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Abstract—In this paper, series-parallel (SP) current-division will
be employed for the design of very low transconductance OTAs.
From the theory and measurements, it will be shown that SP mir-
rors allow the division of currents with division factors of thou-
sands, without reducing matching or noise performance. SP mir-
rors will be applied to the design of OTAs ranging from 33 pS to
a few nS, with up to 1 V linear range, consuming in the order of
100 nW, and with a reduced area. An integrated 3.3-s time-constant
integrator will also be presented. Several design concerns will be
studied: linearity, offset, noise, and leakages, as well as layout tech-
niques. A final comparative analysis concludes that SP association
of transistors allows the design of very efficient transconductors,
for demanding applications in the field of implantable electronics,
among others.

Index Terms—Low offset transconductors, MOS analog design,
MOS matching, series-parallel transistors.

I. INTRODUCTION

N RECENT YEARS, there has been considerable research
I effort in the development of integrated transconductance
amplifiers (OTAs), with very small transconductance and
improved linear range due mainly to their application in
biomedical circuits and in neural networks. Several OTA
topologies have been developed to achieve transconductances
in the order of a few nA/V with a linear range up to 1 V or
more [1]-[10]. However, the use of complex OTA architectures
also increases noise, mismatch offset, and transistor area, and
results in design trade-offs [1].

In a classical symmetrical OTA, voltage to current conversion
is carried out in the input differential pair while the other tran-
sistors just copy the current to the output. Although bias cur-
rent can be extremely low [11], leading to an extremely low
transconductance, a drawback in this case is the poor linearity
as the input transistors operate in weak inversion. In weak in-
version, the range of operation of the OTA is limited to 60-70
mV at the input; for greater input voltages there is a considerable
distortion in the circuit. Despite the existence of alternative con-
tinuous time approaches [11] to sub-Hertz filters we will focus
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on the classical OTA-C structure. It is possible to summarize the
challenge presented by the design of very low transconductance
OTAs for modern G,,,-C filters as follows: to increase linear
range while preserving low noise, low offset, and reduced area
and power consumption. In [12], a tutorial focused on classic
linearization techniques for OTAs is presented, while in [1], an
interesting comparative study of different linearized OTAs in the
nanosiemens range was shown. Although many working prin-
ciples and circuit topologies have been reported for very low
transconductance OTAs, a rough classification may include the
following.

— Those circuits that modify the differential pair performing
the voltage-to-current conversion in such a way as to re-
duce the transconductance and increase its linear range.
Techniques include classic or active source degeneration
[12], [13], bump transistors [4], and bulk or floating gate
driven MOS [1], among others.

— Those circuits that use current cancellation [5] or current
division [3], [14] to divide the OTA transconductance by a
desired factor, but do not increase the input linear range.

— Circuits using voltage division techniques for the exten-
sion of the linear range [2], [7].

Of course, techniques can be combined. Regarding their limi-
tations, modified-differential pairs increase offset and noise, and
are limited to a few nanosiemens in their transconductance; fur-
ther transconductance reduction requires the use of some kind
of division scheme. Current cancellation and voltage division
also show, in general, significant input offset and noise. Simple
division of the output current of a differential pair by a high ratio
has been widely considered an expensive technique in terms of
area. But the use of series-parallel division of current [3], [14]
in an OTA as in Fig. 1, allows the implementation of an area-ef-
ficient current divider. In this paper, we will examine this circuit
in detail, particularly with reference to offset.

In the rest of this section, series-parallel (SP) OTAs are in-
troduced, as well as the current-based ACM MOSFET model,
essential for the analysis of SP association of transistors. In
Section II, it is shown, from both circuit analysis and measure-
ments, that SP association of transistors helps in the design of
current mirrors, even with copy factor of thousands, and a low
current mismatch. Section III contains several SP OTA design
issues which will be examined: linearity, noise, offset, frequency
response, and leakage current effects. Section IV shows the de-
sign and measurement results for several OTAs, and a 3.3-s
time-constant G,,,-C' integrator. At the end, a comparative study
of this work and others in the field of very large time constant
integrated G,,,-C filters is presented.
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Fig. 1. PMOS-input symmetrical OTA with series-parallel current division to
reduce transconductance without loss in linear range.

o [

Fig. 2. Active linearization of a differential pair to enhance linearity: I, —
Ip = Gm_etr (‘,,J,r — ‘.;)

