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ARTICLE INFO ABSTRACT

Keywords: Cloud computing is increasing the demand for large scale, energy efficient, and fast computing systems. A
Cryogenics CMOS circuit style satisfying these goals is dynamic logic. Since portability is not required for cloud computing
Liquid helium temperature centers, these systems can support cryogenic operation. Cryogenic operation eliminates the seminal issue of
%(s?:m dynamic circuits, loss of the 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

Dynamic logic

is preferable at any frequency below this temperature, including liquid helium temperature, 4.2 K.

1. Introduction

Cloud computing requires high performance, energy efficient pro-
cessors and can support cryogenic operation since portability is not
desired. Higher frequency circuits, required in cloud computing sys-
tems, 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 temperature (RT, 300 K) dynamic
logic circuits cannot however operate at low frequencies due to leakage
currents 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 fre-
quency 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 cool-
ing the environment [2]. Cryogenic electronics plays an important role
in meteorology, quantum computing, high energy physics, and space-
based technologies. 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 preferable at RT since these circuits are not affected by leakage
currents. At cryogenic temperatures, alternatively, dynamic circuits

are preferable due to the aforementioned speed, power, and area
advantages [5]. One issue is at what temperature does dynamic logic
outperform static logic. In this paper, this temperature is determined
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 summarized in Section 2. Dynamic circuit op-
eration is characterized at different temperatures, and the temperature
boundary at which dynamic logic should be used rather than static logic
is discussed in Section 3. Some conclusions are offered in Section 4.

2. 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 subthresh-
old leakage current varies based on the style of logic circuit. Differences
between static and dynamic logic are described in Section 2.1. The
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behavior of a MOSFET operating at cryogenic temperatures is reviewed
in Section 2.2.

2.1. Static and dynamic logic

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

To reduce power consumption, static logic can operate at lower
frequencies or placed into standby mode [1]. Dynamic logic, alterna-
tively, temporarily stores information on a capacitor. Gate and stray
capacitances store the charge in these circuits, maintaining the logic
state. Dynamic circuits require a periodic refresh since the charge
decays over time. In dynamic circuits, the logic and memory elements
are the same circuit, and the charge is transferred between capacitors.
This signal flow between capacitors is controlled by an external signal.
Thus, dynamic logic cannot operate at low frequencies due to the
leakage of charge on the capacitors, exhibiting a low tolerance to
noise [6]. Since leakage current at cryogenic temperatures becomes
negligible, the charge on the capacitors requires significant 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, albeit cryogenic, testing. Dy-
namic logic requires less area and consumes less power than static logic.
Furthermore, dynamic logic can operate at higher clock frequencies.

At cryogenic temperatures, a MOSFET exhibits enhanced physical
properties such as higher transient currents, negligible leakage currents,
and increased subthreshold slope [7]. These properties are discussed in
the following subsection.

2.2. MOSFET characteristics operating at cryogenic temperatures

Silicon MOSFETs operating at cryogenic temperatures exhibit sig-
nificant improvements in performance and reliability as compared to
room temperature operation. Since the late 1980’s, cryogenic MOSFETs
have, until recently, received little attention. Early studies on the
behavior of MOSFETs at cold temperatures are described in [8-14]. The
topic has once again become important due to the growing interest in
cloud computing, 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 channel
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 tem-
peratures is greater than at room temperature. For example, a 62%
improvement in speed has been observed in a ring oscillator operating
at 4 K [15]. A MOSFET operating at cryogenic temperatures exhibits
the following advantages as compared to 300 K behavior: negligible
leakage currents, higher subthreshold slope, insignificant electromigra-
tion, fewer thermal induced failures such as oxide degradation, higher
transconductance, and no latch-up [15].

The MOSFET considered in this study is a 160 nm CMOS transis-
tor [5]. The transistor has a width of 2.32 pm and a channel length of
160 nm with a thin oxide. The drain current I}, 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 V to 0.7 V 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].
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Fig. 1. Two input NAND gate, (a) dynamic logic, and (b) static logic.

3. Temperature breakpoint of static and dynamic logic

The operating temperature at which dynamic logic (Fig. 1(a)) is
preferable to static logic (Fig. 1(b)) is discussed here as the breakpoint
(or boundary) temperature. The range of temperature being considered
is between 4.2 K (LHT) and 300 K (RT). The simulation setup is
presented in Section 3.1. Operation of dynamic circuits at LHT, LNT,
RT, and at certain transitional temperatures are described in Sec-
tion 3.2. The breakpoint temperatures are also described in Section 3.2
at different frequencies.

