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Abstract: A novel method to characterize CMOS process fluctuations in subthreshold current mirrors (SCM) is reported.

The proposed model is succinct in methodology and calculation complexity compared with previous statistical models.

However it provides favorable estimations of CMOS process fluctuations on the SCM circuit, which makes it promising for

engineering applications. The model statistically abstracts physical parameters, which depend on the IC process,into ran-

dom variables with certain mean values and standard deviations, while aggregating all the random impacts into a discrete

martingale. The correctness of the proposed method is experimentally verified on an SCM circuit implemented in an SMIC

0.18m CMOS 1P6M mixed signal process with a conversion factor of 100 in an input range from 100pA to 1pA. The pro-

posed theory successfully predicts ~ 10% of die-to-die fluctuation measured in the experiment, and also suggests the

~1mV of threshold voltage standard deviation over a single die,which meets the process parameters suggested by the design kit

from the foundry. The deviations between calculated probabilities and measured data are less than 8% . Meanwhile, pertinent

suggestions concerning high fluctuation tolerance subthreshold analog circuit design are also made and discussed.
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1 Introduction

Process fluctuation is an increasingly important
problem in the manufacturing of deep-sub-micron
ASICs. Because the inevitable fluctuations from the
IC processing parameters such as dielectric thicknes-
ses,device dimensions,sheet resistances,and threshold
voltages are not constant but have statistical distribu-
tions with certain mean values, standard deviations,
‘Y, circuit performance parameters
such as gain and speed thus become random variables
with statistical distributions™!, while the part of dis-
tribution that meets prescribed specifications will de-
termine the yield. Hence, if statistical analysis is in-
corporated in the circuit design before fabrication,the
yield can be improved-'.

On the other hand, since aggressive transistor
scaling has led to a dramatic increase in leakage cur-
rent,a decrease in voltage headroom,and circuit noise
immunity, subthreshold analog circuits have become
more attractive'”’. However, they suffer more from
process fluctuations than their conventional counter-
part,and the yield is lower. Therefore, ASIC designers
must estimate how much their circuits will suffer from
process fluctuations after fabrication and perform op-
timizations beforehand.

and correlations
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In fact,several statistical methods have been pro-

[2,5~8] . In

posed to estimate undesired fluctuations
Refs. [2,5], the process-to-device and device-to-cir-
cuit response surface method is incorporated in the
circuit simulation, which does not lead to a dramatic
increase in calculation complexity but degrades the
accuracy. Some statistical models based on principal
component analysis (PCA) were proposed to improve
the accuracy®® ,but they introduced huge calculation
complexity; therefore, designers have to spend much
time and effort to use the EDA tools for simulation,
which prolongs the cycle. Hence, it makes more sense
to introduce simpler methods into the analysis of
process fluctuations that provide engineering estima-
tions and design suggestions.

In this paper,we report a novel statistical method
for characterizing process fluctuations in subthreshold
current mirrors (SCM) based on a discrete martingale
that provides a favorable estimation of process fluctu-
ation,and is believed to be promising for engineering
applications.

2 CMOS IC process fluctuations and
random variables

Subthreshold circuits severely suffer from IC
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process fluctuations. To understand and take control
of these fluctuations is undoubtedly significant for
low noise and low power systems implemented by sub-
threshold circuits.

In standard CMOS technology, process fluctua-
tions are generally categorized as: system errors,
process parameter errors, and random errors during
fabrication. According to Refs. [5~ 8], process pa-
rameter errors and random errors can be statistically
considered as process parameter fluctuations, and
characterized by random variables with certain mean
values and standard deviations, while system errors
are generally summarized into a stochastic process,
which is a function of these random variables. There-
fore,statistical models are a universal method to eval-
uate CMOS process fluctuations and are now em-
ployed in most Technology CAD (TCAD) tools. In
the CMOS fabrication process, fluctuations can be in-
duced by many factors,where the dominate issues are
generally considered: (1) errors and variations of
dopant concentrations in diffusion,implantation, and
annealing processes, (2) dielectric thickness variations
in oxidization processes, (3) dimension errors from
photolithography and plasma etching processes, and
(4) unseemly circuit design considerations. In fact, if
the circuits are well designed and delicate layout tech-
niques are used,the last issue can be alleviated in most
cases, while the impacts of other three issues cannot
be avoided and will lead to both single die fluctuations
and die-to-die fluctuations of design parameters.

