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Abstract—The challenges of the Internet of Things (IoT) in an Zurita et al. have reported that a successive approximation
urban environment are driven by smart vehicles which need to register (SAR) ADC based on capacitive Digital-Analog Con-
be able to efficiently sense and communicate with other nearby verter (DAC) is the most appropriated solution, achieving

vehicles. The automotive market have strict circuit performance .
and reliability requirements for a temperature range of up to 175 (N€ best results in technology nodes below 350 nm [4].

°C. This proposal overviews an analysis of latched-comparators N this proposal, the SAR ADC is designed with state of
performance, considering process variability and temperature the art comparator circuits. The most common comparator
variation of previous works. This analysis is then extended to the designs are the StrongArm (SA) [5] and the Double-Tail
metastability and performance metrics of successive approxima- (DT) latched comparators [6]. Many studies compare both SA

tion register (SAR) analog-to-digital converter (ADC) topology. - I . . .
Building blocks necessary for the SAR ADC are designed using and DT topologies, compiling a series of well-defined design

an XH018 technology. Post-layout simulation results are drawn Parameters and considerations, even proposing changes to
to validate the proposed temperature-aware analysis. Besides better increase the comparators’ performances. Literdias

the known advantages of the Double-Tail comparator, this work g|so focused on SAR ADC topology improvements, without
demonstrates that such a comparator has a serious drawback mentioning the drawbacks of a comparator failure. As the bes

under harsh environments. This proposal also shows that, once f K led thev lack th iabilit \vsis of th
calibrated and operated at a frequency of around 100 MHz, the ©' QU Knowleage, they lack the variability analysis ot the

SAR ADC performance can be maintained in a wide temperature  SAR ADC performance, considering the impact of temperature
range. Both SA- and DT-SAR ADC achieve an ENOB of 9.8 bits, variation on the comparator behavior.

whiclttw islredur;:ed tt?] ?.E bilt<s in hié:]h-t(la_gnpﬁratqre o?eratign.d Tfhe The aim is then to extend the temperature-aware analysis
results also snow that packgrouna calipration Is not required Tor i ili H
the SAR ADC operation atgthe 100 MHz frequency re?nge. proposed by Fonseaa al. [7] for performance variability in
state-of-the-art SAR ADC which employs latched SA and DT
Index Terms—temperature-aware, latched comparators, SAR  comparators. This proposal overviews the temperaturetsffe
ADC, reliability, smart vehicle on MOS devices, covers the comparators design parameters in
order to address performance variations (i.e. offset,ydafal
|. INTRODUCTION noise), and extends it including metastability and switch o
The advent of the Internet of Things (IoT) has broughesistance variation. Besides, this proposal also ewedutte
the need for novel studies to conform to its extensive r&AR ADC performance variations (i.e. INL and DNL) under
quirements, driven specifically by the Smart Vehicle indust temperature variation (from -40C to 175°C). All circuit
Smart vehicles must be able to efficiently sense and comndesign is carried out using XH018 process technology from
nicate with other nearby vehicles, including cars, busa$ athe XFAB Silicon Foundries. XH018 technology is ideal for
trucks. For obvious reasons, the design and specificationsystem-on-chip (SoC) applications in the automotive marke
microelectronic circuits, which are used in these apphce, such as control devices inside combustion engine compart-
are regulated by many strict security and safety standardsents or electric engine housings with temperature range up
Reliability and robustness in the device operation must be 175°C, as well as embedded low-voltage applications in
ensured for harsh environments [1], including the requirdde communications, consumer and industrial market [8¢hSu
operating temperature range from -4C to 175°C. This technology is a SOI process, which uses a deep-trench buried
temperature range is arguably the most difficult envirortimeoxide that leads to a very low junction leakage current even a
challenge for electronics in the automotive industry [2¢ride, high temperatures. According to foundry models, it is régabr
in order to meet the 10T challenge, smart vehicles mu8tpA of leakage current for measured transistors with 10 nA
integrate high performance electronics over a wide tentpera of drain-to-source bias current and 100 pA leakage fou80
range. bias current at 175C.
In the domain of vehicle smart sensing, the analog to digital Sec. Il introduces the SAR ADC topology under analysis,
interface is a challenge. Analog-to-digital converter©@ revising the state-of-the-art of temperature-aware AC&ex.
should remain reliable even under performance variatign [3ll presents a detailed analysis of the temperature vanati



Sec. IV presents post-layout Monte Carlo simulations edrrivoltage significantly greater than the threshold voltaejrt
out over temperature variation. Finally, conclusions esnimg current will always decrease with temperature [2].
the theory and post-layout simulated results are drawn. According to Mathiessen’s equation and the BSIM device
model, the transistor’s mobilityu) and the threshold voltage
Il. BACKGROUND (Vrn) vary with temperature with the following expressions:

