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Chapter 8

Single Operational Transconductance Amplifier
(OTA) Filters

8.1 Introduction

In the previous chapters active RC filters using the operational amplifier (opamp) have been dis-
cussed extensively. These filters have been widely used in various low freguency applications in
telecommunication networks, signal processing circuits, communication systems, control, and in-
strumentation systemsfor along time. However, active RC filters cannot work at higher frequencies
(over 200kHz) due to opamp frequency limitations and are not suitable for full integration. They
are also not electronically tunable and usually have complex structures. Many attempts have been
made to overcome these drawbacks [1]-{8]. The most successful approach isto use the operational
transconductance amplifier (OTA) to replace the conventional opamp in active RC filters [9]-{45],
aspredictedin[9]. Inrecent years OTA-based high frequency integrated circuits, filters and systems
have been widely investigated.

As seen in Chapter 3, an ideal operational transconductance amplifier is avoltage-controlled cur-
rent source, with infinite input and output impedances and constant transconductance. The OTA
has two attractive features: its tranconductance can be controlled by changing the external dc bias
current or voltage, and it can work at high frequencies. The OTA has been implemented widely in
CMOS and bipolar and aso in BICMOS and GaAs technologies. The typical values of transcon-
ductances are in the range of tens to hundreds of ©Sin CMOS and up to mSin bipolar technology.
The CMOS OTA, for example, can work typicaly in the frequency range of 50 MHz to several
100 MHz. Linearization techniques make the OTA able to handle input signals of the order of volts
with nonlinearities of afraction of one percent. We will not discuss the OTA design in this book,
although it is very important. The reader can look at References [2]-[5] on this topic.

Programmable high-frequency active filters can therefore be achieved by incorporating the OTA.
These OTA filters also have simple structures and low sensitivity. In Chapter 3 the OTA and some
simple OTA-based building blockswere introduced. In this chapter we will discuss how to construct
filters using a single OTA, because single OTA active filters have advantages such as low power
consumption, noise, parasitic effects, and cost. Commercialy widely available OTAs are very easy
to access for one to build filters with resistors and capacitors.

However, single OTA filters may not be suitable for full integration asthey contain resistorswhich
demand large chip area. These filter structures may aso not be fully programmable, as only one
OTA isutilized. It should be emphasized that on-chip tuning is the most effective way to overcome
fabrication tolerances, component nonidealities, aging, and changing operating conditions such as
temperature. Therefore, in monolithic design we should also further avoid using resistors. In recent
years, active filters which use only OTAs and capacitors have been widely studied [12]{23], [26]—
[43]. Thesefiltersareintuitively called OTA-C filters, which will a so be the subject of the remaining
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chapters. Fortunately, the single OTA filter structures can be readily converted into fully integrated
OTA-C counterparts by using OTAs to simulate the resistors. Thiswill be shown in the chapter.

It should be noted that practical OTAs will have finite input and output impedances. For the
CMOSQTA, for example, theinput resistanceisusually very large, being neglectable, but the output
resistance is in the range of 50k to 1M 2, and the input and output capacitances are typically
of the order of 0.05pF [7]. Also, at very high frequencies, the OTA transconductance will be
frequency dependent dueto itslimited bandwidth. These nonideal impedance and transconductance
characteristicswill influencethe stability and frequency performancesof OTA filters. Practical OTAs
will also exhibit nonlinearity for large signals and have noise, which will affect the dynamic range
of OTA filters.

In this chapter alarge number of first-order and second-order single OTA filter structures are gen-
erated systematically. Design methods and equations are derived. Sensitivity analysisis conducted,
and OTA nonideality effects are investigated. Performances of the generated OTA filter architec-
tures are also compared. Knowledge of the OTA in Chapter 3 and single opamp active RC filtersin
Chapter 4 should be of help in understanding this chapter.

8.2 Single OTA FiltersDerived from Three-
Admittance M odel

Consider the general circuit model in Fig. 8.1. It contains one OTA and three admittances. With
the indicated input and output voltages it can be simply shown that

Vo1 _ ngZ

— (8.1
Vi V1Yo + Y1Y3 + YoY3 + g Y2

Hi(s) =

Vo2 gm Y1+ Y2)

— (8.2
Vi NYa+TY3+YoYz+gnlo

Ha(s) =

V, o—1g
m

\ - \

o1 Y2
Y, Y,

Using these expressionswe canreadily derivedifferent first-order and second-order filter structures
from the general three-admittance model in Fig. 8.1 by assigning different components to ¥; and
checking the corresponding transfer functions in Egs. (8.1) and (8.2). For example, Y; can be a
resistor (Y; = g;), acapacitor (¥; = sC;), an open circuit (¥; = 0), or ashort circuit (¥; = oo). It
can also be a parallel combination of two components (Y; = g; + sC;).

02

FIGURE 8.1
General model with three admittances.

8.2.1 First-Order Filter Structures

In this section we use the general model to generate first-order filters.
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First-Order Filterswith One or Two Passive Components

Selecting Y, = sC1, Y2 = oo and Y3 = Ogivesrisetothesimplest structureasshowninFig. 8.2(a),
which has alowpass filter function given by

8m

H = —
1(s) 5Cr+ 2

(8.3)

with the dc gain equal to unity and the cutoff frequency equal to g,/ C1.

oV

vvo Vio B 920

FIGURE 8.2
Simple first-order lowpass (a, b, c) and general (d) filters.

