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Chapter 5

Design of Footless Dual-Rail Domino Circuit

5.1 Design Motivation

One of the first realizations of static differential CMOS logic known as the Differen-

tial Cascode Voltage Switch Logic(DCVSL) was introduced in 1984[10]. Since then

researchers have shown great interest in differential logic. This is due to its potential to

efficiently realize complex logic functions such as XOR/XNOR and multiplexing units

which form the basic building blocks for most datapath units. Also due to their dual-rail

nature, they can be used to implement self-timed logic. A completion signal is generated

when the two rails are different(i.e. after the switching is complete). Many changes to the

basic DCVSL were proposed to improve its performance. The dynamic implementation

of the DCVSL, Fig.5.1, was shown to be fastest and most energy-efficient technique in

[19], and has been used in several commercial microprocessors, including in our proposed

microcontroller introduced in the previous chapters.

However, the presence of the foot transistor slows the gates somewhat, as it presents an

extra series resistance. Removing this transistor, while functionally not forbidden, may

result in static power dissipation and potentially a performance loss. To avoid the prob-

lems mentioned above, two constraints must be met:(1) gate changes to evaluation phase

before valid inputs come;(2) gate changes to precharge phase only after inputs change

to zero. Recently, some design techniques using delay elements[20][21] for clocking,

had been introduced to realize high performance footless domino circuits. However, using

delay elements tends to increase design complexity as it is sensitive to the process-voltage-

temperature variations(PVT). Others use data-driven technique where precharge signal is

substituted by input signals[22] for footless domino circuit design. However, due to the

extra load added to input signals, the circuit's speed performance does not benefit from the
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footless design.

To benefit from the speed performance enhancement of removing the foot transistor

without using delay elements, we have proposed a new footless dual-rail domino circuit

with self-timed precharge scheme. Along with these, we have proposed the use of separator

to achieve a whole footless dual-rail domino circuit. Section 2 reviews the conventional

domino circuits. The proposed footless dual-rail domino circuit with self-timed scheme

and the proposed separator are presented in section 3. Section 4 describes the performance

evaluation results. Performance comparison is based on a NAND chain designed with

different logic circuits implemented both in 0.15ƒÊm SOI CMOS technology and 90nm

bulk CMOS technology.

5.2 Conventional Domino Circuits

In this section, several conventional domino circuits with their own clocking schemes

are briefly reviewed.

5.2.1 Dynamic DCVSL Circuit

Fig.5.1 shows a conventional dynamic DCVSL circuit. The operation of this circuit is

divided into two major phase, namely precharge and evaluation phase, with the mode of

operation is determined by the precharge signal. When goes low, all gates are precharged

simultaneously. The precharge transistors Mp and the foot transistor Mn are turned on

and off, respectively, and the outputs of the n-type dynamic gates are charged to VDD,

and the outputs of the inverters are set to zero. When goes high, Mp and Mn are turned

off and on, respectively, and the circuit enters the evaluation phase. The incoming data

inputs may conditionally conduct the pull-down network(PDN) to discharge the dynamic

gate, and the output of the inverter makes a low-to-high transition accordingly. One of the

disadvantages of this kind of domino circuit is that the existence of foot transistor slows the

gates somewhat, as it presents an extra series resistance. Moreover, simultaneous precharge

may cause an unacceptable IR-drop noise.

5.2.2 Delayed-Reset Domino Circuit

Fig.5.2 illustrates the delayed-reset domino circuit(DR-domino)[20]. All domino

gates are footless, except those gates connected to the primary inputs. Two benefits come

from the usage of footless domino gates: improved pull-down speed and reduced precharge



46

Fig.5.1:Dynamic DCVSL gate[10].

signal load. Elimination of the foot transistor does not affect the operation of the evaluation

phase. However, simultaneous precharge will cause short-circuit current. To ensure a

correct operation, the precharge signal's falling edge of a gate should be delayed until all

its inputs going low. This is why consecutive logic stages are driven by a series of delayed

precharge signals. One side benefit of such a delayed-reset scheme is that the peak of

precharge current is reduced. However, the use of delay elements, together with the need

of both footed and footless cell libraries tends to increase design complexity.

Fig.5.2:The delayed-reset domino circuit[20].
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5.2.3Dual-Rail Data-Driven Dynamic Logic(D4L)

D4L circuit uses input signals instead of precharge signal for correct precharge and eval-

uation sequencing[22]. Correspondingly, clock-buffering and clock-distribution problems

can be eliminated. Furthermore, the foot transistor can be eliminated without causing a

short-circuit problem. A D4L two-input gate is shown in Fig.5.3. In this structure, a sig-

nal pair(B, B) is used for precharging corresponding gate, instead of a precharge signal.

