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Abstract—A design method for ultra low power, low offset,
symmetric OTAs is presented. The method is based on thegm/ID
methodology and uses a model of MOS transistor valid in all the
regions of operation which assures that the optimal operating
point is chosen. The method was used to design a2.5 µA

V

cascoded OTA with minimum offset and current consumption in
a 0.5 µm CMOS technology. Post layout Montecarlo simulations
were performed to obtain an estimated offset of the circuit.
The standard deviation obtained from the Montecarlo simulation
was 3.94 mV while that expected from the design method was
3.86 mV . The total current consumption of the OTA is only
400 nA. Simulation results confirm the reliability of the presented
design method.

I. I NTRODUCTION

Analytical methods for the synthesis of analog circuits
provide the designer with a fast insight to the trade-offs among
specifications. Using a design method based on a model of
the MOS transistor valid in all regions of operation [1], leads
to an optimal design of the circuit. This method is based on
thegm/ID methodology [2], [3] which allows the designer to
choose the best operating point for each transistor and provides
a tool for computing their dimensions.

Additionally, the growing demand for battery-powered de-
vices has increased the efforts to optimize their consumption
and thus increase battery life. It is well known that in CMOS
analog circuits the minimum power consumption is achieved
when MOS transistors operate in the weak inversion region
[4] while the maximum speed is achieved in strong inversion.
Because of this trade-off between speed and consumption, the
best compromise is often achieved in moderate inversion. The
gm/ID methodology considers all the operating regions of the
MOS transistor allowing the designer to evaluate this trade-off.

Offset is an important issue regarding analog circuit design,
specially in amplifiers and comparators. Variations in the
parameters of two identical devices due to randomness in
the fabrication process lead to offset voltages that reducethe
performance of the circuit.

Offset is usually modelled [5] through the following equa-
tions

σ(∆VT ) =
AVT√
W.L

, σ(
∆β

β
) =

Aβ√
W.L

, (1)

whereAT andAβ are technology-dependent constants.
The inaccuracy caused by offset can be reduced in two

ways: improving matching of devices by increasing their
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the Instituto de Ingenierı́a Eléctrica, Facultad de Ingenierı́a, Universidad
de la República, Montevideo, Uruguay e-mail: ({pablop, fveirano, cra,
paguirre}@fing.edu.uy).

Manuscript received April 21th, 2013.

sizes and introducing offset compensation techniques suchas
autozeroing, correlated double sampling, chopper stabilization
[6] and dynamic element matching [7], [8].

While the latter techniques are very effective, they usually
increase circuit complexity and consumption. This work deals
with the raw offset of a circuit. In turn, it can be further
reduced by using the aforementioned techniques.

On the contrary to the simple differential OTA, a symmetric
cascode OTA (Fig. 1) displays high output impedance,Gm

multiplier capability and the output voltage swing does not
depend on the input common mode voltage [9]. Thus, this
architecture is used in a very wide range of applications.

Fig. 1. Architecture of a Symmetric Cascode OTA

This paper is organized as follows. Section II presents
the design method while Section III shows an application
example. Simulation results can be found in Section IV.
Finally, conclusions are drawn in Section V.

II. D ESIGN METHOD

The design method proposed in this work takes into con-
sideration the trade-offs among power consumption, offsetand
bandwidth of the circuit allowing the designer to obtain the
optimal operating point for a given total transconductance.



Figure 2 shows a flow chart of the proposed method. The
following paragraphs describe each step of the method in
detail.

Notation

• Gm: Total transconductance of the OTA
• K: copy ratio of the NMOS current mirror
• fT : unit gain frequency
• PM : phase margin
• fpMN(P)

: frequency of the parasitic pole introduced by
the NMOS (PMOS) mirror

• αMN(P ) = fpMN(P)
/fT

• VoffMN(P)
: offset voltage introduced by the NMOS

(PMOS) current mirror
• VoffDP

: offset voltage introduced by the differential pair
• VoffTOT

: total offset voltage (quadratic sum ofVoffMN
,

VoffMP
andVoffDP

)
• ID1 andID2 : branch currents as shown in Fig. 1

All the offset voltages are expressed as one standard devia-
tion (1 σ). Cascode transistorsM3C,4C,5C,6C,7C,8C shown in
Fig. 1 are the same size as transistorsM3,4,5,6,7,8 respectively.
This simplifies the implementation of good layout matching
techniques essential to minimize the parameter variationsdue
to the fabrication process. Additionally, the method that will
be presented can be used whether the OTA is cascoded or
not. For this very same reason, equal lengths were selected
for transistorsM3 to M6 and also forM7 andM8.

