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Abstract—A design method for ultra low power, low offset, sizes and introducing offset compensation techniques asch
symmetric OTAs is presented. The method is based on the.//p  autozeroing, correlated double sampling, chopper staiidin
methodology and uses a model of MOS transistor valid in all tke [6] and dynamic element matching [7], [8].

i f ti hich that th timal ahi . . .
L%?ﬁniss Ochgrs)if_‘ '(%T]ewrﬁimizsﬁi used foogeg?;n 2358 ruv While the latter techniques are very effective, they uguall

cascoded OTA with minimum offset and current consumption in  increase circuit complexity and consumption. This workislea
a 0.5 um CMOS technology. Post layout Montecarlo simulations with the raw offset of a circuit. In turn, it can be further
were performed to obtain an estimated offset of the circuit. reduced by using the aforementioned techniques.

The standard deviation obtained from the Montecarlo simuldion : : : ;
was 3.94 mV while that expected from the design method was On the contrary to the simple differential OTA, a symmetric

3.86 mV. The total current consumption of the OTA is only cascode OTA (Fig. 1) displays high output impedanGe,
400 nA. Simulation results confirm the reliability of the presented ~ Multiplier capability and the output voltage swing does not
design method. depend on the input common mode voltage [9]. Thus, this

architecture is used in a very wide range of applications.
. INTRODUCTION

Analytical methods for the synthesis of analog circuits 4Vdd
provide the designer with a fast insight to the trade-offeam
specifications. Using a design method based on a model of] |M7 L M8
the MOS transistor valid in all regions of operation [1],dsa ‘ ‘
to an optimal design of the circuit. This method is based on Ibias lIDZ
the g,,,/Ip methodology [2], [3] which allows the designer to ] )
choose the best operating point for each transistor andgesv } VbiasP Vblas&]‘ [

a tool for computing their dimensions. M7C M8C

Additionally, the growing demand for battery-powered de- M1 M2
vices has increased the efforts to optimize their consumpti Vout

,— b— .
and thus increase battery life. It is well known that in CMOS Vin- Vin+ 1
analog circuits the minimum power consumption is achieved CL
when MOS transistors operate in the weak inversion region M4C M5C . I
[4] while the maximum speed is achieved in strong inversion. | |VbiasN / L VbiasN —
Because of this trade-off between speed and consumptien, th | IM3C ) IDll " M6C
best compromise is often achieved in moderate inversioa. Th :| |:
gm/Ip methodology considers all the operating regions of the
MOS transistor allowing the designer to evaluate this traifle M3 M4 M5 M6
Offset is an important issue regarding analog circuit dgsig 1 T [
specially in amplifiers and comparators. Variations in the bl = 1 : K
parameters of two identical devices due to randomnessFi,n 1 Architect fas ic Cascode OTA
the fabrication process lead to offset voltages that rediee '9- 2. Archiiecture of & symmetric Lascode
performance of the circuit.
Offset is usually modelled [5] through the following equa- This paper is organized as follows. Section Il presents

tions the design method while Section Il shows an application
_ Avy Ap _ Ap example. Simulation results can be found in Section IV.
U(AVT) 70( ) ) 1) . . . .
vVW.L B VvVW.L Finally, conclusions are drawn in Section V.

where A and Az are technology-dependent constants.
The inaccuracy caused by offset can be reduced in two
ways: improving matching of devices by increasing their Il. DESIGN METHOD
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following paragraphs describe each step of the method in

