifter has a
slight increase in maximum power dissipation, but a lower average power
dissipation of approximately 520 uW, compared to 550 mW for the typical
level shifter design.
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Figure 6.8. Simulation of the Source follower type level
shifter design.
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Figure 6.9. Comparison simulation of level shifters.

The same level shifter/buffer is used for the enable signal as the level
shifted enable signal must also be buffered before being put into the enable

driver.

The level shifter and buffer were layed out using the ring-notation method-
ology, and designed to complement the pre-decoder and address line driver
layouts. The ring notation style produces a very wide layout, as can be seen
in Figure 6.10. The level shifter and buffer sections are shown. The buffer
outputs directly to the pre-decoders.

= dl_ill={d2_ii

Level Shifter section Buffer Section

Figure 6.10. Layout of the level shifter and buffer.
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6.2.2 Address Decoder Design

Straight DCFL logic was used to implement the decoder function shown in
Figure 6.2, due to the fact that DCFL has adequate performance at a fan-in
of 4, and it provides the lowest power dissipation. To improve fan-in per-
formance on the 4-input NOR gate, leakage through the pull-down E-MES-
FETs while they are in the off state is minimised, by feeding the inputs
using a driver capable of supplying a good logic low (= 0 volts) rather than a
DCFL level (= 100 mV). To minimise the power dissipation of the 4 input
nor gate and inverter, the pull-up/pull-down ratio of 12 was realised using
5.0um x 2.0um pull-up D-MESFETs and 1.2um X 5.8um pull-down E-MES-
FETs. To improve the speed of the two input nor gates, the transistor size
was increased to 4.4pum x 2.0um for the D-MESFET and 1.2um x 6.4um for
the E-MESFETs. A schematic of the decoder is shown in Figure 6.11.

Figure 6.11. Schematic of the address decoder.

Figure 6.12 shows the results of a simulation on the address decoder per-
formed at 75 °C and 125 °C using 20 slow to 20 fast process parameters. It
can be seen that when all decoded address lines are low and en_in goes low,
the output enable signal goes high as required. The output high swing is
approximately 1.2 volts as it is feeding into the Read and Write Word driv-
ers, which both have SFFL input stages. The decoder has an average
power dissipation of approximately 450 uW when in the output low state
(at 125 °C, typical parameters), giving the total dissipation for the 256

decoders at approximately 115 mW. Because only one cell can be written to
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and read from simultaneously, only 2 of the 256 decoders will be in the out-

put high state.

The decoder must be of the same horizontal pitch as the memory cell, and
therefore this requires a thin layout only 25.5um in width, as shown in
Figure 6.13. Because of its tendency to create layouts which have a large

width, the general ring notation methodology cannot be followed.

o = i T al
I50% i : : ! j ES .
DeCOder 1 60 _— bessitiad] I 1 b TR Eu_"l:jl__ -
Inputs | S, - i : i de Ly,
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Decod Rk ™10 fast
ecoder | . - % 3 .
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Figure 6.12. Address decoder driving a Write Word driver
simulation.

6.2.3 Pre-Decoder Design

The Pre-Decoder design is very simple. It must perform an OR of the level
shifted address inputs, as discussed in Section 6.1.2, and then drive the
address line drivers, discussed in Section 6.2.4, requiring only a small
DCFL stage. By making the Address Line driver, (designed in
Section 6.2.5) inverting, the Pre-decoder can be made inverting, and hence
only a single 2-input NOR gate is required. The schematic is shown in
Figure 6.14, using a pull-up to pull-down ratio of 12. The pre-decoder has a
peak dissipation of about 540 uW and an average dissipation of 320 uW.

Because there is an uneven number of address lines, ag is not paired with

another line and so does not require pre-decoding. However, the same

level-shifting and address line drivers will be used and for this reason a
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Figure 6.13. Layout of the Address Decoder.

simple, small DCFL inverter will be used in place of the pre-decoder, as

shown in Figure 6.15.

The pre-decoder was layed out to fit the floor-plan shown in Figure 6.3,
using the ring-notation methodology, and designed to complement the level
shifter/buffer and address line driver designs. The layout of the pre-

decoder is shown in Figure 6.16. The layout of the inverter is very similar.

6.2.4 Enable Line Driver Design

The enable line driver must drive the enable transistor and line into the
array of 128 word decoders. Each decoder represents a maximum load of

about 6 fF capacitance plus a transistor 5.8 um wide. Therefore the maxi-
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Figure 6.14. Schematic of the address pre-decoder.
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Figure 6.15. Replacement for pre-decoder for line ag.

Figure 6.16. Layout of the pre-decoder.
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mum equivalent load to be driven is 768 fF plus a transistor 742.4 pm wide.
The level required for the decoders is -2 volts to -1.4 volts (DCFL inputs
with -2v as lower supply). This therefore allows investigation of all logic
families suitable for driving large loads, namely SBFL, UBFL, SBFL,
DSBFL and SDCFL. As discussed in Section 6.2.2, to improve the rise time
of the decoder it is necessary to drive the lines to a lower logic low level
than typical DCFL, because of its high fan-in. After investigation the
speed, power dissipation and logic levels of the above drivers, it was found
that DSBFL provided superior operation. This process is discussed in
Appendix A. The schematic of the Enable Line Driver is shown in
Figure 6.17.