In order to ensure that the bandwidth is not affected by the
parasitic poles introduced by the circuit, the frequency ofeach
of them will be keptα times over thefT (αMN , αMP > α).

Step 1: Selectgm/ID of transistorsM1 andM2

In order to select them, the influence of this parameter
over power consumption and offset will be analyzed. The
dependence on(gm/ID)1,2 of the transconductance and offset
voltage introduced by the differential pair are shown in

Gm = K.(
gm
ID

)1,2 × ID1 (2)

and

VoffDP
=

√

2

(WL)1,2

√

A2
T +

(

Aβ

(gm/ID)1,2

)2

, (3)

respectively [10].W and L are the width and length of
transistors M1 and M2 whileAβ andAT are the technology-
dependent constants used to model the random variation of
the difference in threshold voltageVT and current factorβ.

Equation (2) shows that for a givenGm, if (gm/ID)1,2 ↑
then ID ↓ and consequently power consumption decreases.
Regarding offset, (3) shows that if(gm/ID)1,2 ↑ then offset
will decrease. Additionally, transistors in weak inversion have
a higher aspect ratio (W/L) which leads to bigger transistors
decreasing even moreVoffDP

. Because of these, the highest
gm/ID allowed by the technology must be selected for tran-
sistorM1 andM2.

Fig. 2. Proposed design method

Step 2: Select the NMOS current mirror ratio (K)

Having selected(gm/ID)1,2 (Step 1) and using the specified
Gm, branch currentID2 is defined by

(gm/ID)1
Gm = K gm1

}

=⇒ ID1 = Gm

K.(gm/ID)1

=⇒ ID2 = KID1 = Gm

(gm/ID)1

. (4)

Thus, the total current of the circuit is determined by the
NMOS current mirror ratio (K) as

ITOT = 2ID2(1 +
1

K
) . (5)

Equation (5) shows that the total consumption decreases with
K.

On the other hand, a larger value of K increases the gate
capacitance ofM6 leading to a smallerαMN . In order to
keepαMN > α, the area of bothM5 and M6 would need
to be decreased which in turn increasesVoffMN

. Thus, there
is a trade-off between power consumption and offset entailed
by the choice ofK. If K ↑ then VoffTOT

↑ and Power↓.
Moreover, the dependence between consumption andK (5)
shows that the power reduction decreases as a largerK is
selected.



The selectedK must be the minimum that assures the
restriction of power consumption is guaranteed. A larger value
of K would reduce the power consumption at the expense of
a larger offset.

As (gm/ID)1,2 and ID1 are now known, the aspect ratio
M1,2 is determined by the(gm/ID) characteristic curve for
the technology [2], [3]. After choosing a value forL1,2 M1,2

are completely determined andVoffDP
can be computed from

(3).
However, in this methodVoffDP

will be considered as the
design variable in place ofL1,2. Thus for a givenVoffDP

, (3)
and (W/L)1,2 determineW1,2 andL1,2.

Step 3: Selectgm/ID of transistorsM3,4,5,6

The offset voltage contributed by the NMOS mirror is [10]

VoffMN
=

1

K(gm/ID)1

√

2

W3L3

√

A2
β +

[(

gm
ID

)

3

AT

]2

.

(6)
For a given(gm/ID)3,4,5,6 a similar discussion can be made

for M3,4,5,6 as forM1,2. Hence, the design variable will be
VoffMN

which determinesW3,4,5,6 andL3,4,5,6.
Now, we have a design space defined byVoffDP

and
VoffMN

where the dimensions of the transistorsM1,2,3,4,5,6

are determined. Therefore, the parasitic capacitance in the
gates ofM3,4 and M4,5 and in the drains ofM1,2 can be
estimated and thus the parasitic polefpMN

can be com-
puted in each point of the design space for each value of
(gm/ID)3,4,5,6.

Design conditionαMN > α must be imposed. Fig. 3
shows curves with constantαMN = α, and (gm/ID)3,4,5,6
as a parameter, as a function of design variablesVoffMN

andVoffDP
. The thin elliptical curves represent constant total

offset voltages considering the contribution of the differential
pair and the NMOS mirror.

The figure is based on data from the example in section
III. It provides the designer with a graphical tool to choose
a constant(gm/ID)3,4,5,6 curve which allows to achieve the
minimum offset.

Step 4: Size transistorsM1,2,3,4,5,6

Figure 4 depicts the same diagram as Fig. 3, showing
only the curve for the chosen(gm/ID)3,4,5,6. The curve is
a boundary between a forbidden (gray) area and the region
whereαMN > α as desired, so that the parasitics associated
with the NMOS mirror do not significantly affectfT .

