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A METHOD AND APPARATUS FOR CONTROLLING :
GROUND BOUNCE

This invention is directed to integrated circuits, and more particularly integrated
circuits which meet the design requirements for higher bandwidth, by controlling ground

bounce.

Background of The Invention

There is a trend toward the use of higher bandwidth devices in integrated
circuit(chip) technology. As a result, bus widths on integrated circuits have been
increasing. The bus width on integrated circuit technology such as a CMOS chip for
example, is approaching 128 bits. To meet this demand for increased throughput, more
data paths leading out of the integrated circuit will have to be made available to carry
additional data. Therefore, more connections have to be established between the
integrated circuit and a printed circuit board (i.e. 128 bits, require 128 connections).
However, with the increase in circuit connections comes an increase in the parasitic
effects (ie.capacitance and inductance), associated with these circuit connections.

The parasitic effect caused by electrons traversing the connection between a chip
and the printed circuit board is usually modeled by an inductor placed in series with a
capacitor. FIG. 1 displays a typical method of connecting a chip to a printed circuit
board. InFIG. 1, achip 10 housed in a plastic packaging 15 is connected to a printed
circuit board 20. A bonding wire 30 connects the chip to a lead 40 which in turn connects
to the printed circuit board 20. Electrical signals (bits) that represent data (0’s and 1°s)
are normally manipulated in an output buffer 50 and then transferred to the bonding wire
30, through a pad 60. The bits are then transmitted to the printed circuit board 20 through
the lead 40. The chip is connected through the pad 130 to the external power 70 and
through the pad 140 to the external ground 80. The leads on a chip are often designed to
be used as data, control, power and ground leads. On many chips designs power and
ground leads can consume 30-40% of the total leads. Therefore, as the bus width of the
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chip increases the amount of leads utilized for f*round a nowe“
are increased, and the parasitic effects of each lead is increasez,
FIG. 2 presents a model of the parasitic effects resulting from electrons traversing

the connection between the chip 10 and the printed circuit board 20. In FIG. 2 the
parasitic model is connected between an external power source 70 and an external ground
80. The connection of the data buffer to the pad is displayed by 50 and 60, respectively.
The parasitic effects resulting from the connections between the bonding wire 30, lead 40
and printed circuit board 20 of FIG. 1, are modeied by the inductor 110 in series with the
capacitor 120, of FIG. 2. Since there are several connections between a chip and a printed
circuit board, the circuit in FIG. 2 would realistically be represented by a number of
circuits in parallel. However, for the sake of simplicity the parasitic effects of a single
connection is displayed. The data buffer 50 is usually composed of a pre-driver 90 and an
output-driver 100. Through the combination of the a pre-driver 90 and an the output-
driver 100 the data buffers 50 are capable of manipulating data. There are also parasitic
effects resulting from the chip connection to the external power (external V) source 70
and external ground (external Vgg) 80. These connections are accomplished through the
pads 130 and 140; and are modeled Ey the inductors 150 and 160.

As data is transmitted from the chip to the circuit board, the capacitor 120 of FIG.
2 charges/discharges. The charging/discharging, causes a voltage shift across the
inductors 110 as the energy is routed through the chip. Ultimately this energy is routed
through the inductor 150, in the case of a charging scenario; or the inductor 160, in a
discharging scenario. The RLC tank circuit formed by components 150, 160, 110 and
120 and an output driver 100 becomes energized and generates under-damped voltage
oscillations to occur on either internal ground bus 180 or internal power bus 170. When
the magnitude of the oscillation increases it becomes harder to determine whether the
data being received from the chip is a zero or a one. Therefore the integrity of the data is
compromised. This phenomena is known as ground bounce.

Some designers have addressed the ground bounce problem by manipulating the
output buffer. FIG. 3 displays a circuit implementation of a prior art output buffer. The
output buffer 50 is composed of a pre-driver 90 and an output-driver [00. To reduce the
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ground bounce effect, the size of the pre-driver 90 is scaled to be 15 to 20 times 1éss than

——
e ———

the size of the output-driver 100, however this prevents the buffer from operating at
higher data processing frequencies. FIG. 4 models the output-driver 100 shown in FIG.
3. The output drivers 100 is connected between the external power source 70 and the
external ground 80, and are modeled by switches displayed in series with an active
resistance. Each switch in series with an active resistance, represents one of the Metal-
Oxide Semiconductor Field Effect TransistorstMOSFET’s) in the output-drive 100 of
FIG. 3. After completion of a switching event there is a zero voltage drop across the
active resistors 190 therefore the voltage across the active resistor 190 is normally
strapped to the external power source 70 or the external ground 80. Designers have
avoided design configurations leading to any significant passive or active resistance
between the internal pbwer and ground bus and the external power source and external
ground terminals. The chip is constantly drawing an average DC current denoted by 75
of FIG. 4. Any resistance above contact resistance could cause a voltage drop across the
resistors, which would effect the DC performance of the circuit. The voltage drop would
produce a shift in the internal voltage (170,180 of FIG. 2) of the chip corrupting the |
integrity of the data. Therefore, the only resistance that would normally be present in the
power and ground terminals would be the naturally occurring resistance (i.e. contact
resistance, resistance of the bonding wire, resistance of the lead, resistance in the power
and ground bus), which is normally in the milli-ohm range.

The ground bounce problem is further exacerbated by the existence of power,
voltage and temperature ( PVT) extremes. The active resistance 190 is a function of the
PVT. The value of the active resistance 190 will determine whether an oscillation which
causes ground bounce will occur at the power bus 170 or the ground bus 180. Although
the same design can be implemented in two different chips, the chips are usually not
manufactured identically. Typically, the active resistance 190 can vary by a factor of
three in two different chips with the same design. At one extreme a chip could operate in
a Worst Case Slow (WCS) state. In WCS conditions the resistance 190 is large and the
chip circuitry is critically.over-damped. In the over-damped state the chip is

manufactured as a long channel device, and processes data (switching from the zero state
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to the one state) slowly as a result of low voltage and high temperature conditions. On
the other extreme the chip is operating in a Best Case Fast (BCF) state. In the BCF state
the resistance 190 is reduced, which causes oscillatory behavior to be realized at the
power and ground buses. When the chip is operating in the BCF state the chip is under-
damped. Under BCF conditions, the chip is manufactured with a short channel, and
processes information at a fast rate as a result of high voltage and low temperature.
Designers have to design a chip that will function under the full range of manufacturing
variation, from WCS to BCF.

