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Abstract— The design for reliability concept is already in use II. PHYSICAL PHENOMENA

on digital circuits, but not systematically in use on AMS or : . .
RF circuits. A reliable circuit design demands knowledge ofthe The physical phenomena mostly responsible for the ageing

physical degradation and models to analyze the reliabilityn earlier degradat.ion in.athive devices are:

stages. Also, it needs to be simple enough to be used on thddot Carrier Injection (HCI) - the phenomenon that charges
redesign. In this work, we propose and validate an AMS and gain sufficient energy to overcome a potential barrier armah th
RF circuit design for reliability method. In order to investigate migrate to a different area of the device. Such phenomenon

our method, we have designed a 5-3 NOR interpolative Digital - : : .
Controlled Oscillator (DCO) near 1 GHz applications. This design occurs at the end of the drain junction of a wransistor in

example has presented 1.4% decrease of oscillation frequeyy Saturation, creating many interface traps, which incretase
0.2% decrease of phase noise for a 1 MHz off-set, and 2.1% Substrate leakage current and cause drain current to decrea
decrease of power consumption after 10 years of degradation The HCI takes effect when thésp is greater than or equal to
According w_ith the trends present_ed in Table I, we estimate hlat zero and the/gs is very high [2]. Therefore, this phenomenon
the fos ageing degradation was improved of 13 % by applying 14 he avoided if we reduce the time in which the transistor
the design for reliability method. . ; . .

are in strong inversion, by controllingsp andVgs.

Negative Bias Temperature Instability (NBTI) - the phenomenon

. INTRODUCTION that generates positive charges and interface traps. THE NB

is_typically seen as a threshold voltage shift after str&§s [

. i
Technology development often_demands_ electronic prodgt‘%}e threshold voltage degradation can be recovered if the
which are driven by many circuit constraints. The ITRS in-

. o : . §tress is stopped. It means that we can avoid the degradation
dicates that reliability will be one of the most importan . . . :
g . : . phenomenon if we increase the ratio between the recovery tim
challenges of the semiconductor industry in the followiegus and stress time, and control the stress conditions (teryera
[1]. Reliability is defined as the ability of a circuit to woik '

accordance with its specifications over a given period ofetim‘?_nd gate bias) as well.
and under specified conditions [2]. ime Dependent Dielectric Breakdown (TDDB) - the phe-

. . nomenon of sudden loss of the layer’s insulating properties

The performange constraints are us.ually In terms of A'fhere the soft breakdown is more likely causing the cirowit t
f_requgncy, bandywdth, power consur.n.pt|on., noise perfomaanlower its performance. The control of the leakage curreadde
Imeanty "’?”d gain. The strgss cond|t|.on§. include temmt to a better way of reducing the TDDB probability. Moreover,
signal swing and bias. Design for reliability means desogb at lower enough voltage and smaller enough area, the device
the circuit performance by its stress conditions, and figdiow will show no breakdown before ten years of Iifetime; [4].
to increase the performance and decrease the stress. Passive devices have ageing degradation caused by

_The reliability design concept is already in use in digitgk|ecromigration (EM) - the phenomenon of transport of mass
circuits, but has not been systematically used in AMS §f metals [5]. EM can be avoided by reducing the length of
RF circuits. A reliable circuit design demands knowledge of;nnections and increasing their width. Also, design with n

the physical degradation and models to analyze the retiabily,qqive components (e.g. inductor-less radios) is mornestob
degradation in earlier stages. Also, it needs to be simpegm

to be used on the redesign. In this work, we propose and valida ~ !ll. DESIGN FORRELIABILITY METHODOLOGY
a method of AMS and RF circuit design for reliability. The synthesis of a reliable circuit begins with the studyhef t

