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Abstract. To protect integrated circuits against IP piracy, Physically
Unclonable Functions (PUFs) are deployed. PUFs provide a specific
signature for each integrated circuit. However, environmental variations,
(e.g., temperature change), power supply noise and more influential IC
aging affect the functionally of PUFs. Thereby, it is important to evaluate
aging effects as early as possible, preferentially at design time. In this
paper we investigate the effect of aging on the stability of two delay PUFs:
arbiter-PUFs and loop-PUFs and analyze the architectural impact of
these PUFS on reliability decrease due to aging.
We observe that the reliability of the arbiter-PUF gets worse over time,
whereas the reliability of the loop-PUF remains constant. We interpret
this phenomenon by the asymmetric aging of the arbiter, because one
half is active (hence aging fast) while the other is not (hence aging slow).
Besides, we notice that the aging of the delay chain in the arbiter-PUF
and in the loop-PUF has no impact on their reliability, since these PUFs
operate differentially.

1

Introduction

With the advancement of VLSI technology, people are increasingly relying on
electronic devices and in turn integrated circuits (ICs). Therefore, it is essential
to assure the security of the sensitive tasks performed by such devices and to
guarantee the security of information stored within these devices.
Having a unique identifier for each electronic chip offers many security benefits.
If, for example, the chip is in a smartphone, the identifier can be used to associate
the device with a specific service. The identifier can also be used to thwart
overbuilding since it can be recorded at fabrication and can later be checked
against a whitelist (in this way, overproduced or counterfeited chips can be
detected). However, for the identifier to be trusted, it must meet some security
properties: essentially, it must be unique and it must not be tamperable. Physically
Unclonable Functions (PUFs) are known as technical solutions [1–3] as they can
generate volatile secret keys for a system [4].

A PUF signature is used either via a Challenge-Response Pair (CRP) protocol
for authentication, or to generate a private key or random variable in a ciphering
operation. A PUF can avoid the use of digital memory to store a key imposed by
the IC manufacturer or the user. Hence PUFs are well suited in low-cost devices
such as the RFIDs or smartcards. [5]. In practice, PUFs have different applications including cryptographic key generation, device authentication, Intellectual
Property (IP) protection, etc.
Indeed, PUFs benefit from process variations which occur during the manufacturing of integrated circuits and thereby each PUF generates a unique signature
extracted based on physical characteristics of the circuit elements. The unique
behavior after fabrication stems from a static randomness due to technological
dispersion. It is a well known source of mismatch in electronics circuits design
and was characterized by Pelgrom [6] to follow a normal distribution.
The PUF responses are also subject to dynamic randomness due to measurement noise, which is detrimental to the reliability of the PUF measurement. For
this reason, it is important in practice to increase the signal-to-noise ratio (SNR).
In a so-called SRAM-PUF [7] which consists in one SRAM memory bit booting up
at either value 0 or 1, it seems difficult to improve the SNR except by repeating
measurements, which demands a power down between each measurement. In
a delay-PUF [8], n elements are chained, and the total delay of the chain is
measured. The SNR is then increased by a factor n as the signal power grows
linearly with n. Because of this property, we focus in this paper on delay-PUFs,
namely loop-PUF [5] and arbiter-PUF [2, §2.2].
PUFs can be deployed as identifiers of electronic chips if the responses (keys)
generated by PUFs are reliable and do not change over time. However, similar
to other ICs, PUFs are vulnerable to aging mechanisms that jeopardize their
reliability over time. In practice, with the advancement of VLSI technology and
moving towards nano technologies, run time degradation mechanisms such as
Negative-Bias Temperature-Instability (NBTI), Hot-Carrier Injection (HCI), and
gate Oxide Breakdown (OB) play a critical role in urging circuits malfunctions
[9–13]. In these degradation mechanisms, so-called aging, electrical behavior of
transistors eventually deviates from its original intended behavior. This deviation
may degrade performance; and consequently, the chip suddenly fails to meet
some of the required specifications [14, 15].
In practice, NBTI is the main aging mechanism resulting in circuit malfunctions [16]. While NBTI happens continuously when the circuit is powered on, the
HCI only happens provided the circuit has some activity: the more activity, the
more HCI effect. In this paper, we investigate the effect of NBTI on the reliability
of PUFs.
Problem Statement. Different schemes have been proposed in literature to improve
the reliability of PUFs against aging effects. In particular, Error Correction Codes
(ECCs) are employed in [17] to recover unwanted bit-flips (erroneous bits) in
the output of PUFs. However, using ECC for error recovery is costly and its
overhead is not negligible in case of multiple errors [4]. Software techniques
have been proposed in [18] to combat the aging effects in PUFs. The proposed

