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On the Design and Characterization of Femtoampere
Current-Mode Circuits

Bernabé Linares-Barranco and Teresa Serrano-Gotarredona

Abstract—n this paper, we show and validate a reliable circuit

design technique based on source voltage shifting for current-mode EL/
signal processing down to femtoamperes. The technique involves meos
specific-current extractors and logarithmic current splitters for I
obtaining on-chip subpicoampere currents. It also uses a special ‘6sf §es
on-chip sawtooth oscillator to monitor and measure currents _L

down to a few femtoamperes. This way, subpicoampere currents =

are characterized without driving them off chip and requiring =
expensive instrumentation with complicated low leakage setups. (a)

A special current mirror is also introduced for reliably replicating
such low currents. As an example, a simple log-domain first-order
low-pass filter is implemented that uses a 100-fF capacitor and a
3.5-fA bias current to achieve a cutoff frequency of 0.5 Hz. A tech-
nigue for characterizing noise at these currents is also described
and verified. Finally, transistor mismatch measurements are
provided and discussed. Experimental measurements are shown
throughout the paper, obtained from prototypes fabricated in the
AMS 0.35-um three-metal two-poly standard CMOS process.

Index Terms—Analog VLSI design, leakage currents, mismatch,
noise, subthreshold, ultralow currents, weak inversion.

I. INTRODUCTION

OW SMALL can we make the current in MOS transistors
and still be able to build reliable circuits with them? The
smallest MOS transistor current is limited by its leakage cur-
rent. For example, in a typical present-day submicron CMOS
process, the room temperature reverse diode leakage curt
of the drain or source diffusions of a minimum size transistc o
is typically around 10 aA (10'7A). However, this current is
usually not the one that limits the bottom current range of
MOS transistor. Because of ion implantation for lowering tht 4
threshold voltage of modern CMOS technologies, the effecti
leakage current (i.e., fdrgs = 0) of minimum size MOS tran-
sistors may be as large as 10 pA. For example, Fig. 1(b) sho€ 4
the simulatedlps versusVgs curves (withVps = Vpp/2, -
Vop = 3.3 V) of minimum size nMOS and pMOS transis-
tors [as seen in Fig. 1(a)] for a 0.36m CMOS process, using 1oL
the corner analysis parameters provided by the manufacturer.
can be seen, the worst case corner yields a minimum current
around 1 pA for a minimum size pMOS and more than 10 p/ 1o
for a minimum size nMOS. ‘
For Vas = 0V (NMOS) orVgs = Vbp (PMOS), the MOS =02 0 0z o4 o5 08 1
current has not reached the diode reverse current, yielding « Ve
(©)
Fig. 1. Typical modern submicron CMOS nMOS and pMOS transistgr
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Fig. 3. Specific current extractor circuit.

0.351:m) the reverse biased diffusion diodes’ leakage current

density is estimated by the foundry to be around 0.02;4#’

at room temperature. This current density has improved up to a

factor of two to three with respect to previous CMOS processes

over the last decade, which is not much. However, minimum dif-

fusion sizes have been reduced significantly, from abqué

6 um for a typical 2pum process to about Aim x 1 um for a

0.35um process. Consequently, minimum size transistor diffu-

sion diode leakage has improved by about a factor of 100.

Shifting the source voltage implies reducing the available

| voltage range. However, this is not a severe problem for subpi-
coampere current-mode circuits. Note that for such currents the
gate-to-source voltage is extremely small (two or three hundreds
Fig. 2. lllustration of the source voltage shifting technique. (a) Circuff Millivolts). Shifting the source voltage also implies the need
schematic. (b) Corner analysis simulafeg versusVs characteristics. for providing on-chip voltage sourcé$,;, andV,,,,. However,
the shifted voltage values are not critical (as long as a minimum

rent of several picoamperes is reachedifgg ~ 100 mV. This value is guaranteed) and the current driving capability of these
is the leakage current introduced by the pad protection diod@8-chip sourcesiis quite low. Consequently, from now on we will
Curvenmos; corresponds to the parallel of 1hos, transis- not consider the implementation of these sources.
tors and dividing the measured current by 120. This way, theThe main drawbacks of operating at very low current levels
pad diodes current is divided by 120. As can be seen, theréf€ transistor noise and transistor mismatch, which are a con-
transistor current well belowgs = 0 V. sequence of operating the MOS transistors in the subthreshold
In this paper, we will provide techniques for reliably exfegime [1]. Consequently, by operating at subpicoampere cur-
ploiting MOS transistor operation down to a few femtoamperekgnt levels, we inherit all the inconveniences of weak inversion.