The operation of ADCs at high temperatures is a well- T\ Pu
known problem stated by Sullivat al. in 1981 [9]. According p(T) = Ho: <To) (2], @)
to that work, a temperature-aware ADC design is challenging
since only little information concerning the different g Vi (T) = Vino + avy, (T —To) [12], @)
of components and their properties at high temperaturevj,q;,ereavm, in mv/K, and B, are technology-dependent tem-
available. For airspace application, as in Sullivan’s wonkny perature coefficients.
solutions are already commercially available. Howevee th
challenge reported by Sullivaet al. remains valid, becauseB Transmission Gates

having the required information of device performance and e ) _
their properties at high temperature is costly, and thig cog 1'ansmission Gates (TG) using CMOS switch topology

cannot be afforded by the smart vehicle industry. illustrated in Fig. 2 are passive devices which only consume

Davis and Finvers have published an experimental verificg,ynamIC or Iegkage POWET. pre\{gr, resistance Ilne_anty ov
tion of an ADC for high-temperature applications in a staddaS'9n@! dynamic rangesigpr) is critical. The on-resistance
CMOS process [10]. The use of standard CMOS processi¥iation degrades signal quality by introducing nondiriges
opens an opportunity to reduce the cost of temperatufB-the ADC response. Transmission gate design optimization
aware devices in the smart vehicle market. The reported AT carried out through simulation-driven results to mirzeni
achieved a signal to noise and distortion (SINAD) ratio othe on-reS|sta!’1C(_e variation in th? tran5|ent response.
88 dB at 223°C, but a sampling frequency of only 256 kHz. 1 N€ ransmission gate on-resistanBeu) is given by:
However, for smart vehicle applications, a higher sampling Rew [0 1 3)
frequency is mandatory to provide the demanding functignal W (MaWh/L + tpWp /L) (Sigpr — VTH) '

in a vehicle computer board. assumingvty NMOS and PMOS equal. Under this hypoth-

Recently, Zuriteet al. have reported that a SAR ADC basedigis one may conclude that the best resistance linearéy ov
on capacitive DAC is the most appropriated solution, adhgpv Sigor is achieved forun - W ~ 11 - W, this product will be

the best results in technology nodes below 350 nm [4]. ZErita}dentified from this point on a®/- 1. To derive a temperature-

ADC is designed using a 180 nm CMOS technology likgensitive behavior, the on-resistan®ey is derived with
this proposal. Zurita's ADC has achieved 85.3 fJ/CothﬂﬂsmrespeCt to the temperature as
step and an ENOB of 9.5 bits. However, a temperature-aware
analysis of SAR ADCs remains an unexplored topic. Raw _ Au + Ovin

The SAR ADC's principle is to find by dichotomy the binary 0T~ (2W- 2 (Vi — SigpRr)) (2\/\/ U (Vry —Sigor)?)
representation of the input voltage as illustrated in Figrtie 4)

SAR under analysis in this proposal uses charge balancipging ay = %T ~ —1.5. According to (4)Rsy shall increase

to compare the input signal to different reference levels ggtemperature increases (B@pr > Vrh) leading to sampling
succession. In other words, a switched capacitor networksig| for high frequency operation. Under this effect, thétage
used to realize both the DAC functionality and the summatiogtored in the capacitor bank would not achieve the final value
Classic SARs employ a capacitive network using capacito§gmpled from the input-voltage. ThuBgy variations over
with a binary ratio of a unitary value. In this proposal, thgemperature cause ADC non-linearities that require a diffic
capacitive network is split, keeping the binary ratio byheit cajibration in digital domain. To avoid such non-linea#j a

connecting capacitors in parallel or by weighting down pagizing optimization is carried out, and thé- i is obtained
of the capacitor bank. This method leads to less thermaknojgsing electrical simulations.

by introducing an attenuation capacitor connected between
least- and the most-significative capacitor banks. A dedail
description of the topology working principle is given in].[4

C. Latched Comparators

In SAR ADCs, latched comparators are one key building
block and are responsible for the correct bit decision iretim
Temperature effects in latched comparators could cause a
A. Temperature Effects decision mistake (e.g. hit-flip) and an increasing delayer€éh

The effects of temperature on system dynamics and behawvaoe two usual choices for latched comparators: the StramgAr
have been widely studied. Since 1995, C. Parkal. have (SA) and the Double-Tail (DT) architectures. Here, thisgrap
described the trade-off between mobility)(and threshold overviews the temperature-aware analysis first present@d.i
voltage ¥rn) under temperature variation [11]. This trade- The SA comparator, shown in Fig. 3(a), is the improved
off causes a varying temperature dependency on the transisersion as designed by [5]. These comparators are known by
current. In the 180 nm XHO018 XFAB technology, as in othetheir fast response with a good trade-off in power consump-
usual CMOS technologies, for transistors operating wiig@ tion. The DT-comparator topology analyzed in this proppsal