A. Series-Parallel OTA

For the nMOS current mirrors in Fig. 1, N unit transistors
M, are placed in series and in parallel to achieve an effective
output transconductance G,

Yml

G = 525 )
where ¢, is the gate transconductance of the transistors M.
Using this technique, a 33 pS transconductor with a £150 mV
linear range has been previously demonstrated [14]. To enhance
linearity, a modified differential input pair as shown in Fig. 2
[13] can substitute M; in Fig. 1. The effective transconductance
gm_eft Of the pair in Fig. 2 to substitute g,,,1 in (1) is calculated
by small-signal analysis, assuming that transistors M, operate
in the linear region, each behaving as a resistor of value 2R.
Therefore,

Im1

_— 2
1 +n9mlR ( )

Im_eff =
where n is the slope factor [15], [16], slightly greater than unity
and weakly dependent on the gate voltage.

The current mirrors of Fig. 1 are not only area-efficient be-
cause their area is proportional to the square root of the copy
factor, but are also mismatch-efficient because they benefit from
the improved matching of a large number of equal unit tran-
sistors. With the appropriate placement, the designer can apply
the most usual matching rules to Ms4—Msp and Myc—Msp:
common centroid geometry, and same surroundings; even while
using copy factors as large as thousands if for example N = 50
or N = 100 are selected. To preserve mismatch benefits while
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Fig. 3. Generic SP current mirror. P X () unit transistors A{,, and R X S
unit transistors M, , are series-parallel connected at the output and input branch
respectively. Unit transistors are identical M, = M, = M, to achieve an
effective copy factor M = S - P/Q - R. Each M,,, M, in a generic position
7, in the array show a fluctuation AB3, (4)i;, AVra(s)i; resulting in a current
mismatch AT, .

1T sk

using moderate copy factors, the current mirror in Fig. 3 can be
used.

B. The ACM Model

For the theoretical deductions and simulations, the one-equa-
tion-all-region MOSFET model of [15] and [16] is employed
because it allows an accurate representation of the series-par-
allel association. In the ACM model, the drain current Ip is ex-
pressed as the difference between the forward (/) and reverse
(Ir) components

Ip =Ip — In=I(Vg,Vs) = I(Va, Vi) = Is(is —ir) (3)
1
Is = 5 uCoxngi (W/L). @

I is the specific current, which is proportional to the aspect
ratio W /L of the transistor. Vi, Vs, and Vp, are the gate, source,
and drain voltages, with reference to the substrate. Here, p is
the effective mobility, ¢, is the thermal voltage, and C? _ is the
gate oxide capacitance per unit area. Parameters ¢ and 4, are
the normalized forward and reverse currents, or inversion levels
at source and drain, respectively. Note that, in the saturation
region, the drain current is almost independent of Vp; therefore,
iy > i, and Ip = Ip. On the other hand, if Vpg is low (linear
region), then iy = ¢,.. The inversion level i (4,) represents the
normalized carrier charge density at the MOSFET source (drain)
Qs (Qrp).

The small-signal transconductances ¢, gms, gmd (gate,
source, and drain transconductances) are given by [15], [16]

w o, 2 .

gme= —npQs="7 (Vitir-1) 6
%% 21

gmi = = Qp = ¢—f (Vi+i —1) (6)
n

The other small-signal parameters can also be given in terms
of the inversion levels. See, for example, [15] for intrinsic ca-
pacitances, and [14] for linearity. Recently, noise [17] and mis-
match [18] models have also been introduced in terms of the
inversion levels.

From now on, for a given transistor Mx (either composite
or not), its gate, source, drain transconductances, drain current,
inversion level, threshold voltage standard deviation (SD), cur-
rent factor SD, aspect ratio, and gate area will be noted by ¢,,, x,
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ImsX> 9mdX> IDx> ifx, U%/TX, U%X, (W/L)x, and (WL)x,
respectively.