as well as measurement and characterization techniques Hewever, known weak inversion noise models seem to be pre-
such small currents. served and relative current mismatch is supposed to stay con-

stant within weak inversion operation. Experimental evidence
Il. SOURCEVOLTAGE SHIFTING of these facts will be shown in later sections.

The fundamental method for exploiting the complete avail-
able current range (down to the diffusion diodes reverse leakage lIl. ON-CHIP INVERSION-LEVEL-BASED
currents) is by either biasing the gate voltages beyond the power CURRENT REFERENCES

supply rails [as done in Fig. 1(c)] or by slightly shifting the The process of threshold voltage adjustment in modern
source voltages. For example, if for the transistors in Fig. 1 t§0s processes renders significant variations in the position
source voltages are connected to around 400 mV with respgethe weak inversionps versusVgs exponential curve [see

to the power supply rails [as shown in Fig. 2(a)], we recovefig. 1(b) and Fig. 2(b)]. Consequently, biasing transistors deep
the complete current range that the device physics allows us;@§de the weak inversion region results in important variations
seen in the corner analysis simulation of Fig. 2(b). The corngfs ihe requiredVes voltages. Furthermore, when working
with the highest leakage current (69 fA) are those obtained figg|ow picoamperes, a slight shift it;s voltage can turn the
high temperature (83C). However, if we can guarantee roomyansistor off or produce decades of variation in the operating
temperature operation, the limiting current can be of the ordgfiirent. The position of the weak inversidpg versusVgs

of 10 aA (10°'7 A) or lesst For the CMOS process used (AMSgyponential curve changes significantly not only from chip to

Ui the simulations, the current resolution needs to be set accordingly for s(tRIP (O_r wafer to wafer) but also_ with temperature [See Fig. 1(b)
low values. In our simulations, we set it to 15 A. and Fig. 2(b)]. Fortunately, it suffers little variations for
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Fig. 4. (a) Circuit schematic for generic current splitting ratio (b) Implemented current splitter.

transistors within the same die (assuming constant temperatwigle for the ACM [3] model, it was derived from physical prin-
distribution). Consequently, the proper way to proceed is tiples:

design on-chip current references that are based on transistor

inversion level [1], [3] and bias all transistors at predetermined h(i1)=vV1+4i+1n (\/1 + 4i — 1) -2 (4)
inversion levels.

Present-day MOS models that provide continuous analyticehe specific currenfs changes with process parameters and
functions for the transistor current from weak to strong inversiaBmperature, but if a circuit is designed so that transistors op-
exploit the inversion level concept. The current is expressedégite at predetermined inversion levejsand/ori,. then these
the difference between forwarg and reversedr components will remain independent of process variations and temperature.

To achieve this, an on-chip specific currdgtextractor circuit
Ip =1Ir — Ip = Is(if —ir) is required. Oncdy; is available, transistors can be biased with
To— 2W 2 scaled versions of it, thus assuring the desired inversion levels.
s=eph Coxneby (@) For weak inversion operatiodg needs not to be known with
s
. . . very high precision. Since there are several decades of available
yvhereIS Is specific currentg, - KT/qis thgrmal voltagen current range/s can usually be extracted with up to a factor of
IS sul:_)threshold slope facFor, apd= Ip/ls, i = Ir/ls are two error without significant impact. In our case, we used the
the dimensionless inversion levels of the forward and rever cuit shown in Fig. 3 [4]. This circuit requires tHg branch to

currents. Terminal voltages are related to the inversion levels Herate in strong inversion, ttie branch in weak inversion, and