Figure 8.2(b) shows another simple lowpass filter corresponding to Y1 = oo, Y2 = g2, and
Y3 = sC3. Thetransfer function is derived as

(8.4)

with the dc gain equal to g, /g2 and the cutoff frequency being g2/ Cs.
The circuit in Fig. 8.2(c), corresponding to Y1 = sC1, Y2 = oo and Y3 = g3, has the lowpass

characteristic as
8m

HG$)= ——F——— 8.5
1) sC1+ (g3 + &m) ®5)
When Y1 = 5C1, Y2 = g2, and Y3 = 0, the output from V,, isageneral type, given by
mC m
Hy(s) = BmEL T 8m82 8.6)
ngC]_ + gmg&2
which has the standard form of
s+ w;
H(s)=K (8.7)
s+ wp

The circuit is shown in Fig. 8.2(d). The circuitsin Fig. 8.2 were also discussed, for example, in
Ref. [15], here we show that they can be derived from the model in Fig. 8.1.
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First-Order Filterswith Three Passive Components

Observe that al the circuits in Fig. 8.2 contain less than three passive elements. In Fig. 8.3 we
present a set of first-order filters with three passive components, which are derived from Fig. 8.1.

: V. S
Vie—Tg; Vie—Tg; s
Vo1 VWA VoZ Vo1 | ‘ \ VoZ Vo1 VW Voz
4 9, Cz 9, L
IC1 g, 94 93 94 C,
@) (b) (©)
FIGURE 8.3

First-order filter configurations with three passive components.

Itisfirst verified that when choosing Y1 = sC1, Y2 = g2 and Y3 = g3, thegeneral model produces
alowpass filter from V,1, that is

Ha(s) = Em&2 (8.8)
s(g2+g3)C1+ g2(g3+ gm)

and a general transfer function from V,,», given by

Ho(s) = sgmC1+ gmg2 (8 9)
s(g2+83)C1+g2(83+ 8m)

Thecircuit isshown in Fig. 8.3(a).
Then consider the circuit in Fig. 8.3(b), which is obtained by setting Y1 = g1, Y2 = sC2 and
Y3 = g3. Itisfound that a highpass filter is derived whose transfer function is given by

Hi(s) = semC2 (8.10)
s(g1+ g3+ gm) C2+ g183

with the gain at the infinite frequency being g,, /(g1 + g3 + gm) and the cutoff frequency equal to

g183/[(g1+ 83 + gm)C2].
Thiscircuit also offersageneral first-order characteristic, as can be seen fromitstransfer function

Has) = 58mC2 + gm&1 (8.11)
s(g1+ g3+ gm) C2+ g183

Finaly, if Y1 and Y» are resistors and Y3 a capacitor, then both H1(s) and Ha(s) are of lowpass
characteristic. Thecircuit is presented in Fig. 8.3(c) and the transfer functions are given below.

8m82
H = 8.12
s s(g1+82)C3+g2(81+ 8m) (812)
Has) = gm (81 + 82) (8.13)

s(g1+82)C3+g2(81+ 8m)
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It isinteresting to note from Egs. (8.8) and (8.12) that the filtersin Figs. 8.3(a) and (c) have similar
characteristics from output V,; or Hi(s). Thecircuitsin Figs. 8.2(a—) and 8.3(c) will also be used
as lossy integrators to construct integrator-based OTA-C filtersin Chapter 9.

8.2.2 Lowpass Second-Order Filter with Three Passive Components

It should be pointed out that the model in Fig. 8.1 can aso support many second-order filters. In
this section however we only derive and discuss the simplest lowpass filter in order for the reader
to appreciate some advantages of OTA filters before a comprehensive investigation of structure
generation, design, and performance analysis of various second-order filters using a single OTA.
ChoosinginFig. 8.1 Y1 = sC1, Y2 = g2, Y3 = sC3, the transfer function in Eq. (8.1) becomes

8m82
52C1C3+ 582 (C1+ C3) + gmg2

Hi(s) = (8.14)

which is a lowpass filter characteristic. The corresponding circuit is shown in Fig. 8.4, which has
only oneresistor and two capacitors.

FIGURE 8.4
Simplest second-order lowpass filter derived from Fig. 8.1.

It will be recalled from Chapter 4 that the standard form of the lowpass characteristic is normally

written as 5
Ko

H = __©° 8.15

d(s) S2+%S+w§ ( )

where K isthedcgain, w, istheundamped natural frequency, and Q isthequality factor, representing
the selectivity, that is, theinitial steepness of the transition band.
Comparison of Egs. (8.14) and (8.15) indicates that the dc gain of thefilter, K, is unity and

JC1C3
W= [Sm82 5 [8m NT1TS (8.16)
C1C3 g2 C1+C3

For convenience of design and also from the viewpoint of cost we set C1 = C3. This permitsthe
development of simple design formulas for the component values, given by

w,C

CZC ZC, = —_—
1 3 82 2Q

. gm =2Qw,C (8.17)

where C can be arbitrarily assigned.
Asan example, we design the filter for the specifications of

fo=4MHz, Q=1/v2, K=1
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This is a Butterworth filter. Choosing C; = C3 = C = 5pF, using Eq. (8.17) we can compute
g2 =88.86uS and g, = 177.72uS.