The drivers were layed out again using ring-notation, and to fit the floor
plan and layouts of the pre-decoders and level shifters, as these three cir-

cuits form a sequential block. The layout of the driver is shown in

Figure 6.18.
GND
L=1.2p L=1.2p
W=15.0n W=60.0p
—— [
En_out
- L=1.2p L=1.2p L=1.2u L=1.2p L=1.2p
En_in =™y 70y Pw=2200 | w=60n TS T w=60.0p
Vss

Figure 6.17. Schematic of the Enable line Driver

Figure 6.18. Layout of the Enable Line Driver
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6.2.5 Address Line Driver Design

The address line driver has a similar properties and functionality to the
enable line driver discussed above, except the active load it must drive is
substantially reduced because of the fact that only one in every four
address decoders is driven by each line. A smaller size driver must be
used, or the address line high voltage would be over driven, reducing the
decoder low level noise-margin via forward biassed schottky diode conduc-
tion. The capacitive load is slightly increased because of the slightly higher

line capacitance of 8 fF per decoder. Therefore the total load to be driven is:
¢ A capacitance of approximately 1000 fF
e An enhancement MESFET of dimension L=1.2u, W=180p, configured as

the pull-down of an inverter of B ratio 12.

A similar investigation similar to the previous section was carried out and
again it was found that the DSBFL driver resulted in the best performance.

A schematic of the driver is shown in Figure 6.19.

The Address Line driver layout is shown in Figure 6.20.

GND
L=5.0u L=2.4u L=5.0n
=2.01 =2.0n =2.01 ‘
—_ =12 L=1.2p L=1.2u =
ax_in gy sey P-r2op > W=4.81 3
Vss

Figure 6.19. Schematic of the Address Line driver

6.2.6 Write Bit Line Driver Design

The line drivers must supply a signal on the Write Bit bus. To maximise

the value of the high value stored on the storage node, the output from the
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Figure 6.20. Layout of the address line driver

Write Bit line driver would ideally be as high as possible (Section 5.2).
Because of the output level limitations of SBFL, UBFL and SDCFL, a
DCFL circuit will give the best output. However, due to the large load pre-
sented by 128 Write Bits of memory cells in parallel, a DCFL output stage

has the following disadvantages:

e A large load will require a large D-FET pull-up, and to maintain the
pull-up to pull down ratio, a very large E-MESFET will be needed,

resulting in a very large driving stage with high power dissipation

o To minimise the low level written, the output low voltage on the Write
Bit line will ideally be close to 0 volts, lower than a typical low level
DCFL signal. To achieve this the pull-up/pull-down ratio must be

increased, exacerbating the previous problem.

Hence, a DCFL driver was not used. Instead a Superbuffer driver (SBFL)
was designed. It is a much more efficient driver, and although the output
high voltage is approximately 0.5 volts lower than the DCFL output, it was
necessary to accept this because of the benefits in drive speed, rise and fall
times, power dissipation, and reduced logic low level. A schematic of the
Write Bit line driver is shown in Figure 6.21. The driver is non-inverting.
A simulation of the driver is shown in Figure 6.22, carried out at 75°C and
125 °C, using a +20 process variation, and driving 128 memory cells in
series. The average power consumption is 700 uW, (at typical parameters,

75 °C). This gives a typical average power consumption for the 112 line
drivers of 78 mW.
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Figure 6.21. Write Bit line driver.
VB0 T TN ST <= Input
Tavo :"f:ff = T-ﬁ\ f’;’f" g ) = - Output - 26 slow
1,20 ;'f"'; .1",::_‘\ F;'_F‘.r l[-_‘;':'\ = Output - 10 slow
o ol i\ 0 0o £ Tt  typical
Write Bit ,,, ,, 4/ e i i =, Qutput - typica
Line Vo]tage 600 OH 3 Il"lt'-‘ \ — ! lI..1\ ll\ E v(—)}lgp—u-t - 10 fast
75 °C (Volts) ... . EI; w i\ Output-20 fast
Ly il | T
200,04 b 4w =
9 gqpan ¥ ¢+ 0 -l‘*-:h\é—-———- 0w Wl m
Ve7sl . i : Input
st : ‘_.'- : "'i'r,‘ : - Qutput - 20 slow
Write Bit 122037 & : B O_Qg'pggt_: - 10 slow
Line Voltage m' g : Output - typical
125 °C (Volts) o Output - 10 fast
400 oM | = (_)_u_t.‘P_lil.t' - 20 fast
272229:: .‘ o gl & T |"“ll.‘._""“"‘—..h§_.—__%

a

Figure 6.22. Simulation of Write Bit Line Driver.

The layout of the Write Bit line driver must be compatible with the memory
array, and thus have a vertical pitch of 25.5 ym maximum. The layout of
the Write Bit line driver is shown in Figure 6.23. The dimensions of the

cell are 259.2 pm by 25.5 um. The cell includes vertical Vdd and GND con-
nections on metal 3.
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Figure 6.23. Layout of the Write Bit line driver.

6.2.7 Write Word Driver Design

The Write Word driver must be designed such that it provides a -2 volt low
signal and unconstrained high output signal on the Write Enable line of a
word of 112 memory cells in parallel. This represents an equivalent capaci-
tance of approximately 1 pF, a very large capacitive load in GaAs VLSI
design. There will be 128 Write Word drivers in the DRAM array. When
designing the driver, it should be noted that only one driver will be in the
output high position at any time, two cells can not be written simultane-
ously. The other 127 drivers will be in the -2 volt position. The ideal driver
would therefore dissipate low power when in the output low state, while
the power dissipated in the high output state and in switching between
states is unimportant (within reason). Unfortunately, due to the nature of
GaAs MESFET transistors, the only way of achieving such a large output
voltage is using an inverting logic class, such as DCFL and SBFL. These
classes rely on having a large pull-down transistor, and so when in the out-
put low state, there is a continuous path from Vdd to ground via the pull-up
D-MESFET and pull-down E-MESFET, resulting in large power consump-
tion in the low state. In the output high state, the E-MESFET is turned off,
and thus output power is reduced. A source-follower type non-inverting
structure cannot be used, as the output voltage is constrained to be less
than the input voltage applied to the gate of the pull-up E-MESFET. A
source follower would also be unable to supply a sufficiently high output
voltage because of the large, permanently on, D-MESFET pull-down tran-

sistor required.
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The nature of the logic levels also requires the inverting stage to be con-

nected between Vpp (2v) and Vgg (-2v). The power consumption of this

inverter in the output low state will be particularly high, due to an effective
supply voltage of 4 volts. Thus, as power consumption is a primary con-
cern, the size of this DCFL stage must be minimised. The speed of the
driver has also been compromised to minimise the power requirement. To
minimise the size of the DCFL stage, a super-buffer (SBFL) inverter is used

as the driver.