Vo — Ve — doh(i the I, branch in moderate inversion. For the sizes in Fig. 3, it
P=Vs = (Z.f) autobiased/; ati;3 = 4. SinceMs is in saturation, its reverse
Vp = Vb =¢:h(iy) (2)  current can be neglected, resulting in

whereVp = (Vi — Vo) /n is the pinch-off voltage ankd(-) is a I ro Al en — 4%1 )
nonlinear function. For the EKV model [1], it is a mathematical 3SR s

interpolation: _ _ o
wherelg, = 21Comep? is transistor-size independent. In our

hii) = 21 1 Vi 1 3 case, we used a 0.3m CMOS process and designedo have
(i) = 2In {exp { 5Vi ) — () 4 typical value oft A, I, = 100 nA, andl; = 10 nA. Corner
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Fig. 5. Very low current-controlled sawtooth oscillator for on-chip
subpicoampere current monitoring.

analysis simulations reveal that the maximum-to-minimum cur- : i v v -
rent ratio for these values is less than but close to 2. 10° 10° 10° 10’ 10 10 10

slope (s
IV. CURRENT SPLITTING Fig. 6. Sawtooth oscillator inferred input currents versus measured slopes.

- . - Trer = 1 NA and digital control worde t from 7 to 0.
The circuit in Fig. 3 is capable of providing a reference cuf=*" ~ - " and dltial controtwordu was setirom £
rent in the order of nanoamperes. If we want to generate cur- . .

et wel ek pcoamperes.we can se e curet st XD TG esechel ey dolanve
technique [5], [6]. The circuit in Fig. 4(a) illustrates this tech- y y

nique. The transistors have a size ratio of eithgfL. = N —1, rents). As the capacitor voltage reachigg:y, the voltage com-

B B - . _ parator output will go from low to high. The positive feedback
W/L = N/(N —1), or W/L = 1. This way, the current pro thﬁ{ough transistoM, speeds this transition up significantly.

duced at the different output branches is progressively divid . .
by a factor of N. In standard applications, this circuit is usuallyS er a small delay produced by the three inverters and capaci-

. o - . i torsC'; andCy, transistorM3 is turnedorF while M; goesoN,
used withN = 2, thus providing a set of binary-weighted cur charging capacitaf,.. quickly to its starting valud/zop.

rents, which can be controlled digitally by means of switches1q .~ : : :
D : s will make the comparator output trip back to low, which
produce any combination of them. In our case, we are interest . . .
er the inverter chain delay turii$, againoFFandM; ON. At

in obtaining very low currents. Consequently, in order to sc ﬁis point, input current;, starts to discharge agaiil... The
1 mn SC*

down Iggr quickly, we chooseV = 10 and select only one of . . : )
the output branches. The rest of the branches are connecteffi""l%"jlc'tor voltaggc "?“ Cosc Is monitored through a hlgh-speed_
analog buffer. This signal can be observed from outside the chip.

a voltage source providing a path for the currents, as show ; - . .
Fig. 4(b). The 3-bit digital wordv selects one output branch t(r)LIJHe discharge slope at is directly proportional to the dis-

connect to nodé,,.;. Sincew is a natural number between 0 an&harge curren;,,

7, the output current would &, = Irgr/10". According to Ave I,
Fig. 4(a), a splitter fortN = 10 requires transistod/; to be slope = ——= = o
a unit transistor)M, to be nine unit transistors, and; to be Aft ina this sl ith a k . ¢ (oro.
9 x 10 = 90 unit transistors. To avoid too much leakage cur-. e’ measurlﬂg 1SS OpQV\;I ?1 novlvn referenge cg'rren (pro
rent because of such a high number of unit transistdiswas vided exter_na y), we can infer the value of any in-chip current
approximated tdV, /L, = 1 (one unit transistor). Therefore,by comparing both slopes.

consecutive output currents will not have an exact ratio of 1% Ely ngg'ulgctgﬁ orsoc(;IlIJa::t:ra%f dFrIr?é:svxlrtg g:(?rglrjr::n;?gﬁtizr-
although close to 10, and we are still able to scale déwu 9- ! P y

. rents. The reference current flowing into the current splitter
quickly to a few femtoamperes. was set externally to 1 nA. Extra switches are added so that
the splitter output current can be driven off chip and measured
precisely (calibrated). For the maximum current £ 7), the