Ill. TEMPERATUREDEPENDENTANALYSIS
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Fig. 1. A SAR ADC based on capacitive network using capagiteith a binary ratio, having least- and most-significativpazators bank separated by a
split capacitor.

eyl 1) StrongArm Delay: The proposed temperature-aware
s analysis is based on a previous proposal presented by
e Babayan-Mashhadi and Lotfi on the delay analysis of SA and
CMDip DT comparators [13]. The operation of the SA comparator can
CMD, - be separated into three main phases: a pre-charge, a decisio
So | S delay and a regeneration phase. The pre-charge phase occurs
s for CLK = 0 and the two latter for CLK = 1. In the pre-charge
CMDznm phase, switches S1-S4 are turned on, charging n¥gexo,
CMDanl VouTp andVouTtm to Vpp. It will be assumed that these nodes
S are completely charged by the time CLK rises to 1. This is a
up 2 very plausible assumption, considering a 100 MHz operating

frequency for the comparator.

(@) (b) During the decision delay phaskl; turns, on permitting
Fig. 2. SAR Transmission Gates using a CMOS switch topology: (tranS|storsM1 and_Mz to F:onduct. Each branch curren.t, i.e.
schematics, (b) layout having 16 x 18n2. Iom1 andlpmz, begins to discharge nods andX;. Assuming
Vinp > Vinm, the nodeX; will discharge faster until it reaches
the voltage level o¥pp — V1. Considering a capacitan€gx
at the nodeX; this would cause a first delay tintg described

schown in Fig. 3(b) was first proposed by Schinllal. by,

in [6]. DT comparators were introduced because of their top = ————, 5)
improved performance, especially in kick-back noise. THe D lom1.2

comparator’s behavior can be separated into three phages: gonsidering that the input difference voltage is too small i
charge, decision, and regeneration. this case, then

To study the temperature effects, electrical simulatioasew
carried out with approximately the same conditions for the
transistors in the differential pairs of both comparatdrs. wherelpyz 2 is the total current that passes through either the
other wordsVgs = \% =900 mV andVps=Vpp = 1.8 V, transistorM; or My, gn is the transistor’s transconductance,
while maintaining the same sizing. The extracted tempegatiand |y, is the bias current in the transistors of the differential
coefficients in the XHO18 180 nm technology, using n-typpair.
transistor, areay,, =~ —0.7 mV/K, andfB, ~ 1.5. These results  Employing the quadratic model for the MOS transistor,
are required when deriving the system dependencies in t#esults

1 w
comparators. Inias = 5 HCox - (Vom —Vrn )2, (7

Ipm1,2 = lbias + ImAV ~ lpias, (6)



Fig. 3. Comparator Schematic of (a) StrongArm; (b) Double-tail

where\gy is the common mode bias voltage at the inputs of 2) Double-Tail Delay: In the pre-charge phase, CLK = 0
the comparator. turns switchedvi; and M, on to respectively charge the nodes
As soon asxX; reaches the voltage level ¥hp —Vryn, the  fp andf, toVpp. Itis assumed that these nodes are completely
transistorMs begins to conduct and consequently dischargebarged by the time when CLK = 1. These nodes charged to
the nodeVoutm. This next step adds an extra delay titge Vpp force the transistordg; and Mg, to conduct. Thus, the

as two output nodes are forced to ground.
~ CL Vrup| In this case, the decisior,) delay can be identified as
tp= ——, (8) : . ;
Iom12 the time it takes for either thd, or the f, node voltage
] ] to discharge fronVpp to Vry. As soon asMi4 1 begins to
whereC, is the capacitance aoyTp node. conductM; andM begin to dischargé, and f,, respectively.

The tot.al time ()) that the latch t-ake.S to enter in th%onsidering\/le>Vle, fp node discharges faster thdp.
regeneration phase is thej +to2. Considering thalVrip| ~  As soon asf, reaches the voltage value iy, Mrs no

Vrun = Vry andCp ~ Cpx, then longer forces the ground voltage WayTp, and the comparator
2.C\- latches in its regenerative phase. In order to calculate the
to=to1+tlox = % (9) decision delay timé, in this topology, it is considered the
DM1,2

variation in the voltagef, and its final voltagé/ry as

Thet, temperature dependency is obtained by analyzing the |
two temperature-dependent parame¥fg and u. The Vry Vb — 2to = VrH, (13)
andu dependencies described in (2) and (1) are used to derive Co

h mperatur nden . . .
thet, temperature dependency as where Ip is the current provided byM; and C_ is the