II. SERIES PARALLEL CURRENT DIVISION/MULTIPLICATION
AND MISMATCH

It is widely recognized that the performance of most analog
or even digital MOS circuits is limited by random mismatch
between transistors. Matching can be modeled by the random
variations in geometric, process, and/or device parameters. The
approach most employed by designers is to consider only varia-
tions in the threshold voltage Vr, and the current factor § =
pC! W/L. Thus, the threshold voltage and current factor of
each one in a small (maybe only two) or large group of matched
transistors will not be exactly the same. In this work, AV and
A will note fluctuations measured with respect to the average
threshold voltage V- and average current factor 3 of the group
of matched transistors. For each unit transistor M x in the group,
Vrx = Vr + AVpx and By = 8 + AfBx. Fluctuations in V
and (3 can be seen as random variations with a normal distribu-
tion and an SD given by [19], [20]

2 A%’T 0—_/2"7 _

A2
oz = = A
Vr T owL 32

QWL

®

In (8), Ay and Ag are two technology parameters with typ-
ical values of Ayp = 13-30mV-pmand Ag = 2-4%- um [20].
In analog design it is common to express mismatch in terms of
o0V and 63, the difference between Vi and 3 of two adjacent
transistors, thus o3y, = 207, , 035 = 205[20]. Series-parallel
association of MOS transistors [21] is a useful circuit technique
and can be utilized to obtain improved matching between de-
vices [25]. In Fig. 4(a) two transistors Mg(p) are series con-
nected; the equivalent aspect ratio (W/L)_, of the composite
transistor is [21]

“ - (W/h)s+(W/L)p

Equation (9) may be extended to complex combinations of
unit transistors to obtain different equivalent transistor geome-
tries. For example, Fig. 4(c) shows measured drain current
versus drain voltage for two equivalent transistors: a single
unit sized (W/L), = 4 pm/10 pm, and a 10 x 10 array of
the same transistor [Fig. 4(b)]. The two plots are similar, but,
because it has a longer channel, note in the upper detail that
the drain-source impedance r4s is much higher in the case
of the composite transistor. As a rule of thumb, the output
conductance of a given composite transistor will be inversely
proportional to the equivalent channel length [16], [21].

The copy factor M in a current mirror is calculated as the
ratio between the aspect ratios of transistors, even if M 4 and
Mp are two transistor arrays. Using (9), in the mirror of Fig. 3

In. S-P
Iout _RQ

where P, R, (), and S are the number of unit transistors in series
or in parallel in each branch.

Classic current mirrors with a copy factor M > 1 [as in
Fig. 5(a)] are very sensitive to mismatch offset because at the
output there is a single transistor Mg, with a reduced area that

=M

(10)

S
(b)
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Fig. 4. (a) Two series-connected transistors and their equivalent. (b) A single
M, transistor is equivalent to a 10 x 10 M, array. (c) Measured Ip-Vp curves
at different gate voltage V¢ for single M., sized (W/L), = 4 pm/12 pgm, and
a 10 x 10 M, array. At the top, saturation region is magnified for Vo = 4 V to
observe the change in 745.

according to (8) presents high variations AGg, AVrp, in its
threshold voltage and current factor. On the other branch, fluc-
tuations ABq;, AVrq; [see Fig. 5(a)] have less impact on the
output current because they are noncorrelated so their effect is
averaged. The composite transistors of Fig. 5(b) and Fig. 5(c),
can be used to implement a current mirror with a copy factor
M = N2, but using the same number of unit transistors at
both input and output branches of the mirror. A better matching
and a reduction in random offset are expected if usual layout
matching rules are followed, because a large number of unit
transistors have been matched together. In this way, common
centroid layout geometry is possible, even for matching com-
posite transistors with very different aspect ratios.
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Fig. 5. Three M:1 current copiers. (a) Classic: M unit transistors in parallel,
copy to a single unit transistor M. (b) N = /M parallel transistors, copy to
N series-stacked ones. (c) M parallel unit transistors, copy to a NV X N array.
All unit transistors M, = M, = M, are sized (W/L),.

A. Mismatch Calculation in an SP Mirror

Even with a careful layout, fluctuations ABq )i, AVra(v)ijs
of each unit transistor M, ), ; in Fig. 3 produce an output cur-
rent error term Aly; thus Iowe = Iin/M + Aly.. The de-
signer—who normally has an equation for mismatch between
identical unit transistors—requires a formula to estimate the
standard deviation of I,,;. The calculation is immediate when
using (8), if the model in (8) is series-parallel consistent, be-
cause the composite transistors M 4, Mg, have an area RS and
PQ times, respectively, larger than the unit transistor. In ef-
fect, assuming known values for the SD in current factor and
threshold voltage of composite transistors M 4, Mp of Fig. 3:

2 2
2 _Omp In (%) L p (%
Tout -q72nA 1[32 out /[32 B
2 2
925 I
+—g€ B oy 4t ghp Ot (1D
mA

Equation (11) has been derived propagating to I, the effect
of noncorrelated fluctuations AB4, AVra, ABg and AVrpg .