Considering all four issues of process fluctua-
tions,any physical parameter x, such as capacitance,
sheet resistance, transistor dimension, and threshold
voltage in analog circuit design can be considered ran-
dom variables with certain mean values E (x,) and
standard deviations ¢(x,) . Furthermore,the electrical
performances observed, such as voltage and current,
are also random variables centered at mean values
E(y,) with certain standard deviations ¢(y, ), where

ym:fm(xl’XZ’”.
(8l

, x,) are functions of x;, xy, ",

X

3 Subthreshold current mirror and dis-
crete martingale

Although random variables are conceptually in-
troduced to characterize IC process fluctuations in
section 2,it is still a tedious work to make a universal
analysis valid for every circuit, since it unfortunately
depends on the concrete circuits topologies. In fact,to
characterize process fluctuations in subthreshold cir-
cuits for the purpose of engineering,conclusions from
some basic modules are helpful for IC designers.

V])])

Fig. 1
rent amplification

Topology of an SCM in achieving on-chip ultra low cur-

Therefore,an SCM in achieving on-chip amplification
of ultra low current ranging from 100pA to 1pA is de-
signed and fabricated in an SMIC 0. 18m CMOS
process-

In this circuit,an output regulated scheme is used
to stabilize the output current and reduce voltage var-
iations. Transistors MO and M1 compose a current
mirror with a conversion factor of 100,and the output
of M1 is stabilized by the feedback mechanism intro-
duced from transistors M2~M4, while M5~ M7 serve
a biasing purpose. Meanwhile, the large transistor di-
mensions of W =10pm and L =1pum are applied in the
circuit to reduce the impacts of low frequency noises.

To minimize the impact of mismatches from the

,and the circuit topology is shown in Fig. 1.

layout design,the transistor layout cells are placed in
a 20 X5 matrix. As shown in Fig. 3,each island in the
matrix represents a transistor with W =10pm and L
= lp.m.

According to the discussion in section 2, the drain
current of every transistor in the matrix can be ab-
stracted into a random variable Ip; as a function of all
the impacts from process fluctuations, namely, I'p; =
s x,)swhose mean value E (Ip;) is the
nominal value of the drain current, while the standard
deviation ¢° (In;) = E(I%;) — E* (Ip;) represents the
magnitude of random variation due to process fluctua-
tions.

In fact, since the transistors with large dimen-
sions are regularly placed in the matrix,it is reasona-
ble to postulate that Ip; in different positions exhibit
less correlation to each other (the correlation can be
considered to be high order and thus ignored). Fur-

I,’(X],XQ""

thermore,since all the transistors self-resemble in to-
pology and have almost the same surroundings, the
random variables x; s x5
assumed to follow the standard distribution, and [Ip;
will thus follow the same statistical distribution. In
other words, I'p; in different positions are statistically

, X, can be approximately
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independent and of the same distribution. 5
. . ~ 1.0}
The above considerations suggest that the overall g
output current drawn from port “out” of the current 08
mirror can be expressed as: = 0.6k
5 0.
" ] —— 0()/v=0.4%, o(V)=ImV
Lo = Z TIpi(xyaXxzseeesx,) @) =041 —0— o(7)/v=0.4%, a{Vr)=1.5mV
i=1 2 —— a(y)/¥=0.4%, o Vr)=2mV
where Ip; represents the drain source current flows in é 0.2f V= o()/y=04%, o(¥)=2.5mV
the ith transistor,and E (Iy;) = I, while I, is the § ok
nominal output current of SCM with a conversion fac- 3 7] : 5 10 Ty
tor of n,and 1<<n<<C100. | E(I,,) | = nl,< % ,and b/%
the conditional mean value: Fig.2 Probability distribution of w00, as a function of param-
E( Ioul(n+l) ‘ Ioull ’ IoulZ PR Ioum ) = Ioum + Iin > Iouln eter b for o‘()’)/}’: 0. 4% and various o( Vi)
(2)
Hence,according to the Appendix, it can be conclu- , oIy &) + (V) )
C“ = =

ded that the stochastic process { Iy, »1<<n<<100} is a
discrete sub-martingale (DSM). Moreover, the DSM
{Iun »1<<n<C100} can be further decomposed as:

Town = down + EClown) = down + nli (3
I, — nl;, represents the overall devia-
tion of I, from its mean value E ([.,,) = nl,,. Ac-
cording to the Appendix,{dou, »1<<n< 100} is a dis-
crete martingale (DM) since:

where dou, =

E(ldon]) < o 4
E(dout(lﬁl)‘doutl ’doutZ’"'Vdoutn) = doum (5)
4 Estimation of process fluctuations

using a discrete martingale

According to the above analysis, the output cur-
rent .00y drawn from the SCM is a random variable
in summary of every single random component Ip; .,
with its mean value E (1,00, ) = 1001;, representing
the output current. In fact., the random variable
I o100, 18 simply the measured output current of the
propose SCM if electrical experimentations are ap-
plied.