Summary of the Invention

Two techniques either alone or in combination are used to diminish ground
bounce in an integrated circuit. Impedance is placed between a power bus on the chip and
an external power source; and the ground bus on the chip and an external ground. The
impedance is composed of active circuit elements and/or, passive circuit elements
Secondly, dynamic digital sizing is utilized to vary capacitance on the pre-drive node of
the output buffer, to further reduce ground bounce.

Brief Description of the Drawings

The objects, advantages and novel features of the invention will be more fully
apparent from the following detailed description when read in connection with the
accompanying drawings wherein:

FIG. 1. displays a typical connection between a chip and a printed circuit board.

FIG. 2. displays a model of electrical circuits where signals traverse the
connection displayed in FIG. 1, which highlights the parasitic effects of the connection.

FIG. 3. displays a circuit implementation of one prior art output buffer.

FIG. 4. displays a model of the output-driver displayed in FIG. 3.

FIG. 5. the overall architecture of the present invention.

FIG. 6. displays a block diagram of the reference module utilized in the present

invention.
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FIG. 7. displays the power impedance module 470 of FIG. 6, implemented using
MOSFET’s.

FIG. 8 displays the ground impedance module 480 of FIG. 6, implemented with
MOSFET’s.

FIG. 9 displays a dynamic sizing circuit utilized in the output buffer 510 of FIG.

Detailed Description of the Inventi
In the present invention the effective resistance at the external terminals is
modified as chip operational conditions change, by utilizing a transistor sizing technique

that adjusts the impedance. This technique dampens the oscillations caused by ground
bounce. In addition to dynamically adding impedance to the external terminals, an
additional reduction in oscillations of about 25% is achieved by adding capacitance onto
the pre-drive node of the output buffer, as the chip progresses from the WCS to BCF
conditions. The addition of this capacitance to the pre-drive node slows the charging of

* the output driver and provides an additional control in the rise/fall time of the output

waveform generated at the pad. The additional capacitance helps to reduce the ground
bounce during BCF conditions. At WCS conditions, the capacitance is disabled by
disconnecting these capacitance circuit elements from the pre-drive node, thereby
allowing the circuit to operate without the imposed capacitance delay.

An illustrative embodiment of the invention is disclosed with a block diagram.
The block diagram includes a reference circuit which generates a control signal, a power
and ground impedance modules which add resistance to external terminals of the
integrated circuit, and an output buffer which buffers data output.

The operational aspects of this embodiment are highlighted in the block diagram
of FIG. 5. A chip 300 includes an internal power bus 340 and internal ground bus 330.
An external power source 310 and the external ground 320 are also displayed. A
reference resistor 560 which is external to the chip 300, is connected to a reference
module 540 through a pad 550. The reference module 540 produces a control signal and
the opposite of the control signal 365 which controls the dynamic digital sizing of the
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impedance modules, 470, 480; and the capacitance node in the output buffer 510. The
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power impedance module 470 is connected between the internal power bus 340 and the
external power source 310 through the pad 570. Sending the control signal 360/365 to
the power impedance module 470 results in the dynamic digital sizing of the power
impedance module 470. This dynamically generates an impedance between internal
power bus 340 and external power source 310 to reduce ground bounce. The chip is
dynamically sized utilizing for example the dynamic digital sizing technique disclosed in
Gabara et al. U.S. Patent No. 5,243,229, entitled * Digitally controlled Element Sizing,”
issued September 7, 1993; which is hereby incorporated by reference. In other words, a
number of MOSFET’s are brought into the circuit to add a controlled amount of
impedance between the internal power bus 340 and the external power source 310.

Similar to the power impedancé module 470, a ground impedance module 480, is
connected by pad 580, between the internal ground bus 330 and the external ground 320.
A dynamic digital sizing technique is utilized in the ground impedance module 480. It
should be appreciated that the power impedance module 470 and the ground impedance
module 480 represent in block diagram form either a plurality of passive impedance
elements such as resistors, a plurality of active impedance elements such as MOSFET s,
or a plurality of passive impedance elements in parallel with active impedance elements.
In addition, the impedance presented at the terminals by the impedance modules would be
greater than the naturally occurring resistance that would be present. Typically resistance
in the range.of .5 ohm to 30 ohms are employed.

In FIG. 5, output buffer 510 is controlled by control signal 360/365 in conjunction
with an enable signal 520, and an input data signal 530. The output buffer 510
manipulates the input data signal 530 to meet any external design requirements. For
example, the output buffer 510 can control the rise and fall time of the data signal 530,
shift the voltage level of the data signal 530, or apply impedance to the data signal 530.
Capacitance is added on a pre-driver in the output buffer, by a digitally controlled
element sizing technique. The capacitance node has the effect of controlling the rise and

fail time of the signal 530 . It should also be appreciated that portions of the chip can by
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pass these components and connect the external power/ ground leads via conventlonal

means as denoted by 315 and 325.

The control signal utilized throughout the integrated circuit is generated by, for
example the reference circuit in FIG. 6. In FIG. 6, a current mirror 610 multiplies a
signal generated through an reference resistor 560(located off of the chip), and sends this
signal to a transistor array 660 and the comparator 650. The comparator 650 compares
the signal produced at the junction of 610 and 660 with the signal read from a point
between resistors 630 and 640, which is a wheatstone bridge. When there is a difference
in these signals the comparator generates a signal to the counter/decoder logic module
670 which generates a control signal 360/365 to compensate for the signal difference in
comparator 650. The transistor array 660 is implemented with MOSFET technology,
however, it will be appreciated that any other technology could be utilized. The transistor
array 660 is also responsive to the control signal 360/365. Therefore, by using the
comparator 650 to monitor on-chip variations and then utilizing the counter/decoder logic
module to accommodate for those variations; the transistor array 660 is dynamically sized
to compensate for any PVT variations in the chip.