Using (8) in (11):
2 2 2
O \ _ [ 1 1 93 ImB 2
(lzm> - (RS i PQ> (/32) tE, e
’ (12)
(U?j / 62) , (o%,T)“ are the SD of threshold voltage and cur-

rent factor for unit transistors. This equation relating the mis-
match of an SP mirror to that of unit transistors is general; a
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Fig. 6. Calculated and measured o, 02, ,/I2,, in terms of the input current
are shown for a 100:1 nMOS current mirror with the topologies of Fig. 5(a)
(M = 100) and Fig. 5(c) (M = 100, N = 10). ¢7_,, value was obtained
from 10 samples of the circuit of the same batch.

careful derivation of (12) that does not assume the model in (8)
is presented in the Appendix. The designer can use any mis-
match model to calculate (0% / /32) , (0%,.),, in (12).

In the example of Fig. 5, three different topologies
for a current mirror to perform a M:1 current copy are
shown. For a 100:1 copy, the circuit in Fig. 5(a) re-
quires 101 unit transistors, the one in Fig. 5(b) only 20,
and 200 are required for the circuit in Fig. 5(c). From
(12), the standard deviation in output current fluctuation is
(U%out/Igut)(a) X5 (U%out/Igut)(b) ~ 50 (U%out/Igut)(c)'
In Fig. 6 calculated and measured o, 0%,,,/I%, in terms
of the input current are shown for a 100:1 nMOS current
mirror with the topologies of Fig. 5(a) and (c) (N = 10). The
o2+ value was obtained from 10 samples of the circuit of the
same batch in 0.8 pum technology. Unit transistors were sized
(W/L), = 4 pm/12 pm, and previously adjusted values for
the target technology Ay = 0.03 Vum, Az = 0.02 pum,
were used for theoretical offset calculation with (8) and (12).
A major conclusion is that o2, /12, has been substantially
reduced in SP mirrors.

ut

III. ON THE DESIGN OF SP VERY LOW TRANSCONDUCTORS
To complete the design of the SP OTAs, some other circuit
properties should be studied.
A. Linearity

Linearity in Fig. 1 can be calculated in terms of the inversion
level i s1 of the input differential pair. The expression is [14]

6o (1+ip1)>?
3(14ipn)% -1

Viin = 2n¢ (13)

where V1, is the input linear range defined in terms of an ac-
ceptable error «v. Linearity is further extended in the case of the
input topology in Fig. 2 [13] or others ([4] for example).
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B. Offset in the OTA

The input pair M7, pMOS current mirror transistors M3,
and SP current dividers (12), contribute to offset in the OTA of
Fig. 1. Summing their input referred contribution

12, (o}
2 _ 2 D1 B
UVo_ff =2 (UVT)1+2— 2
Im1 \ B 1
Al | 9nop (2 5
N-g2, |13, (UVT)u + 32
u
205, | o3 [ o &
+ —— Oy, + - .

972711 1%3 ( ‘T)3 /32 ,

In the case of the linearized pair in Fig. 2, transistors My do
not introduce offset because M, source-drain voltage is zero
at Vi, = 0. But an extra offset is introduced by the current
mirror M and the effect of fluctuations in M 4(p) is slightly

different. A new expression for offset is derived with a small-
signal analysis:

(14)

2
IDl

2 2 ‘7%
OVors = 2 (UVT)1 + K /8_;
m 1
AlD, 928 [ 2 0?3
+ o Oy, u + —5
N'Q?n_e.ff I%)ZB ( T) (2 N
Dy | 9m3 (2 U%’
+25 2. (UVT)3 + @
Im_eff | 1D3 3

2 2
L (3))

s (g7, ) + 128
2 = Ovr)s + 5
Im_eff T Im_eff
Expressions (14) and (15) can be extended to generic SP cur-
rent division of Fig. 3, changing N by \/SP/RQ.