3.1. Simulation setup for evaluating dynamic logic

A two input dynamic NAND gate is shown in Fig. 1(a). The circuit
consists of four transistors and a capacitive load, C,, = 0.1 fF [18].
The voltage supply Vpp is 1 V. The NMOS logic network behaves as a
composite switch. The output voltage V,,, is stored on a capacitive load
C,,- As previously noted, at RT, V,,, decays due to leakage currents.
Operation of a dynamic NAND gate where the leakage current is a
significant issue is exemplified by the following case. In a dynamic
NAND gate during the precharge phase (see Fig. 1(a)), 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 some NMOS transistors
are on, the output remains at logic 1 since a signal is only transmitted
if both Al and Bl are on. The clock signal and output voltage at RT
operating at a frequency of 20 GHz are shown in Fig. 2(a). 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 V at RT, labeled
in Fig. 2 as logic 1).

The Phillips MOS11 HSpice model is used to model a 160 nm
CMOS transistor operating at cryogenic temperatures [5]. Temperature
dependent parameters, such as the threshold voltage, subthreshold
slope factor, and carrier mobility, have been modified to fit experi-
mental 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 [17,19] and is extrapolated at other
temperatures. In thin oxide CMOS considered here, the kink effect is not
present and therefore ignored [17]. For smaller technology 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.

Subthreshold leakage current, the primary power loss mechanism at
cryogenic temperatures, can be modeled [7] as

aVgs V1) _4Vps
Ipg = Ige™ nkT l—e * ), 1)
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Fig. 2. 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.
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100,

Static logic is better ‘
77K

v 80 P
g
% 60
?& mic logic is better
g 40
s

20

o4

0 10 20 30 40 50 60 70
Frequency, MHz

Fig. 4. Breakpoint temperature below 100 K at which dynamic logic is preferable to
static logic at different frequencies.
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Table 1
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 -

where Ig is the current at the threshold voltage of the device, ¢ is
the charge of an electron, »n is the subthreshold slope factor, k is the
Boltzmann constant, and T is the absolute temperature. Note that Ijg
is exponentially dependent on the threshold voltage, temperature, and
subthreshold slope factor.

To determine the decay time, the subthreshold current, described
by (1), is equated to the capacitor current,

—aVr _ aVour lﬂ/”m
Ige i [1—e &7 ) =C,——. 2)
ot
The decay time ¢ of capacitor C,,, is
CoukT 47
p= o eﬁ In [e% (Vdd - Vou,) - 1]. 3
Igq

The threshold voltage is highly temperature dependent due to the
carrier freeze out effect and subsequent changes in the Fermi poten-
tial [20]. The threshold voltage increases by about 30% when the
temperature decreases from 300 K to 4 K [17]. For a 1 V system, the
threshold voltage at RT is 0.25 V, and at LHT is 0.33 V [21].

3.2. Temperature breakpoint

Dynamic circuit operation at a specific temperature depends upon
the frequency of operation. If the dynamic logic cannot operate at a
specific temperature and frequency due to leakage currents, static logic
is preferred. This temperature—frequency boundary where the output
voltage of the dynamic logic drops below the noise margin high is the
breakpoint temperature. To determine this breakpoint temperature, (3)
is evaluated at different temperatures and frequencies.

Based on (3), the decay time of V,,, for V;; = 0.25 V and T = 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. 2(b). 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 1.

The breakpoint temperature at different frequencies is shown in
Fig. 3. The breakpoint temperature-frequency characteristic is expo-
nential, as described by (3). A scaled version of the temperature—
frequency characteristic at temperatures below 100 K is shown in
Fig. 4.

As noted in Fig. 3, when operating at RT at frequencies below
1.344 GHz, the charge leaks away before arrival of the following clock
pulse. At these lower frequencies, static logic is necessary. At lower
temperatures, the frequency at which dynamic logic functions correctly
can be decreased. As the temperature 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 tempera-
tures, allowing dynamic logic at 4.2 K to operate at DC. An example of
this condition is shown in Fig. 5. The circuit at LHT exhibits no drop in
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Fig. 6. Age of application at different temperatures to maintain DC operation.

voltage at 50 MHz, agreeing with the analytic solution. Dynamic logic
is therefore preferable at LHT.

DC operation, however, is available at temperatures higher than
LHT. The charge leakage time at different temperatures is shown in
Fig. 6. The concept of application age is introduced here, 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. 6,
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. 3. 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. 4 and 6.

4. Conclusions

Interest in cloud computing has been growing, demanding greater
energy efficiency. Due to the stationary nature of these platforms,
cloud computing can support cryogenic operation. This characteristic
suggests the use of dynamic logic in cloud computing centers operating
at cryogenic temperatures to support 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 at temperatures ranging from liquid he-
lium to room temperature is considered here. The performance of
dynamic circuits operating at the transitional temperature boundary
between room temperature and liquid helium temperature is evaluated
at several frequencies. At liquid helium temperature, dynamic circuits
can operate at DC. Dynamic logic is therefore preferable over static
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logic at any frequency if operated at LHT. At higher temperatures,
the time during which the charge leaks away is exponentially less.
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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