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compared to a classical dual-rail signaling system with regard to FEERN r—'-zl,' <
speed, power consumption, and reliability. The simulation results Ack —j' o ~
show that the asynchronous ternary logic signaling (ATLS) system

delivers over 70% higher bandwidth per wire and consumes over Fig. 1. Dual-rail four-phase protocol.

50% less power than the dual-rail signaling system on 10-mm-long
on-chip interconnection.

other wire for signaling logic 0. The request signal in any hand-
Index Terms—Communication system signaling, digital CMOS, shake cycle can be either of those two wires.

low-power design, low voltage, multivalued logic. At the start of the handshake cycle, the sender issues a valid

codeword by setting one of the two data wires to logic 1. The

receiver absorbs the codeword and sets the acknowledge signal

) S high. The sender responds to this acknowledgement by resetting

T HE REDUCTION of dynamic power dissipation in VLSl ne data wire to logic 0. When the receiver detects the empty
applications is a major challenge for today’s engineers. fygeword it returns the acknowledge signal back to logic 0 as

modern VLS systems, a large proportion of power is cOnsUMgHown in Fig. 1. At this point the sender can initiate a new com-
by interconnect [1]. One way to reduce the power consumptigi\inication cycle.

related to the transmission system is to reduce the voltage swingy/hile fairly simple, dual-rail circuits have one major draw-

Asynchronous circuits generally consist of many smajack: the large numbers of wires. To transmdata bits in par-
state machines that communicate with each other througie| 25, + 1 wires have to be routed. One way to reduce this
handshaking protocols. Although self-timed circuits havgrawback is by implementing a more efficient delay insensi-
several advantages over clocked ones, one major drawbagle encoding scheme such Bsof-M code. While this could
especially for delay-insensitive circuits, is an increase in circyfiroduce higher bandwidth per wire, it would considerably in-

size. Large numbers of communication wires make routingease the complexity of completion detection circuitry and con-
nontrivial on-chip communication networks a very demandingaquently reduce bandwidth.

and time consuming task. This problem becomes more and
more important as the integration level increases. One solutiBn Ternary Logic

is the use of multivalued Io_g|c. . . Ternary logic has been a subject of research for many years,
The research presented in this paper aims to attack both prgr 5 real-life VLS| application implementing an additional
lems. We have developed asynchronous ternary ogic sig- gic level is yet to be designed. Although many ternary logic
naling (ATLS) system, which utilizes a reduced voltage swing,,qe|s exist in the literature, they all suffer from drawbacks.
for Iower.dynamlc power consumptlon and multivalued Iog'Either they involve high power consumption [3], depend on
for reducing the number of wires. We compare our system Q.gstomized technological processes [4], or implement mul-
classical dual-rail signaling scheme with regard to delay, POW&,reshold devices [5]. Many of the proposed ternary logic

consumption and reliability. circuits use dynamic logic and consume static power [6], [7].
o . The research presented in this paper focuses merely on imple-
A. Dual-Rail Signaling System menting ternary logic in the transmission system and it does not
Fig. 1 shows the classical dual-rail signaling system that iriclude the design of ternary logic gates. Our circuits are based
plements a four-phase handshaking protocol [2]. It uses two datastatic CMOS design and have zero static power consumption.
wires per bit of information, one wire for signaling logic 1, the

|I. INTRODUCTION

Il. ATLS SYSTEM

The main idea of the ATLS system is to enable the delay-
Manuscript received October 7, 2002; revised January 15, 2003. This wérisensitive transmission of one bit of information over a single
was supported by EPSRC under Grant GR/R47363/01. _wire (plus an acknowledge wire). Fig. 2 shows the principle of
The authors are with the Department of Computer Science, University (ﬁ Wh h O h lisin the idl
Manchester, M13 9PL Manchester, U.K. (e-mail: felicit@cs.man.ac.uk). 1€ System. When the communication channelis inthe idle state,
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Fig. 4. Output waveforms of basic (upper graph) and enhanced (lower graph)
le - ATLS system.
1. while when switching fromV;, to Vz4/2 only half the drive
voltage is driving the transistor. Thus, to ensure reasonably fast
Fig. 3. ATLS system transmitter. transitions fromV, to V,,/2 transistor M3 has to be relatively