Measuring femtoampere currents off chip is a cumbersoralitter output was 1.05 nA. This value is used to defivg.
and tedious task which requires expensive instrumentation and6). Consequently, ono€,. is known (i.e., the oscillator is
very careful wiring and handling to avoid undesired parasitialibrated), any;, in (6) can be inferred by measuring the cor-
leakage. To avoid all this, we designed a simple on-chip saresponding discharging slope. Fig. 6 shows the inferred currents
tooth oscillator driven by a current that sets its frequency @f, versus the measured slopes for the eight possible values of
operation. The oscillator should keep operating for currents the splitter control wordv. The smallest inferred current was
small as the diffusion diodes’ reverse currents. Using such ab1 fA, obtained when setting = 0 andIrgr = 0. This cur-
oscillator would allow us to have a reasonably good estimatent value includes the sum of all leakage currents available at
of the currents we are injecting into it. The circuit is shown iapacitorC,.. produced by the circuitry of the oscillator and
Fig. 5. Input currentl;,, discharges capacitar,.., while tran- the current splitter. Fig. 7 shows the oscillator inferred input
sistorsM; and M> are oOFF and M3 is ON. Note that)M; and currents when setting the digital control woidconstant and
M- have their source voltages shifted so that when their gatagual to 3 while sweepinggrer from 2 uA to 30 pA. Fig. 8

(6)

V. ON-CHIP LOW-CURRENT SAWTOOTH OSCILLATOR
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Fig. 9. Conventional simple current mirror. (a) Schematics. (b) Input—output
\ current characteristics corner analysis.
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Fig. 8. Snapshots of oscillator fdkrr = 100 nA while the control digital - o ’
word w is maintained constant set to(&,.. = 7 pA). <t M
] ) 19~ 14 v 69fA ‘; =
shows one snapshot of waveform for an oscillator input cur- o Sub-pA NMOS mirror
rent/rgr = 100 nA and the digital control word of the current 1-% - - e - : o 1’;
splitter settav = 3. The measured slope of the oscillator in this ° wihy " !
case ist.7 V/s. According to Fig. 6, this slope corresponds to an ()

oscillator input current of approximately 7 pA which also corre-.

L _ Fig. 10. New current mirror topology suitable for subpicoampere current
sponds to the measurement shown in Fig. 7fgir = 100 nA. operation. (a) Schematics. (b) Input—output characteristics corner analysis.

because transistors cannot be turned completely off. Shifting
the source voltages for this mirror does not solve the problem

A fundamental building block for any current-mode signdbecause the gate voltage cannot go below the source voltage for
processing circuit is the current mirror. Fig. 9(a) shows this topology. Using the topology in Fig. 10(a) allows the gate
schematic of a conventional simple nMOS current mirrovoltage to adapt below the shifted source voltages. Transistors
Simulating its input—output characteristics by sweepifig M3—M; implement a voltage shifter that makes the gate voltage
from 10~'7A to 1 A while performing corner analysis revealsof A/; one threshold voltage below its drain. Performing corner
the results shown in Fig. 9(b) (drain voltage of output transistanalysis simulations on this topology provides the results
M, was connected td/pp/2). The worst case minimum shown in Fig. 10(b). The high-temperature corners saturate at
operating current for this mirror is 15.6 pA, well above théhe diffusion diodes leakage currents (69 fA), while the others
worst case reverse biased diffusion diode currents. Thisrémnain fully operative down to 10 aA (107A).

VI. SuBPICOAMPERECURRENT MIRRORS
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Fig. 11. Testing of subpicoampere current mirrors using current splitters anc 107} i i P
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A

In order to experimentally test this current mirror topology, N e
pMOS and nMOS versions were used in combination with the / i L S aa -

current splitter and the sawtooth oscillator, as shown in Fig. 11 .~ ; o Ciren ot ot mior |

