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Abstract—Cloud computing is increasing the demand for
large scale, energy efficient, and fast computing systems.
A CMOS circuit style satisfying these goals is dynamic
logic. Since portability is not required for cloud computing
centers, these systems can support cryogenic operation.
Cryogenic operation eliminates the seminal issue of dy-
namic circuits, loss of logic state due to leakage currents.
At higher temperatures, static logic circuits are preferable
since these circuits are unaffected by leakage currents.
The operating temperature therefore affects the choice
of circuit style: dynamic or static. The operation of
dynamic CMOS circuits at different temperatures and
the temperature at which dynamic logic is preferable to
static logic are discussed here. Dynamic logic operating
above 1.209 GHz can be used at temperatures up to 300
K, room temperature for a 160 nm technology node. At
lower frequencies, static circuits should be used. Below
77 K, liquid nitrogen temperature, dynamic logic is stable
above 29.7 MHz. At temperatures below 11 K, dynamic
logic circuits operating above one hertz can be used. Since
dynamic logic circuits operate at DC below 4.5 K, dynamic
logic is preferable at any frequency below this temperature,
including liquid helium temperature, 4.2 K.

Index Terms—Cryogenics, liquid helium temperature,
CMOS, MOSFET, dynamic logic

I. INTRODUCTION

Cloud computing requires high performance, energy
efficient processors and can support cryogenic operation
since portability is not desired. Higher frequency cir-
cuits, required in cloud computing systems, can utilize
dynamic logic circuits for improved performance. As
compared to static logic circuits, dynamic circuits are
faster, lower power, and require less area. Room temper-
ature (RT, 300 K) dynamic logic circuits cannot however
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operate at low frequencies and are highly sensitive to
noise. Dynamic circuits at RT operate correctly only
above certain frequencies since the state is temporarily
stored on a capacitor. This drawback makes developing
complex systems based on dynamic circuits challenging,
since low frequency operation of these circuits is a
difficult issue. Dynamic circuits operating at cryogenic
temperatures bypass these issues [1].

Significant improvements in performance can be
achieved by cooling the environment [2]. Cryogenic elec-
tronics plays an important role in meteorology, quantum
computing, high energy physics, and space-based tech-
nologies. Furthermore, applications which require a high
signal-to-noise ratio and/or receive weak input signals
benefit when operated at cryogenic temperatures [3].
Cryogenic environments also avoid thermal runaway in
semiconductors [4]. Nevertheless, static logic is prefer-
able at RT since these circuits are not affected by leakage
currents. At cryogenic temperatures, alternatively, dy-
namic circuits are preferable due to the aforementioned
speed, power, and area advantages [5]. One issue is at
what temperature do dynamic logic circuits outperform
static circuits. In this paper, this temperature is deter-
mined for different frequencies. The key temperatures
discussed in this paper are liquid helium temperature
(LHT), 4 K, liquid nitrogen temperature (LNT), 77 K,
and room temperature, 300 K. The relative performance
of dynamic logic at these temperatures is also discussed.

The paper is organized as follows: the characteristics
of static and dynamic circuits are highlighted, and insight
into MOSFET operation at cryogenic temperatures is
described in Section II. The power consumption of
a MOSFET at cryogenic temperatures is discussed in
Section III. Dynamic circuit operation is characterized
at cryogenic temperatures in Section IV, and the tem-
perature at which dynamic logic can be used rather than
static logic is discussed in Section V. Some conclusions
are offered in Section VI



II. BACKGROUND

Modern high complexity digital systems primarily
deploy static logic. These systems can be enhanced by
dynamic logic if operated at cryogenic temperatures. The
temperature at which static logic should be replaced
by dynamic logic depends upon the leakage currents;
specifically, the subthreshold leakage current. The effects
of subthreshold leakage current varies based on the style
of logic circuit. Differences between static and dynamic
logic are described in subsection II-A. The behavior
of a MOSFET operating at cryogenic temperatures is
reviewed in subsection II-B.

A. Static and dynamic logic circuits

Many types of MOSFET logic circuits have been
developed since the 1970’s. These circuits primarily fall
into two categories, static logic and dynamic logic.

To reduce power consumption, static logic can operate
at lower frequencies or placed into standby mode [1].
Dynamic logic, alternatively, temporarily stores informa-
tion on a capacitor. Thus, dynamic logic cannot operate
at low frequencies due to the leakage of charge on
the capacitors and exhibits a low tolerance to noise
[6]. Since leakage current at cryogenic temperatures
becomes negligible, the charge on the capacitors requires
additional time for the state to leak. This property allows
dynamic logic to operate at lower frequencies, essentially
DC at 4.2 K, which reduces the power consumption and
supports low frequency testing.

