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Super-threshold computing and
performance variations of FinFET
single-rail current mode logic circuits’

ZHONGCHI XU?, JIANHUI LIN?? XIAOXIA YOU?,
JIANPING HU?

Abstract. Lowering the supply voltage of FInFET Current Mode Logic (CML) can achieve
low power-delay product (PDP). This paper presents super-threshold computing of FiInFET Single-
Rail CML (SRCML) circuits to attain low PDP and performance variations in super-threshold
regions. A full-adder was implemented to verify their power efficiency. The two-input NANDs
based on FinFET SRCML, FinFET DRCML (Dual-rail MCL), and static complementary FinFET
logic were investigated in terms of probability distributions of propagation delay in different source
voltages. The results show that the power consumption of super-threshold FinFET SRCML circuits
can be reduced compared with the normal supply voltage without performance degrading and
accepted performance variation penalty.
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1. Introduction

High-speed circuits are now required in a wide range of applications such as
high-speed CPU and Gbps multiplexers for optical transceivers. MOS Current Mode
Logic (MCML) circuits allow much less output swing than conventional CMOS ones,
and thus they can operate at a high frequency [1], [2].

As CMOS process technology scales, the power consumption of the circuit be-
comes large [3]. The power dissipation of MCML cells, which only is proportional
to the product of their supply voltage and biasing current, are independent of their
operation speed. Lowering supply voltage of MCML circuits would be a favourite
technique to achieve low power-delay product (PDP) [4]. Therefore, the supply
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voltage of MCML circuits should be reduced as much as possible. On the other
hand, MCML circuits are usually realized with dual-rail schemes [4]-[6]. However,
the NMOS series structures in the dual-rail structure demand high enough supply
voltage to ensure proper operating. Moreover, increased transistor counts because
of dual-rail scheme result in extra area overhead [7]. The Single-Rail Current Mode
Logic (SRCML) circuits have a smaller area overhead.

In CMOS processes, it is a main barrier against further scaling that the increas-
ing leakage caused by short-channel effects and gate-dielectric leakage [8]. FinFETs
(Fin-type Field-Effect Transistors) havs low leakage characteristic with excellent per-
formance [9], [10]. Researches have been shown that FinFETs can offer remarkable
advantages in terms of different design metrics [11]-[13]. On medium strong inver-
sion regions, the FinFET devices provide stronger driving current than MOS ones.
Therefore, it can be expected that FInFET current mode logic (FiInFET CML) cir-
cuits can use a larger biasing current, and thus have more favourable performance
than MCML ones. The previous research also indicates that multi-gate devices
shows better parameter variation immunity than conventional bulk MOSFET.

In this work, a super-threshold computing scheme for FinFET SRCML circuits is
addressed. The logic gates and a full-adder are implemented to verify the power ef-
ficiency. The two-input NAND based on FinFET SRCML, FinFET DRCML (Dual-
rail Current Mode Logic), and static complementary FInFET logic are investigated
in terms of probability distributions of propagation delay. All circuits are simulated
with HSPICE at a PTM (Predictive Technology Model) 32 nm FinFET technology.

2. FinFET SRCML circuits

A single-rail edition of FinFET CML circuits is shown in Fig. 1, which is composed
of three main parts: the P-type transistors P1 and P2 operating at linear region
acted as resistors, the evaluation tree with full differential pull down switch network
consisting of N1 and N2, and a biasing current source transistor Ns. The load
resistors are adjusted by Vi¢,, while the biasing current Iy is controlled by an added
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Fig. 1. FInFET SRCML inverter/buffer and its biasing circuit
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The pull-down network switches the constant current between the left and right
branches. The constant biasing current is converted to output voltage swing through
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the two P-type load transistors. The high and low voltages of the outputs can be
calculated Vog = Vpp and Vo, = Vpp — I Rp, respectively, where Vpp is source
voltage, and Rp is the linear resistance of the P-type load transistors, respectively.
The logic voltage swing can be written as AV = Vog — Vo, = IgRp. The proper
logic swing AV is obtained by setting the negative-terminal voltage of the opera-
tional amplifier in the biasing circuits as Vi, = Vpp — AV, as shown in Fig. 1.