ix i i HEERE

By setting signakelectlhigh (and all others low) the current T 10° 10’ 10° 10
splitter output is connected directly to the sawtooth oscillator. Siopetvie)
Settingselectzhigh (and all others low) makes this current go @
through the two subpicoampere nMOS and pMOS current mir- " g7 R R B R
rors. By setting signatall high (and all others low), while set- T Sl e i CE
ting the splitter to its maximum value, we can measure exter R P e e e
nally the maximum current provided by the splitter. This allows ; i : s e
us to calibrate the slopes of the oscillator when it is connecte b R S i
directly to the splitter. By settingal2 high (and all others low), 1 ‘ T i P
with the splitter at its maximum value, we calibrate the slopes ~ f Lo
for the case the two current mirrors are in the path. Note tha ‘ , LU
Cosc in (6) is different if the mirrors are or are notin the path. ./ 7
Fig. 12 shows the experimental results of this new subpicoam e e
pere current mirror topology. Fig. 12(a) shows the inferred input i Pe
currents in the sawtooth oscillator versus the measured slope fi 10,,3_;; 1 // :
the two above-mentioned situations: when the current splitter i: R :
directly connected to the input of the oscillator [curve marked e g
with circles in Fig. 12(a)] and when the current goes through anl L L i
the combination of the nMOS and pMOS subpicoampere cur les(A)
rent mirrors [curve marked with stars in Fig. 12(a)]. From the (b)
results Sh(_)Wh in Fig. 12(), the curve in F_Ig. 12(b) can be ”I:—li- . 12. Experimental results of the subpicoampere new current mirror
ferred, which shows the current at the oscillator when the cygpology. (a) Input current inferred in the sawtooth oscillator versus measured
rent splitter is connected directly to the oscillator [labelled Icgopes when the current splitter is connected to the oscillator input and when
I Fig. 12(0)]versus the input current nthe oscilator when B WTeTLSecs 1w e IOS e pos subpkosmperccuront s
current from the current splitter goes through the combination Qfspicoampere current mirrors.
the nMOS and pMOS subpicoampere current mirrors [labelled
Icm in Fig. 12(b)]. This way, the curve in Fig. 12(b) represent
the input current (Ics)—output current (Icm) relation of the con
bination of the nMOS and pMOS subpicoampere current m
rors.

lem(A)
N

i

I
Another transistor topology appropriate for subpicoampe rj 1 1 l v,
current processing, because it implicitly uses source volta .1~ 03 031,
shifting, was reported elsewhere [7]. This topology adds the fease M !
ture of clamping the mirror input voltage, at the expense of i v 1’3
creasing circuit area and power consumption. 1 My I——»"—{ M3 %
1 1 1 v
T —1 T |
VIl. L oG-DOMAIN Low-PAss FILTER WITH l Vb L=

SUBHERTZ CUTOFF FREQUENCY

O
Ibl IbZ e ‘:L\"l =04V
A very interesting application of subpicoampere cui l 1 Te

. . . . . . LPF
rent-mode signal processing is the capability of implementir
extremely high time constant circuits. To illustrate this, a cor-
ventional first-order log-domain CMOS filter was fabricategtg 13 schematic of first-order log-domain low-pass filter section for
and tested. The schematic of the selected first-order sectimfpicoampere operation.
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Fig. 14. Fabricated circuitry for test of subpicoampere log-domain low-pass filter.

frequency (Hz)

Fig. 15. Measured frequency response of the log-domain low-pass filter foiy. 16. Measured 3-dB cutoff frequency of low-pass filter when
control wordw = 3 and sweepindgrr from 55 nA to 70 pA.

different I, values.

is shown in Fig. 13 [8].M35 and Mg are cascode transistors
for keeping the drain voltages aoff; and M, equal. The
low-pass filtering function is realized by transistdvg — M,
and capacitorCrpr. Assuming all transistors in their weak
inversion saturation region, the equations describing the circt
operation are

1359

-95

85 /

-14

setting

%400
IinIbl = I3IO g
I3 =Iy> + Crpric 105
I,
Ve = ngy—. @) -110
1,
Assumingly; = I = I, (7) results in the following time e
domain differential equation: %0
Iin =1, + 1rpr, o
C
TLPF =N¢; I}PF (8)  Fig.17.
b

which describes a first order low-pass filter with 3-dB cutoff The

log-domain

low-pass

10°
frequency (Hz)

filter

of

Fig.

Measured spectral noise density at discharging oscillator capacitor.

