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A New Static Differential CMOS Logic with Superior Low Power Performance
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Abstract. A new differential static CMOS logic (DSCL) family is devised. The new circuit is fully static, making
it simple to design. The circuit topology of the DSCL and its operation is explained. Delay optimization of the new
circuits was performed. It showed the fully static behavior of these circuits. Their performance in terms of delay,
power, and area is compared to that of conventional static differential logic and dynamic differential logic. Spice
simulations using a 0.18 um technology with a power supply of 1.8 V was utilized to evaluate the performance
of the three circuits. Two different sets of simulations were carried out; one with equal input capacitances of all
circuits and another with equal circuit delays. For each design, all circuits were optimized for minimum delay. It is
shown that at equal input capacitance, the DSCL achieved 40% less delay than the DCVSL at one third the power.
Also, at equal delay, the DSCL achieved 20% of the power dissipation of the DCVSL and 78% of the DDCVSL

making it the most energy-efficient among the three circuits.
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1. Introduction

One of the first realization of static differential CMOS
logic known as the Differential Cascode Voltage Switch
Logic (DCVSL) was introduced in 1984 [1]. Since then
researchers have shown great interest in differential
logic. This is due to its potential to efficiently real-
ize complex logic functions such as XOR/XNOR and
multiplexing which form the basic building blocks for
most data path units (e.g. adders, multipliers, registers
...etc.). Also due to their dual rail nature, they can be
used to implement self-timed logic [2]. A completion
signal is generated when the two rails are different (i.e.
after the switching is complete).

Many changes to the basic DCVSL, shown in
Fig. 1, were proposed to improve its performance. In
[3] many of these techniques were evaluated. They
ranged from static techniques with reduced internal
voltage swings to dynamic techniques with differ-
ent methods of pre-charging the outputs of the dif-
ferential gate. In that work, the dynamic implemen-
tation of the DCVSL, Fig. 2, was shown to be the
fastest and most energy-efficient technique. Recently,
more dynamic techniques were proposed [4, 5] with
improved power/delay performance over the conven-

tional differential Domino. However, these techniques
add huge design complexity and require complex
clocking.

In all of these techniques, the static ones slightly
improved the speed at the expense of increasing the
power consumption while the dynamic techniques sig-
nificantly improved the speed but increased the power
even further. This is due to the increased activity
factor (switching probability) resulting from the fact
that one of the two outputs of a dynamic differen-
tial gate will always switch during evaluation. This
property of dynamic circuits has limited its use to
highly critical paths where power is sacrificed for
speed.

In [6] a differential static logic was obtained by
tying the outputs of two conventional static CMOS
gates to a back-to-back PMOS keeper. One of the
gates implements the function while the other imple-
ments its complement. This yielded a good perfor-
mance but increased the number of used transistors
(and hence area) significantly. As will be shown in
Section 3, the newly proposed DSCL logic reduces
the number of transistors significantly by using a truly-
differential style combined with a design optimization
methodology.



184 Elrabaa

N-Block
(Logic Tree)

Fig. 1. The circuit topology of the conventional DCVSL gate (a
2-input XOR/XNOR).
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Fig. 2. The dynamic DCVSL (DDCVSL) gate structure.

In the next section the operation of the conventional
DCVSL will be briefly explained to point out the cause
of the inherent low performance of these gates. The
newly proposed static differential logic, called differ-
ential static CMOS logic (DSCL), will be introduced in
Section 3. Extensive SPICE simulations using numer-
ous ring oscillators used to optimize the design of the
DSCL gates will also be presented in that section. Per-
formance comparisons, in term of speed and power,
with conventional DCVSL and dynamic DCVSL are
presented in Section 4. Finally, conclusions are pre-
sented in Section 5. All simulations were carried out
using a 0.18 pum technology with a power supply of
1.8 V. For this technology, HSPICE® simulations were
carried out using BSIM3.v3 MOS models for accurate
results.
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Fig. 3. 'The input/output waveforms of the DCVSL gate.

2. Conventional DCVSL

As shown in Fig. 1, the DCVSL gate does not have
a full pull-up logic tree. Instead, a latch made of two
back-to-back PMOSFETs is used to transform the logic
0 of one output to logic 1 on the other. This means that
the output switching from low-to-high (L-H) will al-
ways lag the output switching from high-to-low (H-L)
as shown in Fig. 3. Also the output having an H-L tran-
sition will suffer from contention between the NMOS
logic tree and the pull-up PMOS which is initially ON.
This contention, as evident from Fig. 3, causes the H-L
output transition to have a slow last portion. These two
facts cause the degraded performance of DCVSL gates
in the form of:

1. Aslower speed since the L-H edge is always lagging
the H-L edge. In fact, since the H-L output transition
is initiated by L-H transitions at the inputs, this ef-
fect is compounded over multi-logic levels. Hence
the total delay of a DCVSL logic path will equal the
sum of H-L propagation delays of the path’s gates,
not the average of the H-L and L-H gate delays as
with other logic families.