When the precharging wave reaches the input of D4L gate, set them to low and precharge

the outputs to high. In the evaluation phase, one of the rails in(B, B) and(A, A) is set

to high and prevent short-circuit between VDD and ground in this phase. However, due

to the extra load added to input signals, the speed performance does not benefit from the

footless design. Also, to ensure that there is no short-circuit problem during the precharge

phase, the latest going low input signal pair needed to be choose for precharging sequence

control.

Fig.5.3:Dual-Rail Data-Driven Dynamic Logic(D4L)[22]

5.3 Footless Dual-Rail Domino Circuit with Self-Timed Precharge Scheme

The presence of the foot transistor in the conventional dynamic DCVSL circuit slows

the gate somewhat, as it presents an extra series resistance. To safely remove the transis-

tor, two constraints must be met:(1) gate changes to evaluation phase before valid inputs

come;(2) gate changes to precharge phase only after inputs change to zero. We propose

a footless dual-rail domino circuit with self-timed precharge scheme to realize a high per-
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formance footless domino circuit while meeting the constraints mentioned above. It is

also expected that the peak of precharge current could be reduced due to the self-timed

precharge scheme. Fig. 5.4 shows the AND/NAND gate of the proposed footless dual-rail

domino circuit with self-timed precharge scheme. The self-timed precharge control logic

consists of static CMOS inverters whose source of NMOS transistors are tied to input sig-

nals, which generate sub-precharge signals (PC1~PC4) from precharge signal P in cases of

the corresponding input signals are zero. The PMOS precharge tree above the pull-down

network (PDN) is used for precharging the corresponding gate.

Fig.5.4: Footless dual-rail domino AND/NAND gate with self-timed precharge scheme.

5.3.1 Conditions for Evaluation

When P goes low, the output nodes of inverters of control logic are precharged to

VDD by the PMOS transistors (p1~p4), which in turn disable the PMOS transistors of

the precharge tree respectively. The circuit would enter the evaluation phase once one of

the PMOS transistors is turned off. During that time, all the NMOS transistors (n1~n4) of

control logic are in cutoff region, which means that their gate-to-source capacitance (CGS)
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are almost zero, as shown in Fig. 5.5. In other words, the channel capacitance exerted by

the control logic upon the PDN is extremely small during the evaluation phase. This design

technique is important as the capacitance determines the switching delay of a logic gate.

Also, MOSFET capacitances can be divided into two main categories, channel capacitance

and junction capacitance, as shown in Fig. 5.6. To reduce the junction capacitance, the

circuit is implemented in silicon-on-insulator (SOI) technology. By implementing in SOI

technology, the junction capacitance exerted by the control logic upon the PDN is signif-

icantly reduced, as shown in Fig. 5.7. Consequently, an almost single-transistor load per

fan-in of PDN is expected to be achieved during the evaluation phase in the proposed cir-

cuit. For this reason, a high speed performance footless dual-rail domino circuit could be

realized without sacrificing from the speed loss due to the load capacitance exerted by the

control logic.

Fig.5.5: Illustration of self-timed precharge control logic with NMOS cutoff in evaluation

phase.

5.3.2 Conditions for Precharge

For correct precharging sequencing, the proposed circuit is implemented with self-timed

precharge scheme. When P goes high, the output nodes of inverters of control logic would

turn low only after the input signals turn low, which in turn on the PMOS transistors of the
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Fig.5.6: Bulk MOS structure.

Fig.5.7: SOI MOS structure.
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precharge tree. This ensures that the circuit is only allowed to enter the precharge phase if

all the input signals turn low, thus preventing short-circuit current. Another benefit of such

a self-timed precharge scheme is that the peak of precharge current is reduced.

5.3.3 Separator for Precharge Chain

We have proposed the use of separators to dividing the proposed footless dual-rail domino

circuit into several precharge chains as shown in Fig.5.8. By doing this, the different

precharge chains can start precharging simultaneously without erroneous operation. This

could shorten the precharge time especially for a long logic chain, but with a comparatively

slight increase in evaluation time due to the longer propagation delay in separators. Fig.

5.9 shows the simulation results of precharge time and evaluation time of the proposed cir-

cuit with respect to number of separators used in 20-stage fan-out 8 (FO8) NAND chain.

The simulation is based on 0.15ƒÊm SOI CMOS technology.

Also, using the separator, all gates including those gates connected to the primary inputs

can be footless gates. The direct benefit is that only one footless cell library is necessary to

be developed. When P goes high, the PMOS transistor and NMOS transistor of separator

are off and on respectively. The output node is pull-down to ground. This would initiate

the precharging of the precharge chains simultaneously even when the primary inputs are

not zero. When P goes low, the PMOS transistor and NMOS transistor of separator are on

and off respectively. The output node is then equal to the input signal for evaluation.