The control signal 360/365 delivers a signal to the power impedance module 470
of FIG. 7, thereby controlling which of the MOSFET’s turn on and become part of the
circuit. A first strapped MOSFET 705 is always turned on to supply some impedance
above the naturally occurring resistance to the circuit. The additional MOSFET’s are
responsive to the control signal 360/365 and are added into the circuit to dynamically
adjust the overall impedance. It should be appreciated that the MOSFET s can have
different impedance values. For example, the coarse adjustment MOSFET’s 710 may
provide four times less the impedance as the fine adjustment MOSFET’s 720. FIG. 8
displays the impedance module 480 which is connected between the internal ground bus
330 and the external ground bus 320. A second strapped MOSFET 805 is always turned
on, so the ground impedance module 480 is always providing a minimum impedance
value which is greater than any naturally occurring resistance of about .5 ohm. The
ground impedance module 480 may have all the MOSFET’s carrying the same
impedance values or may separate the MOSFET’s into coarse adjustment MOSFET’s 810
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and fine adjustment MOSFET’s 820. It should be noted that a given chip may have a
plurality of power impedance modules 470 and ground impedance modules 480 active in
the circuit simultaneously. '

Final data manipulation occurs in the output buffer displayed in FIG. 9. A pre-
driver 90, an output driver 100, and a capacitance adjustment component 900 are located
in the output buffer 510 of FIG. 5. The pre-driver 90 is responsive to the control signal
360/365 and input data signal 530. An enabling signal 520 is logically combined with the
control signal 360/365 so that the entire pre-driver 90 can be disabled if necessary. In
one embodiment this logical combination is performed with a NAND gate 910. The
entire output buffer 510 is implemented with MOSFET technology, however it will be
appreciated that other active technologies such as JFET’s, can be utilized to implement
the invention.

The capacitance adjustment component 900 is added or subtracted from the output
buffer 510 by utilizing the technique of dynamic digital sizing. Therefore, the
capacitance adjustment component 900 can load the pre-drive node with capacitance to
provide control to the output buffer, and dynamic control to the chip. The capacitance
900 which adds capacitance to the pre-driver 90 is composed in one embodiment of both
fine adjustment elements which are denoted by 4C and coarse adjustment elements which
are denoted by C. The coarse adjustment elements add for example 4 times the
capacitance of the fine adjustment elements. Typically this is about .05 to .15 picofarad
for the fine adjustment elements and the coarse adjustment elements deliver between
about .2 to about .6 picofarad for a family of /O buffers. Capacitance less than 0.05 and
0.2 respectively generally lead to a WCS state of operations while capacitance’s above
1.5 and .6 respectfully yield BCF state of operations.

A digitally controlled capacitance is added to the pre-drive node 90 to slow down
the output driver 100 when there is a BCF manufactured chip. The capacitance is applied
by enabling all switches, thereby loading the pre-drive node 90 with a capacitance node
900, of 11C in value. If the chip is at the WCS state, the objective is to quicken its
switching characteristics by minimizing the capacitance load to a minimum (i.e. all

switches disabled), thereby giving a capacitance load of 0C. Anywhere in between the
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BCF and WCS state, the weight of the digital control mom.)tonically increases the
capacitance load imposed on the pre-drive node.

While several embodiments of the invention are disclosed and described, it should
be appreciated that various modifications may be made without departing from the spirit

of the invention or the scope of the subjoined claims.
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Claims:
1. An integrated circuit including a signal generator generating a control
signal and an internal bus, said integrated circuit comprising:
an impedance module providing an impedance above a naturally
occurring impedance by about .5 ohms, responsive to said control signal, wherein
said impedance module is connected between said internal bus and an external

terminal.

2. An integrated circuit as claimed in claim 1 wherein said integrated
circuit further comprises an output buffer including a capacitance adjustment

component responsive to said control signal.

3. An integrated circuit as claimed in claim | wherein said impedance
module comprises active elements, or comprises passive elements in parallel with

active elements.

4. An integrated circuit as claimed in claim 3 wherein said passive

elements are resistors.

5. An integrated circuit as claimed in claim 2 wherein said capacitance

adjustment component is connected to said external terminal.

6. An integrated circuit as claimed in claim 2 wherein said capacitance
adjustment component comprises active elements, or comprises passive elements, or
comprises fine adjustment MOSFETS, or comprises coarse adjustment MOSFETS, or
comprises both coarse adjustment MOSFETSs and fine adjustment MOSFETs.

7. An integrated circuit as claimed in claim 3 or 6 wherein said active
elements are MOSFETs.

8. An integrated circuit as claimed in claim 2 wherein said output buffer

is responsive to an enable signal.

9. An integrated circuit as claimed in claim 2 wherein said output buffer

is responsive to a data input.
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10. An integrated circuit comprising:
an output buffer module including a capacitance adjustment component

therein.

11. An integrated circuit as claimed in claim 2,5 or 10 wherein said
capacitance adjustment component is interposed between a pre-driver and an

output-driver.

12. An integrated circuit including an internal bus. said integrated circuit
comprising:
a resistor with a resistance above the naturally occurring resistance,
wherein said resistor is connected between said internal bus and an external terminal.

13. An integrated circuit as claimed in claim 1 or 12 wherein said
internal bus is a power bus and said external terminal is a power terminal.

14. An integrated circuit as claimed in claim [ or 12 wherein said
internal bus is a ground bus and said external terminal is a ground terminal.

15. A method of reducing ground bounce in an integrated circuit, said
integrated circuit including a signal generator generating a control signal, an internal
bus, an output buffer, said output buffer including a pre-driver, said method
comprising the steps of:

providing impedance of at least .5 ohm between said internal bus and an
external terminal, thereby reducing ground bounce; and applying capacitance to said
pre-driver, thereby further reducing ground bounce.

16. A method of reducing ground bounce as claimed in claim [5 wherein
said step of providing impedance between said internal bus and said external
terminal is accomplished by dynamic digital sizing.

17. A method of controlling ground bounce as claimed in claim 15
wherein said step of applying capacitance in said output buffer is accomplished by

dynamic digital sizing.