During an output high state, the voltage across the pull-down MESFET
will be at least 3 volts. Driving the super buffer via a smaller DCFL stage
will provide approximately 100 mV for the low level on the gate of the E-
MESFET. These two conditions, combined with high temperatures and/or
fast process variations, results in a significant leakage current through the
pull-down MESFET, adversely affecting pull-up time and voltage level.
Therefore, the super buffer must be driven using logic capable of pulling
down very low (lower than the typical DCFL level of about 100 mV above
the low supply). The obvious choice would be to use a source-follower class,
such as SDCFL. However a source follower in this case will use most power
when the output of the driver is in its logic low state. For this reason, a
large B (28) DCFL inverter was used, as its power dissipation all occurs
when the driver is in its high output state. This inverter achieves an out-
put low approximately 40 mV above the lowest supply. A source follower is
used to drive the DCFL inverter to prevent its pull-up time being affected
by leakage through the large E-MESFET pull-down. The source follower
again uses most power when the driver is in its high output state. There is
no need to clamp the output of the Write Word driver. A schematic of the
Write Word driver is shown in Figure 6.24.

The Write Word driver has been optimised for minimum power while still
maintaining adequate speed, and functions over a process range of 20 slow
to 20 fast up to a temperature of 125 °C. Simulations of the Write Word

driver at 75°C and 125 °C over a 20 process variation are shown in
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Figure 6.24. Schematic of the Write Word driver.

Figure 6.25. Also shown is the typical instantaneous power dissipation at
125 °C.

Typically, the driver dissipates 2.6 mW at 125 °C in its output low state.
This gives a total of 332.8 mW of dissipation for the 128 drivers. As can be
seen from Figure 6.25, the power dissipation is during a low level output is

lower than that during switching and high level output.

The layout of the Write Word driver must match the horizontal pitch width
of the memory cell, 25.5 uym. Once again, due to width constraints, the gen-
eral ring notation methodology was not followed. The layout was designed
such that the 25.5 um pitch width was achieved with minimum height. The
resulting layout is shown in Figure 6.26, and has dimensions of 25.5 um X
159.6 pym. The very wide MESFETSs (> 25 um) had to be layed out in a par-

allel fingered format.
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Figure 6.26. Layout of the Write Word Driver
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6.2.8 Read Word Driver Design

The Read Word driver functionality is very similar to that of the Write
Word driver, the only differences being that the output level of the Read
Word line driver is limited to a maximum of 0 volts to prevent corruption of
the read logic low signal by current flowing from the Read Word line to the
Read Bit line via the forward biassed gate diode of the read transistor
(Section 5.2.3.2). Also, because of the slower requirement of the read cycle,
the speed of the driver is not as critical. Only one cell will be read at a time,
and so again at any instant only one Read Word driver will be in the logic

high position at any one time.

Because a lower output voltage than that of the Write Word driver is

required, a technique can be used to further reduce the size of the Vpp -
Vgg inverter, thereby reducing power dissipation. The large high output

transistor of the super buffer can be driven by a super buffer itself, instead
of directly from the inverter. Because of the gate diode on the high output
E-MESFET, we know that the logic high output of a super buffer is approx-
imately a diode drop lower than the logic high input. Therefore the voltage
drop between the output of the driver and the high level of the inverter will
be about 2 diode drops. Now the high level of the output is 0 volts, requir-
ing the inverter to pull up to about 1.2 volts (given that a diode drop is
approximately 0.6 volts). This is quite easily done as the pull-up D-MES-
FET remains in saturation. However, attempting the same method in the
previous driver (Write Word line) was unsuccessful because the output high
voltage is a diode drop itself, requiring the DCFL inverter to pull up to
about 1.8 volts. The rise time will be slow because the pull-up D-MESFET
is not in saturation at this voltage, and extensive leakage through the pull-

down E-MESFET will increase rise time.

A schematic of the Read Word driver is shown below in Figure 6.27. The
double super buffer driving stage previously discussed can be clearly seen.
Once again the circuit was designed to perform down to 2¢ slow process
variation and at temperatures of up to 125 °C. By optimising the transistor

sizes via extensive simulation, the typical driver power dissipation at
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125 °C under a low output level was brought down to only 900 mW without
significantly compromising the performance of the driver. This gives a total

dissipation for the 128 Read Word Line drivers of 115.2 mW.

A simulation of the Read Word driver at 75 °C and 125 °C using 20 slow to
20 fast process variation parameters is shown in Figure 6.28. It can be
seen that the driver has worst case rise and fall times of approximately 5 ns
under 20 slow process variation and 125 °C temperature. The simulation
result also shows the power dissipated at 125 °C and typical process
parameters. It can be seen that the power is a minimum when the driver is

outputting a low value of -2 volts. This power is approximately 900 uW.

Again the pitch width of the Read Word driver must be matched to that of
the memory cell, i.e. 25.5 um. The layout was designed with this in mind,
and the vertical dimension minimised. Because of the narrow nature of the
layout requirement, ring notation was not followed. The cell is shown in
Figure 6.29 and its dimensions are 109.0 um tall x 25.5 ym wide. Because

of the slower nature of the driver, significant area gains were made over the

Write Word driver.

Vbp
GND @

: L=1.2p

N:f}U.Ou

Out
=1.2u L=1.214 L=1.2n
—160n T w=aon T iv=30.0u
@ 1

Figure 6.27. Schematic of the Read Word driver.
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Figure 6.28. Simulation of the Read Word Driver.