The structure of the FinFET SRCML circuits is simpler than the conventional
dual-rail scheme, and thus it reduces area overhead. The power consumption can be
expressed as

P=Vpp-Ip. (1)

The delay tq of FinFET CML circuits can be expressed as
ta = 0.69RC = 0.69C(AV/Ip), (2)

where C' is the load capacitance of the output node in the MCML circuits. As is
shown in (1), a direct solution for reducing power consumption is to lower the supply
voltage. From (2), for given C' and AV, if Iy is kept constant, the delay of FinFET
CML circuits also keeps constant. Therefore, from (1), scaling supply voltage to
super-threshold region can reduce power dissipation without performance degrading
for a given Ig.

The FinFET SRCML circuits are realized only using an N-type transistor pull-
down network to perform demanded logic operations. The logic functions of the
1-bit full adder can be expressed by the following formulas

Co= AB+ Ci(B+ A), (3)

S = ABCi+ ABCi + ABCi + ABCi, (4)

where A, B, Ci are input signal of the 1-bit full adder, Co is its carry output,
and S is its sum. According to (3) and (4), it can be realized by using FinFET
SRCML. Several logic styles have been used in the literature to design full adder
cells. Each design style has its own merits and demerits. One example of such
designs is the static conventional complementary logic FinFET full adder that is
used for our comparisons of power and delay.
The total power consumption of static conventional complementary logic circuits
can be expressed as
Ptotal = Pdynamic + Pstatic, (5)

where Pdynamic is dynamic power consumption, and Pstatic is leakage power con-
sumption. Pdynamic can be specifically expressed as

Pdynamic = CLV2p f, (6)

where Cf, is the sum of all node capacitances and load capacitance in the full adder,
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and f is the operating frequency. Pstatic can be expressed as
Pstatic = VDDIIeakage 5 (7)

where [icakage is average leakage current. From (5), (6) and (7), the power dissipation
of a static conventional circuit increases as its operating frequency. Considering the
power consumption of FinFET CML circuits, therefore, there exists a frequency,
known as the cross-frequency, above which the FinFET CML circuit is more power
efficiency than the static one, and can be written as

IB - Ileakage
c= (= . 8

An optimization has been carried out for the FinFET SRCML and DRCML
and traditional static complementary logic full adders. The power dissipation of
three kinds of the full adders are compared in Fig.2. As the operation frequency
rises from 100 MHz to 3.2 GHz, the power dissipation of the traditional FinFET full
adder increase rapidly, while the FinFET CML full adder keeps a constant value.
Moreover, the power dissipation of FinFET SRCML full adder is slightly lower than
FinFET DRCML full adder in various frequencies. The cross-frequency f. is about
0.9 GHz. When the FinFET CML full adder operates at higher frequencies than
0.9 GHz, their power dissipation is lower than the traditional FinFET one.
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Fig. 2. Power dissipation comparisons of 1-bit full adders based on FinFET
SRCML, DRCML and conventional static complementary logic in different
operation frequencies

3. Super-threshold computing

A best solution for realizing power consumption of the FinFET CML circuits
is to lower supply voltage. For a two-level FinFET SRCML circuit, as shown in
Fig. 3, in order that the N-type FinFET transistor N1 operates at linear regions, the
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minimum supply voltage is
VDD,min = Vvl,gs + ‘/Q,ds + VS,sat + AV; (9)

where V) g4 is gate-source voltages of N1, V5 44 is drain-source voltages of N2 when
they operate in linear state, and Vg sa is the drain-source voltage of Ns when it
operates at saturation state. The first and second terms can usually be ignored.
Vs sat can be expressed as

I 4B W LCoX Ven
Vo sat = =i X <\/1 + t OxPsat _ 1) , (10)

2W CoxVsat I

where Cox, Vsat, and Fgyy are unit oxide capacitance, saturation velocity, and sat-
uration electric field, respectively, and W and L are effective width and length of
transistors, respectively.
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Fig. 3. Minimum operating supply voltage of FinFET SRCML circuits

According to (9) and (10), we can estimate the minimum supply voltage of Fin-
FET SRCML circuits. We can lower its biasing current to reduce minimum supply
voltage. If FinFET SRCML circuits operate at a low speed application, only a small
bias current is required, and thus the supply voltage can be reduced, so that more
energy saving can be realized. When FinFET CML circuits operate at a high speed
application, a large bias current must be used, so that the minimum supply voltage
must be increased.