2. An increased power dissipation due to the con-
tention between the PMOS and NMOS logic tree.

The dynamic version of the DCVSL eliminates the
contention problem by pre-charging the outputs to
VDD as shown in Fig. 2. However this gate suffers
from the following:

1. Complexity of design: The timing of the clock signal
is very crucial. If the clock arrives to a gate too early,
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while all the inputs to the gate are still pre-charged
high, both outputs will start discharging. This will
cause an increased delay as well as power (due to
contention at both outputs of the gate). If the clock is
made too slow, then it gets into the delay path; i.e.
the path delay would be determined by the clock
rather than the logic function being evaluated. All
this mean that the clock distribution circuits would
have to be carefully designed and checked against all
process/supply/temperature corners. Also, differing
path delays cause the inputs to a gate to arrive at
different times, producing false output transitions.
Again, careful design must be employed to elimi-
nate these conditions or reduce them.

2. Increased dynamic power due to the higher activ-
ity factor (switching probability) of DDCVSL gates
and false transitions. In fact, due to its dual rail, the
switching activity of DDCVSL gates is 100% (i.e.
one of the outputs will always switch in every clock
cycle).

3. The Proposed DSCL
3.1. General Description

The new DSCL gate, illustrated in Fig. 4, is obtained
by adding a PMOS logic tree pull-up section. A to-
tal of 14 transistors is needed compared to 18 transis-
tors in [6], a 22% reduction. The savings will even be
larger for larger fan-ins (e.g. for a 3-input XOR/XNOR
gate, the savings would be ~45%). With the addition
of the PMOS pull-up tree, the output L-H transition
would start at the same time as the H-L transition. The
PMOS cross-coupled pull-up latch is still retained to
assist with the pull-up. However, the contention with
the NMOS pull-down tree is greatly reduced by the
PMOS pull-up tree. This makes the L-H and H-L tran-
sition delays almost equal, as illustrated in Fig. 5. For
this figure, the P/N ratio (PMOS/NMOS size ratio)
was set equal to the devices’ mobility ratio (i.e. &2.5).
The total device sizes per input (and hence the input ca-
pacitance) and the load capacitance (50 fF, a Fan out of
1.5) were made equal to that of the DCVSL case. Also,
the PMOS latch transistors were made smaller than the
DCVSL case since the pull-up action is mainly done by
the PMOS logic tree, thus reducing the contention (and
power) further. As the figure shows, the DSCL gate had
an average propagation delay that is 40% less than the
L-H delay of the DCVSL gate. As was explained in
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Fig. 4. The circuit topology of the new DSCL gate (a 2-input
XOR/XNOR).
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Fig. 5. The input/output waveforms of the new DSCL gate.

Section 2, the L-H delay of the DCVSL determines the
whole path delay and that is why it is considered for
the comparison.

Figure 6 shows the supply currents for the DCVSL
and DSCL gates during switching. As the figure shows,
the peak supply current of the DSCL gate is almost
one third of the DCVSL’s. The power ratio between
the DCVSL and DSCL was 3.48 (i.e. the DSCL had a
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Fig. 6. The supply currents of the DCVSL and the new DSCL gates
during output switching.

72% less power consumption). This difference is due
to the contention in the DCVSL gate.

3.2. P/N Ratio Optimization

In order to obtain the optimum P /N ratio for the DSCL
circuit, several ring oscillators were simulated. These
oscillators have 2-input DSCL XOR/XNOR gates as
delay stages. Two values of Fan out were used; 1 and
3. The average gate delay was measured as the period
of oscillation divided by the number of stages. The
P /N ratio was varied from 0.15 to 4 while keeping the
total gate’s input capacitance constant (i.e. P + N =
constant). Also, for each value of Fan out, three sizes
of cross-coupled PMOS (CCP) latch were used; O (i.e.
no CCP), 1 and 3 um.

Ring oscillators were used because they capture both
the effects of Fan out as well as input slope on the
delay. Also, average delays are readily available from
the oscillation frequency.