According to Azuma’s inequality of a discrete
martingale in the Appendix" " ,if —a<CIp — [;,<<8-
DM {d oy »1<<n<C100} equals:

P{| dowcon | = a} < 2exp(=2a°/100(a + )
(6)
where P{.} is an operator representing the probabili-
ty of a random variable,a . are the parameters,and a
>0 must be satisfied.

The Ip ~ Vsss Vs relation of a long channel

MOSFET working in the subthreshold region can be
- K wexp< Vs Vs

written as:
L mUl><1 - eXp<_ U, )) e

where K depends on the IC process, m is the sub-
threshold slope factor.and U, is the thermal voltage.

Based on Eq. (7) ,the normalized standard devia-
tion ¢ of drain current [ satisfies:

I

I e m?* Ut
where Vi stands for the threshold voltage of MOS-
FET,c is a percentage,and y= KW/L.In this equa-
tion,s(y) is due to the fluctuations induced by issues
(2) and (3) introduced in section 2, while ¢ ( V)
mainly corresponds to issue (1).

In the standard distribution,an arbitrary random
variable locates in the £ 35 range at a probability of
95% s while for the * 5s range, the corresponding
probability is almost 100% . Therefore,if «,f are sim-
ply assumed equal to 5cl;,, the probability distribution
of dowcio0y and Fowio0 = dowciony /1001, can be derived as:

P{‘dout(100)|> blOOIin}<20Xp(*2bz/Cz) 9

P rowcon | << b} = 2exp(— 2b*/c?) 10

where roua00) 1S the relative deviation of DC gain,and
b is a parameter in percentage.

In the CMOS process, device mismatch ¢(y) and
o( V) satisfy Eq. (11) ,and depend slightly on the bi-
asing conditions. Since W = 10pm and L = um are
chosen in the proposed SCM design, according to
SMIC 0. 18;m mixed signal design kits, process fluctu-
ation due to ¢ (y) /7y is less than 0.4% , while 6 ( V1)
may vary from 1.3 to 2. 5mV depending on the bia-
sing conditions,namely,3. 33% < c¢<<6.41%.

1
c(y)so( V) Ocm

Figure 2 shows the probability that 7o, falls in
the range of — b to b as a function of b for ¢(y)/y=
0.4% and various ¢ ( V). There is around an 80%
probability that 7,00 1s less than 7% over all possi-
ble ¢(y)/y and o ( V) values, namely, P{ | roucon | <
7% } =0. 8, while the corresponding probability that
|7 ouc100)] <<9% 1is almost 95% .

(1)

S Experiment and discussion

In order to verify the proposed method of evalu-
ating IC process fluctuations, the circuit shown in
Fig. 1 has been fabricated by an SMIC 0. 18:m 1P6M
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Fig.3 Die micrograph of proposed SCM circuit

CMOS mixed signal process. Figure 3 shows the mi-
crograph of the die with an area of 105.25um X
57.40um.

In the experiment, 80 samples of the proposed
SCM were fabricated by the foundry to characterize
the statistical features of the proposed theory. The
process using an
semiconductor analyzer, a

measurement carried out
HP4156B parameter
Keithley 4200 semiconductor device parameter analy-
zer,and a Keithley 6485 picoammeter. The circuit was
measured under the condition of Vgye = 0.3V, Vo =
0.9V ,and the results of 10 different samples random-

ly chosen from 80 samples are shown in Fig. 4.
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Fig.4 Experimental results (a) and calibrated results (b) of DC
gain versus input characteristics of proposed SCM with input cur-
rent ranging from 100pA to 1pA over 10 different samples ran-
domly chosen from 80 different samples
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ples

Statistical distribution of 700 over 80 different sam-

Figure 4 (a) shows that the relative die-to-die
fluctuation roughly averages £ 10%. For the low cur-
rent cases it is higher than the average value, which is
mainly caused by the input leakage from the bonding
pad. Simulation results show that current leakage on a
bonding pad may vary from 30 to 90pA for the pro-
posed circuit; therefore, calibrations must be made
within the low current range. In this experiment, leak-
age on a dummy pad,which has the same structure as
the input pad,is measured for the purpose of low cur-
rent calibration, and the calibrated results of the DC
gain versus input of the proposed SCM are illustrated
in Fig.4 (b).

For the biasing conditions applied in the meas-
urement, according to the SMIC 0.18um CMOS
process design kit,o( V1) is within the range of 2. 0~
2.5mV ,as suggested by Fig. 2, the relative fluctuation
Fouci00) 18 €xpected to fall within £10% at a probabili-
ty of over 98. 5% , while the corresponding probability
for rowao being within £ 7% is around 80% . After
leakage calibration the relative die-to-die fluctuation
on DC gain is less than = 10% ,while only two sample
dies exhibit fluctuations over * 7% ,which is forecas-
ted by the proposed theory. Furthermore, since the
single die fluctuation is around *5% from Fig. 4 (b),
the calculated ¢( V1) will be less than ImV at a prob-
ability of 99. 9%, which falls in the reasonable range
suggested by SMIC 0. 18, m CMOS process design kit.

