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Abstract - This paper presents a self-timed architectural interface
design for VLSI CMOS integrated circuit systems. The interface
follows a 2-cycle self-timed bundled data protocol and nearly doubles
the 1/0 bandwidth for wide bus VLSI interprocessor communication
by simultaneously sending and receiving data over the same wires. A
constant overhead of 4 control wires is incurred over the synchronous
approach in [1] as well as a decaying area penalty for increasing bus
widths. This type of self-timed bundled interface can prove
attractive for applications where global synchronization is difficult to
achieve. The interface has been simulated for a 16-bit wide bus
using a quasi-analog mixed-signal Verilog approach.

1. INTRODUCTION

VLSI self-timed interprocessor communication is becoming
more important as isochronous regions shrink with feature line
miniaturization [2]. Several interesting applications can be found in
extendable array processing [3] while other thorough presentations of
the theory and concepts of self~timed techniques can be found in [4]
[5] [6]. The type of selfi-timed I/O interface analyzed in this paper
assumes the same signal levels as those presented for the synchronous
interface by Lam, Dennison, and Dally [1]. Specifically, each
communication path is treated as a properly terminated transmission
line between two chips and carries superposed digital data encoded
into three different voltage levels namely, 2v, 2.5v, and 3v. The
transmitter at each end of the tri-valued line retains a local copy of the
sent signal for use by the local receiver in reconstructing the signal
transmitted from the far end. This local copy of the digital signal is
impedance matched to achieve a low of 2.25v and a high of 2.75v and
goes to a local sense amplifier for subtraction from the tri-valued
signal received from the far end thus, reconstructing the received
digital signal.

An event—driven scheme which generates a targeted set of sense
amplifier control clocks will be described. This scheme can be
tailored to generate a variety of different control clocks. The specific
sense amplifier control pulses to be described are edge bundled to
each other (rising edge of each pulse triggers the next pulse). These
control pulses are initiated from the request signals of the 2-cycle
bundled data convention which the event-driven registers follow. A
bank of these event-driven registers resides within each of the
transmitter and receiver blocks of the interface shown in
Figure 1. The event-driven registers are connected in a ring
configuration with Muller C-elements to form two stage FIFO queues
similar to those in [7].

2. ARCHITECTURE

Figure 2 depicts the self-timed 2-cycle bundled data protocol
utilized by two processors communicating simultaneously via a
common data bus where each wire carries superposed digital
waveforms traveling in opposite directions. For each transaction the
sender transmits new data followed by a transition on the Request
line. Each transaction is initiated by a transition on the Acknowledge
line and assures data stability when both the Request and
Acknowledge controls are in opposite phases.
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Figure 1: Processors 1 and 2 communicating via

interconnect paths modeled by transmission lines with
characteristic impedances of Z, and propagation delays of
7, and 7 .
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Figure 2: 2-cycle bundled data convention occurring in a
cyclic sequence. During @ the sender is actively toggling the
data bus to its new value. Then @ the sender transmits a transi-
tion to indicate that the new data is valid and will remain stable
until receiving @ an acknowledge transition from the receiver,
after which the transaction cycle repeats itself.
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2.1 Overall Behavioral Design

FIFO Interface Net - Inets [8] are a restricted class of Petri nets
useful in specifying the precise behavior of asynchronous
interfaces. Their graphical nature allows precise specifications of
sequences of events. Inets must be bounded, safe, and live. A safe
Inet is bounded if the number of tokens at any place is always less than
or equal to 1. It is live if there is always at least one enabled
transition. We show in Figure 3a the Inet for Sutherland’s two stage
FIFO as a basis upon which we will proceed to construct the
self-timed interface. The regular-expression which compactly
describes the trace set for the Inet of Figure 3a is

(Rim Rous Ain)*

where transition A,y is concurrent with Ay .

™

Sense Amplifier Control Inet — The Inet for the required sense am-
plifier control clocks must be initiated when both Request signals from
the two FIFOs transition to the same phase indicating that the data bus
is holding valid and stable signals. At this time the sense amplifiers
must sample the data. This should be repeated indefinitely and can
be described by the Inet in Figure 3b whose regular expression is

o™, @)

A(out)

(b)

(a)

Figure 3: (a) Inet describing the sequence of control events

for the FIFO queue which follows the 2-cycle bundled data
protocol. (b) Inet describing the sense amplifier control
sequence of events.