At cryogenic temperatures, a MOSFET exhibits en-
hanced physical properties such as higher transient cur-
rents, negligible leakage currents, and increased sub-
threshold slope [7]. These properties are discussed in
the following subsection.

B. MOSFET characteristics operating at cryogenic tem-
peratures

Silicon MOSFETs operating at cryogenic tempera-
tures exhibit significant improvements in performance
and reliability as compared to room temperature oper-
ation. Since the late 1980’s, cryogenic MOSFETs have,
until recently, received little attention. The first studies
on the behavior of MOSFETSs at cold temperatures are
described in [8]-[14]. The topic has once again become
important due to the growing interest in cloud comput-
ing, enhancing the need for energy efficient, stationary
computing platforms.

The carriers within the substrate of a CMOS transistor
start to freeze out at 77 K [15]. With a voltage applied
between the source and drain, the carriers, driven by
energy from an applied electric field, form an inversion

layer, becoming conductive. The mobility of the chan-
nel increases at lower temperatures due to less carrier
scattering caused by lattice vibrations, but is limited by
Coulombic scattering at lower gate voltages and surface
roughness at higher gate voltages [16]. As a result,
the speed of MOSFET devices operating at cryogenic
temperatures is greater than at room temperature. For ex-
ample, a 62% improvement in speed has been observed
in a ring oscillator operating at 4 K [15]. A MOSFET op-
erating at cryogenic temperatures exhibits the following
advantages as compared to 300 K behavior: negligible
leakage currents, higher sub-threshold slope, insignif-
icant electromigration, fewer thermal induced failures
such as oxide degradation, higher transconductance, and
no latch-up [15].

The MOSFET considered in these simulations is a
160 nm CMOS transistor [5]. The transistor has a width
of 232 pum and a channel length of 160 nm with
a thin oxide. The drain current Ip at 4.2 K is 40%
larger than the drain current at room temperature due
to the higher carrier mobility. As compared to room
temperature operation, the threshold voltage increases
from 0.55 volts to 0.7 volts and the subthreshold slope
(SS) is 3.8 times steeper at LHT than RT, increasing
from 87.0 mV/decade to 22.8 mV/decade [17].

III. CRYOGENIC POWER CONSUMPTION IN CMOS

To evaluate the performance of CMOS logic circuits
operating at cryogenic temperatures, the power consump-
tion of a MOSFET within a cryogenic environment is
reviewed. Power loss mechanisms within a CMOS circuit
operating at low temperatures are described in subsection
III-A. Subthreshold leakage current, the primary power
loss mechanism at cryogenic temperatures, is described
in subsection III-B.

A. Types of power loss in CMOS circuits

Power dissipation in CMOS consists of transient and
static power consumption. Transient power consumption
is a combination of switching power loss and short-
circuit power loss, while static power consumption con-
sists of gate leakage current and subthreshold leakage
current [18], as described by

Transient leakage

Pleakage = PSwitching + PShort—cz'rcuit
Static leakage

(D)

+ PGate—leak:age + PSubthreshold—leakage

Dynamic power consumption is quadratically propor-
tional to the supply voltage. With scaling, static power



consumption has become the dominant power component
at dimensions below 0.18 pm [18]. Subthreshold leakage
current flows through the channel when the transistor
operates in the cut-off region, while gate leakage current
occurs when the charges tunnel through the gate oxide
within the MOSFET. Gate leakage current is negligi-
ble as compared to subthreshold leakage current [7].
Subthreshold leakage current is discussed in the next
subsection.

B. Subthreshold leakage current

Drain current in the subthreshold regime can be mod-
eled [7] as
(1 —e G ) ,

where Ig is the current at the threshold voltage of the
device, q is the charge of an electron, n is the subthresh-
old slope factor, k is the Boltzmann constant, and 7T is
the absolute temperature. Note that Ipg is exponentially
dependent on the threshold voltage, temperature, and
subthreshold slope factor.

The current at the threshold voltage at different tem-
peratures is [19]
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W and L are the CMOS dimensions, p is the carrier
mobility, and C,, is the CMOS gate oxide capacitance.
The subthreshold slope factor n [17] is
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where Cgcp(T) is the channel and bulk depletion capac-
itance.
The subthreshold slope [17] is
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At cryogenic temperatures, however, due to incomplete
ionization of the dopants, carrier freeze-out occurs [15].
This effect causes the SS to no longer be linearly
proportional to the temperature at LHT.