We start our work reviewing the physical phenomena thaansistor degradation. The physical phenomena HCI andINBT
degrade the circuit performance and how we can avoid themviere chosen to be the focuses of the proposed methodology.
Section Il. In Section Ill, we propose a synthesis methoghplo The reason we chose such focuses is because EM can be
This method increases the circuit robustness in termsiafiel avoided with inductor-less schematics and careful layesigh,
ity analysis and circuit redesign. In Section IV, we explaow and TDDB probability can be reduced by leakage control and
the reliability can be analyzed. For this purpose, we dbscricareful layout design. The bias and the temperature shaild b
the performance constraint of the given circuit as a fumctd controlled to minimize the HCI and the NBTI degradations.
the stress condition. In Section V, we validate the developélowever, they cannot be minimized enough to be neglected
method with a realistic design of a reliable DCO for near hecause it results in considerable loss of circuit perforcea
GHz RF applications. In Section VI, we also check the circuitherefore, the reliability analysis should take the HCI el
performance results against process variability and biitia NBTI into account.
trends. Finally, we present the methodology conclusionds an The HCI degradation can be reduced if the drain current is
perspectives. decreased. However, this is not always feasible, sincerayid



output charge represent a more important constraint in most
design cases. Regarding the NBTI, a good way to reduce its
degradation is to increase the ratio between the recoveny ti M1 M2
and stress. Indeed, it is not the case of our DCO example, as — 4 los o[ los
time constraints are imposed by the speed needs. In order to b
reliable, the circuit must follow its performance needsimigr

all lifetime despite HCI and NBTI degradations.

The first step of the design for reliability method is to , o )
describe the circuit performance taking into consideratioe FA'?I'DSL: a'\llt':g?;)and PMOS transistors reliability model for & purposes
features related to a chosen device behavior. After that, t =
maximum performance deviation should be imposed and such
constraint should be propagated to behavior degradatioen,T
the reliability analysis (detailed in the next section) tenused ~ As earlier the designer could simulate the cell performance
to describe the performance degradation, pointing out éime sthe better is to evaluatdlps degradation. Moreover, such
sitive devices responsible for the circuit lifetime. Thelplem degradation represents the behavior variation that theuicir
can also be described as a minimal circuit lifetime, meanirfiould be robust to. Thus, the design methodology couldgired
that the same optimization methodology can be applied to fiR@W much robust the circuit is and if a possible redesign can
the circuit performance deviation. Therefore, the methoglp increase its reliability.
considers performance and lifetime needs as constraiats th In order to achieve better results, the analysis should be
can be adjusted, allowing the designer to indicate whichisneiterated with the design, and this is the core of the design fo
more important for each circuit app]ication_ rellablllty method. In addition, the circuit performancarr:be

Also, the proposed method can fit quite well the proce@éﬁdiCtEd against variability and reliability degradafsdn the
variability issues. If we consider process variability amdi- Same way.
ability, we basically have two different ways to degrade the In this work, we go further to validate the reliability ansiy
performance. Both ways can be described as functions negthod with the DCO design example. Therefore, the DCO was
the device parameters. In such case, Monte Carlo simulat@fessed with different ageing times (1, 5, 10 and 50 years),
predicts the impact of variability issues on the perfornenctemperatures (-58C, 27 °C and 125°C) and digital control
and in the proposed analysis, the impact of reliability éssu words, converted into the analog voltages. The aged DCO
With both performance deviations, the designer can find hagcillation frequency fosc) was compared with our ageing
robust the circuit is and how it can be improved. model result by the error defined as:

The device behavior chosen to model the HCI and the NBTI
degradations in this method is the transistor drain current e=
[2] and [3] show us a good way to represent the physical
phenomena, reflecting the design constraints and issueartha The DCO was simulated for all these cases, and we fasnd
relevant to this design methodology. 0.003 andoe = 0.037.

At this point, the analysis did not evaluate the circuit-life
time. In fact, the reliability analysis pointed out the ciitc

We believe that in near future, rel|ab|l|ty ana|ySiS toold e ageing trendsy he|p|ng the redesign. Therefore, the a'Ba|yS
part of the design process as well as the variability tooksaaly resyits (which are the transistakts degradations) are accurate
are. For an efficient design aiming reliability, the reliéhi enough and the reliability analysis could indicate the @ises
analysis must be placed in early stages and must be connegfggices responsible for the circuit lifetime. The modeldation
with the design methodology. is illustrated in the Figure 2, where=0.004 andoe = 0.008.