+2

C. Noise Analysis

Using the consistent thermal and flicker noise models of [17],
the output current noise of the mirror in Fig. 3 is calculated:

SToucth 9mB 1 1
_“out?lt ~ 2 k T _
Igut B Iout Ii + Iout

(16)

Sty Ny (1 1Y p 1
Igut B TLC(I)%( (VVL)U. RS PQ Igut f

ST,uths S1,.,1/ 1> are thermal and flicker noise power spectral
densities (PSDs), kg is the Boltzmann’s constant, 1" is the ab-
solute temperature, N,;n(py are technology parameters for the
flicker noise, q is the electron charge. Note that the output noise
(like offset) does not significantly increase when using large SP
current dividers. The input referred noise can be calculated for
the OTA in Fig. 1 using (16), (17). Itis assumed that M/ > 1 and
that Myp(p), M3 are in weak inversion. Thermal -v?nput_th-,
and flicker _Ui2nput /- input referred noise in the OTA are

4’!’Lk‘BT
v?nput_th (f) ~ Gm

n (18)

2]VotN
N(WL),

2’!’Lk‘BT Nop
U?nput_f(f)w {( : ) 2(

N, 1
~ * (7 + = >:|_
N-Ci, | (WL) W) T

(19)

N* = nCl.¢/q, the factor n = (\/IT+is +1), and
(WL),,(WL),,and (W L), are the gate areas of M, M,,, and
M3, respectively. Expressions (18) and (19) are very similar
to that obtained for a simple symmetrical OTA, but here we
are paying a price in noise for the linearization represented by
the factor 7. As in (15), these expressions can be extended to
calculate input noise in OTAs using the pair of Fig. 2.

D. What is the Minimum Effective G,,, Possible With This
Technique?

The output branch in Fig. 1 may be biased with a current as
low as a few pA or less; the only limitation being the sum of
the leakage current at the source (drain) of each series transistor
in Msp(p). In the target technology, as well as others exam-
ined, leakages in p-doped diffusions are much higher than those
in an n-doped diffusion. For this reason all the presented OTAs
include a pMOS differential pair, and nMOS series-parallel cur-
rent mirrors. From manufacturer’s data, estimated leakage cur-
rent in a single source(drain) was i, = 3 fA fora4 pmx2 pm
n+ diffusion. The selected design criterion is that the sum of all
the leakages at the output branch of the current mirror should
be at least 10 times less than the bias current in the same branch
(equal to Ip; divided by N?)

1
leeak =N 'Ileak < DL

10N2 (20)

which imposes a limit on the minimum achievable transconduc-
tance G, min- A 15 pS value (equivalent to a 60 Gf2 resistor)
was estimated for N = 100 and (g,,,/Ip)1 = 5 at the input pair,
that is—although reasonable—an arbitrary worst case condi-
tion. A nonarbitrary limit for the minimum achievable transcon-
ductance should be examined according to specific restrictions
in area, power consumption, and linear range (for example if
no restrictions apply, the bias current can be selected as low
as necessary to achieve an extremely low transconductance in
detriment to the linear range). Using (1) it is possible to rewrite
(20):

2n

3/2
Gi’{ilin >10- <§-_m> : Ileak . IDl-

D/

Consider the design of a transconductor with a specified min-
imum input linear range. Because in a differential pair the linear
range is a function of the inversion level (13), the latter is fixed.
A fixed 71 in the moderate or strong inversion region (for an
enhanced linearity), limits the minimum bias current because
an arbitrary large transistor cannot be realized. Thus, exam-
ining (21), the minimum G,,, value is a function of the circuit
topology, desired linear range, and available transistor area.

Finally, as discussed in [11], leakages do not always limit
the bottom current range of an MOS transistor. In modern tech-
nologies, drain current may be several pA or up to nA order for
Vas = 0in minimum size transistors. But, large SP current mir-
rors as in Fig. 1 are not a problem because they use extremely



TABLE 1
SEVERAL DESIGN CHARACTERISTICS OF FABRICATED SP OTAS

S pair P WL, Area Power
OTA Ty MPORS il o] faw]
G 174 72 2-8-1-18) 74 0.04 116
Guo 174 4900 (70-1-1-70) 4/8 0.09 13
Gus 69 28 (5-5-1-28) 412 0.15 118
Gt 69 784 (28-1-1-28) 412 0.15 13

Input pair transconductance, division factor, divider unit transistor size,
area, and power consumption.

long M, p(p) transistors while M3 transistor layout can be also
narrow and long. Since the drain current at very low Vg is still
proportional to W/ L ratio the designer can push Vs = 0 cur-
rent below leakages, even in the worst case transistors, without
using the special circuit techniques in [11].