Figures 7(a) and (b) show the normalized delay of the
DSCL gates for the two values of fan out. The delays
were normalized to the delay of the DSCL gate with
no CCP, fan out of 1 and a P/N ratio of 1.

Also shown in these figures is the normalized energy
per transition (E/T) of these gates. These were ob-
tained by integrating the transient power during switch-
ing (L-H and H-L transitions) over the switching time.
Again, for each fan out, the values of £/T were nor-
malized to that with no CCP and P/N ratio of 1. The
E/T was used to evaluate the effects of circuit opti-
mization on power for the two values of fan out. This
is possible since E/T is independent of the circuit’s
delay (and hence oscillating frequency) which varies
with the P/N ratio.

The following can be observed from these results:

1. The minimum delay is obtained at a P/N ratio of
about 1.3 for all conditions of Fan out and CCP sizes.
This is consistent with static CMOS gates. A ring
oscillator of 2-input CMOS NANDs would have a
minimum delay at that P/N ratio (~1.3) [7]. This
shows the static behavior of the DSCL gates.

2. Having a small CCP keeper improves the delay
slightly. This is however due to the small loads used
in these simulations. At large Fan outs or wiring ca-
pacitances, the CCP size will have to increase and
it would have a larger impact on the delay. This is
why it was retained in the DSCL.

3. The E/T had arelatively flat response with the P /N
ratio. This is because the total input capacitance was
kept constant. This also shows that the rush-through
currents (VDD to GND currents during switching)
are fairly independent of the P/N ratio. This in-
dependence is re-enforced by the inputs slope; as
P/ N ratio is decreased, the H-L slope increases and
the L-H slope increases, causing the larger NMOS
transistors in the next stage to turn-off faster (and
hence reducing the rush-through current). The op-
posite occurs at higher P/N ratios. Again, a fully
static behavior of the DSCL gates.

4. Retaining the CCP keeper actually slightly reduced
the E/ T for most values of P /N ratio. This is more
evident for the case of Fan out of 3. This is adirect re-
sult of improving the delay and output slopes which
reduces the rush-through currents.

Figure 8 shows the DSCL’s differential outputs
crossing point versus the P/ N ratio. These results were
obtained from the same simulations reported in Fig. 7.
The fan out did not impact the crossing point at all,
hence one set of results are reported (fan out = 1). As
the H-L transition becomes faster than the L-H transi-
tion, the crossing point moves up and vise versa. The
crossing points were normalized as:

Normalized Crossing Point
= (Crossing point — 0.5 Vpp)/(0.5 Vpp)

So it shows the deviation (as a fraction) from the ideal
crossing point of half the supply (i.e. Vpp/2). This fig-
ure shows the clear correlation between the crossing
point and the delay. At the optimum P /N ratio of 1.3,
the normalized crossing point is about O (i.e. the outputs
cross one another at Vpp/2).
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Fig. 7. The normalized delay and E /T of the DSCL gate as a function of the P /N ratio for 3 values of the CCP keeper size. Two sets of results
are shown for two values of Fan out (1 and 3). Delays were normalized to the delay with no CCP, fan out of 1 and a P/N ratio of 1. E/T values
were normalized separately for each fan out to the value with no CCP and a P/N ratio of 1 for that fan out.

4. Performance Comparisons

The performance of the new DSCL was compared to
that of the DCVSL and the DDCVSL utilizing an 8-bit
carry-ripple-adder and SPICE simulations. This type of
adder is very efficiently implemented by the differential
circuits at hand. The worst case delay (i.e. longest path
delay) and average power consumption were evaluated
for the three circuit types. Two types of comparisons
were made; (1) Equal input capacitance comparison
and (2) Equal delay comparisons. For all simulations

the load capacitances at the adders outputs were set to
100 fF.

4.1. Equal Input Capacitance Comparisons

The following design procedure was used in designing
the 3 adders for these comparisons:

1. For the conventional DCVSL and the new DSCL
implementations, the sizes of the PMOS latch
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Fig. 8. The normalized crossing point of the DSCL gate as a function of the P /N ratio for a Fan out of 1. Results for the three values of CCP
keeper size are shown. The crossing points were normalized as: Normalized cross point = (Crossing point — 0.5 Vpp)/(0.5 Vpp).

as shown in Fig. 7 below. The clock timing was op-
timized to get the maximum speed out of the DD-
CVSL adder. This also minimized false transitions
and the associated increase in power consumption.

| The first clock inverter was added to account for the
power consumed by the clocked devices in the first
two logic stages.