The histogram in Fig. 5 shows the statistical dis-
tribution of measured 7o, over 80 different sam-
ples. As can be seen, 63 samples (78.8%) have their
Fouwcr0o0y Spread within + 7%, while 79 (98. 8% ) sam-
ples are in the * 10% range, which verifies the pro-
posed theory.

The histogram slightly deviates from the standard
distribution because, during calibration, the measure-
ment of pad leakage,which is at the order of pico-am-
pere, introduces measurement errors in the low cur-
rent range of 100pA to 1nA and increases the relative
deviation of 7,00 »thus resulting in the distortion of
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Table 1 Comparisons of approaches and results between published works and this work
Ref.[5] Ref.[6] Ref.[8] This work
Approaches Analytical Numerical Numerical Theoretical
Methodologies Response surface PCA/SPASIC PCA/Monte Carlo Discrete martingale
Technologies B lpym & 0. 7pm 0. 7pm 0. 18pm
Prototypes Ring oscillator Ring oscillator Bandgap reference SCM
Worst case deviations 14.2% 5.1% 3.4% <8%
Calculation complexities Medium Large Large Small

the histogram.

Moreover, Equation (10) shows that 7,00 1S in-
dependent on the input current,but,in fact,the output
fluctuation tends to increase slightly in the low cur-
rent cases in Fig.4 (b). This is due to the decrease of
the subthreshold slope factor m in the low current
range,especially for the current ranging from 100pA
to 1nA. Therefore, the experimental probability of
6%, % 7% ,and * 8% from Fig. 5 is slightly less
than the theoretical values,and fortunately,the devia-
tion from the theoretical values is no more than 8%.

The comparisons between the proposed method
and published works are listed in Table 1. The pro-
posed method exhibits apparent advantages in calcula-
tion complexity over Refs.[5,6,8]. This method sac-
rifices some accuracy compared with the numerical
models in Refs.[6,8],but makes improvements over
Ref.[5].

The correctness of the proposed method in char-
acterizing process fluctuations can be further extend-
ed to the design and implementation of high fluctua-
tion tolerance circuits constructed by regular building
blocks. To meet certain required specifications, tran-
sistor dimensions should be determined by Eqgs. (8),
(10) and (11),and in the layout design, circuit mod-
ules working in the subthreshold region have to be
placed close to each other to reduce variations from y
and V. etc.

6 Conclusion

This paper proposed and verified a statistical
model to evaluate CMOS IC process fluctuations in
SCM based on a discrete martingale using a SMIC
0.18ym CMOS mixed signal process, by abstracting
physical parameters that depend on IC process into
random variables with certain mean values and stand-
ard deviations, while aggregating all these uncertain-
ties into a discrete martingale. Moreover, a favorable
estimation of process fluctuation in the proposed sub-
threshold current mirror is achieved by using Azuma’s
inequality of a discrete martingale,and is verified by
the experimentation. Compared to the reported statis-
tical methods,the proposed model is succinct in meth-
odology and calculation complexity, and provides

favorable estimations of CMOS process fluctuations
on the SCM circuit, which makes it promising for en-
gineering applications in the future. Finally, pertinent
suggestions to high fluctuation tolerance subthreshold
circuits design were also made and discussed.

Appendix

1 Definition of discrete martingale

For an arbitrary integer n=>1,if.

(D E(X,[) <oy

(2) E(X, 1 [ X1 Xy X D<(=)X 5
then the process { X, ,n==>1} is a super (sub) discrete
martingale. If the process { X,,n=>1} can be charac-
terized by both super and sub discrete martingale,
then it is a discrete martingale'*~'*'.

2  Decomposition theorem

For an arbitrary super (sub) discrete martingale
{X,,n=1},there are unique combination of process
{M,.n>1} and {Z,.n>1} satisfying"'*~'*,

(1) {M,.n=1}is a discrete martingale;

(2) Z2,=0,Z,=2(Z,.1 E(Z,)<>;

3D X, =M, +Z,(n=D.

3 Azuma’s inequality of discrete martingale

{X,.n=1} is a discrete martingale, = E(X,).
Set X, =4 and assume da;=0,8 =0, i=>1,satisfies:
—a < X, - X <Bi’then Vn=1,a>0, we

have ™,

P{l X, —p|=a}<2exp(-2a°/ > (a; + %)
i=1
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