E. Frequency Response

Input time constant in SP mirrors can be calculated as in [23]
using Cys , Cg4p expressions in terms of the inversion level, and
including also gate overlap, and diffusion parasitic capacitances.
In usual current mirrors, the input sets cut-off frequency [23],
but in SP mirrors several unit transistors at the output may in-
troduce enough parasitics to take them into account. We esti-
mated a 3 fF parasitic for a 4 pumX 2 pum n+ diffusion in the
target process. For N = 100 series transistor, a 600 fF ca-
pacitance will be distributed along Msp, Msp (Fig. 1). Such
analysis is complex and becomes difficult to arrive to a general
expresion; a simple rule of thumb for the designer is to place
the 600 fF at the output to estimate frequency cut-off of its cir-
cuit. In Section IV-B, the 3 dB frequency for several OTAs con-
nected as followers is shown, using a distributed parasitic capac-
itance model simulation. Because large input transistors were
employed to reduce offset, in all cases parasitic capacitance is
much small than the input capacitance of the OTA.

IV. DESIGNED OTAS AND LAYOUT TECHNIQUES

Several low and very low transconductance OTAs named
Gm1 to Giug , were fabricated for test purposes. The basic
design methodology is that proposed in [14] where the designer
starts with a required transconductance GG,,, and linear range
VLin- Non idealities like noise and offset are addressed using
(14) to (19) depending on the topology of the input pair.

Gpn1 is a 35 pS, 160 mV linear range OTA. It uses a g,,1 =
170 ns differential input pair in the configuration of Fig. 1 (in-
version level 171 = 34), with an N 2 = 4900 division factor.
Gm2 = 2.35 nS requires also a 160 mV linear range so the
differential pair of GG,,,1 is reused with a 9:1 division factor ob-
tained with the topology of Fig. 3using P =8,Q =2, R =1,
S = 18. G1n3, Gina are both 500 mV linear range OTAs with
transconductances of 2.6 nS and 90 pS, respectively. A differ-
ential pair, like in Fig. 2 with g,,, .ry = 69 nS is employed
(71 1s still 34 but linear range is enhanced by My transistor op-
erating in the linear region [13]). Division factors are 28:1 in
G 3, and 784:1 in G,,4. In the former P, Q, R, S = 28,1,5,5
and the latter employs 28 parallel transistors copying to 28 se-
ries transistors in the current divider. Table I resumes several
design characteristics of the OTAs.
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Fig. 7. Photograph of GG ,,,» to observe layout techniques.

A. Layout Techniques

A careful layout plays a central role in obtaining a reduced
random offset. Series-parallel current mirrors allow to apply
usual matching practices [24] (including same orientation, same
surroundings, same geometry), to a large number of interleaved
unit transistors. In this way the mismatch impact of several ef-
fects, not only related to transistor gate area, is reduced (dif-
fussion and etch effects, linear and nonlinear gradients, among
others [24]). The layout structure used in this work for matched
transistors, whether differential pair or series-parallel current
mirrors was in all cases the same: a large row of equal sized
transistors placed together at minimum distance, and then con-
nected with metal wires. The layout technique can be seen in
the chip photograph of Fig. 7, corresponding to GG,,,». Particular
care was taken to ensure that:

— When matching two arrays M 4, M p, of transistors, if one
unit transistor of the row corresponds to M 4, their neigh-
bors correspond to Mp. If more than two arrays are being
matched together, unit transistors are also interleaved.

— Current flow direction is always the same in unit transis-
tors and the usual dummy structures at row ends were in-
corporated. Symmetry between adjacent transistors is pre-
served as much as possible even in the layout of the metal
wires. This can be observed in the magnified zone of Fig. 7
showing nMOS unit transistors of the 4900 division factor
SP mirror.

— No minimum size transistors are employed. Minimum al-
lowed distance is preserved between unit transistors.

The row structure has the following advantages:

— A minimum extra space is used since only two dummies
are required to obtain the same surroundings for all unit
transistors. The gate-to-silicon area ratio is between 10 to
20% for G,,1 to G 4.