protocol-level solutions can either detect drifts in PUFs and update the affected
challenge/response pairs or prevent such drifts by shortening the lifespan of
challenge/response pairs [18].
Guajardo et al. investigated the robustness of SRAM-PUF against aging
caused by a specific case of continuous writing of ones and zeros in SRAM
cells [19]. Maes et al. also showed that SRAM-PUF aging can be inverted by
programming them with the opposite value [20]. This reinforces the bias of
the PUF, hence a rejuvenation. However, such technique does not apply to
delay-PUFs.
In order to combat aging of ring oscillator PUFs (RO-PUFs), an aging resistant
RO-PUF has been proposed in [4]. This ring oscillator stops oscillation when the
PUF is not used. Such reconfiguration slows down the aging effects, but there is
a need of custom design with the use of pass transistors. Maiti et al. conducted
an accelerated aging to investigate the effect of aging on the functionality of
RO-PUFs. They proposed a reconfigurable RO-PUF to mitigate aging effects [21].
As the RO-PUF consists in comparing two ROs among a set of identical ROs,
the proposed anti-aging method is to choose the ROs which have the maximum
frequency differences.
The RO-PUF has the specificity of having many ROs in parallel and the
aging has a direct impact when two oscillators behave differently with aging.
The contribution of this paper is to study the aging of simpler delay-PUF: the
Loop-PUF which has a single delay chain, and the arbiter-PUF which uses two
controllable delay chains.
Contributions. We notice that the reliability of the arbiter-PUF decreases with
aging, whereas the reliability of the loop-PUF remains unchanged with aging.
We manage to explain this discrepancy, by noting that the arbiter (seen as a
hardware IP) becomes less reliable over time. The reason is the same as for
SRAM-PUF aging: half of the PMOS transistors of the arbiter are conducting,
while the other half are blocked. Regarding the delay chains, they age similarly:
therefore, their timing difference is not impacted by aging. The loop-PUF does
not use an arbiter, therefore its reliability is not affected by aging.
To support this interpretation, we use the fact that:
– Synopsys HSPICE MOSRA tool [22] can be used to simulate the aging effects
in PUFs, and
– transient noise in the simulations can be used to simulate the reliability
change over time of PUFs, in particular delay-PUFs.
The simulations are validated by real-world experiments on a 65 nm ASIC.
Outline. The remainder of this paper is organized as follows. Section 2 presents a
preliminary background on aging mechanisms. Section 3 provides a description of
the studied PUFs. The steps taken to evaluate the aging effects using Synopsys
MOSRA tool are discussed in Section 4. Then, Section 5 presents the simulation
results depicting the impact of aging on the reliability of PUFs. Confirmation of
results on real silicon is presented in Sec. 6. Conclusions and perspectives are
drawn in Section 7.

2

Aging Mechanisms

Digital circuits can be affected by various aging mechanisms including Negative
Bias Temperature Instability (NBTI), Hot Carrier Injection (HCI), Time Dependent Dielectric Breakdown (TDDB), and Electro-Migration (EM) resulting in
performance degradation and eventually design failure [23]. Among these aging
mechanisms, the NBTI impact on PMOS transistors and the HCI impact on
NMOS transistors are more prominent in the reliability of digital circuits. BTI,
HCI, and TDDB aging all relate to gate oxides of transistors while EM happens
in the interconnect metal lines.
NBTI occurs in a PMOS transistor when a negative voltage is applied to its
gate. In this mechanism, positive interface traps are generated at the Si-SiO2
interface. As a result, the threshold voltage increases and the PMOS transistor
becomes slower and fails to meet timing constraints.
HCI occurs when hot carriers are injected into the gate dielectric during
transistor switching and remain there. HCI is a function of switching activity
and degrades the circuit by shifting the threshold voltage and the drain current
of transistors under stress [4]. HCI mainly affects NMOS transistors.
TDDB relates to the creation of an electrical current conduction path through
the gate oxide in the device. It degrades the isolation properties of gate dielectric,
increasing the tunneling current across the transistor gate terminal. Ultimately,
TDDB results in device breakdown [24].
High density currents result in EM aging. The currents create electron winds
that cause metal atoms to migrate over time, gradually removing metal atoms
from wires, thereby increasing interconnect resistance. EM eventually results in
an open circuit, creating a permanent error [25].
As the PUF is used mainly to get an identifier or a response to a challenge
for authentication, we can consider a rather low switching activity. Consequently
we can assume less impact caused by HCI compared to NBTI. This is the reason
why we mainly investigate the effect of NBTI on the reliability of PUFs, what
follows discusses NBTI effects in more detail.
2.1