Now we consider thefilter sensitivity performance. Using the relative sensitivity definition intro-
duced in Chapter 4, namely,

X BQ x dw,
sQ = §¥ = 8.18
¥ T 0 ax] o w, 0x (8.18)
for the lowpassfilter in Fig. 8.4 it isfound that:
Sen = Sgy = =S =-S5 =3 (8.19)
0 0 _1 0 _ 1C1-C3 _
Se, =-Sg=3 -S¢=58=34-2=0 (8.20)

and these results indicate superior sensitivity performance. Note that setting C1 = C3 leads not
only to practical convenience, but also to adecrease in the sensitivity of thefilter to deviationsin the
capacitor design values, as can be seen from Eq. (8.20).

It is therefore clear from the above discussion that the OTA lowpass filter has a very simple
structure, minimum component count, very simple design formulas, and extremely low sensitivity.
Aswill be seen, thisis generally true for other OTA filters.

8.2.3 Lowpass Second-Order Filterswith Four Passive Components

It is quite straightforward to treat each admittance in the general model as a single passive com-
ponent, either a resistor or capacitor as seen above. If more components are used for a single
admittance, then more filter architectures can be obtained. In the following we generate useful
lowpass second-order filters with four passive components, using again the model in Fig. 8.1.

The lowpass filter with Y1 = sC1, Y2 = go, Y3 = g3 + sCsisdepicted in Fig. 8.5(a). Itstransfer
function is derived as

Hi(s) = — Sm82 (8.21)
§2C1C3+ 5 [(g2 + 83) C1+ g2C3] + g2 (gm + &3)

FIGURE 8.5
Lowpass filters with four passive components.

Comparing the transfer function in Eqg. (8.21) with the desired function in Eq. (8.15) yields the
following equations
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_ [ 82(g3+8m) _ A/82(83+8m)C1C3
v, = JREEE, @ = YEEmn

T (82+83)C1+g2C3

— gm
T g3tgm (8.22)

A convenient design isto select C1 = C3 = C and g2 = g3 = g. That is, al capacitances
are equal and all conductances are identical, which makes the design easy and economical. With
this selection, only three component values need to be decided. Generally, we can determine the
component values for given w,, Q and K. We can aso assign avaueto any of C, g, or g, and
determine the other two in terms of w, and Q for anot specified K .

For the equal capacitances and conductances Egs. (8.22) accordingly become

vV + m m
@oC = /g (g + gm), Q=%» K=£ (8.23)

From Egs. (8.23) it can be determined that

w,C

1 1
@’ gm = 30w,C <1 ) s K=1-— (8.24)

8= " 902 902

It isvery interesting to note, see Eqgs. (8.24), that

1

0= 3 K=0 gn=0 (8.25)
1

Q>§, K>0g,>0 (8.26)
1

0 < 3 K<0 g,<0 (8.27)

Equation (8.26) indicates that the circuit can realize large Q and positive gain, while Eq. (8.27)
implies that with the interchange of the OTA input terminals the resulting circuit will complemen-
tarily implement small Q and negative gain. Equation (8.25) means that the design method cannot
implement Q = 1/3. However, this does not represent a problem, since Q of 1/2 or lower can be
realized straightforwardly with a passive RC circuit. We should stress that throughout the chapter,
for g, > 0O, the OTA is connected just as it appears in figures, while g,, < 0 simply means the
interchange of the OTA input terminals.

Using the sensitivity definition in Eq. (8.18) it can be derived from Egs. (8.22) that the general
sensitivity expressions are given by

1 1 g3
Wo __ Wo __ o — _ _ o — _
S =Sa="%="3 % =3gia

1 gm
§@0 — = (8.28)
&m 283+ 8gm
o _1_  (8+tsCa
C17 2 (g2+g3)C1+ 82C3
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1 82C3

S =%- :

G272 gC3+(g2+g3) C1

go_1__ 8+

822 g2(C1+ C3) +g3C1’

50 — 83 _ 83C1 ’

8 2(g3+gm) g3C1+g2(C1+C3)

0 _ ¢w,
Sg”l - S;’m (8.29)
SK —gK _gK _o _gK_ gk _ 83 (8.30)
Ci — YC3 — Mg g3 gr7z_g3+gm )

For thedesignwithC1 = C3 = C and g2 = g3 = g, substituting the design formulasin Egs. (8.24)
we have further

1 1
Wo __ QqWo __ o — o —
SCl_Scs__Sg’uz - S;’ua ~ 1807
1 1
Wo — _(1— — 8.31
it =5 (1 og2) (630
1 1 1
o _ 0 _¢0_ _ = O _ _ -, _ =
SC1__SC3_S82__6’ Sgs_ 3+18Q27
0 _ qwo
ng = S;n (8.32)
sk — sk —sK -0 sk —gk =1 8.33
Cp —PC3 —Pg— Y TP gm_9Q2 (8.33)

It can be seen from these results that the structure in Fig. 8.5(a) has very low sensitivity.
Another lowpassfilter can be obtained, which correspondsto Y1 = g1 +sC1, Y2 = g2, Y3 = 5Cs3,
as shownin Fig. 8.5(b). It has the transfer function

Hi(s) = — Sm82 (8.34)
§2C1C3+ 5 [g2C1 + (g1 + 82) C3] + 82 (gm + 81)

Thislowpassfilter is similar to the one discussed above, as can be seen from Egs. (8.21) and (8.34).
The same design technique can be used, and the sensitivity performanceis also similar.