large. We suggest that transistor M3 should be the same size as
symbol we have to pull the voltage level to one of the rdilg;( the pMOS transistor M1.
for logic 1 or V;, for logic 0). If the communication protocol The upper graph in Fig. 4 shows the output waveforms of the
uses four-phase (return to zero) handshaking, the voltage Ie&€LS system. Waveforms WDI and WDO present the voltage
on the wire is always switching with a reduced swind§/2. swing at the output of the transmitter and at the input of the
If the half-swing interconnect lines are high-capacitancegceiver respectively. Itis clear that the falling edge of the high-
high-activity lines, then the power saving can be significangwing transition (fromV,, to V;4/2) is the slowest transition
For example, the power dissipation to drive the line with a fulh the system. This slows down the propagation of the empty
swing each cycle is given by codeword following the transmission of a logic 1 symbol. Note
_ 2 that waveforms INHC and INLC correspond to the inputs and
den—C'Vdd'f (1)
waveforms OUTH and OUTL to the outputs of the system.
where C' is the load capacitance anflis the frequency of  Furthermore, the transmitter circuit exhibits shoot-through
switching. This is actually the power consumed by a dual-railirrents. When InL rises, M2 and M3 will fight until theor
signaling system transmitting one bit of information (ignoringate switches and turns off transistor M3. This behavior intro-
the acknowledge signal). Note that power is consumed only gices some additional power dissipation which depends upon

one wire, since only one wire is active during one transmissighe speed of theior gate and the sizes of transistors M2 and
cycle. If the voltage swing is reduced 1¢,;/2, as with the m3.
ATLS system, then the power dissipation equals

Pagn = C - (Vaa/2)* - f. (2) B. ATLS System Receiver

Thus, ignoring the power dissipation of the transmitter and theThe receiver consists of two level shifters: one that converts
receiver, the potential power saving of the ATLS system over th&v half-swing transitions (fron¥s to V;4/2 and back) to full-
dual-rail signaling system is 75% and, since the ATLS systeswing transitions, and a second which converts high half-swing
transmits one bit of information on a single wire, it potentiallyransitions (fromV;4/2 to V4, and back) to full-swing tran-
has 100% higher bandwidth per wire (ignoring the delay of thsitions. Fig. 5 shows the receiver circuit. The input is driven
receiver). Note that this is true only when the switching frewith ternary logic signals and the circuit produces full-swing
guency of both systems is the same and the acknowledge sigh#l-rail signals at the outputs. Note that both inverters are pow-

is ignored. ered with a halV;4 supply but with different ground references.
) When the input voltage is &f;; /2, transistors M4 and M5 are
A. ATLS System Transmitter on, although driven only with half of the supply voltage, while

We propose two variants of the ATLS system transmitteransistors M3 and M6 are completely off. This pulls OUTL to
The first is a simple driver with an additional transistor (M3)}/,, and node B td/;;. The pMOS cross-coupled pair (M1 and
for switching the output voltage to the middle r&W;;/2), as M2) pulls node A toV, to establish a stable state without dis-
shown in Fig. 3. The input of the driver is fed with dual-rail sigsipating static power, while the nMOS cross-coupled pair (M7
nals and we assume thata,;/2 supply voltage is provided. and M8) pulls node OUTH t¥,. Thus, when the inputis in the

When switching fromV, to V,,/2 transistor M3 has a full idle state, the receiver generates logic 0 at both outputs without
drive voltage applied at the gate so it can operate at full speednsuming static power.
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Fig. 5. ATLS system receiver.
Fig. 6. Enhanced ATLS system transmitter.