Background on NBTI aging

NBTI is one of the leading factors in performance degradation of digital circuits.
In practice, a PMOS transistor experiences two phases of NBTI depending on its
bias condition. The first phase, i.e., the stress phase, occurs when the transistor
is on, i.e., when a negative voltage (i.e. VGS < Vt, the threshold voltage Vt
being negative for a PMOS) is applied to its gate. In the stress phase, positive
interface traps are generated at the Si-SiO2 interface. As a result, the magnitude
of the threshold voltage Vt of the transistor is increased. In the second phase,
i.e., recovery phase, a ”positive” voltage (i.e. VGS > Vt) is applied to the gate of
the transistor. In this phase, the threshold voltage drift induced by NBTI during
the stress phase can partially “recover”.
Threshold voltage drifts of a PMOS transistor under stress depend on the
physical parameters of the transistor, supply voltage, temperature, and stress

Fig. 1: Change in threshold voltage of a PMOS transistor over time.

time. Figure 1 shows the threshold voltage drift of a sample PMOS transistor
that is continuously under stress for 6 months as well as a transistor that is under
stress and recovery every other month. As shown, the NBTI effect is high in the
first couple of months but the threshold voltage tends to saturate for long stress
times. NBTI affect is exacerbated with thinner gate oxide and higher operating
temperature [26, 27].
Two prevalent theories, Reaction-Diffusion (R-D) and Trapping-Detrapping
(T-D), have been proposed in literature to explain NBTI. The R-D model explains
the NBTI phenomenon as the breaking and rebonding of hydrogen-silicon bonds
at the silicon-gate dielectric interface of PMOS devices [28, 29]. The T-D model
considers a number of defect states with different energy levels, and capture and
emission time constants. In the T-D model, the threshold voltage increases when
a trap captures a charge carrier from the channel of a PMOS device [30].
Wang et al. presented an R-D model to evaluate the NBTI effects [31]. In this
model, the change in threshold voltage of a PMOS transistor in stress and recovery
modes at time t are evaluated by Equation (1) and Equation (2), respectively.
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where t0 and t1 denote the time at which the stress and recovery phases begin,
te denotes the effective oxide thickness, and ξ1 and ξ2 are constants. Parameter
n is the time exponent parameter, and for H2 diffusion, it is 1/6. Kv and C are
computed by using Equation (3) and Equation (4), where Eox is the electrical
field, T is the temperature, and Ea , K1 , T0 , and k are constants. As shown in

Equation (1), the magnitude of the threshold voltage of a PMOS transistor is
increased during stress time.
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where C = exp(−Ea /kT )/T0 .
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In this paper, to evaluate the impact of NBTI on the performance of a circuit
under stress, HSPICE MOSRA (MOS Reliability Analysis) [22] that uses an R-D
model is deployed.

