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Abstract

Noise models of CMOS operational transconductance am-
plifiers (OTA’s) are developed. Analysis of the noise perfor-
mance of monolithic Transconductance Amplifier Capacitor
(TAC) filters based upon the derived OTA noise models are
made. These noise models are used to characterize the per-
formace of various tuning/adjusting strategies as well as to
optimally establish the practical inherent dynamic range lim-
itation for the TAC filters.

I. Introduction

Monolithic filters fabricated using Operational Transcon-
ductance Amplifiers (OTA) and Capacitors (termed TAC fil-
ters) offer potential for operation at higher frequencies than
is attainable with alternative monolithic techniques such as
switched capacitors or operational amplifier based active fil-
ter structures which use the MOS transistor as a resistor in
the ohmic region[1,4]. The filter characterization parameters
of interest, such as pole locations, resonant frequencies, Q
factors, etc., are directly dependent upon the transconduc-
tance gains of the OTA’s and the values of capacitors. As
a result, linearity and the relationship between signal swing,
distortion, the noise and, correspondingly, the dynamic range
are of considerable interest.

A MOSFET transistor is essentially a squared law de-
vice. This nonlinear nature limits the linear input range of
analog MOS circuits. A few techniques have been proposed
to improve the linearity of the MOS OTA structures[2,3]. It
has been shown that, by applying the right biasing current,
these linearized OTA’s can handle signals up to 4V,, with
less than 1% THD if +5V supplies are used. As such, the
dominant limitation of the dynamic range is often the noise
level.

It has been observed that the noise performance of TAC
filters changes with g,, when tuning with the standard dc
tail current source in the OTA. A TAC filter structure was
recently reported in which two parameters in each OTA are
available for adjusting the transconductance; the tail current
bias and the mirror gain. The question naturally arises; can
any improvements in noise performance be obtained through
developing an optimal tuning algorithm. The related ques-
tion, how should the OTA itself be designed to minimize noise
throughout the tuning range also deserves consideration.
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Fig.1 Basic 3-Mirror OTA Structures

In this paper, noise models for basic OTA structures are
developed. The performance of two different OTA structures
with two different tuning strategies are investigated. Noise
models for biquadratic TAC filter structures based upon the
derived OTA noise models are presented. Techniques for min-
imizing noise and their corresponding tradeoffs at both the
design and tuning(adjustment) phases are discussed.

II. Noise Modeling of the Operational Transconduc-
tance Amplifiers

A common basic OTA structure is composed of a dif-
ferential input stage and three current mirrors. In the basic
OTA, each noisy current mirror block can be represented by
2 noiseless current mirror in parallel with an input-referred
noise current source, and the noisy differential input stage
can be modeled as a noiseless differential amplifier with an
input-referred noise voltage source. Two variants of the ba-
sic OTA are shown along with the equivalent input-referred



noise sources in Fig. 1. The total input-referred noise of the
two OTA’s can thus be derived :
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for the OTA structure in Fig.1(a) and Fig.1(b), respectively,
where gmq denotes the differential to single-ended transcon-
ductance gain of the differential amplifier and B denotes the
designated mirror gain. The overall transconductance of the
OTA is gm = 2gmaB. In Fig.2, several basic MOS circuit
elements which are used in OTA designs are presented with
their corresponding input-referred noise sources. The input-
referred noise spectral density of the simple OTA in Fig.3,
which is considered as a direct implementation of Fig.1(a),
can thus be obtained by
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o2, and 92, denote the spectral density for the white noise
and the flicker(1/f) noise, respectively. From eq.2, the fol-
lowing observations are made:

(1) A larger aspect ratio (W/L); of the input transistors
is desired for minimizing both white noise and flicker noise.

(2) Longer channel lengths of all mirror transistors and
a higher current gain B introduce less flicker noise.

(3) If the transconductance gain Gm is controlled by ad-
justing the bias tail current, J;441, in the differential amplifier,
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Fig.2 Noise Modeling of MOS Circuit Elements
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Fig.3 Simple OTA Circuits; the sizing of each transistor
is given in Table 1.

Table 1
Device Sizes for OTA1 and OTA2 Structures
of Fig.1 Using Topology in Fig. 3.

M1 | M2 | M3 | M4 | M5 M6 M7 M8 Ttail
OTA1|10/5 [ 10/5]30/5 | 20/5 2075 | (6/5)-(63/5) | (6/5)-(63/5) 10/5__ |1.28-128 o4 |
OTA2 | 10/5]10/5 | 20/5 | 20/5 | 20/5 | (6/5)-(63/5) 10/5 (3/5)-(32/5) | 1.28-128 A |
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Fig.4 Noise vs. Current Mirror Gain B
with Fixed G,,’ for OTA1 Structure

t?xen the white noise spectral density becomes inverse propor-
tional to Gm and is given by

(3)

where

(W/L)7 1
W/L 75

With tail current adjustment, the current mirror gain, B, can
be optimally chosen by minimizing the white noise factor K3

by letting:

In Fig.4 and 5, the relation between the input referred noise
and the current mirror gain B is shown with several fixed
trasconductance Gm’s. Device sizes are shown in Table 1.
The existence of an optimal B value is thus obvious. In this
structure, the optimal value of B as given by (5) is indepen-

(8)
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dent of Gm. A plot of the noise versus g,, for the optimal
value of B appears in Fig.4(c). It should also be noted, ac-
cording to (eq.2), that changing tail currents does not affect
the flicker noise in the OTA.