8.2.4 Bandpass Second-Order Filterswith Four Passive Components

The bandpass filter with Y1 = g1, Yo = sC2, Y3 = g3 + sC3 isshown in Fig. 8.6(a). The circuit
transfer function is derived as

Ha(s) = — $8nC2 (8.35)
52C2C3+ 5 [(g1+ g3+ gm) C2 + g1C3] + g183
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FIGURE 8.6
Bandpass filters with four passive components.

Theideal bandpass characteristic is typically written as

K%s

Hi(s) = 5——F7—
d() S2+w—QUS+Cl)§

(8.36)

where w,, isthe geometric center frequency of the passband, w,/ Q isthe 3d B bandwidth, which can
also be denoted by B, and Q is again the quality factor.
Comparing Eg. (8.35) with Eq. (8.36) leads to the following design equations:

o — | 8183 0= +/8183C2C3
? TV €203’ (81+ 83+ gm) C2 + g1C3’

gmC2

K = (8.37)
(814 g3+ gm) C2 + 81C3
Weset C2 = C3 = C and g1 = g3 = g and obtain from Egs. (8.37)
w,C
g=w,C, gn=——01-30), K=1-30 (8.38)

Q

It can be seen from Eq. (8.38) that for practical Q values, g,, < 0and K < 0 which mean that
the OTA input terminals need to be interchanged and negative gain will be achieved.
The sengitivities of thefilter are found to be

1
Wo __ qWo __ 0 — o — o —
Sep =St ==Sp =St =—-5. Sp=0 (8:39)
_g0 _ 2 _ 1 81C3
27" 2 g1C3+ (g1+ 83+ gm) C2
go_1_ 81(C2+C3)
812 g1(C2+C3)+ (g3 +8gm) C2’
0 _ 1 83C2

872 g3C2+81(C2+ C3) + gnC2’
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§Q — gnC2

9 = (8.40)
" 81C3+ (g1 + 83+ gm) C2
K K 81C3
SCZ == _SC3 - )
81C3+ (81 + 83+ gm) C2
K — _ 81(C2+ C3)
s 81C3+ (g1 + 83+ gm) C2
gK — _ 83C2
8 g1C3+(g1+ g3+ 8m) C2
C
sK =1 8m*2 (8.41)
" 81C3+ (81 + 83+ gm) C2
When C1 = C3 = C and g2 = g3 = g, we have the following simple expressions:
so0 = 5o — g — _goo— L gm_g 8.42
C2 —°C3~ " Pa1 T TP T Ty gm — (8.42)
1
0 _ ¢Q _ ¢0 _
_SC2 - SCs - Sgs — 5 o,
1
Sg=5-20, Sg=-1+30 (8.43)
S&, =-S&=-SE=0. Sf=-20 sf =30 (8.44)

From the sensitivity results, it can be observed that the design using the circuit in Fig. 8.6(a) with
the OTA input terminalsinterchanged hasvery low w,, sensitivity. However, the Q and K sensitivities
display a modest Q dependence, although thisis no problem for low Q design. The redlization of
large QO may cause an increase in the sensitivity. But considering that the w, sensitivity contributes
more to response deviation than the Q sensitivity [47], the design is still useful for not very large
0, since the w, sensitivities are extremely low. Also, note that for filter design, the gain sensitivity
is of less concern than the w, and Q sensitivities. Therefore when commenting the filter sensitivity
performance, we mainly consider the w, and Q sensitivities.

It is also worthwhile mentioning that in bandpass filter design the design formulas can also be
expressed in terms of w, and B only and the bandwidth sensitivities can be calculated by using
SB = ¢ — SXQ . This can be practiced readily for the bandpass filter in Fig. 8.6(a) using the above
results.

Another bandpassfilterisassociatedwith Yy = g1+sC1, Y2 = sC», Y3 = g3,showninFig. 8.6(h).
Itstransfer function is given by

ngCZ

Hi(s) =
52C1C2 + 5 [g3C1 + (g1 + g3+ gm) C2] + 8183

(8.45)

Thisfilter function is similar to that of the above bandpass filter in Eq. (8.35). Thus similar perfor-
mances are expected.
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8.3 Second-Order FiltersDerived from Four-
Admittance M odél

In this section we consider another two general single-OTA models and filter structures derived
from them. Wefirst consider the model in Fig. 8.7, which consists of an OTA and four admittances.
This model may be looked upon as aresult of grounding the non-inverting terminal of the OTA and
applying a voltage input through an admittance to the inverting terminal of the OTA in Fig. 8.1. It
can be shown that the transfer function of the new model in Fig. 8.7 is given by

Y1 (Y3 —
H(s) = 1 (Y3 — gm) (8.46)
Y1iY3+ Y1Ya+ YoY3+ YoYa + Y3Ya + g1 Y3

Y

FIGURE 8.7
General model with four admittances.

Similarly, filter structures can be generated by selecting proper components in the model and the
corresponding transfer functions can be obtained from Eq. (8.46).

8.3.1 Filter Structuresand Design

The filter structures derived from the general model will be presented in this section. We will
show how to design the filters to meet given specifications and analyze the corresponding sensitivity
performance.