Il) 1,2

Figure 2 shows a flow chart of the proposed method. The ‘ SELECT 9n 1 ‘

Minimizing:

detail. Consumption and Offset
i SELECT t( )
Notat|0n Considering: )
Consumption and Offset
o G,,: Total transconductance of the OTA \ v ’
« K: copy ratio of the NMOS current mirror Cseizer (9u) ©)
o fr: unit gain frequency imins gy R P4se
« PM: phase margin offset .
* [punr: frequency of the parasitic pole introduced by ;
the NMOS (PMOS) mirror tnorease Vg, [T TRANSISTORS 17€) icrease O
* MNP = Frasvee /T = [y geduee O
o Voffune: Offset voltage introduced by the NMOS BandWidth Cyy>0
(PMQOS) current mirror
o Vosrnp: Offset voltage introduced by the differential pair 'SIZE TRANSISTORS 7-8
e Vosfron: total offset voltage (quadratic sum &y, , considering:
VOffMP and VOffDP) Minimum Offset
« Ip, andIp,: branch currents as shown in Fig. 1 Bandwidth fm?“
All the offset voltages are expressed as one standard devia- No v sVE v o
tion (1 o). Cascode transistoi¥/sc 4c 5¢,6¢,7¢,sc Shown in offur” V¥ offr™ ¥ off
Fig. 1 are the same size as transistbfg, 5 ¢ 7,3 respectively. § ves
This simplifies the implementation of good layout matching
techniques essential to minimize the parameter variatioes DU PM.. 5 Yes
to the fabrication process. Additionally, the method thélt w g
be presented can be used whether the OTA is cascoded or ¢“° Yes
not. For this very same reason, equal lengths were selected
for transistorsM; to Mg and also forM; and Ms. (ewp | < PM< PM..7

SPEC

In order to ensure that the bandwidth is not affected by the
parasitic poles introduced by the circuit, the frequencgaxh
of them will be kepta times over thefr (ap v, anp > ).

Fig. 2. Proposed design method
Step 1: Selecy,,,/Ip of transistorsi; and My

In order to select them, the mfluent_:e of this parametgrtep 2: Select the NMOS current mirror rati&]
over power consumption and offset will be analyzed. The

dependence ofy,,/Ip); » of the transconductance and offset Having selectedg../ /). 2 (Step 1) and using the specified
voltage introduced by the differential pair are shown in ~ Gm, Pranch currenip, is defined by
Im (gm/Ip) G
G = K2 * I, @) o b= Ip, = S @

Gm
:} ID2 = KID] = (g/yn/ID)l

d
5 1 5 Thus, the total current of the circuit is determined by the
Voffop = 1| =1/ AZ + (75) ., (3) NMOS current mirror ratio K) as
1 (WL)L?\/ r (gm/ID)1,2 ®)

1
Iror = 2Ip,(1+ =). 5
respectively [10].W and L are the width and length of ror D2 K ) )

transistors M1 and M2 whilelg and Ar are the technology- Equation (5) shows that the total consumption decreasés wit
dependent constants used to model the random variationFof
the difference in threshold voltadér and current factof. On the other hand, a larger value of K increases the gate
Equation (2) shows that for a givef,,, if (¢./Ip)12 T capacitance ofMs leading to a smallery,y. In order to
then Ip | and consequently power consumption decreaséeepany > «, the area of both\/; and Mg would need
Regarding offset, (3) shows that (f../Ip)1,2 T then offset to be decreased which in turn increadés,,,,. Thus, there
will decrease. Additionally, transistors in weak inverstmave is a trade-off between power consumption and offset euwtaile
a higher aspect ratid¥/L) which leads to bigger transistorsby the choice ofK. If K 1 then V,¢s,,, T and Powe}.
decreasing even morg, s, .. Because of these, the highesMoreover, the dependence between consumption f&n¢b)
gm/Ip allowed by the technology must be selected for trarshows that the power reduction decreases as a ldkgés
sistor M, and M. selected.

an




The selectedK must be the minimum that assures the In that case, the designer must come back to this step and
restriction of power consumption is guaranteed. A largéweva choose another design point with a lar§gy ¢,, . (for example
of K would reduce the power consumption at the expensetbe square one shown in Fig. 4). Increasingy,,, decreases
a larger offset. W3, allowing the designer to enlarge transistdss s. Thus,