The first analysis step consists in describing the typicghe DCO was stressed at 2€ during 10 years of degradation
environment conditions, such as temperature, signal seiy i, this case.

circuit frequency. After that, the circuit test bench shbul
represent these conditions. The circuit degradation haseto V. DCO DESIGN EXAMPLE
measured by the behavior of the transistor drain curreneund
HCI and NBTI degradations. We chose the transistor draj
current because it represents the most important part of

foscaged — foscmodel
foscaged

()

IV. RELIABILITY ANALYSIS

In order to illustrate the reliability design method, we sb@
CO design for radio frequency applications near 1 GHz. The

degradation. Also, it is connected to the physics of the alegr 3 NOR interpolative DCO [7] was chosen to generate a fre-

dation phenomena mentioned and to the circuit design meth%gtén’\;égogg E%M_?ﬁg ?:?ou'r\gHaz :r?gwjgzt\.h(zl_::zir.clltji\t,vzshde?nsgir::id
The transistor drain current degradatioflgs) will feed ' 9 '

the model shown in Figure 1, and such model wil replacvgherev‘j andVgas are the control words converted into bias

the corresponding transistor [6]. The aged transistor rnisde voItage; for'N'MOS and PMOS respepnvely. -
described by: For simplicity, we have not considered the variability at

this moment. We assume also that only the reliability by
the transconductancegrt) degradation can change the circuit
The a is calculated from the fresh and the aged simulationsperformance. Then, we iterated the process to find the desire

Ipsaged = (1 — Q) Ipstresh- (1)



180 and the current degradation will represent a loss in thdlasci
- tion frequency.
160 Vars = 03\ i The maximum power consumption evaluated as
140 - i Prax = Nmax!B1asVbp, (7
------- X3 e . L. .
= Vaias = o;;// is only limited bylgas (assuming constanpp). If the power
< 120 R —— S consumption is optimized, the designer will cho®s@ — Vgias
‘é T X Vordk = 0.5V / as low as possible. In this bias condition, the reliabilityakysis
100 e d _/ would show lower NBTI degradation. The Figure 4 illustrates
(,d;(/—a// / the amount of NBTI degradgtion frc_)m years of degradation
80 - T for eachVpgas. Clearly, the circuit will present lower NBTI
V_B_'f‘f__‘_}’y’/ degradation for 0.5 ¥ Vgjas <0.6 V and will consume less
60 S Fe il power. Aiming to cover the oscillation frequency span, the
025 030 035 040 045 050 055 0.60 designer has to choose between accepting the degradation
Vet (V) presented in Figure 4 or redesigning the DCO to be reliable. |

Fig. 2. DCO oscillation frequencyfgs:) simulated at 2PC during 10 years the re“ab!"t}’ and the pOW_er cons.umpuon ConStramtS_men
of degradation. The result before the stress is represamtie solid line, after t0 be optimized, the designer will need an overdesigned DCO

the stress it is in dashed line and the aged model is in x marker to cover from 600 MHz to 1.2 GHz for 0.5¥Vgas<0.6 V.
11,
performance for a lifetime longer than 10 years. Finally, we 10 Veiasi= 0.3 V
evaluated the variability and the reliability for each case - —
9
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Fig. 3. The 5-3 NOR interpolative DCO schematic [7]. Fig. 4. AVy, degradation for the PMOS DCO transistors stressed by NBTI.