Lowpass Filter
When choosing Y1 = g1, Y2 = sC2, Y3 = g3, Y4 = sC4, we have alowpass filter as shown in
Fig. 8.8, which has the transfer function

gl(gS - gm)
52C2C4 + 5[g3C2 + (g1 + g3) Ca] + (81 + gm) 3

H(s) = (8.47)

Comparing its transfer function in Eq. (8.47) with the desired function in Eq. (8.15) yields the
following equations:

_ /[(g1tgm)gs _ A/(8118m)g3C2C4
w, = [l g = YEesa

— g3C2+(g1+83)Ca

_ £183—818n
K= 8183+838m (848)
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242 8. SINGLE OTA FILTERS

g v

1

VI O_'\M——L b —oVo
Cz:" —_C4

FIGURE 8.8
Lowpeass filter derived from Fig. 8.7.

Based on these expressionswe can design and analyze thefilter. But wewant first to draw thereader’s
attention to the similarity and difference of Eq. (8.22) and Eq. (8.48). The two filters have the same
w, and Q expressionsin form, the difference being only in the subscripts of g; and C;, although the
gain expressions are different. The same design method can be used and the same design formulas
and sensitivity performance of w, and Q will be achieved. To show this, we select Co = C4 = C
and g1 = g3 = g. Using Eq. (8.48) we can obtain the design formulas as

w,C _ 1 _ _i
8= 35" gm_3Qw0c<1—9—Q2>, K = (1 9Q2> (8.49)

and the sensitivity expressions of thefilter as

1 1
Wy __ QqWo __ 0 — o —
SCz - SC4 - _Sg)a - Sg)l ~ 1802

1 1
so =2 <1_ —ng) (8.50)
1 1 1
0 _ ¢0 _ ¢0_ 0 _
S =5 =5 =% Sa= 3% g2
S2 = s (8.51)
SK 5K —o, sK—1-_+
Ca =90, =Y a = - g_QZ
_ 1 _ 1
K _ _1 902 kK _ 2 1502 (8.52)
83 7 1_&’ gm_ngl_L ’
902 902

Just as we expected, the designed lowpass filter has very low sensitivity and simple design formulas
like the filter in Fig. 8.5(a).
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Bandpass Filter

A bandpass filter will result for Y1 = sC1, Y2 = g2, Y3 = g3, Ya = sC4 asshown in Fig. 8.9(a).
The corresponding transfer function is given by

- C
H(s) = — 5(83 — gm)C1 (853)
5°C1Ca + 5 [g3C1 + (g2 + g3) Ca] + (82 + gm) &3
93 93
] ]
Vi O_”—_ g —o V, Vi O_I % oV,
g, _—C4 = ; C4
(a) (b)
FIGURE 8.9
Bandpass filters derived from Fig. 8.7.
Comparing Eg. (8.53) with Eq. (8.36) leads to
— [(s2temles — N (82tem)e3C1Ca
Wo = CiCs > Q= 83C1+(g2+83)Cs
— _ (g3—gm)C1
K= 83C1+(g2+83)Ca (8:54)

Setting C1 = C4 = C and g2 = g3 = g, for example, we can obtain ¢ and g,,, being the same as
thosein Eq. (8.49) of the lowpass filter, but K = —(90% — 2)/3.

Asanumerical example, for the bandpassfilter of f, = IM Hz and Q = 5choosing C = 10pF
we can determine g = 4.2uS and g, = 938.3uS. Thefilter gainisequal to 74.3.

Asisobvious from their w, and Q expressions, the bandpass filter in Fig. 8.9(a) has the same w,
and Q sensitivitiesasthose of thelowpassfilterin Fig. 8.8. Asdemonstrated above, these sensitivities
are very low, lessthan or equal to 1/2. The gain sensitivities of the bandpass filter are given below:

K __ K _ 2 K __ 1
SCl__SC4_§’ ng__ﬁ’
K _ _2 1 K _ 1-90?
Sgg =73 + 2—9Q2’ ng - 2—9Q2 (855)

The gain sensitivities are also as low as those of the lowpass filter in Fig. 8.8.

We must emphasize the attractive low sensitivity feature of the bandpass filter. Especially the
sensitivities will become smaller as Q increases, which makes it particularly suitable for large Q
applications. Recalling that the bandpass filters generated in Section 8.2.4 are not suitable for large
Q applications, because the Q sensitivities are proportional to Q.

Noticethat for go = 0, the transfer function in Eq. (8.53) becomes

s(g3—gm)C1

H(s) =
) 52C1C4 + 583 (C1+ Ca) + gmg3

(8.56)
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This revedls that eliminating the g2 resistor in Fig. 8.9(a), the circuit can still support the bandpass
function. Thissimplified circuit isgiven in Fig. 8.9(b).
For the simplified bandpass filter without the g» resistor in Fig. 8.9(b), we have

Cc.C —gn) C
w, = |58 o [sm NC1C4 (83— 8m) C1 (857)
C1Cy g3 C1+Cy 83(C1+Cy)

Selecting C1 = C4 = C, we can obtain

w,C

_ @C _ _ 1402
g3="55 &n=200C. K_2(1 4Q) (8.59)

which are similar to the formulasin Eq. (8.17) for the lowpass filter in Section 8.2.2.
It can also be observed that the bandpass filter with go = 0in Fig. 8.9(b) has the same w,, and Q
sensitivities as those of the lowpass filter in Section 8.2.2. The gain sensitivities are shown as

1
N > (8.59)

2
sK = gk - 42"
8m 83 1— 4Q2’

which are also low.

