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Introduction Analog/mixed-signal (AMS) have become in-
creasingly important performance-critical components of
larger integrated systems, and they are highly susceptible to
aging-induced variation. Systematic analysis of AMS compo-
nents is imperative, and should address AMS-specific features
such as the prevalence of feedback loops, the impact of
bias conditions, and sensitivity to reactive components. Prior
efforts have studied standalone analog blocks [1], low noise
amplifiers (LNAs) [2], LC oscillators/phase-locked loops [3],
and current-starved voltage-controlled delay lines [4], and does
not clearly separate the impact of bias temperature instability
(BTI) and hot-carrier injection (HCI). We explore aging in
delay-locked loops (DLLs), which are critical high-speed
AMS components in circuits for clock/data recovery, clock
generation, frequency synthesis, and signal synchronization.
A DLL delays an input signal S s by a clock cycle, Ty, to
produce an aligned output signal Sy. It consists of (Fig. 1(a)):

o a phase detector (PD) that compares Sy with the S,¢f,
and outputs Up and Dn that indicate the phase relation.

« a charge pump (CP), which uses Up and Dn to generate
voltage V. ontro1 and drives a capacitive loop filter (LF).

¢ a voltage controlled delay line (VCDL) whose delay is
adjusted, depending on the value of V,.pntrol-

Impact of aging Aging degrades DLL precision over time by
increasing the misalignment between S,..; and Sy at steady
state, eventually rendering the DLL inoperable. We investigate
the effect of aging on the DLL at two levels of hierarchy: first,
individually on each component of the DLL, and then on the
entire DLL. For the simulation results included in the abstract,
we use a dynamic BTI model [5] and an energy-driven HCI
framework [6], under 45nm NCSU MOSFET models and an
Srey clock period, Ty, = 1ns. We will also include analyses
for finFET based DLL design in the full-length paper.

Phase detector (Fig. 1(b)) The key timing parameters for the
PD are: (1) propagation delay, Tieiqy, between the later of
the rising edge of Sy or S,.y, and the falling edge of Reset
(2) pulse width AR of the Reset signal. These two parameters
place an upper bound on the allowable frequency of Sy,
which degrades with time as aging increases gate delays. Our
simulations show that the reset operation is 42.6% slower after
10 years (Fig. 2(a)), slowing down the DLL response.

Recall that the phase difference between .Sy and S,y should
settle to T, but may have a discrepancy, AP. The relative
pulse widths, PW, of the Up and Dn signals indicate whether
AP > 0 or < 0, and activate feedback action. When AP > 0,
ideally PWp,, > PWy,, but as PW changes under aging-
related slowdowns, the circuit can incorrectly set PWp,, <
PWyp. At this stage the PD is no longer responsive to AP.
Charge pump (Fig. 1(c)) Considering identical inputs (Up and
Dn) and Iop of 10uA, the simulation shows a significant

mismatch, of 73% over 10 years, induced between T4 cp and
T5,cp, due to asymmetric HCI aging (Fig. 3(a)). Transistor
aging is accelerated with increasing Icp (Fig. 3(b)) and can
be slowed down with increasing transistor widths (Fig. 3(c)).
Although, V_,,tr01 should have been steady if Up and Dn sig-
nals are identical, transistor aging causes V_.ontro; to decrease
with time as illustrated in Fig. 3(d).
VCDL (Fig. 1(d)) Fig. 4(a) compares the degradation AV}, of
each transistor of a shunt capacitor inverter with an identical
inverter without the tunable load, T3y ¢cpr, which indicates
NMOS transistor of the VCDL, T5 v¢pr,, faces 157% higher
degradation compared to the NMOS of the inverter without
load, 1% rpyerter- Fig. 4(b) compares AV, at the minimum
(0V) and maximum (1V) value of V_.,,:r0i. TO achieve a
designated delay with reference to an edge in S;..¢, the VCDL
must be within a specified delay band. If S,.; has a period of
Tk, then the VCDL must maintain the following constraints
to stably create the one-cycle phase difference:

0.5Tuk < Dpin < Tk 5 Tek < Dpmas < 15T (D
where D,,in [Dmaz] 18 the delay under the minimum [maxi-
mum] V,oniro. Under transistor aging (Fig. 4(c)):

o Dy and Dy, tise by ~100% in 5 years, violating (1).

« Intermediate stages of the VCDL are unable to fully tran-

ition (Fig. 4(d)) which may render the VCDL inoperable

Unlike the CP, aging-induced AV}, in the VCDL cannot be
reduced by transistor sizing. A higher width for T vcopr,
and T5 vopr will require higher widths for T3 yvcopr and
Ty, vcpr to satisfy (1). The inverter transistors thus must drive
higher currents, inducing more HCI aging. As a result, the
optimal transistor size remains virtually unchanged (Fig. 5).
DLL-level impact Figs. 6 — 8 present the impact of the
abovementioned block-level variations to the DLL level. The
increase of PW¢;, and PWp,, with transistor aging causes the
misalignment between S,.¢ and Sy to increase with time in
the steady state (Fig. 6(a),(b)). This misalignment also causes
mismatch between the transistors Ty cp and 17 ¢ p (Fig. 7(a)).
Aging-induced mismatch between T5 cp and Ty cp causes
current through Ty cp and T} cp to increase with time. This
reduces the acquisition time of the DLL (Fig. 7(b)).

Fig. 8 illustrates how aging in the PD and VCDL can render
the DLL inoperable. Without aging, for a new Sy, a lag of
Ter, wrt. Spep is created within ~ 30 cycles, setting AP to
0. Aging in the PD and VCDL can induce functional failures:
PD-induced DLL failure: As stated earlier, PD aging can make
the PW of its outputs unresponsive to A P: the DLL then fails
to alter Sy to bring AP to zero (red curve in Fig. 8).
VCDL-induced DLL failure: As aging shifts D, and D, 4y,
if D,,in goes above Ty, then constraint (1) is violated, and
the DLL fails to bring AP to 0 (orange curve in Fig. 8).

We will provide further details in the full paper.



0.5
=
0.2 Ty yepr T verter =]
==Tovepr —Tomerier =" 204
=
= ==Tsvent 5
g Bo3 W™
0. S Y contror =
2 B 02 contro
%
L0.1
5N
< p— |
Tiveor  Tovenr Tsvepr

(b)
—--Delay . ... Delay
3.0 Vnas 1
— P
o -
£25 s
£2.0 Z
27 15xT ]
2 { clk 5
z 154 %
BI0 s
0.5~ g
05x7,, 050
0 2 3 4 5 o > 3 4
= Age (years) Time (ns)
© (d) (© (d

Fig. 1. (a) Block diagrams of- (a) DLL, (b) PD, (c) CP, and (d) VCDL. Fig. 4. a) AV}, of transistors in Fig. 1(d) after aging. (b) Comparison of
AVyp, at minimum and maximum V,p,¢r0;- (€) Change in delay range of
VCDL with aging. (d) Failure in VCDL operation due to aging.
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Fig. 2. Effects of aging on Tge1qy and AR of the PD.
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