6.2.9 Precharge Circuit Design

The function of the precharger is to discharge the Read Bit line before a
memory cell is read. The simplest way of accomplishing this is using a
transistor, with drain connected to the Read Bit line, source connected to
ground and turning it on and off with a control signal to its gate. The Read
Bit line consists of a capacitance of approximately 600 femtofarads. The
design requires a trade-off between discharge time and transistor size. A
wide transistor will discharge the line more quicker than a thinner transis-
tor, but at the expense of area and a bigger driver. Both enhancement and
depletion mode MESFETs were simulated for this role, and their advan-

tages and disadvantages are summarised in Table 6.1.

Due to the disadvantages in using an enhancement mode transistor, partic-
ularly the inability to discharge completely to O volts, it was decided to use
a depletion mode MESFET. It was found by simulation that a D-MESFET
with a width of 6.0 um was able to completely discharge the Read Bit bus in
under 3 ns under all conditions from 2¢ slow to 2c fast process variation
and at temperatures up to 125 °C. As a comparison between the two,

Figure 6.30 shows the results of a simulation at 125 °C and both 2c slow
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Figure 6.29. Layout of the Read Word Driver.

Table 6.1. Comparison of E-MESFET and D-MESFET as prechargers.

Transistor E-MESFET D-MESFET
Advantages Control Signals easy to generate Discharge Time faster
(0 - 0.6 volts)
Lower voltage swing - faster Smaller FET required

Discharges completely to 0 volts

Disadvantages Discharge time slower Control Signals harder to generate
(-2.0 - 0 volts)
Larger FET required Larger voltage swing - slower

Does not discharge completely to 0 V
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and typical parameters of 6.0 um wide E- and D-MESFETSs discharging the
Read Bit bus. It can be clearly seen that the D-MESFET discharges the
bus much quicker, and that the resulting low level is better than that
achieved by the E-MESFET. The higher discharged value of the Read Bit
bus when using the E-MESFET is due to forward conduction of the gate-
drain diode. The inverse exponential nature of the discharge curve is
caused by the reduction of the transistor current drain-source voltage with

the discharging of the Read Bit bus.

Although the precharge transistor is only 6.0 um wide, the cell layout is sig-
nificantly wider so as to pitch match with the precharge driver. A driver
similar to that of the Read Word driver, providing a -2 volt to 0 volts swing,
will be used. The driver must be modified to account for the increased
capacitive load, and the this is done by widening the driver transistors, and
hence the driver is 50 um wide. Hence the width of the precharge cell is
50 um. The layout of the grecharge circuit is shown in Figure 6.31. Its ver-

tical dimension is 25.5 um to pitch match the memory cell.

= DFET Prechg signal
—E' wEFET Prechg signal

Control
Signals : { _
(Volts) R ; ' g

Read Bit
Line Voltage
(Volts)

2 DFET discharge typical
: EFET discharge typical

Read Bit
Line Voltage
(Volts)

' penad v
1 3 3 Dlll' ! 4.y
0 TIHE (LIN) 7.0N

Figure 6.30. E- and D-MESFETSs as Precharging transistors.
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Figure 6.31. Layout of the Precharge Circuit.

6.2.10 Precharge Driver

The precharge driver must supply a -2.0 volt to 0 volt signal to the 112 pre-
charge transistors, and is thus very similar in requirement to the Read
Word driver. For this reason, a double super buffer structure (DSBFL) can
be used. Because of the significantly larger width of the precharge transis-
tors, the capacitive load to be driven is somewhat larger, approximately
1500 fF. The driver was also designed to be faster than the Read Word
driver, so as to minimise the time between memory reads. Once again, the
driver was designed to function over a 26 process variation at temperatures
up to 125 °C. Because of the load and speed requiremeénts of the driver, its
size is larger than that of the Read Word driver. The driver also utilises a
SDCFL input stage instead of SFFL, to reduce the output high power dissi-
pation and increase the output low power dissipation because of its more
efficient design, and because the low state dissipation is not critical, as it
was with the Read Word driver. A schematic of the Precharge driver is
shown in Figure 6.32. Simulation results for the driver with a load of 112
precharge cells are shown in Figure 6.33. The simulations were done at
75 °C and 125 °C using 20 slow to 26 fast process variation models. It can

be seen that the worst case rise and fall times are approximately 3 ns,
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occurring when the process variation is 20 slow and the temperature is
125 °C.

vdd
=121
V=200
GND ‘
" L=1.2pn
W=90.01
Pre
Out
Precharge , L=1.2u L=1.2u
Enable 1 _ V=10.01 W=45.0n
Vss——j @ 1

Figure 6.32. Schematic of the Precharge driver.

The layout of the Precharge driver was designed to use the supply rails pro-
vided from the Read Word drivers. To lay out the wide driving transistors,
the cell width had to be extended beyond that of the Read Word driver.
Further parallelisation of the drivers was not possible due to space restric-
tions between the supply rails. The resulting cell was layed out as in

Figure 6.34. It has dimensions of 50um wide by 109.0 um high.

6.2.11 Precharge Decoder

We know from the discussion of memory cell operation that the Read Bit
lines must be discharged to zero immediately before every read operation.
The precharging will be done by supplying an enable signal to the pre-
charge driver. This signal can be applied separately, or to simplify opera-

tion of the DRAM block, the precharge enable signal can be generated
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Figure 6.33. Simulation of Precharge driver.