In the first iteration at this step, the selected design point
should be the one which minimizes the total offset introduced
by both NMOS current mirrors and the differential pair (black
circle in Fig. 4). As already shown, onceVoffDP

andVoffMN

are chosen, the dimensions ofM1,2,3,4,5,6 are determined.
W3C (in our case equal toW3) might adversely affect the

parasitic pole associated with the PMOS mirror (fpMP
). If that

is the case (M3 too wide), step 5 will result in relatively small
M7,8 transistors in order to keepαMP > α andVoffMP

might
dominate the total offset.

In that case, the designer must come back to this step and
choose another design point with a largerVoffMN

(for example
the square one shown in Fig. 4). IncreasingVoffMN

decreases
W3, allowing the designer to enlarge transistorsM7,8. Thus,
VoffMP

decreases at the expense of a largerVoffMN
, while

VoffTOT
decreases.

Step 5: Size transistorsM7,8

Since the current of these transistors is defined, its size will
be determined by(gm/ID)7,8 andL7,8 [2], [3]. A numerical
analysis must be performed in order to evaluate the trade-off
between bandwidth andVoffMP

. An example of this analysis
is shown in Fig. 5. It showsVoffMP

and the bandwidth related
boundaryαMP = α as a function of(gm/ID)7,8 andL7,8.

The gray filled zone over the continuous black line does not
fulfil the conditionαMP > α. The minimum transistor width
allowed by the technology is represented by the continuous
gray line and defines another forbidden region. Finally, the
loci of constantVoffMP

are depicted as thin black lines. This
analysis allows the designer to choose the design point which
adds the minimum offset to the circuit, thus definingW7,8 and
L7,8.

As it was explained in step 4, in order to obtain minimum
VoffTOT

, VoffMP
must not dominate overVoffMN

. If these
offset voltages are approximately the same, the designer must
proceed to the next step. Otherwise, it is necessary to return
to step 4 in order to increaseVoffMN

, which will result in a
smallerVoffMP

.

Step 6: Verify specifications

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

In particular, the DC gain is

A0 = GmRo , (7)

where

Ro =
gms8c
gd8 gd8c

//
gms6c
gd6 gd6c

(8)

and

gd ≈ ID
VA L

(9)

whereVA is the normalized “Early voltage” of the transistor.
If the DC gain of the circuit, computed through (7), (8) and

(9), is not large enough to satisfy the specifications, the design
must be repeated, this time lifting the restrictionMiC = Mi

on the cascodes. After calculatingfT and the phase margin
(PM ), if they comply with the specifications, the design is
finished. Otherwise, if the phase margin is too high andfT is
satisfied, the designer must reduceα and go back to step 4
which in consequence reduces the total offset at the expense
of a lower phase margin. On the contrary, if either the phase
margin is too low or thefT requirement is not fulfilled,α
should be increased before returning to step 4.



III. A PPLICATION OF THE DESIGN METHOD

The design method described in section II will be used to
design a low power, low offset, OTA as specified in Table I.

In this case,α is initially chosen as 5, but as explained in
section II this might change during the design process.

In order to obtain the large gain required by the specifica-
tions, cascode transistors are needed. From specificationsthe
output resistance can be calculated as

Rout =
A0

Gm
= 4 GΩ (10)

If we were achieve this output resistance without cascodes,
the length of transistorsM6,8 would have been

L6,8 =
R06,8 .ID2

VA
> 188 µm . (11)

whereVA is the normalized “Early voltage” of the transistor
and ID2 was chosen as the minimum current that fulfils the
restriction imposed by (4).

Step 1: Selectgm/ID of transistorsM1 andM2

In order to obtain the minimum offset and power con-
sumption, the maximum(gm/ID) = 25 V −1 allowed by the
technology was chosen.

TABLE I
SPECIFICATIONS FOR THE EXAMPLE IN SECTIONIII

VDD(V ) 3.3

A0(dB) > 80

Gm(µS) 2.5

Offset Minimum

Consumption Minimum

fT (kHz) 200

CL(pF ) 2

Step 2: Select the NMOS current mirror ratio (K)

Having selected(gm/ID)1,2 = 25 V −1 (Step 1) andGm =
2.5 µS (from specs), (4) definesID2 = 100 nA. By choosing
K, the power consumption of the circuit is defined. In this
application we prioritize offset over power consumption, thus
K = 1 was selected obtaining a total consumption of400 nA.