As (gm/Ip)12 and Ip, are now known, the aspect ratioV,¢y,,, decreases at the expense of a larggfy,,,, while
M, 2 is determined by thég,,/Ip) characteristic curve for V,¢,, decreases.
the technology [2], [3]. After choosing a value féf o M; 2
are completely determined aid;,,, can be computed from _ )
A3). Step 5: Size transistors!; s

However, in this method/, s, . will be considered as the  Since the current of these transistors is defined, its site wi
design variable in place df, . Thus for a giveV,ss,., (3) be determined byg,,/Ip)7s and L7 g [2], [3]. A numerical
and (W/ L), 2 determinel¥; o and L ». analysis must be performed in order to evaluate the trafle-of
between bandwidth ant,;¢,, .. An example of this analysis
is shown in Fig. 5. It shows), 1, and the bandwidth related
) ) ) boundarya,p = o as a function of(g,,,/Ip)7s and L7 s.
The offset voltage contributed by the NMOS mirror is [10] The gray filled zone over the continuous black line does not
fulfil the conditiona p > «. The minimum transistor width

2
Voo — 1 | 2 \/A% + [(9_m> AT] ~allowed by the technology is represented by the continuous
K(gm/Ip)1 V W3Ls Ip /4 gray line and defines another forbidden region. Finally, the
loci of constantl,s¢,,,, are depicted as thin black lines. This

For a given(g,m/Ip)s,4,5,¢ @ similar discussion can be madeyn5)ysis allows the designer to choose the design pointhwhic

for Ms,q5,6 @s for M, 2. Hence, the design variable will be,qgg the minimum offset to the circuit, thus definiiig s and
Vosrun Which determinesVs 4 5.6 and L3 45 6. Los.

Now, we have a design space defined By;s,, and

Step 3: Selecy,,/Ip of transistorsiMs 45,6

As it was explained in step 4, in order to obtain minimum
X » 52,3,4,5,  Voftrors Voffapr MuUst not dominate oveV,;y,, . . If these

are determined. Therefore, .the paraS|_t|c capacitance en fyoat voltages are approximately the same, the designet mu

gates of M4 and Mys and in the drains of}/;> can be roceed to the next step. Otherwise, it is necessary torretur

estimated and thus the parasitic pofg, , can be com- step 4 in order to increagé;sy,,, Which will result in a
puted in each point of the design space for each value gf,ojery

(9m/ID)3.4,5,6- ol e

Design conditionay,;y > « must be imposed. Fig. 3
shows curves with constanty;y = «, and (¢../Ip)s 456 Step 6: Verify specifications
as a parameter, as a function of design variabiggy,,
andV,¢,,.. The thin elliptical curves represent constant tote&lle
offset voltages considering the contribution of the difstial
pair and the NMOS mirror.

The figure is based on data from the example in section

At this point the size of every transistor has been de-
rmined. Now, all the parameters of the circuit must be
calculated to confirm that the specifications are fulfilled.

In particular, the DC gain is

lll. 1t provides the designer with a graphical tool to choose Ay = GmR @)
a constant(g,,/Ip)s.4,5,6 curve which allows to achieve the .
minimum offset. where
gmsse gmsec
°" gd gcgl gd gcﬁi ©)
Step 4: Size transistord/; 2 3 45,6 8 IT8e 6 956¢
Figure 4 depicts the same diagram as Fig. 3, showir%1d Ip
only the curve for the chose(y,,/Ip)s.5.6. The curve is gd =~ Vil (9)
A

a boundary between a forbidden (gray) area and the region
whereaj;y > « as desired, so that the parasitics associatediereV4 is the normalized “Early voltage” of the transistor.
with the NMOS mirror do not significantly affecty. If the DC gain of the circuit, computed through (7), (8) and

In the first iteration at this step, the selected design poif®), is not large enough to satisfy the specifications, thegte
should be the one which minimizes the total offset introducenust be repeated, this time lifting the restrictidfyc = M;
by both NMOS current mirrors and the differential pair (llacon the cascodes. After calculating and the phase margin
circle in Fig. 4). As already shown, onég;s,, andVysr,,, (PM), if they comply with the specifications, the design is
are chosen, the dimensions &f; » 3 4 5.6 are determined.  finished. Otherwise, if the phase margin is too high gnds