Self-Timed Simultaneous Bidirectional Inet - The control Inet of
the complete self-timed simultaneous bidirectional interface is
depicted in Figure 4. This Inet was designed to capture the
sequencing of events for the interface and to aid in giving additional
insight to the bundling constraints between the data bus and the
request signal. The regular-expression for the west-to-east FIFO
which depicts the execution of the west-side sense amplifier control
can be written as

*
(Riwes Rew, M, 1) (3

while the regular-expression for the east~to-west FIFO which depicts
the execution of the east-side sense amplifier control can be written as

*
Riews Rue M, L) (C)]

2.2 Block Architecture

The two main building blocks are the receiver and the
transmitter. Within the receiver resides the sense amplifier control
circuitry which will be described. The biasing and reference circuitry
necessary for impedance matching has been studied in [1] and is
applicable to the circuit-level implementation of this self-timed
architecture.

Transmitter Block - This block consists of an n-bit wide
event-driven register controlled by a Muller C-element similar to
those in [7] and [8] whose outputs go to current drivers where the
impedance matching occurs. Figure 5 depicts all other components
in the block. Data is accepted from the left side which can be a
synchronous interface having a stretchable clock as described in
[4]. Whenever Hy is high, then the synchronous logic will hold the
data stable. However, the synchronous logic must supply a
completion signal after each new data packet is sent along Dr; . The
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current drivers and active termination devices serve to match the
transmission lines labeled a,b, and r. If the delay times are To and
Th for the data and request signals respectively, then the condition
that To = Tn must hold (bundling constraint).

Receiver Block - The receiver block contains n sense amplifiers
which decode the n-bit signal received from the other end as shown in

Figure 6. The digital outputs of these latched amplifiers, ¥a(t - 7o) ,
are stored in the event-driven registers.

Comparator Control
(receiver west-side)[™

Aoew

FIFO sending
west-to-east

Comparator Control
(receiver east-side)

Figure 4: Inet for the complete self-timed simultaneous

bidirectional interface. The top FIFO sends data from
processor 2 to processor 1 (i.e., east-to-west). In doing so,
place 10 receives a token but transition R, is enabled only if
place 8 receives a token. Transition Rey, fires after place 8
receives its token. This causes the sense amplifier control on
the west-side to execute its sequence of control pulses which
allow the proper operation of the sense amplifier. In a similar,
manner the bottom FIFO will cause the the sense amplifier
control circuitry located on the east-side to execute its sequence
of control pulses.
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Figure 5: Transmitter block showing the internal compo-
nents. The truth table for the Muller C—element with one input
inverted is given. Digital data is accepted from the left side as
described in the pseudo-code, then encoded into two copies with
different voltage levels. One copy is sent to another processor
while the other is retained and sent to a local sense amplifier
residing within the receiver block.
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Figure 6: Receiver block showing its internal components. The
sense amplifiers reconstruct the tri-valued superposed signals avail-
able on bus ’a’ to obtain the final digital data transmitted from the
processor at the far end. This data is then stored in the n-bit event
driven register and is available for access from the left-side according
to the described pseudo-code.

Sense Amplifier Control - A feedback control circuit consisting of
an exclusive OR gate, two pulse generators, and a toggle circuit
generates the required sense amplifier pulses. The sense amplifier
circuit type can vary widely in performance specifications to meet
specific trade-offs between power, area, noise margins, speed, and
process variation effects. Figure 7 depicts the control architecture
where the control signal along the M, R, and L lines feed through the
sense amplifiers to supply the required bundled pulses for data
sampling. The constraint relationship for the feedback loop can be
expressed as

tm < treq %)
where

tv=tyFtaotl and  te= bor + logge (6)

Assures data has settled
at comparator inputs

Figure 7: Sense amplifier control generator depicted along
with the sequence of bundled pulses necessary to sample the
data inputs.