Figure 6.34. Layout of the Precharge driver.
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automatically using the fact that when the memory is not being read, the
precharge signal is on, and as soon as a cell is read, the precharge is
switched off. Ideally, the precharge will switch off just before the Read
Enable is sent to the cell, and turned on just after the Read Enable signal
has returned low. This can be accomplished by NORing the enable signal
input directly from the level shifters with a delayed version of the Read
Enable signal from the Enable line driver which is sent to the decoders, as
illustrated in Figure 6.36. A series of 9 inverters is used to generate a
delay of approximately 1 nanosecond. A schematic of the precharge
decoder is shown in Figure 6.35. To demonstrate the operation of the pre-
charge system, a simulation is shown in Figure 6.37 showing the Read
Enable signal sent to the memory cells and Precharge signal sent to the
Precharge circuits at 75 °C and typical parameters. It can be seen that pre-
charging is turned off before the read operation is started and turned on

only once the read operation has finished.
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et e L fa-for e e o phrecharee
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RE V=72 =7.2 W=72 W=7.2 W=72 W=72 W=72 W=7.2 W=7.2 =72 W=7.2 Level
Shifter
Vss

Figure 6.35. Schematic of the Precharge decoder.

6.2.12 Sense Amplifier Design

The sense amplifier must perform the opposite function to that of the Write
Bit driver. It must accept the data coming from the Read Bit lines and con-
vert it to a logic signal compatible with the circuitry outside of the memory
array. Simulations such as those shown in Section 5.8 indicate that the
read logic high level at higher temperatures and slow process variation can
become as low as 400 mV. The problem in recognising this level is com-
pounded by the increase in threshold voltage of MESFET devices at such

process variation. The read logic low level could also be as high as 150 mV
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under worst case conditions. This gives an input dynamic range of only
about 250 mV, from which a signal of DCFL levels (100mV to 600 mV) in
swing must be obtained. The ideal solution would, perhaps, be a differen-
tial amplifier with high gain acting as a comparator. However, this intro-
duces the problem of adding another supply voltage of 300 mV to act as a

reference voltage.

For this reason, the sense amplifier was simply designed as an inverter
with high 3 (gain). After experimentation and simulation, a  ratio of 20
was found to provide good results. Because of the large time constant of the
memory cell read cycle, the speed performance of the sense amplifier is not
critical, and so a low power design was chosen. A second inverter is placed
after the sense amplifier inverter to buffer the read signal. A schematic of
the sense amplifier is shown in Figure 6.38. Figure 6.39 shows a simula-
tion of the sense amplifier at 75 °C and 125 °C over a 2c slow to 20 fast
process variation, using an input swing of 150 mV to 400 mV. In this simu-
lation, the sense amplifier is driving a small DCFL inverter as a dummy
load. It can be seen that the logic levels are correctly resolved. The sense
amplifier has, under typical parameters, an average power dissipation of
360 uW at 75 °C, giving a total average of 40.3 mW for the 112 sense ampli-

fiers.

The layout of the sense amplifier is shown in Figure 6.40. It also has a ver-

tical pitch of 25.5 um and the dimensions of the cell are 70.0 um by 25.5 um.

Figure 6.40. Sense Amplifier Layout.
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6.3 DRAM Array Layout

As all components of the Dynamic RAM have been designed and layed out,
the full Dynamic RAM array must now be layed out using these compo-
nents. The array is layed out to the floor plan discussed in Section 6.1, and

shown in Figure 6.1.

6.3.1 Backgating Strategy

The DRAM design is potentially susceptible to backgating and sidegating
performance degradation, due to the presence of circuits operating on a -2
to 0 volt supply range, which will be biassed negatively with respect to
those operating on a 0 to 2 volt supply. Because of the low magnitude of
backgate bias (-2 volts) the backgating effect will not be large. The modular
nature of the memory array, also allows easy implementation of a schottky
guard ring as described in [53] around the -2 volt circuits to minimise their
effect on the 0 to 2 volt circuits. We can thus effectively separate the two
groups of circuits and assume their effect on each other is minimal.
Therefore, the 0 to 2 volt circuits, comprising Write Bit drivers, memory
cells, precharge cells and Read Bit drivers were simulated with the
substrate node connected to 0.6 volts. The -2 to 0 volt circuits, comprising
Read and Write Word drivers, decoders, address line drivers, pre-decoders,
level shifters and the precharge decoder and driver were all designed and
simulated with the substrate node of each MESFET connected to -1.4 volts.
In addition, these circuits were surrounded by a schottky metal ring of
width 10um to ensure backgating effect on the other circuits was
minimised. This ring must be connected to a negative potential, estimated
to be in the range of -5 to -10 volts from [53], to ensure proper circuit

operation.

Because of the large number of connections to GND in the 0 to 2 volt sec-
tion, and to -2 volts in the other section, we can be reasonably sure that the
substrate in each section will be at an approximately uniform potential.
Thus with this strategy, the performance of the circuit should closely match

simulations.
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6.3.2 Pre-decoder/Driver block

The Pre-decoder driver block takes the 7 address and one enable input,
does some pre-decoding on them and then drives these onto the address
and enable lines which are then used by the address decoders. The module
thus consists of several level shifters, pre-decoders and line drivers. The
components were designed to fit with each other. To save space, the cells
are paired so that they share a common supply bus. The entire pre-decoder/
driver block consists of 7 level shifters, 14 pre-decoders and 14 address line
drivers for the address inputs, and a level shifter and enable line driver for
the enable lines. The read block also has the precharge decoder. Layouts of
the write and read pre-decoder blocks are shown in Figure 6.41, and they

have transistor counts of 302 and 323 respectively.

6.3.3 Read and Write Decoder/Driver blocks

The read and write decoder/driver blocks each consist of 128 individual
decoders and drivers. The decoders are each connected to a unique combi-
nation of pre-decoded address lines, as discussed in Section 6.1.2, so that
only one decoder is enabled for any particular combination of address
inputs. The decoders then feed into their respective read or Write Word

drivers which drive the memory cells.