CL Vin output node capacitance. Considering a small input difitéae
(O'VTH albiash)ias) , (10) voltage, Ipm1 =~ lpias, Where pigs is the bias current of the
transistors in the differential pair.
where ay,;,.. and ay;, are the temperature coefficients. The Considering the temperature variation of the curtggjand
value of ay,;,. can be found using VrH, the temperature effects on the delay are due to a decrease
of Vry and of lyjas, that implies a decrease on the discharge
e — Olpias _ }gm <—Bu (Vem —Vrh) —2~GVTH) . (11) rate of thef, node voltage. This combined effect increases
e dT 2 T even more the delay in both cases. To clearly demonstrate the
gelayto, the following relation is found

dto
d—TfZ

Ibias

In order to prove thatt, delay increases as temperatur

increases, it is sufficient to prove that
P o CL (Mop —V1H) (14)
V- ° I '
Qvpy — Oﬂbias,% >0, (12) bles
1as

o . _ In order to derive a temperature-sensitive behavior, tted to
Considering the typical meaviry ~ 400 mV in the XHO18 delayt, is derived with respect to the temperature as
technology, am in the order of magnitude of hundreds %

and lpigs in the order of_ _magnituc_;le of tens @fA, one may dty  CL (Voo —VirH) 15
conclude that the condition (12) is met. T lyas Oy = Ogps———— | (15)

Ibias



where the rise in thé, delay due to temperature increase iwhereK :uCOX(VfV); Avto is a technology-defined variability
proven by showing that constant for th&/ry andAk for theK. One can find the offset
of the differential pair as
(Vob —VT1H)

Ibias

—Ovyy — Ulgigs > 0. (16)

2
0?Vos-ditt pair = WL Kom
m

2
A3T0+< 8 > A&] (21)

Considering the same values as previously, the condition in
(16) is met and the delay will always increase with tempera- Assuming the comparators’ layout is compact enough, the
ture. On the instant thatps drops low enough, the transistortemperature variation equally affects all transistors fdat,
changes its operating region to the ohmic region. From thadl transistors maintain the same temperature gradierd; an
point, the current will continue to reduce independently aémperature effects behave as a common-mode variation. One
temperature effects. In other words, it can be assumed thady assume thak,to andAx remain constant with tempera-
delay time always increases when the temperature increasese and are process dependent [14]. Although the coefficien
Theoretically, (15) also shows that thg delay in the DT multiplying AZ are temperature varian®3, will always
comparator is much more sensitive to temperature varigitiolominate. As a result, the offset voltage in both topologges
than in SA comparators. mostly unaffected by temperature variation in the difféigdn

In both the SA and the DT comparators, one can identifyair. Since the differential pair provides the biggest ictpan
the effects ort, as the main agent of the system delay degr#ie offset voltage, it is reasonable to conclude that theeoff
dation. However, it is possible to show how the delay of thaill present a negligible dependence on temperature.
regeneration phasé {q) is also affected by the temperature 4) Comparator Metastability: The fundamental limitation
variations. In fact, both SA and DT comparators have similaf a SAR ADC toward high speed is the metastability.
tiatch degradation. The time it takes for the differential signaVletastability is an inability of a latched comparator toguwoe
to regenerate to a stable value is inversely dependent on #healid decision in a certain available time [17]. This error
gain of the back to back inverters, as shown by the equatiphenomenon is difficult to predict, since it depends on the

developed in [14], applied input and the comparator topology. This proposal
focuses here in temperature effects that could impactkddtc
tiatch = &In <VDD/2)' (17) comparator characteristics inducing a metastabilityufail
Gm AV, From this knowledge, it would be possible to determine the

. SAR ADC speed limitation to avoid a failure. More details
whereC,_ represents the capacitance of the output N@ig, metastability in SAR ADCs can be found in [17].

the transconductance gain of the inverters Akl the voltage omparator metastability is a process for which an initial
difference between the output nodes. It can then be dedu
(0]

that. by i ing the t i dth ducingaime u Of the cross-coupled inverters is insufficient for output
at, by increasing the temperature, and thus reducing gregeneration to reach valid logic levels before the end of
of the transistorstzch IS increased.

_ . the available timetfy). The output range variatiod\YouT)
3) Comparator Offset: Input-referred offset in latched com-c5n pe determined as the value for which the delay time

parators can be evaluated by taking into account two maiRceeds the maximum time to make a decision. Unfortunately,
parts, the offset coming from the mismatch in the differ@inti\he probability distribution of the differential input \ae

pair and the one in the latch [15] in the following way and the noise [18] influences the probability distributidn o
I the comparator delay. Thus, the likelihood of metastabikt
Voci soral = 4 (V2 oo . 4 —\/2 , 18) affected.