Wsce (in our case equal td1’3) might adversely affect the satisfied, the designer must redugeand go back to step 4
parasitic pole associated with the PMOS mirrfy,(,.). If that which in consequence reduces the total offset at the expense
is the case /5 too wide), step 5 will result in relatively small of a lower phase margin. On the contrary, if either the phase
My g transistors in order to keepy,p > o andVi,sy,, ., might margin is too low or thefr requirement is not fulfilled
dominate the total offset. should be increased before returning to step 4.



I1l. APPLICATION OF THE DESIGNMETHOD

=25

©/10)3,45671

The design method described in section Il will be used - —On/lp)s456

design a low power, low offset, OTA as specified in Table |
In this caseq is initially chosen as 5, but as explained ir 313
section Il this might change during the design process.
In order to obtain the large gain required by the specific
tions, cascode transistors are needed. From specificatiens o o}

3.5

2.5

[mV]

output resistance can be calculated as =g°
> 15 N
A N—
Rowt = =2 — 4 GO (10) b, _——
Gm S = =
. . . . 05
If we were achieve this output resistance without cascods
the length of transistord/s s would have been o0 .
Voff [mV]
Ry, -1 N
Log= —26202 o 188 yim . (11)
Va Fig. 3. Selecting(gm /Ip)3,4,5,6

whereV}, is the normalized “Early voltage” of the transistor
and Ip, was chosen as the minimum current that fulfils th8tep 4: Size transistor&/; 2.3 456

restriction imposed by (4). The result of the numerical analysis presented in section
Il is shown in Fig. 4. The forbidden region (filled gray)
does not fulfil the restrictiom,;y > 5 on the parasitic
Step 1: Selecy,,/Ip of transistorsM; and M, pole. Additionally, it shows that this restriction is endutp
In order to obtain the minimum offset and power Conguarhantee tha; the fre(Iquenc%/fof the parasitic pOIF(;ntrr?d;C
sumption, the maximung,./In) — 25 V-1 allowed by the y the cascode is at least fifteen timgs (vertical dashe
technology was chosen !lne inside gray are_a). It f_;llso s_hows the total voltage_ offse
’ introduced by the differential pair and NMOS current mig.or
The selected design point is the black circle, obtaining
TABLE | the minimum total voltage offset introduced by both NMOS
SPECIFICATIONS FOR THE EXAMPLE IN SECTIONII current mirrors and the differential pair. Froify; /., v » Vos fop
and (g, /Ip)s.as5,6, the sizes of transistordf; 23456 are

Vop(V) 3.3 obtained. This result is presented in table II.
Ao (dB) > 80
Gm(pS) 2.5
Offset Minimum A L
Consumption| Minimum \ Oun = 5
fr(kHz) 200 3.5 —-—— Pole frequency, Cascodey 15*Ft
Cur) | 2 3—3\. @ ST Voffy,) +Voff,)) V]
S 25
E
B Y
Step 2: Select the NMOS current mirror ratié} S 15 \
Having selectedg,,,/Ip)12 = 25 V! (Step 1) and7,, = 1~
2.5 uS (from specs), (4) definefp, = 100 nA. By choosing
K, the power consumption of the circuit is defined. In thi 05
application we prioritize offset over power consumptidnys 0 I
K =1 was selected obtaining a total consumptiorn@f nA. 0 v ﬁ 4
(0]

77777

Step 3: Selecy,,,/Ip of transistorsiMs 4 5 ¢

The numerical analysis explained in section Il is shown
in Fig. 3. It can be concluded that for this application thetep 5: Size transistor/z s
maximum(g,,/Ip)s 4,56 allowed by the technology must be The performed numerical analysis is shown in Fig. 5. The
selected. Table Il shows this choice. minimum achievable offset is obtained by choosing the point



marked as a square in this figure. However, by selecting tl
one marked as a circlé,s,,,. is not significantly increased
while the output voltage swing has a considerable improw
ment due to the decrease Bhgss,+ Of M7 g, now in moderate
inversion. An even larger value df,,/Ip)7s worsens the
offset voltage but does not considerably decrédse,.;.