— Layout blocks are easily reusable since transistor rows can
be employed in current mirrors with widely different copy
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TABLE II
SEVERAL CHARACTERISTICS OF FABRICATED OTAS

Linearity Offset OffSetmax Noise
OTA Transconductance [mV] [mV] [mV] (Vo] 3dB frequency
G 2.4nS - 2.6nS +160 8.0-44 83 48 -89 1.2kHz
Gmo 35pS - 33pS +160 54-21 4.0 193 -160 12Hz
Gus 2.4nS —2.8nS +550 8.8-9.1 21 56-108 300Hz
G 89pS — 100pS +500 9.0-6.8 12 190 — na 10Hz

Transconductance predicted-measured, measured linearity, predicted-measured input offset SD, maximum
measured offset (10 circuit samples), predicted — measured input referred noise in the band from .3 — 10Hz,
simulated 3dB frequency for the OTA connected as a voltage follower.
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Fig. 8. Measured transfer characteristic of G.3.
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Fig. 9. Measured transfer characteristic of G 4.

factors, or in a differential pair whether linearized or not,
just by changing metal wire connections.

— When matching transistor arrays, common centroid geom-
etry is preserved if each array contains the same number of
interleaved unit transistors, regardless of the way they are
connected.

B. Measurement Results

Several measured characteristics of G,,,1 to GG,,,4 are summa-
rized in Table II, while in Figs. 8 and 9, the measured transfer
function of G,,3, and G,,,4 is shown. Linearity V1;, was mea-
sured for a 5% error [14]. The reduced input offset of the OTAs,
obtained with a moderate area and nano-power consumption
even for G,,4 of 89 nS with a £500 mV linear range, should
be highlighted. Ten circuit samples from the same batch were

3.01

2.5

2.01

Integrator Output [V]

> F 1 s
+ Vout

Time (s)
| | | | 50pF
Vin=1Vpp

Fig. 10. Measured transient response of a 3.3-s time-constant integrator with a
large 1 V,,, square wave at the input.

used to calculate oy, 5y in Table II. The transfer functions of
G, and G, 3 were directly measured using an HP4155 semi-
conductor parameter analyzer, while the transfer functions of
G2, and G4, and noise measurements employ the technique
described in [11]. Noise figures correspond to the input referred
rms voltage integrated in the band from 0.3 to 10 Hz where
OTAs are intended to operate. The 3 dB frequency of the last
column correspond to the 3 dB output voltage drop, when the
OTA is connected as a voltage follower (OTA output and in-
verting input are the same node).

A 3.3-s time constant integrator, using G,,4 and a 50 pF ca-
pacitor was also fabricated. The integrator occupies a 0.2 mm?
area. An independently powered unit gain buffer was also in-
corporated to drive the output pad. The plot of Fig. 10 shows
the measured transient response of the circuit to a large 1 V,;,
square wave at the input. The plot in Fig. 11 shows the frequency
response of a low pass filter based on the integrator. The 3 dB
decay was measured at 0.302 Hz.

V. A COMPARATIVE SURVEY

As indicated in the introduction, several very low transcon-
ductors and large time constant G,,-C filters have been
reported. In [4], Sharpeskar et al. combine at the input, gate
degeneration, bulk driven transistors, and the so-called bump
transistor technique, to achieve a transconductor of 10 nS with
a linear range of 1.7 V, a less than 20 mV input offset, and
a 1 uW power consumption. In [1] several 10 nS, sub-puW
OTAs using different input pair linearization techniques are
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TABLE III
COMPARISON OF SEVERAL REPORTED DIVISION TECHNIQUES USED IN VERY LOW TRANSCONDUCTANCE OTAS AND LARGE TIME CONSTANT G ,,, -C' FILTERS

Division Factor &

Technique Reference . Offset Comments
Time contant
SP Current Division This work 70 to 4900 2 to 9mV SD Low input noise, good linearity, nW power.
3.3s
Voltage Division [2] Up to 10000 Very large. Poor linearity, small silicon area, nW power.
10s
SP Current Division [3] 2200 130mV Large offset probably due to
0.7s non-symmetrical SP copy.
Capacitive Scaling & [6] ~20mV 4" order, 1-5Hz tunable band-pass filter.
Others. 1.2s ~25uW power.
Current [5] 1000 40mvV” 10pF capacitors employed.
Division/Cancellation. 100ms

"random offset + 80mV systematic offset.

: f,=0.302Hz

LowPass fp:.SHz
O Measured

o
o
L

Output amplitude [V, ]

0.1 ' ' 1 10
Frequency [Hz]

Fig. 11. Measured transfer function of the 3.3-s time constant integrator.

compared; unfortunately no offset measurements are presented.
These OTAs require the addition of some kind of division
technique, like the one presented here, to achieve few Hertz or
sub-Hertz range G,,,-C filters. Techniques may include voltage
attenuation [2], [7], capacitor scaling [9], [22], or current
division/cancellation [3], [5]. Table III gives some previously
reported very large time constant integrators and filters, all of
them incorporating some kind of division scheme. Although
the comparative study is difficult because linearity, noise, and
particularly, offset, are not always measured in the same way, it
is possible to conclude that the technique here presented is very
efficient regarding mismatch, power consumption, and noise,
without a significant overhead in silicon area.