18. A method of reducing ground bounce in an integrated circuit, said
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circuit comprising an internal power bus and an internal 0round bus. said method
comprising the steps of:
presenting an impedance of at least .5 ohm between said internal power
bus and an external power terminal, thereby reducing ground bounce, and
presenting an impedance of at least .5 ohm between said internal ground
bus and an external ground, thereby further reducing ground bouce.

19. A method of reducing ground bounce is claimed in claim 18 wherein
one of the, or each of the, steps of presenting an impedance is accomplished with at

least one passive element.

20. A method of reducing ground bounce as claimed in claim 19 wherein

said at least one passive element is a resistor.
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Abstract
A METHOD AND APPARATUS FOR CONTROLLING
GROUND BOUNCE

The present invention is directed to a method of diminishing ground
bounce in integrated circuits (300). Two separate techniques are used
simultaneously to diminish the problem of ground bounce. First, impedance (470,
480) is placed between a power source bus (340) on the integrated circuit and an
external power source (310); and between a ground bus (330) on the chip and an
external ground (310). This effectively dampens ground bounce oscillations in the
power and ground leads of the chip. Secondly, capacitance is dynamically added to
the pre-drive of an output buffer (510) with a capacitance node. Dynamic digital
sizing is utilized in both techniques and therefore both techniques are responsive to
the changing performance variations within the chip.

This Sheet Has BeenR

T



THIS ‘%_%_—FT HAS BE ﬂ‘
BERLAS ""D

1/ 5 '_‘.:;_ et __—;-: oo
FIG. 1
B 10 ]
A
! I
130 40
50
\ | 60 |
' 20
QUTPUT E 70 L~
BUFFER ! =
140 30 i
ARGV
15"
40 | J___ L]
L - - - - _[ -
80 /
FIG. 2
170
° /
- 100 130
'/ 110
]
DRIVER @g Y
—~ i
90— o T
_ ' i 70
1140 \
180
160
/_ 80 This Sheet Has Been Replaced

i

[l

|

I



g

W THIS SHEEFT HAS BEEN

P REPLAGCED
2/5 '

0 ]
I Iy
DD o

s—1

=y

- "‘/‘90 _
L =]
FIG. 4

75/" 150 | 200 |

0 190
¥ 1 1 | pem————————-
0D 190
| 1
. 200 L~100-2 L~—100-n
100-1—"] . -

This Sheet Has Been Replaced

BT




This Sheet Has Been Replace

T "

FIG. 5
310
\ EXTERNAL Vpp 0
$19_— 340 EXTERNAL Vss
B N S N s Sy, Sum
\‘g SCHIP v\‘ —|
00 1 480 50 |
| @) s y, l
| INPEDANCE / IMPEDANCE outPuT | | outpuT
570—"1 MODULE MODULE BUFFER [T DATA
| / 330 |
540 N
\ 470 CHIP V5 J.g a
1 |
REFERENCE
MODULE < |
' ' 360/365
520 ~_| ENABLE
| 1550 L
530—""] DATA
< 560
FIG. 6
610~ | CURRENT TRANSISTOR .
N} WIRROR MRRAY N
560 pY /385
540
= 650
'/
630 COUNTER/DECODER | _—_ ¢vg

Voo O— M~ COMPARATOR Logic -
640 ‘%



———m e
{ ——

% By
Sheet Has Been Replaced i e DE, nﬁ-g BEEN

o —ren

30
410 FIG. 7 \
710 10 o
IR St
CHIP Vg ; 360//365
54/0 705/\(" ‘
$S
320
480 FIG. 8 \
)
— ' | Vss
] & 810 820
H (H-———--
CHIP Vs : ;50/365
33/0 aosfi * '



530

520 910

. 0 100
s e
[ ! @R |
| 4C 4 | "'-I
T T T T T
. | @) |
- 4C == 4C =L ¢ i L | =]
360
— ] 1 " 365

LT

5/

|

Ly

SOy idht
258 SVYH 133HS SiHL

a




v P e AL,

——
e

12ET HAS BEEN ’ - RFDLA 'E:\ H}_ET

1 “I_Ir. ""‘s‘) I’ s i AR i e

et Has Been Replaced

.  |[]

chip increases the amount of leads utilized for ground and power
are increased, and the parasitic effects of each lead is increasec
FIG. 2 presents a model of the parasitic effects resulting from electrons traversing

the connection between the chip 10 and the printed circuit board 20. In FIG. 2
parasitic model is connected between an external power source 70 and an external ground
80. The connection 6f the data buffer to the pad is displayed by 50 and 60, respectively.
The parasitic effects fcsulting from the connections between the bonding wire 30, lead 40
and printed circuit board 20 of FIG. 1, are modeled by the inductor 110 in series with the
capacitor 120, of FIG. 2. Since there are several connections between a chip and a printed
circuit board, the circuit in FIG. 2 would realistically be represented by 2 number of
circuits in parallel. However, for the sake of simplicity th-e parasitic effects of a single
connection is displayed. The daxa buffer 50 is usuaily composed of a pre-driver 90 and an
output-driver 100. Through the combination of the a pre-driver 90 and an the output-
driver 100 the data buffers 50 are capable of manipulating data. There are also parasitic
effects resulting from the chip connection to the external power (external Vi) source: 70

 and external ground (external Vi) 80. These connections are accomplished through the
pads 130 and 140; and are modeled by the inductors 150 and 160.