13  with

frequencywrpr = 1/7pr. For a 1-Hz cutoff frequency with Crpr = 0.1 pF was fabricated in a 0.8m CMOS process
Crpr = 0.1 pF,n = 1.37, and¢; = 26 mV, the bias current together with an nMOS current splitter, a sawtooth oscillator,

should belb = 2'/T'n(/)tOLPFfLPF = 22.4 fA.

and a set of subpicoampere current mirrors, as shown in Fig. 14.
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Fig. 18. Mismatch measurements for transistors of 30 different sizes in gu@36MOS process. Vertical scale shows relative current mismatch standard
deviation in percent. Horizontal scale shows bias current.

CurrentIggr for the current splitter was supplied off chip, asawtooth oscillator waveforms. Measuring its frequency jitter
well as Iy, T2, and the two 1-MR resistorsJy.1, Ipe2, and is not a good way because it is produced not only by the input
Vrer Were adjusted to make the dc valugs = v4 and the current noise but also by the comparator input equivalent noise.
low-pass transfer function was measured frognto v,. The However, if we look at the sawtooth oscillator wave only during
setup in Fig. 14 allows us to control the valuelpf = I;» = I, the time intervals that capacit@r,.. is being discharged, the
of the low-pass filter, while inferring that value by means of theoltage noise observed at the capacitor is produced by the input
sawtooth oscillator. Fig. 15 shows the measured low-pass filt@rrrent noise and the analog buffer noise (see Fig. 8). Designing
frequency response for several valued,ofHereIrgr was set this buffer with sufficiently low noise, the noise observed at its
to 1 nA and the digital control worady changed from 1 to 5. output will be produced by the very low currents discharging
The values of the 3-dB cutoff frequency were, respectively, 0.&apacitorC,,.. Naturally, the voltage noise observed at the
0.7, 1.0, 3.5, and 25 Hz, whilg, was inferred to be 3.51 fA, output will be an integrated version of the input current noise.
6.25 fA, 9.53 fA, 77.8 fA, and 1.24 pA (using the sawtoottConsequently, if the input current noise is white thermal noise,
oscillator method of Section V). When keepimg= 3 constant we should observe B/ f? (—20 dB/dec) output voltage noise.
and changindrgr from 55 nA down to 70 pA, the set of values To measure the noise we proceeded as follows. The oscil-
f3as Vversusl, of Fig. 16 were measured. Figs. 15 and 16 welator waveforms were recorded using a 16-bit analog-to-dig-
not measured using a spectrum/network analyzer, becauseitileconverter for several values of the input current. The dis-
frequencies were too low. Instead, input and output sinusoidsarging slopes were isolated and fitted to straight lines. These
were directly observed on an oscilloscope and the outdirtes were subtracted from the discharging slopes resulting in
waveform amplitude was manually measured as a functionzdro mean noise signals. These signals were analyzed using
input frequency. Welch’'s method for spectral estimation [10]. The results are
shown in Fig. 17 for capacitor discharge currents equal to 7 fA,
40 fA, 600 fA, and 7 pA. Naturally, the noise spectral density
could only be measured to frequencies as low as the sawtooth
It is possible to estimate the noise produced by tHeequency itself. Even more, for frequencies close to the oscilla-
subpicoampere MOS transistors by simply observing thien frequency, spectral content estimation can be mistaken by

VIIl. N OISE ESTIMATION
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distortion in the discharging slope. As can be seenin Fig. 17, ' : ' : '
four noise measurements show the expeet2@ dB/dec slope.
Consequently, only white noise is being produced by the inp 107
currents for the observed frequency ranges. The thermal (whi
noise power spectral density expected to be produced by we 5
inversion MOS transistors is [9]

o7 =2ql )

output current

wheregq is the electron charge. Since this current noise is il
tegrated on capacitaf,s. during the discharging ramps, the
voltage noise present at its terminal will be

or 10
oy = ———. (10)
2,]-[-.]lICVOSC
107 .
. . . . . . . 107 107% 107" 107° 107 107® 107
This theoretical noise is also shown in Fig. 17, for each di input current

charging current, with straight lines. As can be seen, the mea- @
sured noise resembles reasonably closely the theoretically pre-
dicted noise. % ' ‘ ' ' ' '
Flicker noise should become noticeable by lowering the o} s
erating frequencies. However, note that with this noise measu
ment method the lowest measurable frequency is limited by tlg ]
sawtooth signal frequency, which is directly proportional to th E .
biasing current. The total equivalent gate voltage spectral noi-§