ositod \/ Os-clittpair G2 "OSfateh (19) The input probability distribution depends on the shape of
whereVos i fpair aNdVos_1aich are the offsets in each Stagethe input voltage \{vaveform [17]. For a Gaussian distributio
and the voltage gaifs before the latch. In the case of the SACf the delay at a givelViy, the probability of the comparator
comparator, this gain comes from the differential pair, font Metastability is given by
the DT comparator, it is the differential pair gain multgadi
by the gain fromMg; or Mpotransistors. If one considers that

P(t > taL,AVin) =

the gainG is significant enough to neglect the effects of the 1 tavL — Hdelay(AVin)
latch offset, a simple differential pair mismatch analysan 2 1-erf V2 AV . (22
L . . . Udelay( in)
be done. The standard deviation of the offset in a diffeaknti
pair is given by [16] where Lga 5y is the average of the delay as a random variable;
and ggeay the standard deviation of the delay, assuming the
N e o?Alp (19) law of large numbers. Sucpggay and ogaay are estimated
OS-diffpar =~ from the delay modeling under temperature variation, pre-

sented in Sec. IlI-C1 and IlI-C2.
where g?Alp is given by, In both SA and DT comparators, the pre-amplification phase
effectively multiplies the input range by a dynamic gainfef
[19]. One should subtrats (derived in Sec. 11I-C1 and 111-C2)
from systenta, . Considering that, is a Gaussian distributed

2
o?Alp = V% [gﬁqA\z,To+ <|£> Aﬁ] , (20)



random variable [19], errors on the estimation of the delay 180 —175 °d
and its standard deviation can be translated into an error on ST _j% :‘é
the metastability probability. This error on the probatilis o/ N
given by 140
S
Epmet = 2120
24
1 +V|:5/2 t _ £ 100
,./ erf tavL — Hdelay + &u P(AVin)dAVin
2 JVes/2 (Udelza\y+"50)\/é 80
1 +VEs/2 t — . . .
. / erf [ AL TR ) o dAVE,  (23) % 05 1 15
2 ~Vgs/2 Gdaay\/z Input Voltage (V)
where Vgs is the full-scale output-voltage (i.e/pp), and @)
P(AVin) represents the probability to get a specific value of 180
AVin given by a Laplace distribution of probability [20].
To derive a temperature-sensitive behavior, metastabilit 160
probability variation to temperature is estimated by thet fir .
derivative as < 140
4t > tart, AVin) = =
daT A/L in) — 120
dI-ldelay
P(t > tayL,AVip) - +
0 Udelay (> tart, BMin) dT 100
d0gq -50 0 50 100 150 200
P(t > tasL,AVin) - —-aday (24) Temperature®C)
004day dT (b)

According to temperature effects presented in Sec. llI- . . .
. 9 - P P élg. 4. SAR transmission gates on-resistanBgy{ for: (a) 1001-points
carrier mobility and threshold voltage can only decreasen® j,,t.voltages post-layout simulation for a temperaturdaian of —40 °C

these phenomena, both SA and DT comparator delay codshed blue line), 27C (continuous black line), and 175C (dashed-

onlv increase in the direction of a delay areater . Thus, dotted red line); (b) 151-points Monte Carlo post-layoutigiation over a
y Y9 than -points temperature sweep in a range fre0 °C to 175°C for Rgy

an incr-e_asing temperature would increase the metasyabilfean (continuous black line) and worst case (WC) (square méokSo.
probability.

IV. POST-LAYOUT RESULTS (see Fig 3(b)) [7]. The layout of both comparator topologies
is implemented using state of the art techniques. To effigien
compare both topologies, the layout is carried out miningzi
SAR transmission gates are designed using the XH018 18smatch, achieving a similar area, and placing 1/O pins at
nm technology which is measured and modeled for-th8°C  the same positions. Fig. 5(a) shows the SA comparator layout
to 175°C temperature range [8]. NMOS transistor sizing iﬁaving an area of 49 x 1Am?; and Fig. 5(b) shows the DT

8 um over 180 nm using 4 fingers. PMOS transistor sizingomparator layout, having an area of 52 x (2.
is 24 um over 180 nm using 4 fingers. Fig.2(b) shows the

SAR transmission gate layout, having an area of 16 x 12 TABLE |

um?. This sizing favored a better linearity in high temperafure  TransISTORSIZING OF SA AND DT COMPARATORS (W X L).
where the increasing on-resistance limits the SAR’s fraqye

operation. Post-layout simulation results presented ig. Fi | 1432 [?r]] RN - 1'?4 [Ban P—
4(a) validates the (_jesign choice and confirms thg expgcted M;:é ) ﬁm X720 nm M;:j 11 ﬁm <180 nm
trade-off. A 151-points Monte Carlo post-layout simulatio My T1pum x 180 nm | Mgz 3.6 um x 720 nm
over a 11-points temperature sweep in a range frof0 °C Si4  11pmx180nm | M7g0 7.2 pm x 720 nm
to 175°C is presented in Fig. 4(b) foRgy mean firy,) Miinz 1.1 p4m x 180 nm
and worst case (WC) condition atrgy, + 30rg,. Fig. 4(b) . )
highlights an increasing resistance over temperature with_ 10 Prove the temperature dependencytofdescribed in