As data is transmitted from the chip to the circuit board, the capacitor 120 of FIG.
2 charges/discharges. The charging/discharging, causes a voltage shift across the
inductors 110 as the energy is routed through the chip. Ultimately this energy is routed
through the inductor 150, in the case of a charging scenario; or the inductor 160, ina
discharging scenario. The RLC tank circuit formed by components 150, 160, 110 and
120 and an output driver 100 becomes energized and generates under-damped voitage
oscillations to occur on either internal gfound bus 180 or internal power bus 170. When
the magnitude of the oscillation increases it becomes harder to determine whether the
data being received from the chip is a zero or a one. Therefore the intégn'ty of the data is
 compromised. This phenomena is known as ground bounce.
Some designers have addressed the ground bounce problem By manipulating the

| output buffer. FIG. 3 displays a circuit implementation of a prior art output buffer. The

output buffer 50 is composed of a pre-driver 90 and an output-driver 100. To reduce the
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A METHOD AND APPARATUS FOR CONTROLLING
GROUND BOUNCE
The present invention is directed to a method of diminishing ground

bounce in integrated circuits (300). Two separate techniques are used
simultaneously to diminish the problem of ground bounce. First, impedance (470,
480) is placed between a power source bus (340) on the integrated circuit and an
external power source (310); and between a ground bus (330) on the chip and an
external ground (310). This effectively dampens ground bounce oscillations in the
power and ground leads of the chip. Secondly, capacitance is dynamically added to
the pre-drive of an output buffer (510) with a capacitance node. Dynamic digital
sizing is utilized in both techniques and therefore both techniques are responsive to

the changing performance variations within the chip.

Fig 5
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A METHOD AND APPARATUS FOR CONTROLLING
GROUND BOUNCE

Technical Field
This invention is directed to integrated circuits, and more particularly integrated
circuits which meet the design requirements for higher bandwidth, by controlling ground

bounce.

Background of The Invention

There is a trend toward the use of higher bandwidth devices in integrated
circuit(chip) technology. As a result, bus widths on integrated circuits have been
increasing. The bus width on integrated circuit technology such as a CMOS chip for
example, is approaching 128 bits. To meet this demand for increased throughput, more
data paths leading out of the integrated circuit will have to be made available to carry
additional data. Therefore, more connections have to be established between the
integrated circuit and a printed circuit board (i.e. 128 bits, require 128 connections).
However, with the increase in circuit connections comes an increase in the parasitic
effects (ie.capacitance and inductance), associated with these circuit connections.

The parasitic effect caused by electrons traversing the connection between a chip
and the printed circuit board is usually modeled by an inductor placed in series with a
capacitor. FIG. 1 displays a typical method of connecting a chip to a printed circuit

board. In FIG. 1, achip 10 housed in a plastic packaging 15 is connected to a printed

circuit board 20. A bonding wire 30 connects the chip to a lead 40 which in turn connects
to the printed circuit board 20. Electrical signals (bits) that represent data (0’s and 1°s)
are normally manipulated i an output buffer 50 and then transferred to the bonding wire
30, through a pad 60. The bits are then transmitted to the printed circuit board 20 through
the lead 40. The chip is connected through the pad 130 to the external power 70 and
through the pad 140 to the external ground 80. The leads on a chip are often designed to
be used as data, control, power and ground leads. On many chips designs power and
ground leads can consume 30-40% of the total leads. Therefore, as the bus width of the
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ground bounce effect, the size of the pre-driver 90 is scaled to be 15 to 20 times less
than the size of the oﬁtput—driver 100, however this prevents the buffer from operating
at higher data processing frequencies. FIG. 4 models the output-driver 100 shown in
FIG. 3. The output drivers 100 are connected between the external power source 70
and the external ground 80, and are modeled by switches 200 displayed in series with
an active resistance. Each switch 200 in series with an active resistance 190, represents
one of the Metal-Oxide Semiconductor Field Effect Transistors (MOSFET’s) in the
output-drive 100 of FIG. 3. After completion of a switching event there is a zero
voltage drop across the active resistors 190 therefore the voltage across the active
resistor 190 is normally strapped to the external power source 70 or the external
ground 80. Designers have avoided design configurations leading to any significant
passive or active resistance between the internal power and ground bus and the external
power source and external ground terminals. The chip is constantly drawing an average
DC current denoted by 75 of FIG. 4. Any resistance above contact resistance could
cause a voltage drop across the resistors, which would effect the DC performance of
the circuit. The voltage drop would produce a shift in the internal voltage (170, 180 of
FIG. 2) of the chip corrupting the integrity of the data. Therefore, the only resistance
that would normally be present in the power and ground terminals would be the
naturally occurring resistance (i.e. contact resistance, resistance of the bonding wire,
resistance of the lead, resistance in the power and ground bus), which is normally in
the milli-ohm range.

The ground bounce problem is further exacerbated by the existence of power,
voltage and temperature (PVT) extremes. The active resistance 190 is a function of the
PVT. The value of the active resistance 190 will determine whether an oscillation

which causes supply or ground bounce will occur at the power bus 170 or the ground

bus 180, respectively. Although the same design can be implemented in two different

chips, the chips are usually not manufactured identically. Typically, the active
resistance 190 can vary by a factor of three in two different chips with the same
design. At one extreme a chip could operate in a Worst Case Slow (WCS) state. In
WCS conditions the resistance 190 is large and the chip circuitry is critically over-

damped. In the over-damped state the chip is manufactured as a long channel device,

and processes data (switching from the zero state
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to the one state) slowly as a result of low voltage and high temperature conditions. On
the other extreme the chip is operating in a Best Case Fast (BCF) state. In the BCF state
the resistance 190 is reduced, which causes oscillatory behavior to be realized at the
power and ground buses. When the chip is operating in the BCF state the chip is under-
damped. Under BCF conditions, the chip is manufactured with a short channel, and
processes information at a fast rate as a result of high voltage and low temperature.
Designers have to design a chip that will function under the full range of manufacturing
variation, from WCS to BCF.

Summary of the Invention

Two techniques either alone or in combination are used to diminish ground
bounce in an integrated circuit. Impedance is placed between a power bus on the chip and
an external power source; and the ground bus on the chip and an external ground. The
impedance is composed of active circuit elements and/or, passive circuit elements ; and
Secondly, dynamic digital sizing is utilized to vary capacitance on the pre-drive node of
the output buffer, to further reduce ground bounce.

Brief Descrintion of the Drawi

The objects, advantages and novel features of the invention will be more fully
apparent from the following detailed description when read in connection with the
accompanying drawings wherein:

FIG. 1. displays a typical connection between a chip and a printed circuit board.

FIG. 2. displays a model of electrical circuits where signals traverse the
connection displayed in FIG. 1, which highlights the parasitic effects of the connection.