3
3.1

Loop-PUF and Arbiter-PUF
Loop-PUF

The loop-PUF structure [5] consists of a single delay chain which is looped to
form a ring oscillator by means of an inverter. The delay can be obtained with
high accuracy as many oscillations (N ) are measured.
Fig. 2 illustrates the Loop-PUF structure composed of n delay elements and
Fig. 3 illustrates the detail of one delay element in the chain of n elements.
For each i = 1, 2, . . . , n element, i can have two delays (theoretically equal at
blueprint level), chosen according to one challenge bit ci ∈ {0, 1}.
Let d(ci ) be the corresponding delay. As time is an extensive physical quantity,
we have
(
TB
2
dTi 1 + dB
if ci = 0,
i = di
d(ci ) =
B1
T2
BT
di + di = di
if ci = 1.
The delays dTi B and dBT
are modeled as i.i.d. normal random variables selected
i
at fabrication [6]. Actually, variation at fabrication can be explained by many
factors, amongst which random dopant fluctuation [32].
The n elements are chained by connecting yi to xi+1 , for i = 1, . . . , n − 1.
LPUF
The principle of
of cumulative
Pnthe loop-PUF is to measure the difference ∆c
delays d(c) = i=1 d(ci ) for a challenge c = (c1 , . . . , cn ) and its complementary
value ¬c = (¬c1 , . . . , ¬cn ):
∆LPUF
=
c

sign(bN

n
X
i=1

d(ci )c − bN

n
X

d(¬ci )c),

(5)

i=1

where N is the number of loops and the b·c symbol expresses the quantization of
the number of loops. Thus, the LPUF computes response bits based on a mode
of operation, given in Protocol 1.
The N oscillations contribute to diminish the noise impact. For simplification
we can consider a single loop (N = 1) and a perfect quantization. Thus:
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Fig. 2: Loop-PUF structure.
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Fig. 3: Delay element i in a Loop-PUF. The output yi is equal to the input xi ,
but occurs after a delay d(ci ).
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i=1

where we have used that ¬ci = 1 − ci . Since dTi B and dBT
are i.i.d. normal, the
i
random variables
∆i = dTi B − dBT
i

(i = 1, 2, . . . , n)

(8)

are themselves i.i.d. normal and have zero mean. Each ∆i represents the delay
difference from xi to yi in the path through first top/second bottom and first
bottom/second top buffers. One bit of the identifier is the sign of the cumulative
delay difference ∆(c):
BcLPUF = sign(∆LPUF
).
(9)
c
The overall loop-PUF function is summarized in Fig. 4. A unique identification
number can be obtained by querying the PUF for M different challenges c.

Protocol 1: Protocol to get one bit out of an LPUF using challenge c.
input : Challenge c
output : Response Bc
1
2
3
4
5

Set challenge c
P
Measure d1 ← bN n
i=1 d(ci )c
Set challenge −c P
Measure d2 ← bN n
i=1 d(¬ci )c
return Bc = sign(d1 − d2 )

Challenge c ∈ {0, 1}n

Loop-PUF:
Response Bc ∈ {±1}
n i.i.d. normal
Pn
c
random variables ∆i Bc = sign( i=1 (−1) i ∆i )

Fig. 4: Operation of a loop-PUF.

3.2

Arbiter-PUF

The arbiter-PUF (APUF) is an architecture [2, §2.2] with a pair of delay chains,
so as to obtain one challenge bit per challenge, in one single query. Figure 5
represents the architecture of the Arbiter-PUF. The race of a signal along the
top path and the bottom path is grabbed by the arbiter.
The PUF element thus consists in the duplication of the paths: the xi → yi
path of Fig. 3 is turned into two parallel paths (xi , x0i → yi , yi0 ). This is depicted
in Fig. 6a.
We have
d(c) =

n
X
i=1

d0 (c) =

n
X
i=1

ci dTi + ¬ci dB
i
0

0

ci dTi + ¬ci dB
,
i

and the APUF measures the fastest of the two cumulative paths. Therefore,

∆APUF
c

BcAPUF = sign(∆APUF
),
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c
n
X
0
B0
= d(c) − d0 (c) =
ci (dTi − dTi ) + (1 − ci )(ci dB
i − ci di ).

(10)
(11)

i=1

However, contrary to the case of the loop-PUF, this equation does not simplify
as in (7).
Indeed, we have that the expected value of ∆ is not zero. The reason is
that the delays in either input of the multiplexer are not the same. That is, let
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Fig. 5: Arbiter-PUF.
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Fig. 6: Arbiter-PUF element examples.
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0

B
B
us denote E(dTi ) = E(dTi ) = E(dT ), and E(dB
i ) = E(di ) = E(d ). We have
T
B
E(d ) 6= E(d ). Thus,

E(∆APUF
)=
c

n
X
(−1)ci (E(dB ) − E(dT )) 6= 0.
i=1

Moreover the sign and subtraction functions of the equation (10) cannot be
performed by arithmetic. They use an arbiter function φa which is able to detect
the slight delay differences between two signals. The real equation of the bit
generated by a APUF is:
BcAPUF =

φa (

n
X
i=1

d(ci ),

n
X

d(¬ci )),

(12)

i=1

where φa is a two input function with value in {0, 1}. Typically, the function
φa is a latch as illustrated in Fig. 6b, which is sensitive to aging and can be
unbalanced. Given a threshold tha close to 0, it computes:
φa (d1 , d2 ) =

4

(

1
0

if d1 − d2 ≥ tha ,
otherwise .