linear-dependency, which validates the behavior in (4)e -|-|$ubsec. I11-C1 and 'III-C2', afirsF experime'nt is d.rawn based o
resultingRgy is always lower than 18Q. a post-layout transient simulation. The simulation paranse

are: 100MHz clock, a Ips strobe period, a common mode
voltage of 900mV and a differential voltage of 10 mV between
B. Latched Comparators Results input nodes. At the clock’s rising edge, the simulation tigie
Both SA and DT comparators are designed using the XHO%8arted as 0 ns in the X-axis; and it runs until 1 ns (sufficient
180 nm technology which is measured and modeled for thime to observe, for a 10mV differential input). For the SA
—40 °C to 175°C temperature range [8]. Table | presentsomparatorX; andVoytm nodes are inspected (Y-axis). For
transistor sizing for SA (see Fig 3(a)) and DT comparatothe DT comparatorf, andVoytp nodes are inspected (Y-axis).

A. SAR Transmission Gates Results




Fig.6(b) highlights DT operation whild, is discharging
andVouTp is rising. The delay, can be identified as the time
when thef, node voltage reaches around ongy. Also, DT
comparator latching is delayed as temperature increagetdu
the decrease in the discharge rate and in the thresholdyeolta
This validates the analysis presented in Subsec. IlI-C2yat
in (15).

Since latched comparators are time-varying circuits, the
) following experiments are run using a post-layout periedic

steady-state simulation. The test-bench used for the miete
Fig. 5. Latched comparators’ layout of (a) SA having an ared®f 10 results was inspired by [21] and [22]. Delay, offset, and
um? and (b) DT having 52 x 1Qum?. power consumption are evaluated in a 151-point Monte Carlo
simulation over a 11-point temperature sweep in a range from

It is expected thak; and f, discharge untit, according to (9) —40 °C to 175°C. The test-bench proposed in [21] can
for SA comparator and (14) for DT comparator. Fig.6 show?Ut latched comparator as close as possible of its metastabl
SA and DT post-layout simulation results for temperatures 8Peration. In this case it achieves the maximum delay for

—40°C (dashed blue line), 27C (continuous black line), and &" input differential voltage equal to the comparator dffse
175°C (dashed-dotted red line). voltage. Power consumption is obtained by the RMS power

consumed for one cycle in a periodic-steady-state regime.
Fig. 7 presents the statistical results of the post-layouat-c
parator delay in both architectures. The data is repredasa
plot of the average delay values with an error bar represgnti
three times the standard deviation for each temperaturg.poi
While temperature increases, an almost linear increaseeof th
mean delay is noticeable. This behavior was predicted in the
previous transient simulations and it is in agreement with t
theoretical analysis presented in (10) and (15). From atfine
fit, a delay temperature-coefficient of36ps/K for the SA

0-'(; 0.2 04 06 08 1 comparator and.@9 ps/K for the DT comparator are found. In
Time (ns) fact, both SA and DT comparators delays vary with the same
@ temperature coefficient. However, the DT comparator is ywa

slower due to its largey, for all temperatures. The temperature
effect in delay standard deviation is diminished in the DT
comparator, this may be due to the much faster regeneration
phase as compared to the SA comparator. Additionally, a
worse case delay greater thab 8s (a quarter of clock period)

is found. These results might suggest a comparator failure a
high-temperature operation.

0.2

04 0.6 [ ' ! !
Time (ns) 3t HsaA 1]
(b) -1-DT ;

Fig. 6. Post-layout transient simulation of (%) and Voytm for SA; and ™
(b) fp andVouytp for DT comparators in a temperature variation-o40 °C £~
(dashed blue line), 27C (continuous black line), and 17%& (dashed-dotted &
red line). S

T

Fig. 6(a) highlights SA operation when decision is being
taken. One can notice that tMgyTm begins to latch around

the same instant of time as the nokg achieves the voltage 1.5¢ [ [ [ [
level Vpp — 2-Vry. This voltage level represents that the node 0 50 100 150
X1 has discharged two times the value \&fy, when Voyim Temperature®C)

decreases tWpp —VrH. This point indicates the beginning of _ _ _ _

the latching phase: and it marksfor SA comparator. Among £l T, % ISTROIS Mori Ca pesiyeut iiation oxt oot
temperature variation curves, it is remarkable théncrease comparator mean delay with a3error bar.