If the input swings tdV;, transistor, M4 turns off while M3
turns on. If M3 is large enough to pull the voltage at node A When the transmitter is in the idle state (inputs InH and InL
below the threshold value of transistor M2, the transistor turage low) transistors M1, M2, and M4 are off and M3 is on,
on. Therefore, the voltage at the output node OUTL rises adflving the output to thé/;,;/2 supply. Node B is at the high
transistor M1 turns off. A similar sequence of events occuggltage level and the pull-down network of inverter I3 is dis-
when the input swings back #q,; /2. Now M4 turns on and M3 abled because transistor M7 is off. There is no static power dis-
turns off, again M4 has to be large enough to pull the voltage @ipation despite inverter I3 being driven with, /2. Transistor
the output node below the threshold of transistor M1. M1 pullg8 is off and M5, although half on, pulls node B high.
up the voltage at node A and turns off transistor M2. Note that\yhen input InH goes high, M3 switches off and M1 pulls the
high half-swing transitions do not have any influence on this,tput voltage td/;4. Furthermore, transistor M8 turns on and
part of the receiver circuit. When the input swingsifg tran- i node B low. This enables the pull-down network of inverter
sistor M3 is still off, driven by the inverter, and transistor M4 i§3, since M7 turns on through feedback inverter 12. Note that at
now fully on, but output node OUTL stays unchanged. this point transistor M4 remains off since input InH prevents

The lower part of the receiver (Fig. 5) follows exactly thgor gatenor2 from switching its output high. Inverter 13 is

same behavior. The difference is that here we have an nM@&y driven withV,, and, therefore, does not fight transistor M8
cross-coupled pair with a pMOS pull-up network. Transistoks,|ling node B low.

M5 and M6 have to be large enough to push the voltage of N0des\gar innut, InH switches back to logic 0, transistor M1 turns

B and OUTH above the threshold level of transistors M? arB}f and NOR gateNOR? fires turning transistor M4 on. M4 is
M8, respectively. Because an nMOS cross—coupled load is u% pulling the output voltage towarid., at full speed. When
the pMQS pull-up tran5|st9rs have to be cc_)nSIderany Iarg%e output voltage crosses the threshold level of inverter 13, I3
Thus, this _p_art of the receiver takes more t|me to resolve tgﬁ/itches, pulling node B t&4. This turns off transistor M4 and
input transitions and consumes more dynamic power. disables the pull-down network of inverter 13. However, due to

) the fact that the transistor cannot turn off instantly, the output
C. Enhanced ATLS System Transmitter voltage overshoots thi;, /2 level by a certain amount. Fortu-

To improve the speed of the transition froly; to the nately, this is highly desirable when driving long on-chip wires

middle-rail voltage we propose an enhanced ATLS (EATLS)ecause it increases the speed of transition. The lower graph
system transmitter (Fig. 6). This version uses the additiorial Fig. 4 shows the output waveforms of the EATLS system.
N-channel transistor (M4) to pull the output voltageW{g;/2. Again, waveforms WDI and WDO present the voltage swing at
This transistor is driven with a full drive voltage and has the output of the transmitter and at the input of the receiver, re-
full V;; voltage difference across source and drain. Thuspectively. We can see that the speed of the transition ffgm
it is capable of inducing a higher electrical current into the V,,/2 is greatly increased, and overshoots at the input of the
wire, speeding up the transition. To turn off the transistor halfire are filtered out by thRCcharacteristic of the on-chip wire.
way to the opposite supply rail, a simple inverter is used asDespite that, we can still reduce (or increase) the overshooting
comparator (13, transistors M5 and M6). amplitude by adjusting the threshold value of inverter I3.
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TABLE |

nack j TYPICAL NOISE SOURCES
B— \ Parameter Definition

c e — - c 8 outl Kc crosstalk coupling coefficient
[ ‘ Transmission o Attne * crosstalk noise attenuation: (0.2 for static driver)
_ﬂ_ [ system > _\ Kps * power supply noise due to signal switching:
_97 inhc _Cj & outh (5% of Vpp for single-ended switching)
worst case: Ky = KCAttne + Kps
£<—< RxO receiver input offset
acknowledge wire RxS receiver sensitivity
T IDTQ_CC PS * power supply noise: (5% of Vpp)
T T T T Attnpg power supply noise attenuation
= = = = xO transmitter offset

worst case: Vijy = RxO + RxS + Attnps-PS + TxO

Fig. 7. Simulation circuit.

Note that transistor M3 also helps pull down the outpu .TF) prowde_ a fair comparison, th_e same enwro_nm_ent and
riving transistors were used for different transmission sys-

voltage to the middle-rail supply, but its more importan ems. Furthermore, full swing acknowledge signaling was used
function is to reduce the amplitude of the overshoots and ﬁo ’ ’ g g€ sig 9

restore the output voltage level backlfg; /2 if it overshoots. or bOIh. systems with the sam € wire Iength. as for the data
onnection to simulate a real-life communication system.