5.3.4 Performance Evaluation in SOI CMOS Technology

We have designed a 20-stage FO8 NAND chain (Fig.5.10), with the proposed circuit,

dynamic DCVSL, CPL and the conventional static CMOS for performance evaluation. The

delay time is measured from the data input to the output. The separator is employed only

in the first stage of the proposed circuit. The different circuits were fabricated in a test chip

with 0.15ƒÊm SOI CMOS technology (Fig.5.11).

Measurement results (Table 5.1), show that the proposed circuit achieves 2.57, 1.72 and

1.12 times speed improvement over the circuit implemented with CPL, the conventional

static CMOS and dynamic DCVSL, respectively. The result shows that the foot transistor

is efficiently removed in the proposed circuit without speed degradation by the self-timed

precharge control logic. Area of the proposed circuit, however, increased to double of the

dynamic DCVSL due to the control logic and the PMOS precharge tree.
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Fig.5.8: Separator for precharge chain.

Fig.5.9: Precharge time & evaluation time as a function of number of separators.
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Fig.5.10: NAND chain as performance evaluation.

Fig.5.11: Overview of chip fabricated.

Table 5.1: Measurement results in SOI CMOS technology.
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5.3.5 Performance Evaluation in Bulk CMOS Technology

To evaluate the performance efficiency in bulk CMOS technology, we have also imple-

mented the proposed circuit in ASPLA/STARC 90nm bulk CMOS technology. A 20-stage

FO4 and FO8 NAND chain, with the proposed circuit, dynamic DCVSL [10], D4L [22],

DR-domino [20], and the conventional static CMOS. The separator is employed only in

the first stage of the proposed circuit. The different circuits were fabricated in a test chip

with chip size of 2.5x2.5mm2 (Fig.5.12).

Fig.5.12: (a) Circuit layout (b) overview of chip fabricated.

Fig.5.13 and Fig.5.14 show the measurement results of the delay time of the 20-stage

FO4 and FO8 NAND chain, respectively. •¢t is defined as the time-lapse of input signal

after the domino circuit enter the evaluation phase. The delay time is measured from the

data input to the output. Fig.5.15 plots the delay time of 20-stage FO8 NAND chain

as a function of fan-out. It shows that the proposed circuit not only maintains its speed

performance superiority if compared to the dynamic DCVSL in bulk CMOS technology, it

also achieves 5% speed enhancement if compared to the DR-domino in FO8 NAND chain.

The efficiency of the new footless domino design in terms of speed performance is again

being proved, especially in high fan-out circuit design. It is also worth to note that for

DR-domino, it requires At of 4.5ns to shield against the latency due to its use of delay

element before it could achieve stable, and high speed performance. We are expecting that,

as the variations due to PVT is increased rigorously as the technology continue to scale

down, the design of such timing-dependent footless domino circuit would become even

more complicated. Area of the proposed circuit, however, is increased to 7.55, 1.91, 1.68,
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and 1.14 times the area over the circuit implemented with the conventional static CMOS,

D4L, dynamic DCVSL, and DR-domino, respectively. Table 5.2 and Table 5.3 show the

summary of the measurement results.

Fig.5.13: Delay time of 20-stage FO4 NAND chain.

Fig.5.14: Delay time of 20-stage FO8 NAND chain.

Fig.5.16 and Fig. 5.17 plot the delay time of 20-stage NAND chain as a function of

the power supply voltage. As could be expected, the performance depends linearly on

the power supply voltage. The performance efficiency of different circuits due to power

supply voltage is summarized in Table 5.4 and Table 5.5 for FO4 and FO8 NAND chain,
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Fig.5.15: Delay time of 20-stage FO8 NAND chain as a function of fan-out.

Table 5.2: Measurement results of FO4 NAND chain.

Table 5.3: Measurement results of FO8 NAND chain.
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respectively. When the supply voltage goes down from 1.2V to 0.5V, the delay time of

the proposed circuit is increased by a factor of 5.3 and 6.0 in FO4 and FO8, respectively.

In contrast, the delay time of the dynamic DCVSL is increased by a factor of 7.8 and 6.9

in FO4 and FO8, respectively. We can hence conclude that the proposed circuit performs

much better than the dynamic DCVSL when the power supply voltage is scaled down,

showing its potential in the future CMOS technology with lower power supply voltage.

Fig.5.16: Delay time of 20-stage FO4 NAND chain as a function of power supply voltage.

Fig.5.17: Delay time of 20-stage FO8 NAND chain as a function of power supply voltage.

The energy consumption of different circuits is shown in Fig.5.18 by using transistor-

level circuit simulation. The evaluation of energy consumption is divided into two phase,
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Table 5.4: Performance efficiency of FO4 NAND chain due to power supply voltage.