due to a decreasing in the discharge rate and in the transisto

Vry. This validates the analysis presented in Subsec. 11I-C1The average offset of both comparators is around zero as
derived in (10). expected, that is why Fig. 8 shows only the standard dewiatio



of the comparators’ input-referred offseta(@os;—total). The
30Vosi_tota data over temperature does not change signif-

[ —1ga=WC SA---/pr-+-WC DT|

icantly. This behavior validates the theory as predicted in 3.5 ]
(21). One may conclude that the SA0\%osi_tota iS less 3T
sensitive to temperature variation. Even if the SA presants Y e o

higher 3Vosj_tota than the DT, due to the additional gain &

provided by theMg > transistors, DT 8Vosj_tota Variation z 2f

is three times bigger than SA0¥/os;_tqtal Variation over the > 1'5.'___*_-’*—-——""""——"'__.—_.'

temperature range. In order to have a complete understandin 1k
of the input-referred offset, post-fabrication testing snbe

done. The input-offset’s variability constants in (21) @Bt a 0.5 ; ; . .
strong process dependency. 0 50 100 150
Temperature®C)
T T T T Fig. 9. A 151-points Monte Carlo post-layout simulation oeed1-points
9 [—sA ] temperature sweep in a range fror0°C to 175°C for SA (solid line) and
---DT DT (dotted line) comparator input-referred noise mean andstzase (WC)
S e (square marks).
N
E 7
3 variation. A linear fit of the presented post-layout simialas
b>%6- 1 over a 11-point temperature sweep is done to determine
™ a temperature coefficient for each SA and DT comparator
e e characteristic. One may conclude that the DT comparator
| e e ] achieves a smaller offset in the expense of power consumptio
: ; : : and noise. DT offset, and noise have a bigger temperature
0 50 100 150 coefficient than SA. Both SA and DT comparator’s delays are
Temperature’C) equally sensitive to temperature variation. At high teraper

Fig. 8. A 151-points Monte Carlo post-layout simulation oeerl1-point tures,_ howe.ver’ th.e V?‘”at!on of the comparators’ charsties
temperature sweep in a range fromd0 °C to 175°C for SA and DT May incur in a circuit failure. However, the DT comparator

comparator Vo fse- is found to be less reliable than the SA comparator at these
] N . temperatures.
In high-temperature conditions, thermal noise becomes a
major issue for a correct decision as it is statisticallyextitb TABLE I

the comparator offset. The output-referred noise is estitha PERFORMANCECOMPARISON OFCOMPARATORS IN180NM TECHNOLOGY
from a periodic noise analysis. Input-referred noise is- est AND 1.8V SUPPLY VOLTAGE

mated from the output-referred noise and the comparator gai Performance SA 5] e
This gain is obtained from a periodic AC analysis evaluated a Total Delay/10 °C 63ps | 629 ps
i i i i : 0Vosi_total /10 °C 488V | 139 uV
the /lnstanththe comparz(ijtor ach|e§|/es ;tshdemsmbn thrﬁs(lnehd o107 ALV 118 W
\Vpp/2) at t _e output nodes. Details of the test-bench setup are Oni 10°C 30 @V 80 1V
presented in [21] and [22]. Average Power Consumption | 0.35 MW | 1.7 mWV

Fig. 9 presents the mean and the worst case (WC) of
SA and DT input-referred noise, obtained from a 151-points
Monte Carlo post-layout simulation over a 11-point tempefs- Metastability Resuits
ature sweep. The WC is the defined i + 3oni. Since Fig. 10 depicts the probability for SA and DT comparators
thermal noise is linearly dependent on temperature, SA atwdenter the metastable zone. As expected, increasing tampe
DT input-referred noise increase linearly; but the staddature decreases time in regeneration phase, and the gairebefo
deviation increases slightly faster than the mean. The Dfe latch. The Probability Density Function (PDF) is shifte
presents more noise than the SA; and DT noise increasescaibwer clock frequencies according to (24). As expecthd, t
a much faster rate. Considering noise as an additive sotdircgpmbability for SA and DT comparators to enter the metastabl
decision errors such as offset voltage, the lower offsehef tzone rises to 1 with the increase of the clock frequency.
DT comparator is payed off by a higher noise. This trade-offccording to (23), the estimated PDF error at 2@5is 10 13
is due to the extra DT transistors increasing gain, reducifgr SA comparator, and 10 for DT comparator. For reliable
offset voltage, but generating more noise. Indeed, therngperation up to 175C, a maximum clock frequency of 100
noise under temperature instability may vary the inputag#t MHz is assumed, which leads to a negligible probability for
incurring in a bit-flip and a Single Event Upset (SEU) [1]. ADT and SA comparators to enter the metastable zone, and a
the best of our knowledge, this drawback is first revealed iregligible probability of a bit-flip (i.e. negligible SEU).
this work. Fig. 10 highlights that temperature effect shifts the PDF,
To summarizes the SA and DT performance comparisaducing the maximum clock frequency. Fig. 10 also demon-
Table 1l draws the performance trade-offs under tempegatistrates that the transition from low to high probability svar