With scaling, the threshold voltage significantly de-
creases, greatly increasing the leakage current in the
subthreshold region. Is,pinreshold 18 the primary source of
leakage current in CMOS, producing substantial power
losses at room temperature.
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Fig. 2: Two input static NAND gate.

IV. DECAY TIME OF DYNAMIC LOGIC AT
CRYOGENIC TEMPERATURES

A two input dynamic NAND gate is shown in Fig. 1.
The circuit consists of four transistors and a capacitive
load, Cyy; = 0.1fF. The voltage supply Vpp is 1
volt. The NMOS logic network behaves as a composite
switch. The output voltage V,,; is stored on a capacitive
load Cyyy. As previously noted, at RT, V,,,; decays due
to leakage currents. Operation of a dynamic NAND gate
where leakage current is a significant issue is exemplified
by the following case. In a dynamic NAND gate during
the precharge phase (see Fig. 1), Al is set to 1 and Bl
is set to 0, while the voltage across the output charges
to logic 1. During the evaluation phase, although the
NMOS transistors are on, the output remains at logic 1
since a signal is only transmitted if both A1 and B1 are
on. The clock signal and output voltage at RT operating
at a frequency of 20 GHz are shown in Fig. 3a. During
the evaluation phase, the output voltage degrades due to
leakage currents. If the frequency is sufficiently high,
the voltage does not drop below the noise margin high
(which, in this example, is 0.65 volts at RT, labeled in
Figure 3 as logic 1).

The Phillips MOS11 HSpice model is used to model
a 160 nm CMOS transistor operating at cryogenic tem-
peratures [5]. Temperature dependent parameters, such
as the threshold voltage, subthreshold slope factor, and
carrier mobility, have been modified to fit experimental
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Fig. 3: Dynamic circuit operating at RT, (a) 20 GHz, and
(b) 1.344 GHz. Note that the circuit operates normally
at 20 GHz while 1.344 GHz is the minimum operational
frequency.

data. The subthreshold slope factor n for LHT, LNT, and
RT, and the carrier mobility are extracted from [17]. The
subthreshold slope factor changes exponentially [17],
[20], and is extrapolated at other temperatures. In thin
oxide CMOS considered here, the kink effect is not
present and therefore ignored [17]. For smaller technol-
ogy nodes, the precise breakpoint temperature changes.
However, as the temperature dependent characteristics of
CMOS devices experience similar changes at cryogenic
temperatures [7], the cryogenic behavior of the 160 nm
CMOS technology model [5] used here can be extended
to more deeply scaled, thin oxide CMOS technologies.
To determine the decay time, the subthreshold current,
described by (2), is equated to the capacitor current,

—aVr _ 4Vout av,
Ise it (1—e™ ") = Cou 2% (6)
The decay time ¢ of capacitor Cpy; is
C kT avrT q
t= %N In [eﬁ (Vaa — Vout) — 1] (N
Isq

The threshold voltage is highly temperature depen-
dent due to the carrier freezeout effect and subsequent
changes in the Fermi potential [21]. The threshold
voltage increases by about 30% when the temperature

decreases from 300 K to 4 K [17]. For a 1 volt system,
the threshold voltage at RT is 0.25 volts and at LHT is
0.33 volts [22].

V. TEMPERATURE BREAKPOINT OF STATIC AND
DyNaMIc LoaIc

The operating temperature at which dynamic logic
(Fig. 1) is preferable to static logic (Fig. 2) is discussed
here as the breakpoint temperature. The range of temper-
ature being considered is between 4.2 K (LHT) and 300
K (RT). Operation of dynamic circuits at LHT, LNT, RT,
and at certain transitional temperatures are described, and
the breakpoint temperatures between static and dynamic
logic are discussed in this section.

Dynamic circuit operation at a specific temperature
depends upon the frequency of operation. If the dy-
namic logic cannot operate at a specific temperature
and frequency due to leakage currents, static logic is
preferred. This temperature-frequency point where the
output voltage of the dynamic logic drops below the
noise margin high is the breakpoint temperature. To
determine this breakpoint temperature, (7) is evaluated
at different temperatures and frequencies.

Based on (7), the decay time of V,,; for V; = 0.25
volts and 7' = 300 K is 0.414 ns. The minimum
frequency to correctly operate at room temperature is
analytically determined to be 1.209 GHz. In simulation,
the minimum frequency of operation is 1.344 GHz,
within 11% of the analytically determined frequency.
The simulated output voltage at this frequency is shown
in Fig. 3b. During the evaluation phase, the charge on
the output capacitor drops below the threshold voltage.
In the next stage, this voltage is no longer at logic 1.
1.344 GHz represents a decay time of 0.372 ns. The
difference between the simulation and analytic solutions
for the decay time is 10%. These delay times are listed
in Table I.