Aging methodology with MOSRA

Figure 7 shows a flowchart of the steps involved in our aging evaluation scheme.
The circuit netlist is defined at transistor level using HSPICE. The technology
library is given and the input values and operating temperature are decided.
We first run a HSPICE simulation to capture the outputs of the circuitunder-evaluation (and the required delay parameters) at time zero, i.e., no aging
is considered in this phase. Then, we get benefit of HSPICE MOSRA in our
simulations and run another simulation (pre-stress simulation) during which we
setup MOSRA to evaluate the aging effects for the given circuit running with
the given set of inputs under the considered temperature. During the pre-stress
simulation phase, the simulator evaluates the electrical stress of user-selected
MOSFETs in the circuit, based on the MOSRA models. For example, in this phase,
the aging-related change of threshold voltage of the user-selected MOSFETs are
evaluated for user-defined aging time intervals and the results are reported. In
practice, The calculation depends on the electrical simulation conditions of each
targeted device [22].
As the next step, we launch the post-stress simulation phase during which
the degradation of device characteristics that was computed in the pre-stress
phase is translated to performance degradation at the circuit level.

Fig. 7: Flowchart for applying HSPICE MOSRA to evaluate aging effects.

5
5.1

Impact of aging on the reliability of PUFs
Experimental Setup

In this section, we provide the details of the simulation setup used to evaluate
the effect of aging on our targeted PUFs.
We first implemented our PUFs in a transistor level using a 45-nm technology
extracted from the open-source NANGATE library [33]. We then used Synopsys
HSPICE for the transistor-level simulations and employed the HSPICE built-in
MOSRA Level 1 model to capture NBTI effects in MOSFETs [22].
We ran Monte Carlo (MC) simulations for 8192 instances of loop-PUF and
arbiter-PUF each including one PUF element. We then extracted the NBTI
effects to extrapolate the effect of aging on 512 loop-PUFs and arbiter-PUFs each
including 16 delay elements using our in-house tool. Simulations were carried
out using the following process-variation parameters for a Gaussian distribution:
transistor gate length L: 3σ = 10%; threshold voltage V T H : 3σ = 30%, and
gate-oxide thickness t OX : 3σ = 3%.
Using HSPICE MOSRA, the effect of aging was evaluated for 20 months
of PUF operation in time steps of one month. The operating temperature was
considered as 45◦ C.
5.2

Experimental Results of the Loop-PUF aging

The Loop-PUF aging has been simulated by considering 512 delay chains of 16
elements taken from the 8192 instances of one element. To be able to evaluate
the effect of aging in the functionality of Loop-PUFs in different cases, we cut
the closed loop of the Loop -PUF at point A in Fig. 2 and injected periodic

pulses to the delay chain at point A. In order to measure the oscillation period
of the loop-PUF which is now in an open loop, it is necessary to consider the
delays from both rising-edge and falling edge from the SPICE simulation with
the challenge bit then its complementary. The following delay is thus obtained:
∆LPUF
=
c

n
X
i=1

d(ci ) − d(¬ci ).