Other Considerations on Structure Gener ation

Throughout thischapter, we are mainly concerned with canoni ¢ second-order structurescontaining
only two capacitors. Of course, if more capacitors are used, then more structures may be obtained.
For example, if Y1 = sC1, Yo = 5C», Y3 = g3, Y4 = 5C4, then the bandpass filter in Fig. 8.10(a)
will arise, which has the transfer function

s(g3—gm)C1

H(s) = —
5¢(C1+C2) Ca+583(C1+ Co+C4) + gmgs

(8.60)

Comparison of Eq. (8.60) with Eqg. (8.36) yields w,,, O and K expressions, from which design can
be carried out. Two design methods are given below. One method istoset C; = Co = C4 = C.
The following formulas are then obtained.

2w,C
8m = 30w,C, 83 = 2

1 2
30 3~ EQ (8.61)

The other method isto set C1 + C2 = C4 = C and specify K. Thisyields

w,C 2KC

Co=KC  —c-c 8.62
20 1= 1202 2 1 (8.62)

gm = ZQC!)OC, g3 =

From the C1 formulawe can seethat for practical Q values(Q > 1/2), only negativegain K can be
achieved.

It is also possible to obtain other filter configurations by using a combination of more elements
for an admittance. For example, if Y1 = sC1, Y2 = g2, Y3 = g3 + sC3, Y4 = ga (two components
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FIGURE 8.10
Bandpass with three capacitors and highpass filter using component matching.

are used for Y3) as shown in Fig. 8.10(b), we have the transfer function as

52C1C3+ 5C1 (23 — gm)
52C1C3 +5[(g3+ 84) C1+ (g2 + ga + gm) C3]
+ (8283 + 8284 + 8384 + g38m)

H(s) =

(8.63)

When g3 = g, ahighpass filter will result. This realization is however not particularly attractive,
duetotheuseof differencematching. Thisproblemfor the highpassfilter realization can beovercome
by using the modelsin Section 8.3.2 and Section 8.7.

8.3.2 Second-Order Filterswith the OTA Transposed

The second model with four admittancesisdisplayed in Fig. 8.11. Thismodel may be considered
as a modification of Fig. 8.1 by grounding the non-inverting terminal of the OTA and applying
a voltage input through an admittance to the output node of the OTA. It can also be reckoned as
a consequence of transposing the OTA, that is, interchanging the input and output of the OTA in
Fig 8.7. The general transfer function of the model can be demonstrated as

H(s) = Iils (8.64)
YiYa+Y1Ya+ YoY3+ YoYa+ Y3Ya+ gnY3

Notethat thetransfer function missestheterm of —g,, inthenumerator, but hasthe same denominator
comparedwiththefunctionin Eq. (8.46). Aswill beseen, theformer leadsto someadvantagessuch as
morefilter functions and better programmability whileretaining low sensitivity. Also, similar design
methods can be used. For example, the capacitances can take the same value and the resistances
may be set to beidentical. A number of filter configurations can be produced from the model.

Highpass Filter

A highpass characteristic is achieved by setting Y1 = sC1, Y2 = g2, Y3 = sC3, Y4 = g4. The
circuit is shown in Fig. 8.12, with the transfer function given by

S2C1C3

H(s) =
52C1C3+ 5 [g4C1 + (g2 + g4 + gm) C3] + 8284

(8.65)
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FIGURE 8.11
General four-admittance model with the OTA transposed.

Note that there are no difference nulling conditions involved in this highpass realization which also
saves one resistor, compared with the one in Fig. 8.10(b).

FIGURE 8.12
Highpass filter with transposed OTA.

Design can be carried out by comparing Eq. (8.65) with the standard highpass characteristic

K52

Ha(s) = o, = T Z T ?
o

(8.66)

where K isthe gain at the infinite frequency, w, isthe undamped natural frequency, and the quality
factor Q relates to the transition sharpness. Design equations are as follows (K = 1):

8284 ~/8284C1C3
W = ., 0= (8.67)
C1C3 84C1+ (g2+ 84+ 8gm) C3

Choosing C1 = C3 = C and g2 = g4 = g we can determine that

w,C

1-3 8.68
0 ( 0) (8:68)

g = a)OCa gm =

The w, and Q sensitivities are similar to those in Section 8.2.4 as can be inspected from the
similarity between the two denominators of Egs. (8.35) and (8.65). From the sensitivity resultsin
Egs. (8.42) and (8.43). It can be seen that for this design, the highpass circuit has very low w,
sengitivities, but Q sensitivities will increase with Q. The filter thus may not suit very high Q
applications. The design also requires interchanging the OTA input terminals. A highpass filter
which has very low Q sensitivity will be presented in Section 8.7.
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Lowpass Filter

A lowpassfilter isattained by choosing Y1 = g1, Y2 = sCa, Y3 = g3, Y4 = sC4. Thecorrespond-
ing circuit is exhibited in Fig. 8.13 and its transfer function is given by

H(s) = - 8183 (8.69)
§2C2C4+ 5 [83C2 + (814 83) Ca] + (81 + gm) 83

“T TI%

FIGURE 8.13
Lowpass filter with transposed OTA.