Step 3: Selectgm/ID of transistorsM3,4,5,6

The numerical analysis explained in section II is shown
in Fig. 3. It can be concluded that for this application the
maximum(gm/ID)3,4,5,6 allowed by the technology must be
selected. Table II shows this choice.
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Fig. 3. Selecting(gm/ID)3,4,5,6

Step 4: Size transistorsM1,2,3,4,5,6

The result of the numerical analysis presented in section
II is shown in Fig. 4. The forbidden region (filled gray)
does not fulfil the restrictionαMN > 5 on the parasitic
pole. Additionally, it shows that this restriction is enough to
guarantee that the frequency of the parasitic pole introduced
by the cascode is at least fifteen timesfT (vertical dashed
line inside gray area). It also shows the total voltage offset
introduced by the differential pair and NMOS current mirrors.

The selected design point is the black circle, obtaining
the minimum total voltage offset introduced by both NMOS
current mirrors and the differential pair. FromVoffMN

, VoffDP

and (gm/ID)3,4,5,6, the sizes of transistorsM1,2,3,4,5,6 are
obtained. This result is presented in table II.
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Fig. 4. Sizing of transistorsM1,2,3,4,5,6

Step 5: Size transistorsM7,8

The performed numerical analysis is shown in Fig. 5. The
minimum achievable offset is obtained by choosing the point



marked as a square in this figure. However, by selecting the
one marked as a circle,VoffMP

is not significantly increased
while the output voltage swing has a considerable improve-
ment due to the decrease ofVDSsat of M7,8, now in moderate
inversion. An even larger value of(gm/ID)7,8 worsens the
offset voltage but does not considerably decreaseVDSsat.

From(gm/ID)7,8 andL7,8 the sizes ofM7,8 are determined
as shown in Table II.

As VoffMN
, VoffDP

andVoffMP
all have a similar value,

it is not necessary to iterate back to step 4.
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Step 6: Verify specifications

Transistors sizes determined in steps 1 to 5 are shown in
Table II which also presents the offset voltages introducedby
each block. From these values, all the circuit parameters are
computed and reported in Table III. No further iterations were
needed.

TABLE II
TRANSISTOR SIZES, gm/ID AND PARTIAL OFFSET VOLTAGES.

Sizes [µm] gm/ID [V −1] Voff [mV ]

M1,2 W = 79.8; L = 1.95 25 1.29

M3,4,5,6 W = 34.5; L = 5.4 25 2.39

M7,8 W = 6; L = 7.8 14.3 2.24

IV. L AYOUT AND SIMULATIONS

The layout of the designed circuit was performed on a
0.5 µm CMOS technology while observing proper layout
practices for minimum mismatch [11]. These are required for
the AT andAβ parameters in (3) and (6) to be valid. Fig. 6
shows the layout of the complete circuit. The total die area is
20.000 (µm)2 while the gate to total area ratio of the circuit
is 0.1.

Fig. 6. Layout of the symmetric OTA

TABLE III
COMPARISON OFSPECS, DESIGN AND SIMULATIONS

Specifications Design Simulation

Gm (µA
V

) 2.5 2.5 2.5

fT (kHz) 200 195.5 187.3

PM (Deg) >60 68.1 64.4

A0(dB) >80 105.7 112.0

Offset (mV) (1σ) Min 3.86 3.94

Consumption (nA) Min 400 400

OVSW (V ) - [0.32,2.92] [0.27,3.04]

ICMR (V ) - [-0.88,2.27] [-0.85,2.38]

Post-layout simulations were performed taking into account
all parasitic capacitances, including those due to wiring.The
result from these simulations are shown in Table III together
with specified values and those computed by the design
method. As expected,fT and PM are somewhat degraded
in post layout simulations. However, these difference are not
significant. During the design a slightly largerPM than
specified was used in order to compensate for the lower
parasitic capacitance.VbiasN and VbiasP were computed to
obtain the maximum output voltage swing.

The simulated circuit had a higher DC gain (A0) than that
estimated during the design. The latter one was calculated
using (7), (8) and (9). As (9) is a first approximation ofgd it
leads to a slight difference between computed and simulated
DC gain.

Total offset voltage (VoffTOT
) was simulated by 2000

Montecarlo runs, as presented in Fig. 7. Table III shows the
offset voltage (1σ) estimated during the design stage using
(3) and (6), and that obtained from simulation. The analytical
result is an excellent estimation of the simulated parameter.



V. CONCLUSION

A design method for ultra low power, low offset, symmetric
operational transconductance amplifiers was introduced. The
method was applied to an example implementing a specific
OTA, comparing the post layout simulation results with pa-
rameters expected from design, proving the accuracy of the
method. The estimated offset voltage (1σ) was3.86mV while
that simulated through 2000 Montecarlo runs was3.94mV .

The layout of the circuit was implemented on a0.5 µm
CMOS process and is being fabricated.
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Fig. 7. Offset voltage distribution obtained for a 2000-runMontecarlo
simulation
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