(13)

As three extreme case, we considered that the duty cycle of the pulse can be
either, 1%, 50% or 99%. A duty cycle of X% means that the pulse is at level ’0’
X% of the time. Note that when a PMOS transistor gets a pulse at level ’1’ in its
gate input, the NBTI impact is mitigated. Thereby, different PMOS transistors
in a Loop-PUF may behave differently regarding the value of X. The simulation
is performed during the equivalence of 20 months of aging at 45◦ C and 1.2 V
instead of 1.0 V. The chosen challenges are selected amongst those given the
maximum PUF entropy. The study in [34] has shown that the best challenges
correspond to Hadamard codes, the way to construct them is explained in [35].
For the 16-element delay-PUF, there are 32 Hadamard codewords, giving 16 pairs
of complementary challenges necessary for the Loop-PUF.
The results in terms of evolution of mean and standard deviation during 20
months for 3 challenge pairs are given in Fig. 8, 9, and 10.
These results provide many pieces of information:
1. The mean is not always a monotonous function, thus there is no direct relation
between the aging and the mean. This can be explained by the independence
of the delay elements. Hence when a delay element has a delay increase with
aging, the other one decreases. All in one, there is not a unique tendency. As
a straightforward consequence, a positively (resp. negatively) biased delay
element remains positively (resp. negatively) biased over time.
2. The standard deviation is always increasing with aging. This behavior is
intuitively that of the standard deviation of a random walk.
3. The aging impact is stronger at the beginning of the circuit life. This is a
specificity of NBTI (recall Fig. 1).
4. The duty cycle of the pulse has a small impact on aging. The standard
deviation slope is slightly smaller when the duty cycle is 1% (than when it is
50% or 99%). The offset at time 0 of the standard deviation is not relevant,
only the slope matters. The difference between the duty cycle value is not
very significant. This means that the anti-NBTI aging strategy to force the
PMOS to be most of the time “off” is not so efficient.
5. The challenges do not impact the observed behavior w.r.t. aging.

5.3

Experimental Results of the Arbiter-PUF aging

The aging on the arbiter-PUF can be studied on separate parts which are the
parallel delay chains and the arbiter.
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Fig. 8: Mean and variance evolution for challenge pair = 0x00FF/0xFF00.
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Results of the delay chain part. The delay chain corresponds to Eq. (11) where
the two paths are configured with complementary challenges. The delay chains
have been configured with 16 elements, thus requiring 16-bit challenges. The
results are very similar to the Loop-PUF. Figure 11 represents the mean and
standard deviation among the 512 arbiter-PUFs for the challenge=0x5A5A.
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The same conclusions as the LPUF can be drawn from these results:
1. The mean is not always a monotonous function, thus there is no direct relation
between the aging and the mean. Thus, if one chain is faster than the other
initially, it will remain so despite aging.
2. The standard deviation is always increasing with aging.
3. The aging impact is stronger at the beginning of the circuit life.
Results of the arbiter part. The test design of arbiter uses a latch composed of
two NAND gates as shown in Fig. 12.
The aging impact is assessed by counting the number of bit flips in the APUF
response. Fig. 13 illustrates the results obtained with 16384 APUF of one element.
It clearly shows that the number of bit flips increases with aging significantly
as 1% of bit flips occurred after one year at 45◦ C. In order to make sure that
these bit flips do not come from the delay chain, the bottom figure of Fig. 13
represents the dependence between the bit flip and the ∆ value. It is expressed
in probability to get a bit flip vs the sign of ∆. As it remains around 0.5, it
indicates the delay chain has no noticeable impact.
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Fig. 12: Latch with two NAND gates.
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5.4

Discussion

The fact that the arbiter reliability decreases over time can be accounted by the
fact the steady state of the latch is asymmetrical. For example, if the arbiter
evaluates to 0, then the logic states in the arbiter are represented in Fig. 12.
One can see that one NAND gate is active, while the other one is not. This
“asymmetric” state is similar to that of an SRAM memory point in the SRAMPUF. Therefore, the reliability of the latch arbiter of Fig. 12 is decreasing over
time.
Now, in a delay chain (recall Fig. 3 and 6a), each element ages independently.
But, as the final measurement is a difference, the aging has no impact on the
reliability.

6

Aging acceleration on real silicon

6.1

Aging acceleration setup

An ASIC with 49 LPUF has been implemented in 65 nm technology. Figure 14
shows the layout with a 7 × 7 LPUF matrix which makes up the largest part in
the upper right-hand corner of the layout.

7x7 Loop-PUF matrix

Fig. 14: Layout of the test chip embedding 49 LPUFs.

The circuit has been placed on a PCB and put in a laboratory oven adjusted
at 85◦ C. The power supply has been set to 2.0 V instead of the nominal voltage
of 1.2 V. The test procedure is described in Protocol 2 which corresponds to
cycles of 24 hours.