The denominator of thetransfer functionin Eq. (8.69) isthe sameasthat in Eq. (8.47). Thedesign
formulasfor Co = C4 = C and g1 = g3 = g arehencethe same asthosein Eq. (8.49), with the only
difference being K = 1/902. The w, and Q sensitivities are also the same as those in Egs. (8.50)

and (8.51), which are very low.

Bandpass Filters

A bandpass filter can be obtained by selecting Y1 = sC1, Y2 = g2, Y3 = g3, Y4 = sC4q Which is
shown in Fig. 8.14(a) and has atransfer function as

H(s) = — 583C1 (8.70)
§2C1C4+ 5 [g3C1+ (824 83) Ca]l + (82 + gm) 83

(a) (b) (c)

FIGURE 8.14
Bandpass filters with transposed OTA.

One design method isto set C1 = C4 = C and g2 = g3 = g, which gives the formulas the
same as those for the bandpass filter in Fig. 8.9(a), as Egs. (8.70) and (8.53) have exactly the same
denominator, but K = 1/3. Another method for the bandpass filter designistoset C; = C4 = C
only. Thefilter gain K can then be used as adesign parameter. The design formulas are derived as

g3= K%L, g2=(1-2K)%C,
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gm = 22C [1 _ K(lQ—22K>] (8.71)

The conditionis K < 1/2 to ensure a positive g2. When K = 1/2, we have

w,C

A = 07 m = 2 ()C 872
20" & 4 Qo (872

83 =

Similar to the discussion in Section 8.3.1, thisreveal sthat the g2 resistor can be removed. Generally,
asimpler bandpass filter can be obtained by removing the g resistor from Fig. 8.14(a), as shown in
Fig. 8.14(b). Thissimplefilter has atransfer function

sg3C1
52C1C4 + 583 (C1+ Ca) + gmg3

H(s) = (8.73)

another circuit which is as simple as the lowpass filter in Fig. 8.4.
A bandpass filter with three capacitorsis also obtained by assigning Y1 = sC1, Y2 = sCa, Y3 =
g3, Y4 = sC4 asshown in Fig. 8.14(c). The transfer function is derived as

sg3C1
52(C14 C2)Ca+ 5g3(C1+ C2+ Ca) + gmg3

H(s) = (8.74)

With C, = 0 thiscircuit will also reduceto Fig. 8.14(b). It should be noted that the bandpass filters
in Fig. 8.14 all have very low sensitivities as their counterpartsin Section 8.3.1.

The model in Fig. 8.11 can aso support another bandpass filter which corresponds to Y1 =
g1, Y2 = 5C>2, Y3 = 5C3, Y4 = g4 asshownin Fig. 8.15. Thisbandpassfilter has atransfer function

5g1C3

H(s) = (8.75)
§2C2C3 + 5 [g4C2 + (g1 + g4 + gm) C3] + g184
C3
Il
94
v,ww»——° v,
Caf = ig4
FIGURE 8.15
Another bandpass filter from Fig. 8.11.
Assuming C2 = C3 = C wedetermine g1, g4 and g, interms of w,, Q and K, given by
Wo o0 w, 0 1-K)X
= K2, — , — 24— 8.76
81 0 %= g g =~ [ + 02 (8.76)

We can aso further assign g1 = g4 = g, which will result in the same g and g,, as those for the
highpassfilter in Eq. (8.68), but K isfixed to be Q.
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8.4 Tunability of Active FiltersUsing Single OTA

It is well known that the transconductance of an OTA is controllable by the bias dc current or
voltage. For instance, the relationship between the transconductance and bias current of the bipolar
OTA, CA3080, isgiven by [9] L

8m = EIB (8.77)
where Vr isthethermal voltage and hasavalue of 26m V at room temperature. I isthebiascurrent.
If voltage is preferred to be the controlling variable, then a bias circuit can be used to convert the
voltage to the current.

It is obvious that when design has determined g,,,, the bias current needed can also be decided by
Eq. (8.77), given by

IB = 2VTgm (878)

For example, if g,, = 19.2m S, then Iy = 1mA.

Programmability is one of the most attractive features of the OTA, since this makes it possible
to tune filters electronically, which is especialy important for on-chip tuning of fully integrated
filters[5, 6, 37, 38, 39, 41, 42]. From the transfer functions of the OTA filters developed, it can be
demonstrated that some structures are indeed tunable. For example, the center frequency w, of the
bandpassfiltersin Figs. 8.9, 8.10, and 8.14 can be tuned independently of their bandwidth B, while
the bandpass filters in Figs. 8.6 and 8.15 have the bandwidth B separately tunable from the center
frequency w,. The quality factor Q can be controlled independently from the cutoff frequency w,
for the highpassfilter in Fig. 8.12.

8.5 OTA Nonideality Effects

Having considered filter structure generation, design, and sensitivity analysis we can now discuss
some of the more practical problemsin OTA filter design. In particular we will deal with the effects
of OTA nonidealities on filter performance. The methods for the evaluation and reduction of the
effects will be proposed.