VI. CONCLUSION

A general expression was introduced to estimate mismatch
offset in series-parallel current mirrors. Extremely large current
multiplication (division) factors can be obtained by means of
SP mirrors, without a significant loss in terms of area, offset,
or noise. Series-parallel division of current was applied in sym-
metrical OTAs to achieve very low transconductances with ex-
tended linear range. Sample OTAs ranging from 35 pS to 2.8 nS,
and a 3.3-s time constant G,,,-C' integrator were designed, fab-
ricated, and tested. The designed circuits demonstrate a very

|4 s
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D My
Ve
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Fig. 12. A number P of series-stacked unit transistors.

good trade-off in terms of occupied area, power consumption,
linearity, noise, and input offset. All the OTAs consume around
100 nW power, and have a measured input referred offset stan-
dard deviation of less than 10 mV.

APPENDIX

In this Appendix, small-signal analysis is carried out for Vi,
[ fluctuations in all individual transistors of the circuit in Fig. 3.
Firstly, consider in Fig. 12, a composite transistor My formed
by a large number P of series-stacked unit transistors M,;.
AVr;, AG; fluctuations on unit transistors affect the drain cur-
rent Ip; and their node voltages. For each M,,; it is possible to
write

OIp; Ip; O0lp;
Alp; = ZP8 Avp, + 2ing, AV
Di Vs Ti + 2 Bi + Vs, s
OIp;
AVgii_
+ Vo S(i—1)
I
= —gm; AVri + [)T[')A/Bi = gms; AVsi + gma; AVs(i—1)

(22)

where g, , gms,,» gmd, are gate, source, and drain transconduc-
tances of M,;, respectively. Equation (22) has been derived for
a generic transistor but Alp; = Alp is constant, because the
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transistors are series connected. Also, because transistors are se-
ries connected Q7 = Q7. then gus,_,, = gma, from
(5), (6). Summing (22) for all the series transistors

P AB; P

Im,; - AVrp;.
g ; 5

PAIp =

(23)

=1

Assummg that AVg;, AB; are noncorrelated, and that 03 ,
; do not depend on 7, we obtain

2 o2 J
2 D B V Z
OAIp — P . [32 T Im,;
13 (o} 9hx [ 2
~p \mz| TP (%), (24)

The result of the sum in (24) is not exact, it uses Zil g?ni =
P - g2 . This approximation assumes P = oo differential-
length series transistors, and the integration procedure, and ap-
proximations in [26]

P
2 N, —

L
P/ 92, (x) - dx
J0

o P- MWIDOCI,X /Q/ID 1 dQl
= - T
nL \ nClhde— Qf
~P - gmp. (25)

Ifa P x @ transistor array like the Mg in Fig. 3 is now intro-
duced, fluctuations are calculated summing (24) for the parallel
branches; g,,5 = @ - gmx and drain current is @) times larger:

2 2
2 ) 93

UID:m' @ 9mB(2)

26
e (26)

Drain current is fixed in M 4 of Fig. 3, so (26) could be better
expressed in this case, as a fluctuation in Vg:

2 2
2 I 93

Ove = 2 A“.ﬂRS ’ E RS (0‘2/7")

27

This V¢ fluctuation is then propagated to the output through
Mp. Also, (26) should be summed to calculate total output cur-
rent SD in Fig. 3.

oF _ 9mp - T . U_,Kz? gmB( 2 ).
2. 924 -PQ \ p? PQ
2 o2
in 8 gmB 2
| == me 28
RS 32 RS( )“ (28)

u

Because M4, Mp have the same specific current then
ma/Tin = gmB/Tous [20] . Tt follows that

2 2 2
e \ _ (L 1 75 ImB (2
(P ) (RS " PQ) 7) B

out
u

It should be pointed out that the derivation of (29) does not as-
sume a specific mismatch model for the MOS transistor. Either

another expression for (ag / [32) S (cr%,T ) L, Can be used instead

of (8), or the development in the appendix can be extended to
a mismatch model that considers fluctuations in other transistor
parameters such as those proposed in [27] and [28].
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