A section of layout of both the Read and Write Word decoder/driver array is
shown in Figure 6.42. Before being integrated into the DRAM, the pre-
decoder/decoder/drivers were simulated to ensure that decoding was being
performed correctly. This was done by incrementing the address inputs ag
to ag from 0 to 127, providing an enable signal for each address and ensur-
ing that the correct driver ‘fired’. The read and write decoder/driver blocks
have transistor counts of 2816 and 3200 respectively. The precharge driver

has a transistor count of 123.
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6.3.4 Write Bit Driver, DRAM and Sense Amplifier block

The Write bit driver section consists of 112 Write Bit drivers, taking 112
parallel lines of data and converting it into the format suitable for writing
into the DRAM cells. It is then passed on to the Write Bit lines of the
DRAM array, where it can be read in to any of 128 columns of memory cells
by activating a particular column’s Write Enable line. Any of the columns
of RAM can then be read out onto 128 parallel Read Bit lines which are
then passed through a sense amplifier to convert the voltage levels into a
suitable form for interfacing with the rest of the buffer chip components.
This is demonstrated by the layout section shown in Figure 6.43. The
Write Bit driver and sense amplifier blocks have transistor counts of 672

and 448, while the 14kbit DRAM array uses 43008 transistors.
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Figure 6.43. Write Bit line drivers, DRAM Array and Sense
Amplifiers.
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6.3.5 Full 14k DRAM Array

The full DRAM layout is shown in Figure 6.44. It has a transistor count of
50892. The total area occupied by the RAM is approximately 12.838 mm?,

giving a density of 3971 transistors/mm?. This is of comparable density to
other chips fabricated in the H-GaAs II process, even with such a large area

taken up with RAM capacitors.
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Figure 6.44. Full DRAM Array Layout

Simulations were carried out on the DRAM array over various tempera-
tures and process variations to obtain typical, best and worst performance

measures with respect to delay and read and write cycle times.
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The DRAM array was fully functional over a 2¢ slow to 26 fast process var-
iation, and over the designed operating temperature range of -25 °C to
+125 °C. A timing diagram for the array is shown in Figure 6.45. Table 6.2
shows the times for the timing diagram at typical, slowest and fastest oper-
ation. It was found that worst case timing performance was obtained
under conditions of 2c slow at -25°C, while the fastest operation is
achieved at 125 °C using 20 fast transistors. This is the reverse of the case

for storage performance.
Table 6.2. Times for the timing diagram (see Figure 6.45).

Time 20 slow, -25 °C typical, 75 °C 2¢ fast, 125 °C
a 820 ps 510 ps 410 ps
b 1.6 ns 870 ps 540 ps
c 4.2 ns 1.7 ns 1.2 ns
d 4.2ns 1.7 ns 1.2 ns
e 3.0ns 1.4 ns 1.0 ns
f 32ns 1.4 ns 900 ps
g 1.9 ns 1.1 ns 900 ps
h 2.1ns 1.6 ns 1.5 ns
i 22 ns 1.5 ns 1.3 ns
Jj 950 ps 500 ps 400 ps
k 3.2ns 1.4 ns 910 ps
{ 3.1ns 1.4 ns 1.5 ns
m 23 ns 1.1ns 1.3 ns
n 2.65 ns 1.7 ns 1.5ns
o 1.25 ns 420 ps 400 ps
D 790 ps 120 ps 90 ps
q 3.7ns 2.0 ns 1.4 ns
r 1.3 ns 620 ps 540 ps
s 8.5 ns 2.5ns 1.5 ns
t 17 ps 280 ps 300 ps

Using the timing diagram and table of times (Figure 6.45 and Table 6.2
respectively), the worst case delay and cycle times for successful memory
operation can be evaluated for the memory specifications. For the write
cycle, under worst case conditions, the maximum delay from the time the
data and write address are placed onto the inputs to the time the data is
written is 7 ns. The read cycle delay, from when the read enable signal is
asserted to when valid data is output is a maximum of 14 ns under worst

case conditions. Under typical (75 °C, typical parameters) conditions, the
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delays are much smaller, with a write cycle delay of approximately 3.5 ns

and a read cycle delay of about 6 ns.

A simulation under typical conditions is shown in Figure 6.46. For the
sake of simplicity, the simulation result shows data rows 0 and 1 being
written to DRAM columns 0 and 1 and then read out. The data word writ-
ten to column 0 is ‘10°, and the word written to column 1 is ‘01’. Outputs
show that the read data from each column corresponds to that written, ver-

ifying correct operation of the Dynamic RAM array.

Power dissipation was also evaluated under the three operating conditions
shown in Table 6.2. The typical average total power dissipation at 75 °C,
typical parameters is 708 mW. The minimum power dissipation occurs
under the same conditions as worst case performance at -25 °C, 20 slow
parameters, with a dissipation of 348 mW. The maximum dissipation is
1.294 W, occurring at 125 °C, 2¢ fast parameters. The typical power dissi-

pation can be broken down as shown in Table 6.3.

Table 6.3. Breakdown of power dissipation under typical conditions.

DRAM Section Power Dissipation
Main DRAM Core 50 uW
Write Bit Drivers 78 mW
Sense Amplifiers 40 mW
Write Word Drivers 330 mW
Read Word Drivers 115 mW
Address Decoders 115 mW
Level Shifters, Pre-decoders and Address Line drivers 30 mW
Total 726 mW
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Chapter 7: Conclusion

7.1 Summary

Chapter 1 provided an introduction to the purpose of this thesis, that is the
design of a Dynamic RAM suitable for use as a buffer in an ATM switch. It
also discussed the motivation for the construction of the switch, and its use

within a larger network.

Chapter 2 gave a detailed overview of the physical properties of gallium
arsenide, along with a comparison of advantages and disadvantages over
silicon. The basic MESFET device structure, operation and modelling was
then discussed, along with second order effects which influence MESFET

performance. A detailed examination of GaAs logic families was provided.

Chapter 3 discussed the testing of fabricated gallium arsenide MESFETs
carried out by the author, in an attempt to validate the accuracy of the
hspice MESFET model parameters supplied by the foundry. It was con-
cluded that the models provided a reasonably accurate estimate of observed
MESFET characteristics.