The power consumption comparisons of the three kinds of 1-bit full adders with
various supply voltages at 700 MHz is shown in Fig.4. Scaling down the supply
voltage can save power consumption effectively. The power consumption of the
FinFET SRCML adder at 0.5V and 0.8 V supply voltage is only 46.9 % and 79.9 %
of 1.0V supply voltage, respectively.
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Fig. 4. Power consumption of the 1-bit full adder based on FinFET SRCML,
DRCML and static logic in near-threshold and super-threshold regions

4. Performance variations

The requirement for very high-speed and low-power VLSI circuits is rapidly in-
creasing. To improve the propagation delay, it is a perfect choice that sets a correct
sizing of transistors as large W/L ratios make the switching fast. The performance
variations of the circuits would make them must operate slowly. We have inves-
tigated the performance variations of various NAND2 based on FinFET SRCML,
FinFET DRCML, and conventional static logic in terms of propagation delay ().
The Probability Density Function (PDF) of variability is calculated as the ratio of
standard deviation (o) to mean value (i) of any design metric.

Monte Carlo simulation is carried out for 10 % variations in threshold voltage Vi,
channel width W, channel length L, and oxide thickness t,x. The delay variability is
observed in the source voltage from 950 mV to 750 mV, shown in Fig.5. The voltage
swing of FinFET CML circuits AV is 0.3 V. PDF is estimated with 250 sample sizes
to achieve high accuracy.

It can be clearly noted that static logic NAND2 is more prone to variations
than FinFET CML, because the conventional static logic structure has symmetric
structure. Therefore, FinFET CML circuits are established as robust circuits, and
appear to have higher immunity against voltage and process variations.

The variability (o/u) of NAND2 based on FinFET SRCML always keeps larger
than FinFET DRCML circuits with various source voltages. The FinFET DRCML
NAND2 has stronger robustness against variations than FinFET SRCML, because
the differential symmetry structure of FinFET SRCML is slightly broken although
it is simpler than the dual-rail ones.

In super-threshold region, the PDF (o/u) of NAND2 based on FinFET DRCML
circuits almost keeps a constant about 1.60 %, which is much less than ones in near-
threshold region. However, the PDF (0/u) of NAND2 based on FinFET SRCML
circuits almost keeps a constant in both super-threshold and near-threshold regions.

The simulated outcomes of variability analysis of FinFET SRCML NAND2 are
shown in Fig. 6 in term of ¢,. From (2), for given Iy and AV, because between tq and
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Fig. 5. PDF variability comparison of NAND2 circuit based on FinFET SRCML,

DRCML, and conventional static logic

C there exists a linear relationship, and the standard deviation of C keeps constant,
the delay standard deviation of FinFET SRCML circuits also keeps constant, about
26.28 ps as shown in Fig. 6. The PDF of the FinFET SRCML AND2 gate, normalized
to the standard deviation as a function of Vpp is also shown in Fig.6. At Vpp =
0.95V, the PDF is substantially Gaussian, while it is non-Gaussian at Vpp = 0.75V
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Fig. 6. PDF of stochastic delays of the FiInFET SRCML AND2 gate by the
corresponding standard deviation with various source voltages

5. Conclusion

Scaling down the supply voltage of FinFET SRCML circuits can effectively reduce
their power consumption, because their power dissipation is in direct proportion to
the supply voltage. However, the supply voltage of the FinFET SRCML circuits has
a minimum limit for ensuring the proper operation. In this paper, a super-threshold
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computing scheme for FinFET SRCML circuits has been addressed to attain low
power dissipation. The super-threshold FinFET SRCML circuits can realize faster
operation than near-threshold one, since the larger biasing current can be used.
The relationship between the minimum supply voltage and the model parameters of
FinFET transistors has been derived, so that the optical supply voltage of FinFET
SRCML circuits can be estimated before circuit designs.

A full-adder has been implemented to verify the power efficiencies. The power
consumption of FinFET SRCML circuits can be reduced by lowering the supply
voltage to super-threshold regions without performance degrading and accepted per-
formance variation penalty.

FinFET SRCML has a slightly weak robustness against variations compared with
FinFET DRCML, but it has better robustness against variations than conventional
static logic. As the source voltage is reduced, the delay standard deviation of FinFET
SRCML circuits almost keeps constant.
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