(4) An alternative way to change the transconductance
Gm is by switching the current mirror gain B to various
values. From a practical viewpoint, this might be achieved
by switching to control the effective size of M5 and M6 in
Fig.3(a). This technique has been shown to be capable of
providing a larger Gm adjustment range than is attainable
by changing the tail current|7].

III. Modeling Noise in Biguadratic TAC Filters

Several biquadratic TAC filter topologies have been pro-
posed in the literature[4]. In this paper, the two typical band-
pass structures shown in Fig.6 are analyzed. Structure BP1
consists of three OT'A’s and two capacitors. Its transfer func-

tion is given by:

ml %Y.
H(s) ECT N Hmaz (—él) s

IR T () e

(7

The corresponding output noise spectral density is then ob-
tained:

(8)

S = 0w + (U2, H 0 (98)2 + na(8)?) - w?
" @ =D+ ()2
If C; and Cj are fixed, the transconductance gains of the OTA

can be uniquely determined as functions of the gain Heppz, @
factor, and resonant frequency wo, which are given as follows:

gm1 = Hpgz » Cy- (%9) (90,)
_Cirwo-Q

gmz = TH. (9b)

gms = C2 - (5) (9)

If all the OTA’s are adjustable through changing the tail

current Jiq4, the input referred x’xoise in each OTA can thus be
modeled by (eq.3). Then the following output noise spectral
density equation is established:
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It is therefore shown that the noise density can be reduced by
using larger capacitors in (eq.10). If the total area of capaci-
tance is limited to Cp = Cy + C3, then the optimal values of
C1 and C3 can be determined to minimize the noise[5]. By
integrating {eq.10) over the passband frequencies, the total
in-band noise can be obtained. The relationships between
the in-band noise voltage and the filter parameters are shown
in Fig.7(a) and Fig.7(b). It is observed that the in-band noise
is independent of the resonant frequency wo for both OTA1
and OTA2. Moreover, the in-band noise voltage decreases
with increasing Q factors. Unfortunately, large wo or Q@ ad-
justment with L. is not practical with MOS OTA’s because
of the degradation in input signal swing with decreasing tail
current.

When the tuning process is achieved by switching the
current mirror gain of the OTA’s, the input signal swing be-
comes essentially independent of g,,. The effect of this alter-
native scheme is also indicated in Figs.(7). The result shows
that the in-band noise becomes wo dependent, and the noise
increases with increasing Q.

For the 4-OTA structure BP2, assume that g,,; = Im2
With this constraint, the transconductance of all four OTA’s
can again be uniquely determined by filter parameters. The
noise performance of this filter is characterized in Fig.8. The
in-band noise of BP2 is in general higher than the BP1 struc-
ture since one more noisy source has been added.
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Fig.8 TAC Bandpass Biquad Structure:
(a)3-OTA Structure BP1
(b)4-OTA Structure BP2

381



IV. Modeling the Dynamic Range For both structures
shown in Fig.1, distortions can be contributed by the differen-
tial transconductor and current mirror stages. If the current
mirrors are relatively distortionless, then the following non-
linear model for both OTA’s can be established:

ﬂlv:‘i’ ,311),%
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provided that ﬁlvi /811441 is small. Since a THD less than
-40 dB is usually required in most linear applications, the
maximuas differential input voltage can thus be determined
by: AN

Tiait

B

From eq.(12) and (3), the following relation can be found
accordingly:

(12)

Vdmaz = 0.4

2 2 2
= Vimas  016B% ILigy 13
DE= 'U% Kl Gm ( )

where K; and B are given in eqs. (4) and (5). The above
equation shows that the input dynamic range can be im-
proved by increasing the tail current. However, the increase
of tail current should still be limited to maintain output signal
swing.

V. Conclusions

The models of the noise performance for two OTA’s and
two TAC filter structures have been established and investi-
gated. It has been shown that both the topology and the mir-
ror structure of the OTA impact the noise performance. The
OTA tuning strategies for TAC filters also influence the noise
performance. With modest tradeoffs between OTA structure,
tuning strategy and topology, improvements in noise floor
within a 10dB range are possible. The actual improvement
in noise performance may be more significant since the noise
optimization can be made according to various tuning ranges
and strategies.

VI. Acknowledgement

The authors wish to express their gratitude to Drs. P.
Van Peteghem and T.G. Kim for useful discussions.

120
w—— cose 1: OTAl by Rad
— cose 2: OFTAl by 8

~  ‘case 3 OTAZ by il /
1 — cose s OTA2 by 8

-
3 ,
8 /
5 80+
z 7
t e
a g . e
£ -
. -
E A -
e w0 x -
\ ’//
T T 3 T T T T T T T
A\ 7 3 K 5 61RO rd ® 0P

Q Factor
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