2.3 Area Estimates

A first order area estimate of the described self-timed
simultaneous bidirectional interface was performed for a 16~bit wide
1/0 bus. The building block components used for the sense amplifier
control and FIFOs are similar to those in [8] while the other
components are based on [1]. Table 1 lists the transistor count for a
bidirectional bit for each of the synchronous and self-timed
interfaces.

Cell name Synchronous Self-Timed
icelement 64
merge 52
flipflop 80 128
comparator 56 56
analog buffers 24 24
reference 70 70
toggle 75
pulse Gen 64

Table 1: Number of transistors per bidirectional bit

It can be observed that the self-timed control area overhead
decays as the number of bits, n, increases. Table 2 formulates a
relationship for the Area Penalty, AP, as a function of the number of
interface 1/0O bits, n.

64+ 52+75+64=255
80+ 56+ 24+ 70=230

Constant control overhead:

Common transistors:

Incremental increase in flipflop: 128-80=48
Area (self-timed): (230+48)n+255
Area (synchronous): 230n

Table 2: Comparison of transistor counts for each of the
synchronous and the self-timed interfaces for a
single bit. 'n’ is the number of bits.

The area penalty incurred by the self-timed interface can be
expressed as

_ 2781+ 255

AP 7
230 M
and in the limit, approaches a lower bound given by
278n + 255
AP, = lim———— = 121 8
bound }_1{1: 230n (8)

Relationship (7) is plotted in Figure 8.
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Figure 8: Area penalty versus the number of I/O bits, n.
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3. SIMULATION

The described interface was simulated using a quasi-analog
mixed-signal Verilog approach for a 16-bit wide I/O bus. An
approach similar to [9] was followed where all the impedance
matched lines were treated as digital vectors (vector-voltages)
representing analog voltage values. Figure 9 summarizes the selected
vector-voltage characteristics. The MSB is the sign bit and is 1 for
positive voltage values. The LSB was chosen to achieve a better than

8 mv resolution when performing addition/subtraction or
comparisons of the analog vector-voltage.
_ €—- V[9:1] ———>
256| |- sign sign value(v) decimal
1281 |- 25y [1]1]o]o[[1]e[1]o] 3.00781 410
64 = 1.25v
32 [ |- oszsy  [i[1]oJoJo[s]1]o]1] 275390 397
16 - 0.3125v
8 | |- o1se2sy [1]fofofofofo]ofo] 25 %8
a | |- oorsizv  [1]o]1]1]1]ofo]1]1] 224609 371
2 - 0.03906v
1 - ootesav  Llolt[t[o]o] ] 1]o] 100218 358
Full Scale = 5V
LSB = 2%5V = 0.01953V

Figure 9: A vector-voltage of 9-bits was selected to
represent the tri-valued and bi-valued signals carried by the
impedance matched lines.

Figure 10 shows the four component types which processed the
9-bit vector-voltage. These components starting from top-down
are, the tri-valued transmission line (2.0v,2.5v,3.0v), the sense
amplifier (inputs a = 2.0v,2.5v,3.0v; b = 2.25v,2.75v ), analog buffer
type A (o 2.0v,2.5v,3.0v), and analog buffer type B (o
2.25v,2.75v). An assignment of delays was made to each of the
analog and digital components in order to study the behavior of the
interface. The expected sequencing of events were fully validated for
a 16-bit wide self-timed interface.

outa[9 : 1] E] E outb{9 : 1]
inaf9 : 1] Zy inb[9 : 1]
mpc
a[9:1] —+
b[9: 1] _;#* 0
mdpdcd
in % o[9:1]
in o[9:1]

Figure 10: The component types in Verilog which

processed the 9-bit vector-voltage.
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4. CONCLUSION

An architectural study of a self-timed simultaneous bidirectional
interface which follows the 2-cycle bundled data protocol has been
completed. The interface’s sequence of events was validated using
quasi-analog mixed-signal Verilog simulations. A first order area
penalty estimate, compared to a synchronous interface, was presented
and shown to decay with increasing I/0 bus width. Future work
consists of circuit-level design and an investigation into the
application of such an interface to multiprocessers.
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