In.this circuit,.the minimum number qf stages is 3 and the In order to reduce the phase noise, the sizes should be
maximum Qe i 5, sowe have 4 effective stagdé(s). The increased. The Table | confirms the phase noise reductidreas t
oscillation frequency is NMOS width (W) increases, but it also indicates the increzse

fose = 1 , ©) the oscillation frequency degradation over a 10 yearsitifet
2Nettg If it is reasonable for the target standard, the reliable DCO
wherety is the NOR cell delay. We found 80 psty < 200 ps may have smaller transistors and present more phase noise.
to the cell delay, which can be described as Assuming that the phase noise is lower enough for the W =

C. 3 um case, the circuit could be designed for better reliability

=gm (4) performance. Also, the PMOS width should be 3 times bigger

) than the NMOS width, in order to generate the DCO clock with
we assume that the delay is the same for all cell both the rise equal duty cycle.

and fall transitions of the signal. Approximately,
_ 2lbs (5) VI. DCO PERFORMANCERESULTS

gm= ,

Vov Combining both tendencies indicated by the reliabilitylana
whereVyy is the overdrive voltage anigs is the drain to source ysjs, the reliable DCO was sized with\os = 3 um, Wemos
current. Thegm is function of the size and the bias, and the 9 ;m and L = 0.5um to cover from 600 MHz to 1.2 GHz for
charge capacitanc€() is function of the size only. Therefore, 5 V< \jg a5 <0.6 V. The DCO consumed 850W of power
fosc is @ function oflps, such as without stress and 83@W after 10 years of stress degradation.

fo o Ips ©) Then, we considered the circuit variability test bench, by
% NefCLVoy' performing 1000 points of Monte Carlo simulation for the

tq




TABLE |
PHASENOISE AT 1 MHZ OFFSET AND ITS CUTFOFF FREQUENCY( f¢)

40
VERSUS THE OSCILLATION FREQUENCY DEGRADATION{Afog;) AT 10 YEARS
LIFETIME FOR EACH DESIGN SIZING 20
W (um) Afos L(1.0 MHz) fec (kHz) _ 0
@10 years| @1 GHz (dBc/Hz) o
5 1.6% -94.3 10.3 T 200
4 1.5% -93.4 11.4 g
3 1.4% -92.3 13.2 g —40
2 —60)
a
. £ —80
reliable DCO programmed &b = 1 GHz, stressed at 27C. A Pt
And for the reliability-variability test bench, we simudat the —100p
reliable DCO at the same conditions with the ageing mode  —120} -
(presented in Figure 1) extracted from the nominal run for 1

years of stress. We analyzed the mean é&nd the standard T 10° 10° 10° 10° 10
deviation @). We found the probability density function related Frequency Off-set (Hz)
to circuit variability simulation pointed oyt =1.017 GHz and
0 =97.5 MHz. The reliability-variability simulation pointealt

u =1.000 GHz ando =96.3 MHz. The Figure 5 illustrates
the probability density function related to circuit relikity- ] ) o
variability simulation, clarifying that the reliability &5 no analysis feedbacks the method and lets a more reliableitdiocu

significant impact compared to the variability, and therefiy € designed. In this context, the reliability became a caidt

could be neglected in our example. into the design. The presented methodology might play with
Next, we simulated the reliable DCO phase noise perfc}he rellab|l'|ty circuit constraint, shqwmg how to optinaizt

mance forfess = 1 GHz, shown in Figure 6. We found -92.531d €xposing its advantages and disadvantages.

dBc/Hz of phase noise for a 1 MHz off-set afig= 13.1 kHz In order to investigate our method, we have designed a 5-3

(cut-off frequency). The DCO figure of merit [1] was evaluhteNOR interpolative DCO near 1 GHz applications. The reliable
as 20-10'8 J-1 before stress and.2- 1018 31 after 10 years DCO design example has presented 1.4% decrease of osaillati

of stress, assuming no degradation of the phase noise. frequency and 2.1% decrease of power consumption after 10
years of degradation. According with the trends presented i
Table I, we estimate that thd,s: ageing degradation was

Fig. 6. The phase noise performance, simulatedffgr= 1 GHz.

x10~"

45 ; ; improved of 13 % by applying the design for reliability metho
40 Going further, we can say that the design for reliability
methodology can be exploited in the architecture leveloAllse
89 architecture performance can be described by each cireuit b
230 havior, and the variability or reliability issues can bepagated
§ 0 to the architecture. Therefore, the architecture robsstas well
> as each circuit robustness can be analyzed and improvements
g 2.0p- may definitely be found.
[<} 4
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