The SAR ADC is post-layout simulated for a normalized

1@2 ‘_ﬂﬁg&c input-voltage varying from-1 to 1 V at 27°C, with a clock
104 - frequency of 100 MHz. SAR outputs results are foreground
10°° calibrated from calibration weights computed using MatLab
1%2_13 [23]. The resulting calibration weights are then applied to
10-12 —40°C and 175°C post-layout simulation results. This is a
1g-14 : standard calibration technique for smart vehicle appboat
10716 S A common improvement would be applying a background
50 100 150 200 50100 150 260 calibration technique which continuously adjusts calibra
Frequency (MHz) Frequency (MHz) weights over temperature. The following results have pilove
that background calibration is not required for this praos
(@) (®) From these results, the differential non-linearity (DNL)da

Fig. 10. Probability for (a) SA and (b) DT comparators to etitermetastable the integral nonlinearity (INL) are estimated.
zone for temperatures of -4€, +27°C, and +175C; usingAVi, in £450mV Fig. 12(a) presents the SA-SAR DNL: +0.5/-0.15 LSB at

range. 27 °C, +0.33/-0.08 LSB at-40 °C, and +0.77/-0.14 LSB
at 175°C. Fig. 12(b) presents the DT-SAR DNL having:

instantaneous, and its slope does not depend on temperattife?9/-0-16 LSB at 27C, +0.34/-0.08 LSB at-40 °C, and
Fig. 10 suggests that temperature effect generating raetad0-83/-0-16 LSB at 175C. According to estimations found in
bility could be topology independent. Thus, an appropriaR€C: [V-A, high-temperature operations increaBgg of the
technology choice would improve comparator performandenSmission gates, which then increases SAR DNL. Similar
in respect of metastability. Further investigations stobe Pehavior is found for both SA-SAR and DT-SAR.

carried out to elucidate such characteristics using differ

process technologies. Such study is out of the scope of this ! ---175 °d
proposal. —27°C
05011 ---40 °C
[ ik

D. SAR ADC Results g ]lilﬂﬂiluélﬂllullull NRNAN
The SAR ADCs under analysis are designed using the 2 L '

XHO018 180 nm technology latched comparators. Fig. 11 0_05

illustrate the SAR ADC layout having a 243 x 19%m? '

footprint. From here on, the SAR using SA and DT are ‘ ‘ ‘ ‘ ‘

named SA-SAR and DT-SAR, respectively. Both versions have o 200 400 600 800 1000

the same die area, since both latched comparators have a Output Code

similar layout footprint. SAR transmission gates are dest (€Y

according to the results presented in Sec. IV-A. The binary L ‘ ‘ ‘

capacitive network is designed for a normalized- 106.8 fF, 175 °G

having a 195 x 10Qum? layout footprint. ___,_% CC:

o S

INTANENANNAAN

DNL (LSB)
: o
=} )

o
&)

0 200 400 600 800 1000
Output Code

" (b)

Fig. 12. Post-layout simulated DNL error for a temperatureiatian of
—40°C (dashed blue line), 27C (continuous black line), and 17& (dashed-
dotted red line): (a) SA-SAR results, (b) DT-SAR results.

Fig. 13(a) presents the SA-SAR INL having: +0.49/-0.5
LSB at 27°C, +0.24/-0.21 LSB at-40 °C, and +0.71/-0.48
LSB at 175°C. Fig. 13(b) presents the DT-SAR INL: +0.48/-
....... = _ 0.48 LSB at 27°C, +0.47/-0.19 LSB at-40 °C, and +0.71/-
i ballhadi bl bl b I e et 0.45 LSB at 175°C. INL results highlight an increasing non-
linear error. Such non-linearities could not be calibrateihg
the calibration technique aforementioned [23]. For Ty
the drop-off in INL occurred at an output code of around 800,

Fig. 11. SAR ADC layout with sizing of 243 x 19&m?. Digital State
Machine and metal interconnections are not presented faratke of legibility.
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about 100 before 27C. Between 27°C and —40 °C, the calibrated and operated at a frequency where delay and offse
difference was of around 50 in the output code. At the 102ffects are negligible and the probability of metastapilg
output, INL achieved values over 1 LSB for all temperaturekyw. Thus, the performance reliability can be maintained in
although this value was achieved for a much smaller outpaitwide temperature range. The results have also proved that
for the highest temperature. Thus, both SA-and DT-SAR SABackground calibration is not required for this topologyda
achieve an ENOB of 9.8 bits, which is reduced to 9.6 bits ia foreground calibration is sufficient.

high-temperature operation.
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