FIG. 3. displays a circuit implementation of one prior art output buffer.

FIG. 4. displays a mode! of the output-driver displayed in FIG. 3.

FIG. 5. the overall architecture of the present invention.

FIG. 6. displays a block diagram of the reference module 540 utilized in

the present invention.
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FIG. 7. displays the power impedance module 470 of FIG. 6, implemented using
MOSFET’s.

FIG. 8 displays the ground impedance module 480 of FIG. 6, implemented with
MOSFET’s.

FIG. 9 displays a dynamic sizing circuit utilized in the output buffer 510 of FIG.

Detailed Description of the I .
In the present invention the effective resistance at the external terminals is
modified as chip operational conditions change, by utilizing a transistor sizing technique

that adjusts the impedance. This technique dampens the oscillations caused by ground
bounce. In addition to dynamically adding impedance to the external terminals, an
additional reduction in oscillations of about 25% is achieved by adding capacitance onto
the pre-drive node of the output buffer, as the chip progresses from the WCS to BCF
conditions. The addition of this capacitance to the pre-drive node slows the charging of
the output driver and provides an additional control in the rise/fall time of the output
waveform generated at the pad. The additional capacitance helps to reduce the ground
bounce during BCF conditions. At WCS conditions, the capacitance is disabled by
disconnecting these capacitance circuit elements from the pre-drive node, thereby
allowing the circuit to operate without the imposed capacitance delay.

An illustrative embodiment of the invention is disclosed with a block diagram.
The block diagram includes a reference circuit which generates a control signal, a power
and ground impedance modules which add resistance to external terminals of the
integrated circuit, and an output buffer which buffers data output.

The operational aspects of this embodiment are highlighted in the block diagram
of FIG. 5. A chip 300 includes an internal power bus 340 and internal ground bus 330.
An external power source 310 and the external ground 320 are also displayed. A
reference resistor 560 which is external to the chip 300, is connected to a reference
module 540 through a pad 550. The reference module 540 produces a control signal and
the opposite of the control signal 365 which controls the dynamic digital sizing of the
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impedance modules, 470, 480; and the capacitance node in the output buffer 510. The
power impedance module 470 is connected between the internal power bus 340 and the
external power source 310 through the pad 570. Sending the control signal 360/365 to
the power impedance module 470 results in the dynamic digital sizing of the power
impedance module 470. This dynamically generates an impedance between internal
power bus 340 and external power source 310 to reduce ground bounce. The chip is
dynamically sized utilizing for example the dynamic digital sizing technique disclosed in
Gabara et al. U.S. Patent No. 5,243,229, entitled “ Digitally controlled Element Sizing,”
issued September 7, 1993; which is hereby incorporated by reference. In other words, a
number of MOSFET’s are brought into the circuit to add a controlled amount of
impedance between the internal power bus 340 and the external power source 310.

Similar to the power impedancé module 470, a ground impedance module 480, is
connected by pad 580, between the internal ground bus 330 and the external ground 320.
A dynamic digital sizing technique is utilized in the ground impedance module 480. It
should be appreciated that the power impedance module 470 and the ground impedance
module 480 represent in block diagram form either a plurality of passive impedance
elements such as resistors, a plurality of active impedance elements such as MOSFET’s,
or a plurality of passive impedance elements in parallel with active impedance elements.
In addition, the impedance presented at the terminals by the impedance modules would be
greater than the naturally occurring resistance that would be present. Typically resistance
in the range.of .5 ohm to 30 ohms are employed.

In FIG. §, output buffer 510 is controlled by control signal 360/365 in conjunction
with an enable signal 520, and an input data signal 530. The output buffer 510
manipulates the input data signal 530 to meet any external design requirements. For
example, the output buffer 510 can control the rise and fall time of the data signal 515,
shift the voltage level of the data signal515 ,or apply impedance to the data signal 515.
Capacitance is added on a pre-driver in the output buffer, by a digitally controlled
element sizing technique. The capacitance node has the effect of controlling the rise and

fall time of the signal 530 . It should also be appreciated that portions of the chip can by
REPLACEMENT SHEET
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pass these components and connect the external power/ground leads via conventional
means as denoted by 315 and 325.

The control signal utilized throughout the integrated circuit is generated by, for
example the reference circuit in FIG. 6. In FIG. 6, a current mirror 610 multiples a
signal generated through an reference resistor 560 (located off of the chip), and sends
this signal to a transistor array 660 and the comparator 650. The comparator 650
compares the signal produced at the junction of 610 and 660 with the signal read from
a point between resistors 630 and 640, which is a wheatstone bridge. When there is a
difference in these signals the comparator generates a signal to the counter/decoder
logic module 670 which generates a control signal 360/365 to compensate for the signal
difference in comparator 650. The transistor array 660 is implemented with MOSFET
technology, however, it will be appreciated that any other technology could be utilized.
The transistor array 660 is also responsive to the control signal 360/365. Therefore, by
using the comparator 650 to monitor on-chip variations and then utilizing the
counter/decoder logic module to accommodate for those variations; the transistor array
660 is dynamically sized to compensate for any PVT variations in the chip.

The control signal 360/365 delivers a signal to the power impedance module
470 of FIG. 7, thereby controlling which of the MOSFET’s turn on and become part

of the circuit. A passive impedance 705, which may be a resistor or, alternatively, an

FET with its gate tied such that it is always on and in its resistive state, supplies some

impedance above the naturally occurring resistance to the circuit. The additional
MOSFET’s are responsive to the control signal 360/365 and are added into the circuit
to dynamically adjust the overall impedance. It should be appreciated that the
MOSFET’s can have different impedance values. For example, the coarse adjustment
MOSFET’s 710 may provide four times less the impedance as the fine adjustment
MOSFET’s 720. FIG. 8 displays the impedance module 480 which is connected

between the internal ground bus 330 and the external ground bus 320. A second

passive impedance 805, which may be a resistor or, alternatively, an FET tied such

that it is always on, is included so the ground impedance module 480 is always
providing a minimum impedance value which is greater than any naturally occurring
resistance of about .5 ohm. The ground impedance module 480 may have all the
MOSFET’s carrying the same impedance values or may separate the MOSFET’s into
coarse adjustment MOSFET’s 810 REPLACEMENT SHEET

.J.‘L‘vli

09 JAN 1998




REPLACEMENT E’if‘j_,,i‘

and fine adjustment MOSFET’s 820. It should be noted that a given chip may have a
plurality of power impedance modules 470 and ground impedance modules 480 active in
the circuit simultaneously.