. : . .C
Because the EATLS transmitter uses a full-swing tran3|storwe measured the period to define the speed of the communi-

(M4) to pull the output fromVq 10 Vaa/2, the energy stored ;0 systems. For a four-phase protocol, the period P involves
in the output capacitor (the wire) is dissipated in the transstg{

during the transition. In the ATLS system, half of the store e forward propagation of a valid data value, the reverse prop-

energy is transferred back to the power supply. Thus, the povva ation of acknowledge, the forward propagation of empty data

N value, and the reverse propagation of acknowledge [2]. Since
dissipation of the enhanced ATLS system equals ATLS and EATLS systems have different periods when trans-

mitting logic 1 and logic 0, both periods were measured and
average results are presented.
wherefr, is the frequency of low half-swing transitions ayig pa-tl;zncovr\reprir:aghuiggrt?; ?;Sgregn;scxghu;?sgi(; ttr?eﬁ?;:g”nci“ssssign
is the frequency of high half-swing transitions fi equalsfy, '

9 y 9 9 fi equalsfy s%/stem. The measured values exclude the energy consumed by

den =C- (Vdd/2)2 ” fL + c- Vd2d/2 ) fH (3)

i 0,
then an enhanced ATLS system has potentially 62.5% low reacknowledge signals but include the energy consumption of

power consumption than a dual-rail signaling system (providir; : . i .
that switching frequency is the same, the acknowledge signa ﬁse receiver to generate full-swing transition at the output (in the

ignored, and the transmitter and the receiver power dissipatl%%se of the ATLS system).
is ignored).

Note that the enhanced ATLS system transmitter operates IV. ROBUSTNESS ANDRELIABILITY
correctly only when the communication system follows the There are three main sources of noise that influence the re-
four-phase (return to zero) handshaking protocol. Furthermofgpijity degradation of the signaling system: process variation,
the transmitter has to be properly initialized before being useghtage supply noise, and crosstalk. To measure the reliability
After reset node B has to be set to logic 1. One way to initializ& oy circuits we use the worst case analysis method presented
the transmitter is to implement additional circuitry that will pulf, [9] and [10]. The noise sources are classified into two cate-

node B to logic 1 when a reset signal is applied; for example Ries: the proportional noise sources and the independent noise
PMOS transistor connected between B afih with the active g rces

low reset signal applied to its gate. During the reset input InL
has to be kept low for the circuit to initialize properly. Vy = Ky - Vs + Vix. (4)

Ky - Vs presents those noise sources that are proportional to
the amplitude of the signal swind’s), such as crosstalk and
As mentioned in the introduction, we compared a dual-rgdower supply noise induced by the signély consists of the
signaling system and the ATLS system with respect to speemise sources that are independentefsuch as receiver input
power consumption, and reliability. The simulation circuibffset, receiver sensitivity and signal unrelated power supply
shown in Fig. 7 comprises two asynchronous pipeline stagesise. Table | presents the summary of the noise sources. The
connected with a model of a transmission system. “Dummyarameters designated with an asterisk (*) were obtained from
gates are added to model the environment behavior. The stinj@lior [10] and the rest were assessed by the simulation. The
generated at the input cause the transmission system to trangvoiist casesignal-to-noise ratiqSNR) was used to measure the
one logic 0 and one logic 1 symbol with a maximum speea@liability of the circuits defined as
limited by the physical characteristics of the CMOS technology
used in the simulation. SNR =0.5-Vs/Vy. (5)

Ill. TESTARCHITECTURE ANDQUALITY METRICS
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TABLE I
NOISE ANALYSIS OF THE PROPOSEDSYSTEMS
Systems Vs [V] Kc Attnc Kps Kn Kn-Vs [V] RxO [V] RxS [V] PS[V]  Attnpg TxO[V] VnNI[V] SNR
Dual-rail 33 0.29 0.2 0.05 0.11 0.35 0.14 0.15 0.16 0.52 0.00 0.73 2.25
ATLS 1.65 0.29 0.2 0.05 0.11 0.18 0.11 0.01 0.16 0.45 0.08 0.45 1.82
EATLS 1.65 0.29 0.2 0.05 0.11 0.18 0.11 0.01 0.16 0.45 0.08 0.45 1.82
V. RESULTS The third graph in Fig. 8 shows the overall performance of

systems. It is clear that the ATLS system is the system
of choice with respect to energy-delay product since it has
more than 100% better performance than the dual-rail sig-