Table I: Operating frequency at different temperatures

Temperature Minimum Frequency % Error
(Simulated) | (Analytic)
300 K (RT) 1.209 GHz | 1.344 GHz 10.0%
90 K 49.9 MHz 56.8 MHz 12.1%
77 K (LNT) 29.7 MHz 33.6 MHz 11.6%
4.2 K (LHT) DC DC —

The breakpoint temperature at different frequencies is
shown in Fig. 4. The breakpoint temperature-frequency
characteristic is exponential, as described by (7). A
scaled version of the temperature-frequency character-
istic at temperatures below 100 K is shown in Fig. 5.



Static logic is better

800 1000 1200

600
Frequency, MHz

b 200 400
Fig. 4. Breakpoint temperature at which dynamic logic
is preferable to static logic at different frequencies, 160
nm CMOS technology.

100 ‘
Static logic is better

77K

80

60
Dynamic logic is better
40

Temperature, K

20

0 10 20 30 40 50 60 70
Frequency, MHz

Fig. 5: Breakpoint temperature below 100 K at which

dynamic logic is preferable to static logic at different

frequencies.

As noted in Fig. 4, when operating at RT at frequen-
cies below 1.344 GHz, the charge leaks away before
arrival of the following clock pulse. An example of this
condition is shown in Fig. 6a, where the frequency is 50
MHz. Note that the charge on the output capacitor has
completely leaked away during the evaluation phase. The
temperature should be below 90 K to maintain proper
operation at this frequency (50 MHz), as depicted in Fig.
5. At these lower frequencies, static logic is necessary.
At lower temperatures, the frequency at which dynamic
logic functions correctly can be decreased. As the tem-
perature approaches liquid nitrogen, the breakpoint curve
becomes steep due to the exponential nature of the
subthreshold leakage current. At 77 K, dynamic logic
should be used when operating at frequencies above 29.7
MHz.

Note that the frequency can be further reduced at
lower temperatures, allowing dynamic logic at 4.2 K to
operate at DC. In comparison to dynamic logic operating
at RT and 50 MHz, the same circuit at LHT exhibits no
drop in voltage at 50 MHz, as shown in Fig. 6b, agreeing
with the analytic solution. Dynamic logic is therefore
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Fig. 6: Dynamic circuit operating at 50 MHz, (a) RT,
and (b) LHT. The circuit produces an incorrect output at
RT, while the circuit operates properly at LHT.

preferable at LHT.

DC operation, however, is available at temperatures
higher than LHT. The charge leakage time at different
temperatures is shown in Fig. 7. The concept of applica-
tion age is introduced, where the age of the application
indicates the time during which a circuit has to retain
sufficient charge to maintain the logic state. As shown
in Fig. 7, the application age is one month at 5.5 K,
one year at 4.6 K, and three years at 4.5 K. Therefore,
if system operation requires an age of three years, the
circuit should be operated at or below 4.5 K.

Summarizing, as the frequency increases from 1 Hz
to 1.209 GHz, the breakpoint temperature increases,
respectively, from 11 K to 300 K, as shown in Fig. 4.
Therefore, if the circuit operates below 1.209 GHz at
a temperature above 300 K, static logic should be used.
Dynamic logic can operate at 1 Hz at temperatures below
11 K and at DC below 4.5 K, as illustrated in Figs. 5
and 7.

VI. CONCLUSIONS

Interest in cloud computing has been growing, de-
manding energy efficiency. Due to the stationary na-
ture of these platforms, cloud computing can support
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cryogenic operation. This characteristic suggests the use
of dynamic logic in cloud computing centers operating
at cryogenic temperatures and high frequencies while
dissipating low power. The primary objective of this
paper is to clarify at which temperature and frequency
dynamic logic is preferable to static logic.

Dynamic logic operating from liquid helium tem-
perature to room temperature is considered here. The
performance of dynamic circuits operating at the transi-
tional temperatures between room temperature and liquid
helium temperature are evaluated at several frequencies.
At liquid helium temperature, dynamic circuits can op-
erate at DC. Dynamic logic is therefore preferable over
static logic at any frequency if operated at LHT. At
higher temperatures, the time during which the charge
leaks away is exponentially reduced. Furthermore, if DC
operation requires holding the charge for one month or
less, the temperature can be increased from LHT to 5.5
K. Dynamic logic is preferable at temperatures below
11 K when operated above 1 Hz. At liquid nitrogen
temperature, dynamic logic is preferable when operating
above 29.7 MHz. Above 1.209 GHz, dynamic logic can
be used at any temperature.
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