Final data manipulation occurs in the output buffer displayed in FIG. 9. A pre-
driver 90, an output driver 100, and a capacitance adjustment component 900 are located
in the output buffer 510 of FIG. 5. The pre-driver 90 is responsive to the control signal
360/365 and input data signal 530. An enabling signal 520 is logically combined with the
control signal 360/365 so that the entire pre-driver 90 can be disabled if necessary. In
one embodiment this logical combination is performed with a NAND gate 910. The
entire output buffer 510 is implemented with MOSFET technology, however it will be
appreciated that other active technologies such as JFET’s, can be utilized to implement
the invention.

The capacitance adjustment component 900 is added or subtracted from the output
buffer 510 by utilizing the technique of dynamic digital sizing. Therefore, the
capacitance adjustment component 900 can load the pre-drive node with capacitance to
provide control to.the output buffer, and dynamic control to the chip. The capacitance
900 which adds capacitance to the pre-driver 90 is composed in one embodiment of both
fine adjustment elements which are denoted by 4C and coarse adjustment elements which
are denoted by C. The coarse adjustment elements add for example 4 times the
capacitance of the fine adjustment elements. Typically this is about .05 to .15 picofarad
for the fine adjustment elements and the coarse adjustment elements deliver between
about .2 to about .6 picofarad for a family of I/O buffers. Capacitance less than 0.05 and
0.2 respectively generally lead to a WCS state of operations while capacitance’s above
1.5 and .6 respectfully yield BCF state of operations.

A digitally controlled capacitance is added to the pre-drive pode  to slow down
the output driver 100 when there is a BCF manufactured chip. The capacitance is applied
by enabling all switches, thereby loading the pre-drive node  with a capacitance node

of 11C in value. If'the chip is at the WCS state, the objective is to quicken its |
switching characteristics by minimizing the capacitance load to a minimum (i.e. all

switches disabled), thereby giving a capacitance load of 0C. Anywhere in between the
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1. Anintegrated circuit device having at least one output buffer and first and sccond

voltage squrce buses, said device comprising:

at least one adjustable resistive element coupled to a respective one of said first
and second voltage source bases, said at least one adjustable resistive element further coupled to
corresponding first and second voltage supplies outside of said device, wherein said at least one
adjustable resistive element is adjustable to maintain a particular resistance value to compensate
for fabrication tolerances of the device and operating conditions of the device in order to damp
ground bounce on said respective first and second voltage source buses produced by switching
operatiolt of said at least one output buffer.

2. Thé device of claim 1, wherein said at least one adjustable resistive element
includes &t least one active element.

3. Thedeviceof claim 1, wherein said at least one adjustable resistive element
includes at least one passive element.

4.  The device of claim 1, wherein said af least one adjustab_[e resistive eI'erﬁent
provides a resistance value in a range for compensating for operating conditions of differing
voltage sources and temperature. |

‘5. The device of claim 1, wherein said at least one adjustable resistive element
provides a resistance value in a range of approximately 0.5Q to 30Q.

‘6. The device of claim ., wh;rein said first and second voltage source buses are
ground buses.

7.  Anelectronic assembly, comprising:
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an integrated circuit device interconnected to a substrate, said device having at
least one output buffer and a first and a second voltage source bus, said device comprising at
least one adjustable resistive element coupled to a respective one of said first and second voltage
source buses, said at least one adjustable resistive element further coupled to corresponding first
and second voltage supplies outside of said device, wherein said at least one adjustable resistive
element is adjustable to maintain a particular resistance value to compensate for fabrication
tolerances of the device and operating conditions of the device in order to damp ground bounce
on said respective first or second voltage source buses produced by switching operation of said at
least one output buffer; and

a reference resistor coupled to a reference voltage source and said integrated
circuit device, said reference resistor and said reference voltage source providing a control signal
to said device for adjusting said at least one adjustable resistance element to maintain said
particular resistance value.

8.  Anintegrated circuit device having at least one output buffer, said at least one |

output buffer comprising:

an output driver;

a pre-driver; and

an adjustable capacitive element coupled to said pre-driver, said output driver and
a voltage source bus of said device, said adjustable capacitive element being adjustable to
maintain a desired rise and fall rate for signals transrr:xitted from said pre-driver to said output
driver, wherein said adjustable capacitive element provides a capacitance value that .produées
said desired .rise and fall rate to reduce ground source by approximately 25% relative to a device

without such capacitive element.
This Sheet Has Been Replace
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9.  An integrated circuit device having at least one output buffer, sald at least one

output buffer comprising:

an output driver;

a pre-driver; and

an adjustable capacitive element coupled to said pre-driver, said output driver and
a voltage source bus of said device, said adjustable capacitive element being adjustable to
maintain a desired rise and fall rate for signals transmitted from said pre-driver to said output
driver, wherein said adjustable capacitive element provides a capacitance value in a range of
approximately 0 to 1.5pF.