Chapter 4 provided a review of silicon memory cell design and discussed

the benefits or disadvantages each different cell has in a direct translation
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into a gallium arsenide implementation. Suggestions were then made on
possible methods of improving the performance in GaAs. Based upon this,
the memory cell which best supplies the required performance and func-
tionality was chosen. The cell chosen was the inverted Three Transistor

dynamic memory cell.

Chapter 5 gave a detailed analysis of the operation and methods of leakage
of the Three Transistor memory cell, and using this analysis the perform-
ance of the cell was optimised such that the storage time is maximised over
a wide range of temperature and operating conditions. The memory cell

was then designed such that it satisfied storage time requirements.

Chapter 6 utilised the optimised cell obtained in Chapter 5 to construct the
full 14338 bit (14kbit) memory array in a 128 word by 112 bit configuration.
Included in this chapter was the detailed design and optimisation of all
address decoders, word and bit drivers, sense amplifiers, level shifters and
buffers required for the DRAM array. All circuits were designed to mini-
mise power dissipation while still satisfying performance requirements, so
that the operating temperature of the chip is lowered, minimising the effect

of leakage currents on the memory cell storage time.

7.2 Discussion

In this thesis, the three transistor Dynamic RAM cell in gallium arsenide is
investigated in detail and optimised to provide maximum storage time.
Based upon this analysis, a 14kbit Dynamic RAM has been designed, layed
out and simulated. The worst case performance of the Dynamic RAM gives
a read cycle time of 14 ns and a write cycle of 7 ns, which satisfies the per-
formance requirement by more than double. As a result, further paralleli-
sation of the switch architecture into 16 parallel lines of 622 Mbit/s, giving
a total input data rate of 9.6 Gb/s is possible, if other components of the

switch can also be suitably modified.

The storage time requirement of 5.6 us has also been met with a large

safety factor included, to account for possible inaccuracies in the hspice
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modelling. The worst case minimum storage time was simulated to be
approximately 2 ms, offering a minimum safety factor of 300 times the
required storage time. Under typical operating conditions the safety factor

1s much larger, with a storage time of about 30 ms being simulated.

The memory designed in this work is not just suitable for an ATM applica-
tion. Indeed it would be ideal for any gallium arsenide design which
requires a low power, high density, short term storage (or long term if a

refreshing strategy is used).

While few suitable performance comparisons are available, in [88] a
smaller memory array using a non-optimised three transistor GaAs cell
was designed that had a storage time of above 1 ms under typical opera-
tion. It can be seen that through optimising the leakage currents, a signifi-
cant increase in storage time has been obtained. In [94], a single transistor
GaAs dynamic memory cell in a process optimised for RAM design was
reported to have a room temperature storage time of 2.4 ms. Simulations
indicate that our design has a worst case storage time of a similar value, at
a much higher temperature and in a process optimised for high speed dig-

ital circuits.

The Dynamic RAM has yet to be fabricated and tested. Testing is neces-
sary to verify the operation and performance of the memory cell. If simula-
tion proves to be unreliable, the subthreshold and schottky diode models or
parameters should be altered, based on the testing results, to provide
increased simulation accuracy. Once simulation results are verified to be
accurate, it may be possible to reduce or remove the additional capacitance,

resulting in a faster, more compact memory cell.
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Appendix A: Comparison of
Driving Logic
Families

This appendix details the process of comparison of logic families suitable
for driving the pre-decoded address lines, as discussed in Section 6.2.5.
The logic families consist of common driving families, plus a new variation
on the superbuffer family, here called Double Super Buffer FET logic. The

classes evaluated were:

Source-follower Direct Coupled FET Logic (SDCFL)

Super Buffer FET Logic (SBFL)

Ultra Buffer FET Logic (UBFL)

Double Super Buffer FET Logic (DSBFL)

The circuits were all designed to drive an identical load, that of 128 enable
signal inputs to address decoders. This represents an equivalent load of:

e A maximum of 1010 femtofarads capacitance, and

e A fan-out of 128 enhancement mode MESFETSs with length 1.2 um and
width 6.4 um.
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This is a very large load to drive, and the biggest encountered in the DRAM
design. To compare the circuits fairly, each one was designed such that it
drove the load with approximately equal rise and fall times. They were
then evaluated on the dissipated power, logic levels, noise margin and area
used, and an optimal driver decided on. Unlike the read and write word
drivers, these drivers will spend equal times (on average) in their respec-
tive high and low output states and so the average power dissipated was

used to evaluate them.

The circuits were designed to function over a process variation of +2¢ and
at temperatures of up to 125 °C. As usual the 20 slow process variation at

125 °C represented the worst case in all designs.

A.1 Design of the SDCFL driver

A schematic of the SDCFL driver designed is shown in Figure A.1. The

GND
=4.0 _=3.0u =1.21L L=1.2p
‘ j E:Z op =2.0p - E:E 4u » W=100.0p
P
® Out
Precharge =T.21L 12 = =12
2 =1.2u L=1.2p 2H
Enable in "Q.z“ +W=9A6u _-"N=24-0u *E::!S.Ou
Vss

FIGURE A.1. Schematic of the SDCFL driver

SDCFL driver uses a large source follower output stage. The pull-down D-
MESFET is permanently turned on, resulting in a low pull-down level, but
high dissipation in the output high level. The pull-down transistor is
smaller than the pull-down’s in the other drivers evaluated, due to the bet-
ter current sinking capability of the depletion mode MESFET relative to
the enhancement-mode MESFET. The down side of this is that the pull-up
MESFET must be very wide to obtain an acceptable pull-up to pull-down
ratio and hence adequate logic high output value. This large MESFET
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requires a large inverter stage to drive it, further increasing power dissipa-

tion. A simulation of the SDCFL driver at 75 °C using 20 slow to 2¢ fast

transistor models is shown in Figure A.2.
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FIGURE A.2. Simulation of the SDCFL driver

A.2 Design of the SBFL driver

The SBFL driver schematic is shown in Figure A.3. It uses two large
enhancement mode MESFETS, one each for pull-up and pull-down as its
output stage. These MESFETSs are very wide, due to their relatively small
current sourcing/sinking capability, and hence a large inverter stage is
required to drive them. However, due to the fact that only one output tran-

sistor is on at a time, the dissipation is significantly lower than that of the

SDCFL driver.