151

density for a subthreshold MOS is given by [2] ﬁ sor
AKTp  2q1 e

p q g

, = icker wermal — Trr1 £ . 11 g
OV = Oflicker T Ot} 1 WLf + . (11) gzo-

g

We can calculate the relation between bias current and fr&
guency for which thermal and flicker noise in subthreshold a1 ©
equal:

or

sk

f—C == 24—p (12) 1%-13 I»xz lfn '-m IAQ Is Iv
10 10 10 10 10” 10°
I np:WL input current
For our processp = 0.5 Vm?/As, which means that for a (b)

1um x 1pm transistor, flicker and thermal noise densities be- ) o

come equal when Fig. 19. Mismatch measurements for the current splitter in Fig. 4. (a)
aq Measured input—output currents for the top seven splitter outputs and the four

fabricated samples. (b) Computed relative standard deviation for the currents

% —4x 1071347171, az @
Consequently, forl = 7 pA, f. = 280 Hz, for current. Furthermore, they were measured using a mismatch

I = 600 fA, f. — 24 Hz, for T = 40 fA, f, = 1.6 Hz, gneasuren;entlchlp [11] where 1t9i0_ tranS|s”to|rs ((1130 slbzes
and forl = 7fA, f. = 2.8 Hz. Note that all these frequencies FOWS x € €0 gmns) are connected In parafe! and ony one
fall outside the measured ranges in Fig. 17, limited by ﬂ%es not_ha\(e |t§ gate sh_orted to its sour_ce._Thls |r_npl!e_s that
sawtooth waveform frequencies e 20 drain diffusions are in parallel, contrlputmg a significant
' leakage current. The results can be seen in Fig. 18, where the

minimum current for which mismatch could be measured was
around 100 pA. However, we can see the tendency of mismatch

Mismatch is a nonideal effect that becomes stronger for webkcoming constant as the transistors are biased deeper inside
inversion operation. However, present-day MOS transistaeak inversion. This is predicted by the theory of modern
models predict that relative current mismatch should tend single-equation MOS models that are continuous from strong
stay constant when entering this bias regime [2]. We hat@weak inversion [2], [3]. We might expect that, as we decrease
performed mismatch measurements on devices of 30 differéim¢ operating current below the picoamperes, the relative
sizes in a 0.35:m CMOS process, for currents ranging fronturrent mismatch should keep constant.
strong to weak inversion. The currents were measured usingAs an illustrative example, we measured the four fabricated
an external instrument, thus limiting the minimum measurabéamples of the current splitter in Fig. 4, using an off-chip

IX. MISMATCH CONSIDERATIONS
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instrument, and sweeping the input current from 100 fA tvansistors can be used as in traditional weak inversion designs
0.5 A, The resolution of the instrument was limited to abougbiased around hanoamperes). However, it is also true that to ob-
100 fA. We measured the splitter output currents at seven of tiaén such low currents one needs to minimize the area of drain
eight possible outputs (the eighth output gave only leakagénd possibly also source) diffusions. This implies using small
Although we measured only four samples, we were able t@nsistor widths, which will limit both mismatch and noise.
estimate the order of magnitude of the mismatch betwe@herefore, there will be a noise and mismatch limitation which
transistors inside each chip. Fig. 19(a) shows the measuweitl reduce the possible applications for circuits exploiting these
output current versus the input reference current for the sevew currents. Mismatch could be compensated through calibra-
top output branches of the splitter. The measured data fiwn techniques [13].
the four fabricated samples are superimposed. Fig. 19(b) idnteresting applications where such low current circuits can
the result of computing the relative standard deviation fiye used are those that require very low time constants. Since
the curves in Fig. 19(a), expressed in percentages. As wismatch is important, the precision in the time constant value
can see, the relative mismatch tends to stay below 20% anil be low (unless calibration is used). Also, the applications
at current independent values. For subpicoampere operatigiiould be tolerant to high noise. Another field where very low
we expect to observe the same behavior, as predicted by ¢érents need to be handled is in low light photo sensors, where
theory [2]. operating currents become close to dark currents (fractions of
femtoamperes). In general, ultralow-current techniques are ben-
X. CONCLUSION eficial in circuits where leakages are critical, as in dynamic
memories.
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