Table 5.5: Performance efficiency of FO8 NAND chain due to power supply voltage.
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namely evaluation phase and precharge phase. For each phase, energy consumed in a

period of 10ns is used for calculation. The energy consumption of the proposed circuit

is 1.7 and 1.1 times over the dynamic DCVSL in evaluation phase and precharge phase,

respectively.

Fig.5.18: Enery consumption of 20-stage FO8 NAND chain.
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Chapter 6

Conclusions

6.1 Microcontroller with Completion Detection Capability

In this paper, a design method for designing 8-bit non-pipeline microcontroller with

completion detection capability is presented. By using dual-rail domino circuit, comple-

tion and error detection can be sensed; hence eliminating the need of globally distributed

clock. Also, we have proposed an adaptive self-recovery mechanism to enhance the reli-

ability of the microcontroller. The microcontroller is based on the instruction set of Z80

microcontroller with multiplexer architecture. To enhance the power efficiency of the mi-

crocontroller, low power design techniques suitable for dual-rail logic such as selective-

evaluation, and new multiplexer based on bulb and junction structure have been proposed.

With the low power design efforts, the energy consumption and the peak precharge current

is reduced by 53% and 68% respectively if compared to the one without low power design

consideration.

To evaluate the performance efficiency of the microcontroller, it is implemented with

Rohm 0.35ƒÊm CMOS technology with chip size of 4.9•~4.9‡o2. The measurement re-

sults reveal that the fabricated chip functionally works correctly, with an average speed

performance of 23.3ns for evaluation time, and it needs 2.2ns for precharge time at nom-

inal power supply voltage of 3.3V. Besides, it nicely demonstrates the two properties that

we want to exploit in the microcontroller, namely the average-case performance and the

performance adaptation to the physical properties.

The microcontroller senses when a computation has completed, allowing it to exhibit

average-case performance regardless of propagation delay variations due to instruction de-

pendency, data dependency and inter-chip variability. Measurement results reveal that the

microcontroller achives a speed improvement of 17% over its synchronous counterparts
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in terms of instruction dependency. Also, the average-case performance achieves 1.17,

1.17, 1.02, and 1.04 times performance gain over the worst-case performance with the ad-

dition, subtraction, AND, and OR instruction, respectively. In addition, extra performance

improvement of 4.4% and 2.9% is achieved in instruction dependency measurement and

data dependency measurement, respectively, when the influence of inter-chip variability is

taking into account.

It is easier to vary supply voltage in the microcontroller, since there is no need to co-

ordinate simultaneous variation of the clock frequency. The microcontroller will run as

quickly as the current physical properties allow. Also, the performance variation increased

rigorously as the power supply voltage is scaled, causing a more severe timing degrada-

tion in worst-case than the average-case situation. We can hence conclude that the mi-

crocontroller with average-case performance would perform better than its synchronous

counterparts when operating in low power supply voltage.

With the speed performance advantages obtained from the average-case performance

in the 0.35ƒÊm CMOS technology, together with the automatic adaptation to the physical

properties, we are expecting that as we scale down technology to the sub-100nm feature

size, a larger performance gain with higher reliability against the variations due to PVT

would be achieved in the microcontroller with completion detection capability compared

to its synchronous counterparts.

6.2 Footless Dual-Rail Domino Circuit

Along with these, this paper presents a new footless dual-rail domino circuit that effi-

ciently combines a footless dynamic circuit technique with a robust self-timed precharge

scheme for high performance VLSI circuit design. With the self-timed precharge scheme,

the use of delay element for timing reference could be avoided. As the variations due to

PVT increased rigorously as the technology continue to scale down, the design of timing-

dependent footless domino circuit would become even more complicated. Besides, the

proposed circuit achieves a whole footless dual-rail domino circuit with the use of the

proposed separator.

A 20-stage NAND chains are implemented both in 0.15ƒÊm SOI CMOS technology and

90nm bulk CMOS technology for performance evaluation. Measurement results reveal that

the proposed circuit achieves 1.72, 2.57, and 1.12 times speed improvement over the circuit

implemented with the conventional static CMOS, CPL, and the dynamic DCVSL, respec-
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t

ively in 20-stage FO8 NAND chain implemented in 0.15ƒÊm SOI CMOS technology. Also,

the proposed circuit achieves 1.36, 1.15, 1.11, and 1.05 times speed improvement over the

circuit implemented with the conventional static CMOS, D4L, dynamic DCVSL, and the

DR-domino, respectively in 20-stage FO8 NAND chain implemented in 90nm bulk CMOS

technology.

Also, the proposed circuit performs much better than the dynamic DCVSL when the

power supply voltage is scaled down, showing its potential in the future CMOS technology

with lower power supply voltage.
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