Due to the single inverter delay driving the pull-up transistor relative to
the pull-down transistor, when the driver is pulling down, both pull-up and
pull-down transistor on momentarily, resulting in a current spike in the

supply. For this reason, SBFL circuits are regarded as noisy. Efforts have
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been made to avoid this effect by using UBFL, but this introduces other

detrimental effects to the driver performance, as discussed in the next sec-

tion. A simulation of the SBFL driver is shown in Figure A 4.
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FIGURE A.3. Schematic of the SBFL driver
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A.3 Design of the UBFL driver

A schematic of the UBFL driver designed is shown in Figure A.1. Due to
the structure of the UBFL circuit, some serious performance flaws were

found affecting both the pull-up and pull-down operation:

* During pull-up, the large pull-up enhancement mode MESFET
is turned off slowly, resulting in a slower pull-up time. The high
level is maintained by a small, permanently on, depletion mode
transistor and as a result the high level is lower than both SBFL
and DSBFL.

e During pull-down, the depletion mode pull-up is still on, result-
ing in a DCFL inverter effect at the output, and hence an
increased output low voltage relative to SBFL, SDCFL and
DSBFL. By reducing the size of the pull-up DFET, the pull down
voltage can be raduced, but the pull-up voltage is also reduced

and the rise-time is increased.

It should be noted that the performance of UBFL improves significantly
when the fan-out (and hence current drawn by the load) is reduced, and a
predominantly capacitive load is present. This is because of the limited
current supply capability of the small pull-up DFET. The circuit was simu-
lated at 75 °C, using 20 slow to 20 fast models. The results of the simula-
tions are shown in Figure A.6. Extra static power dissipation can be
observed due to the NOR gate. There is also a large current spike as the

capacitance is discharged.

A.4 Design of the DSBFL driver

The DSBFL driver was designed with similar sizing to the UBFL and
SBFL drivers previously discussed. The input stage was a double DCFL
buffer, both stages with a B ratio of 12, because of its superior performance
(particularly at slow process variation) and lower dissipated power when

compared to an SFFL and SDCFL buffers. The input stage also allows the
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driver to maintain an approximately constant static power dissipation,

independent of logic level output.

Because of the double super buffer output stage, the size of the driving
inverter can be substantially reduced, thus offering reduced power, while at
the same time improving performance over the SBFL and UBFL drivers.
Because of the fact that the inverter is smaller, the added first super buffer

stage does not result in an increase in fan-in compared to the SBFL and

UBFL drivers.

A schematic of the driver is shown below in Figure A.1.
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FIGURE A.7. Schematic of the DSBFL driver

The circuit was simulated at 75 °C and 125 °C, using 20 slow to 2¢ fast
models. The results of the simulations are shown in Figure A.8.
Figure A.8 also shows the current drawn from the supply at 125 °C using
typical parameters. It can be seen that the average current drawn is about
500 pA, giving an average dissipation of 1 mW. There is a large current
spike however as the highly capacitive output node is discharged. It can be
seen that the worst case rise and fall times of the driver are approximately

2 ns and occur at 2c slow process variation, 125 °C.

A.5 Evaluation and Comparison

A comparison table of results from driver simulations is shown in

Table A.1. It can be seen that all drivers were designed to provide approxi-
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FIGURE A.8. Simulation of DSBFL driver at 75 °C using
20 slow to 20 fast parameters

mately the same timing performance. It can be seen that the DSBFL
driver exhibits superior performance in the following areas: lower power
dissipation, higher logic high output and lower logic low output. Its rise
and fall times are also lower than all except UBFL. The reason for UBFL’s
fast rise and fall times are that its logic swing is the lowest of all (DSBFL’s
total swing is 0.57 volts or 32% higher than UBFL’s). However, due to the
extra stage, an additional delay is observed when using the DSBFL circuit.
This delay is 8% and 4% more than SDCFL and SBFL respectively, and
20% more than UBFL. UBFL has the smallest rise delay due to the perma-

nently turned on pull-up transistor.

The data demonstrates that DSBFL is a superior driver, provided a small
increase in delay can be tolerated, offering a lower power dissipation, better

logic swing and fast rise and fall times. Although these benefits are rela-



TABLE A.1 Comparison of driver performance at 75 C and typical

parameters
Parameter SDCFL SBFL UBFL DSBFL
Rise Time (ps) 820 740 560 620
Fall Time (ps) 1180 1140 1020 1080
Rise Delay (ps) 750 780 660 810
Fall Delay (ps) 560 585 530 620
VHign Out (V) -1.45 -1.43 -1.51 -1.42
Viow Out (V) -1.98 -1.98 -1.94 -1.99
3800 960 2420 820

Average Dissipation (LWW)
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tively small, they are significant in this application, particularly as a mini-

mum power dissipation is critical.

The main benefit of UBFL is the lack of current spike as the driver is pull-

ing down when both driving transistors of a SBFL or UBFL driver are on.

However when driving a large capacitive load, a large spike is still present

due to the rapid discharge of the capacitance. This can be seen in the simu-

lation results. Therefore the UBFL driver has very little noise benefit over

the other drivers.

The SDCFL driver offers a low logic low level, but this is bettered by
DSBFL and matched by SBFL and so its high power dissipation cannot be

justified.