All results and plots in this paper were generated using SPI
simulations for the 0.3%4m VCMNA4 process technology. The
on-chip wire is a 0.7tm-wide (minimum width) single con- = .
ductor in the same silicon process. The models of the wires ué’gﬂdlng system.
in our simulations were constructed from 0.5-mm segments.Although the EATLS system performs better than the ATLS
Values for resistance in ohms and capacitance in farads per ffstem with respect to speed, its improvement has a negative ef-
limeter length were obtained by postlayout extraction [8].  fect on energy consumption. As shown in the graph the amount

The first graph in Fig. 8 shows the period of the communic&f dissipated energy prevails over the improvement in speed.
tion systems versus the length of the wire. The results confiffpwever, we should stress that the EATLS system improves per-
that the dual-rail signaling system is the fastest over the entfRémance only when transmitting a logic 1 (when the voltage
spectrum of wire lengths. This is expected since it consists @ the wire swings fron¥/4/, to V44 and back) and that the
simple inverters. Furthermore, the graph also confirms that Egpults shown in the graphs present the average performance of
enhanced version of the ATLS system is faster than the bali€ system.

ATLS system. Although the dual-rail signaling system wins on To further compare the three systems, we conducted another
speed, ATLS (and especially the enhanced version of ATLS) dset of simulations to determine how well they operate with a
livers over 70% higher bandwidth per wire on a long on-chigeduced supply voltage. We gradually redudéd and V,/2
interconnection. to 2 and 1V, respectively, and measured the period and energy

The second graph in Fig. 8 shows the energy consumptiomnsumption of the systems. The results show (Fig. 9) that the
of the system versus wire length. The reduced voltage swidgal-rail system is still the fastest and that the ATLS system con-
enables the ATLS system to consume 50% less energy thanghenes less energy and is more energy-delay efficient Whijle
dual-rail signaling system to transmit data over a 10-mm-long above 2.1 V. But as we further decrease the supply voltage,
on-chip wire. Furthermore, the ATLS system has better enerthye period of the ATLS system increases rapidly. This is due to
efficiency over the entire wire-length spectrum, while théhe fact that transistors M5 and M6 (M3 and M4) in the receiver
EATLS system loses the advantage when the length of wiffeig. 5) do not have enough drive voltage applied to their gates
is reduced down to 2 mm, because the receiver consunesvercome transistors M7 and M8 (M1 and M2) to switch the
more energy than the transmitter can save. It should be notedput voltage of OUTH (OUTL). For 0.3pm VCMN4 tech-
that adjusting the overshooting amplitude of the transmittaology, the voltage swing has to be above 1 V for the ATLS
can reduce the energy consumption of the EATLS system feystem to operate efficiently. This is approximately 60% above
shorter wires with a very little loss of speed. In our simulatiorthe threshold of the pMOS transistdf,f ~ 0.65 V). If we con-
we used transmitters adapted for 10-mm on-chip wires. sider a more modern process technology (Qub8with 1.8 V
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typical Vyq andV;, =~ 0.45 V), then the required voltage swingits operating limits but with the use of low-threshold devices (for

is around 0.75 V, which is 0.15 V less than typitgl; /2. transistors M5-M8 in Fig. 6), as proposed in [11], those limits
Furthermore, the graphs show that the EATLS system pean be further stretched.

forms better than the ATLS system as the voltage supply de-

creases. This is due to the fact that the EATLS transmitter pro- ACKNOWLEDGMENT
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VIl. CONCLUSION

We have developed an ATLS system, combining a reduc
voltage swing and the use of multivalued logic. The ATL!
system has a clear advantage over classical full-swing transn
sion systems in terms of energy consumption and bandwic
per wire. The ATLS system enjoys fully static design an | nc !
has zero static power dissipation o further, IMPIOVING 18, g wcrocompuier i Set 52 o e e oea0ner of

power-efficiency, but it does need a third supply rail and motghich earned Acorn Computers Queen’s Award for Technology. In 1990, when
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. L . computing.
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