Protocol 2: Aging acceleration Protocol.
Input: Non aged device
Output: Aged device
1
2
3
4
5
6
7
8
9
10

STEP 1: Stress during 23 hours . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Vdd ← 2.0 V, T ◦ C ← 85◦ C
Challenge Ci ← 0x00000000FFFFFFFF
Always measure P U Fi , for i ∈ {0, . . . , 7}
Measure P U Fj every 1/8 time, for j ∈ {8, . . . , 15}
Measure P U Fk every 1/64 time, for k ∈ {16, . . . , 31}
STEP 2: Evaluation during 1 hour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Vdd ← 1.2 V, T ◦ C ← 20◦ C
Measurement of the 49 LPUFs with the Hadamard Challenges
Go to STEP 1

In this protocol the devices are placed in a high temperature, high voltage
environment which should accelerate the NBTI and HCI effects [36, §5.3]. The

first 8 PUFs P U F0 to P U F7 are always measured, whereas P U F8 to P U F15
are measured 1/8 of the time, and P U F16 to P U F31 are measured 1/64 of the
time. P U F32 to P U F48 are never measured. This differences in switching activity
(X%) allows us to test the switching activity impact on the aging. Every 24 hours
and during one hour, the device is back in its typical environment and all the
challenges are used to measure the PUF values.
Pn
The results in Fig. 15 represent the evolution of the mean delay N i=1 d(ci ),
not the differential delay, for the challenge 0x00000000FFFFFFFF. This delay
is measured when the device is back in its typical condition (STEP 2 of the
protocol).

Fig. 15: Evolution of the mean delay with aging. Recall that switching rate X for
PUF[0,7] is 100%, for PUF[8,15] is 12.5%, for PUF[16,31] is 1.6%, and for PUF[32,49]
is 0%.
This figure brings a lot of information concerning the impact of aging:
1. The mean delay is always increasing with age.
2. Every 24 hours, we can notice a small recovery phenomenon, as expected for
NBTI.
3. The slopes satisfy P U F[7:0] > P U F[15:8] > P U F[31:16] > P U F[48:32] . This
highlights the importance of the switching activity on the aging, as also
observed in simulations (Fig. 8, 9, and 10) when X increases.”
Pn
Pn
Now, considering the differential delay sign(bN i=1 d(ci )c−bN i=1 d(¬ci )c),
we obtain the results shown in Fig. 16 (left). These results represent the mean of
the differential delay for one delay element. As the evolution is very small we
can notice the strong impact of the noise.
As it was observed for the simulation of the delay chain, the evolution of the
differential delay is not monotonous. Hence we can conclude that the aging has
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Fig. 16: Evolution of the mean (left) and of the standard deviation (right) of the
differential delay with aging.

a slight and non monotonous impact on the delay chain of the Loop-PUF. The
evolution of the standard deviation is illustrated in Fig. 16 (right). The results
are very noisy as the differential delay is very small. However it is possible to
observe that the standard deviation is always increasing with a greater increase
during the first hours. This confirms the simulation results.

7

Conclusions and perspectives

In this paper the aging on delay-PUFs has been evaluated by simulation and
aging acceleration on a real silicon. Two types of PUF taking advantage of a delay
chain have been considered: the Loop-PUF and the arbiter-PUF. It has been
shown that the aging has a very small impact on delay chains as each element
ages independently. However the memory point as the latch of the arbiter is much
more sensitive to aging, due to the asymmetry of its dual structure. Hence the
aging of element is different from the aging of its dual element, and the difference
is always increasing. This also highlights the interest of using simple delay-PUFs
as the Loop-PUF, to avoid the imbalance of the arbiter or SRAM memory points.
It has also been noticed with the experiments on a real device that the NBTI
impact is dominant and that the HCI is significant only with a high switching
rate.
More generally, from a user perspective, it makes sense for low-power applications to switch off completely the PUF as the aging is mainly due to having it on.
This does not apply for Loop-PUF which is naturally resilient against aging. A
solution to counter the aging for arbiter-PUF would be to complement its state
(as the SRAM anti-aging proposed in Maes et al. [20]) or use an arbiter based
on RS latch based on NOR and forces the output at ‘0’ to mitigate the NBTI
impact.
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