From (g /Ip)7,s and L7 g the sizes of\/7 s are determined
as shown in Table II.

AS Vottuns Vorfop and Vs, all have a similar value,
it is not necessary to iterate back to step 4.

S A
I

\\\\\\\\\\\\\\\\\\\\\\\\\\\w
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\S§

DIV
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12 ’
/| e pPole Frequency P mirror = 5*Ft
11 mmnn Pole frequency Cascode P = 10*Ft
10 P mirror Offset [mV]
e Wi allowed by technology
9
8
E -
=
w 6 L
N~
- 5
Fig. 6. Layout of the symmetric OTA
4
8 TABLE Il
2 COMPARISON OFSPECS DESIGN AND SIMULATIONS
1
8 10 12 14 16 1§ 20 22 24 Specifications Design Simulation
O/lp)7 gV 7] G (B) 25 25 25
fr (kHz) 200 195.5 187.3
Fig. 5. Sizing of transistord/7 g PM (Deg) >60 68.1 64.4
Ap(dB) >80 105.7 112.0
Offset (mV) (10) Min 3.86 3.94
Step 6: Verify specifications Consumption £.A) Min 400 400
. . . . . ovVsw - 0.32,2.92 0.27,3.04
Transistors sizes determined in steps 1 to 5 are shown in R (“//) [088227] [085238]
Table Il which also presents the offset voltages introdungd V) - [088,2.27] | [0.852.38]

each block. From these values, all the circuit parametess ar
computed and reported in Table Ill. No further iterationgeve

needed.

TABLE Il
TRANSISTOR SIZES gm /I p AND PARTIAL OFFSET VOLTAGES

Sizes im] gm/Ip V7 | Vogs ImV]
M2 W =798, L =195 25 1.29
JV[3,4,5,6 W =345, L =54 25 2.39
Mz g W =6;L="1738 14.3 2.24

IV. LAYOUT AND SIMULATIONS

Post-layout simulations were performed taking into actoun
all parasitic capacitances, including those due to wirifige
result from these simulations are shown in Table Il togethe
with specified values and those computed by the design
method. As expectedfr and PM are somewhat degraded
in post layout simulations. However, these difference ae n
significant. During the design a slightly largdPM than
specified was used in order to compensate for the lower
parasitic capacitancé/,;,sy and Vy;.sp Were computed to
obtain the maximum output voltage swing.

The simulated circuit had a higher DC gaiA( than that
estimated during the design. The latter one was calculated
using (7), (8) and (9). As (9) is a first approximationgf it

The layout of the designed circuit was performed on lgads to a slight difference between computed and simulated
0.5 wm CMOS technology while observing proper layoubC gain.
practices for minimum mismatch [11]. These are required for Total offset voltage ¥of¢,,,) Was simulated by 2000
the Ar and Ag parameters in (3) and (6) to be valid. Fig. Vlontecarlo runs, as presented in Fig. 7. Table Il shows the
shows the layout of the complete circuit. The total die area dffset voltage {o) estimated during the design stage using
20.000 (1m)? while the gate to total area ratio of the circuit3) and (6), and that obtained from simulation. The anadytic

is 0.1.

result is an excellent estimation of the simulated paramete



V. CONCLUSION

A design method for ultra low power, low offset, symmetric

method was applied to an example implementing a speciﬂci]
OTA, comparing the post layout simulation results with pa-

method. The estimated offset voltager was3.86mV while
that simulated through 2000 Montecarlo runs 8asimV .

The layout of the circuit was implemented on0& um
CMOS process and is being fabricated.
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Fig. 7. Offset voltage distribution obtained for a 2000-riMontecarlo
simulation
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