Clkt | E E | E E

Fig. 9. The clocking methodology for the DDCVSL adder. Total

number of logic levels is 8. Table 1 below summarize the normalized results of

the 3 circuit types. The following can be observed:

transistors were optimized for minimum delay for 1. The conventional DCVSL adder had a significantly

each circuit.

. For the DSCL circuit, these sizes were also opti-
mized in conjunction with the optimum P /N device
size ratios (obtained in Section 3 above).

. For the DDCVSL implementation, the clocked
PMOS devices were sized such that the total pre-
charging time is equal to the total delay. This is a
standard design practice for such dynamic circuits to
ensure they pre-charge within the low clock phase.
This is especially important for this type of circuits
since the pre-charging process actually ‘propagates’
from one logic level to the next. As for the PMOS
latch transistors, the same size that was obtained for
the conventional DCVSL implementation was used.
This is to ensure that if a false transition occurs to
a gate’s output, it will be corrected with a worst
case delay equal to that of an equivalent DCVSL
gate.

. Also to reduce glitches and false transitions, the
clock was delayed between the different logic stages

worse delay due to the compounded effect of the
slow L-H output transitions.

. As expected the DDCVSL achieved the highest

speed (almost 2x of the DCVSL) since there is no
dependency on the PMOS transistors for pull-up
during evaluation. However, this came at the cost of
1.5x increase in power which is due to the higher
activity factor.

. The new DSCL achieved a 1.6x speed improve-

ment over the DCVSL with actual one third of the
power, a very significant result. This is due to the

Table 1. Normalized simulation results with equal input
capacitances for the 3 adders.

DCVSL DDCVSL DSCL

Delay 1X 0.51X 0.62X
Power 1X 1.53X 0.33X
Power-delay product 1X 0.78X 0.21X
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Table 2. Normalized simulation results with equal
delays for DCVSL and DSCL adders.

DCVSL DSCL
Power 1X 0.22X
Area (Active) 1X 0.4X

elimination of contention combined with its lower
activity factor.

4. The DSCL achieved the lowest power-delay prod-
uct of the three circuits making it the most energy
efficient of the three.

4.2. Equal Delay Comparisons

The DSCL adder was redesigned to have an equal delay
to that of the DCVSL implementation. Table 2 below
summarizes the results of comparisons between the two
adders. The area of each adder was estimated as the total
active area (i.e. the total width of all transistors). While
this is not an accurate estimation of the absolute area,
it serves as a good estimate for the relative area ratio
of the two adders. Again, the DSCL adder achieved
a power that is about 20% of that of the DCVSL
adder at 40% of the area. It can also be noted that
the power-delay ratio between the two adders remain
at 0.22x, which affirm the correctness of the design
procedure.

The original DSCL adder was also compared with
a re-designed DDCVSL adder with equal delay. The
new DDCVSL adder was completely re-designed along
with its clock distribution circuitry to eliminate glitches
and false transitions at the required delay. The results
of simulations are summarized in Table 3. The DSCL
achieved a 22% less power; however, its area was 60%
larger. This is due to the fact that the delay of these
adders is dominated by the internal fan out rather than
the external load. The DDCVSL adder had to be made
very small to have an equal delay to that of the DSCL
adder.

Table 3. Normalized simulation results with equal
delays for DDCVSL and DSCL adders.

DDCVSL DSCL
Power 1X 0.78X
Area (Active) 1X 1.6X

5. Conclusions

A new fully static differential CMOS logic circuit
(DSCL) was devised. This circuit eliminates the con-
tention between the PMOS back-to-back latch transis-
tors and the pull-down Logic tree that existed in con-
ventional DCVSL circuits. P /N ratio optimization per-
formed on the DSCL gates showed that the optimum
value to be around 1.3. Also, the delay and Energy
per transition simulation results show the completely
static behavior of the new circuits. The performance of
the DSCL circuit was compared to that of the DCVSL
and the dynamic DCVSL using SPICE simulations of
8-bit CRAs. For the same input capacitance, the new
DSCL achieved 40% less delay than the DCVSL at
one third the power, a very significant accomplishment.
Though the dynamic DCVSL achieved the lowest de-
lay, this was at the cost of a 1.5 increase in power over
the DCXVSL and 5x over the DSCL. This very high
power of the DDCVSL, added to the difficulty of de-
sign, makes the DSCL a very attractive option. At equal
delay, the DSCL achieved 20% of the power dissipa-
tion of the DCVSL and 78% of the DDCVSL, making
the DSCL the most energy efficient among all differ-
ential circuits since DDCVSL was shown in [3] to be
the most energy-efficient among all other differential
CMOS logic families.
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