10.  An electronic assembly, comprising:

an integrated circuit device interconnected to a substrate, said integrated circuit
device having at least one output buffer, said at l;east one output buffer comprising:

an output driver; | |

a pre-driver; and

an adjustable capacitive element coupled to said pre-driver, said output driver and
a voltage source bus of said device, said adjustable capacitive element b_eing adjustable to
maintain a desired rise and fall rate for signals transmitted from said pl;e-driver to said output
driver; and

a reference resistor coupled to a reference voltage sox;rce and said integrated
circuit device, said reference resistor and said refefcnce voltage source providing a control signal
to said device for adjusting said adjustable capacitive element for maintaining said dcsked,ﬁte

and fall rate for signals transmitted from said pre-driver to said output driver,
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" CLAIMS

I Aaintegrated circuit device having at least one output buffer and first and sccond

voltage saurce buses, said device comprising:

at least one adjustable resistive element coupled to a respective one of said first
and second voltage source buses, said at least one adjustable resistive slement further coupled to
corresponding first and second voltage supplies outside of said device, wherein said at least ona
adjustable resistive element is adjustable to maintain a particular resistance value to compensate
for fabrication talerances of the device and operating conditions of the device in order to damp
ground bounce oa said respective first and second voltage source buses produced by switching
operatioll of said at least one output buffer,

2 Thé device of claim 1, wherein said at least one adjustable resistive element
includes at least one active element.

3. Thedevice of claim I, wherein said at least one adjustzble rasistive element
includes at least one passive element.

4. Thedevice of claim 1, wherein said ar least one adjustable resistive elemeat
provides a resistance value in a range for compensating for operating conditions of differing
voltage sources and temperature.

3. Thedevice of claim 1, wherein said at least one adjustable resistive element
provides a resistance value in a range of approximately 0.5Q to 30Q.

‘6.  The device of claim ., wh;:tcin said first and second voltage source buses are

ground buses.

7. An eleconic assembly, comprising:
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an integrated circuit device interconnected to a substrate, said device having at
least one output buffer and a first and a second voltage source bus, said device comprising at
least one adjustable resistive element coupled to a respective one of said tirst and second voltage
source buses, said at least one‘adjustable resistive element further coupled to corresponding first
and second voltage supplies outside of said devics, wherein said at least one adjustable resistive
element is adjustable to maintain a particular reséstance value to' compensate for fabrication
tolerances of the device and operating coaditions of the device in order to damp ground bounce
on said respective first or second voltage sourcs buses produced by switching operation of said at
{east one output buffer; and

a reference resistor coupled to a reference voltage source and said integrated
circuit device, said reference resistor and said reference voltage source providing a control signal
to said device for adjusting said at least one adjustable resistance element to maintain said
particular resistance value.

8.  Anintegrated circuit device having at least one output buffer, said at least one |

output buffer comprising:

an output driver;

a pre-driver; and

an adjustable capacitive element coupled to said pre-driver, said output driver and
a voltage saurce bus of said devics, said adjustable capacitive element being adjustable to
maintain a desired rise and fall rate for signals transrgittéd from said pre-driver to said output

driver, wherein said adjustable capacitive element provides a capacitance value that produces

said desire rise and fall rate to reduce ground bounce by approximately 25% relative to a device

without such capacitive element.
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chip increases the amount of leads utilized for ground and power
are increased, and the parasitic effects of each lead is increased.
FIG. 2 presents 2 model of the parasitic effects resuiting from electrons traversing

the connection between the chip 10 and the printed circuit board 20. In FIG. 2 the
parasitic model is connected between an external power source 70 and an external ground
80. The connection 6f the data buffer to the pad is displayed by 50 and 60, respectively.
The parasitic effects 'rcsu.lting from the connections between the bonding wire 30, lead 40
and printed circuit board 20 of FIG. 1, are modeled by the inductor 110 in series with the
capacitor 120, of FIG. 2. Since there are several connections between a chip and a printed
circuit board, the circuit in FIG. 2 would realistically be represented by 2 number of
circuits in parallel. However, for the sake of simplicity ﬂ:;e parasitic effects of a single
connection is displayed. The data buffer 50 is usually composed of a pre-driver 90 and an
output-driver 100. Through the combination of the a pre-driver 90 and an the output-
driver 100 the data buffers 50 are capable of manipulating data. There are also parasitic
effects resulting from the chip connection to the external power (external Vpp) source 70
and external ground (external Vig) 80. These connections are accomplished through the
pads 130 and 140; and are modeled by the inductors 150 and 160.

As data is transmitted from the chip to the circuit board, the capacitor 120 of FIG.
2 charges/discharges. The charging/discharging, causes a voltage shift across the
inductors 110 as the energy is routed through the chip. Ultimately this energy is routed
through the inductor 150, in the case of a charging scenario; or the inductor 160, in a
discharging scenario. The RLC tank circuit formed by components 150, 160, 110 and
120 and an output driver 100 becomes energized and generates under-damped voltage
oscillations to occur on either internal ground bus 180 or internal power bus 170. When
the magnitude of the oscillation increases it becomes harder to determine whether the
data being received from the chip is a zero or a one. Therefore the integrity of the data is
compromised. This phenomena is known as ground bounce.

Some designers have addressed the ground bounce problem by manipulating the
output buffer. FIG. 3 displays a circuit implementation of a prior art output buffer. The
output buffer 50 is composed of a pre-driver 90 and an output-driver 100. To reduce the
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the other extreme the chip is operating in a Best Case Fast (BCF) state. In the BCF state
the resistance 190 is reduced, which causes oscillatory behavior to be realized at the
power and ground buses. When the chip is operating in the BCF state the chip is under-
damped. Under BCF conditions, the chip is manufactured with a short channel, and
processes information at a fast rate as a result of high voltage and low temperature.
Designers have to design a chip that will function under the full range of manufacturing
variation, from WCS to BCF.

Summary of the Invention

Two techniques either alone or in combination are used to diminish ground
bounce in an integrated circuit. Impedance is placed between a power bus on the chip and
an external power source; and the ground bus on the chip and an external ground. The
impedance is composed of active circuit elements and/or, passive circuit elements.
Secondly, dynamic digital sizing is utilized to vary capacitance on the pre-drive node of
the output buffer, to further reduce ground bounce.

Brief Description of the Drawi

The objects, advantages and novel features of the invention will be more fully
apparent from the following detailed description when read in connection with the
accompanying drawings wherein:

FIG. 1. displays a typical connection between a chip and a printed circuit board.

FIG. 2. displays a model of electrical circuits where signals traverse the
connection displayed in FIG. 1, which highlights the parasitic effects of the connection.

FIG. 3. displays a circuit implementation of one prior art output buffer.

FIG. 4. displays a model of the output-driver displayed in FIG. 3.

FIG. 5. the overall architecture of the present invention.

FIG. 6. displays a block diagram of the reference module 540 utilized in

the present invention.