8.5.1 Direct AnalysisUsing Practical OTA Macro-M odel

It will berecalled from Chapter 3that an OTA macro-model with finiteinput and output impedances
and transconductance frequency dependenceisshowninFig. 8.16. Weuse G; and C; to represent the
differential input conductance and capacitance and drop subscript d (for differential) for simplicity.
G, and C, are those at the output. The common-mode input conductance G;. and capacitance C;.
are ignored because they are usualy very small in practice compared with differential counterparts
and can be absorbed as most filter structures have a grounded capacitor or a grounded OTA resistor
from OTA input terminals to ground. This will be assumed throughout all remaining chapters,
unless otherwise stated. The input and output admittances can be written as ¥; = G; + sC; and
Y, = G, + sC,. The transconductance frequency dependence can be described using a single pole
model, as mentioned in Chapter 3 and repeated below:

&m0

—_— 8.79
1+ a%h (879

gm(s) =
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where w, is the finite bandwidth of the OTA and g,,0 is the dc transconductance. The phase shift
model is also often used, which is given, in the frequency domain, by [12]

gn(jw) = gmoe_j¢ (8.80)
where ¢ isthe phase delay. Both models can be approximated as

gm(s) =~ gmo(l — s57) (8.81)

where t = 1/wy isthe time delay and ¢ = wt, when @ << wp. In the following the related
terminologies may be used alternatively.

FIGURE 8.16
Practical OTA macro-model.

To give the reader some numerical order of OTA parameter values, a CMOS OTA, for example,
may have the following data:

gmo =56uS, f, =100MHz (t =15%9%s), G, =0,
Go=1uS (R, =1MQ) , C; =0.05pF, C,=0.1pF
Now we consider the effects of OTA nonidealities on filtersin detail. For the circuit in Fig. 8.1,
incorporating the OTA macro-model we can derive the following modified transfer function

H/(S)Z Yogm(s) + Yo+ Y3+Y,)Y; (882)
! Y1+Y) Yo+ Ys+Y,)+Y2(Y3+Y,) + Yogum(s) '

Noting that if only the OTA frequency dependenceis of concern, the associated transfer function can
be simply obtained by substituting g,, (s) for g,, intheideal expressionin Eqg. (8.1).

Using the genera equation, the impact of the OTA nonidealities on any derived filter structures
can be evaluated. Takethelowpassfilter in Fig. 8.4 asan example. With finite OTA impedances and
bandwidth taken into account, the transfer function of the filter becomes

sz—l—%s—l—a)zz

Hi(s) =K———— (8.83)
s2 + %s + a)j,z

where

1+ 2L 4 Go

(,()/ = w 8m0 8m0 (884)
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Gi G, Ci Co
\/(1+ g% + ng) <1+ C_l + C_3)

0'=0—— (8.85)
3 G C Go Ci Co 8&m0oT
1+ C1+C3 g2 + C1+1C3E + C1+C3 + C1+C3 =~ C1+C3
C3C;
. (8.86)

K =
C1C3+ C3C; 4 C1C,

v, = g2 (gmo+ Gi) (887)
¢ C3C; '

_ &2(gmo+ Gi) C3C;
82Ci + C3G; — gnmoget

Q. (8.88)

Note that K isthe gain at theinfinity frequency, that is, Hj (c0) = K. Thedc gain can be derived as

: 1+ 5
H1(0) = Hl(o)lG,-—Go (8.89)
gm0 ' &m0

In the above equations, w, and Q are as shown in Eq. (8.16). H;(0) represents the ideal dc gain,
which is unity.

During the formulation of Eq. (8.83), for simplicity and without loss of insight into the problem,
we use afirst-order approximation. The first glance at the equation indicates that the ideal all-pole
lowpass function in Eq. (8.14), now becomes ageneral biquadratic function with finite transmission
zeros and all coefficients are changed.

Of al the parasitics contributing to the change of the transfer function, the input and output
conductances (especially the latter) seem to have greater influence on the low frequency response
than others and introduce losses causing reduction of the pole and zero quality factors and the low-
frequency gain. For example, thedc gainin Eq. (8.89) istotally dependent on thefinite conductances,
being less than unity. The finite input and output capacitances affect more the high-frequency
response. At the extreme infinite frequency the magnitude, as shown in Eqg. (8.86), is no longer
zero, but a finite value determined completely by the nonideal capacitances, especialy the input
capacitance. Note in particular that the input conductance and capacitance provide extra signal
paths, as can be seen from the numerator parameters. Therefore the differential input application of
the OTA may not be favorable in some cases.

Two major effects of g, (s) should be emphasized. From the pole quality factor Q" expression
in Eqg. (8.85), we can see that transconductance frequency dependence can enhance the Q, which is
known as the Q enhancement effect. The other is the stability problem, that is, the finite w, may
cause the circuit to oscillate by shifting the poles to the right plane.

To appreciate the change more clearly, we further write the parameters in the relative change
form (afirst-order approximation is adopted during the whole simplification). Using Eq. (8.84) and
denoting Aw, = w, — w, we can obtain

Go (8.90)
gm0 &mo C1 C3

Aw, 1 ( G; G, C; Co)
> +

Wo
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In asimilar way, from Eqg. (8.85) and with AQ = Q' — Q we have

A 1 1 C 1 1 C
(e e
0 2gm0  82C1+C3 2em0  82C1+C3

&m0 C3—C1 C1—C3

+ + i+ —C, 8.91
Ci+Cs' T 2C1(Ci+Ca) ' T 2C3(Cr+ Ca) (8.91)
Finally, from Eq. (8.89) and with A H1(0) = H;(0) — H1(0) we can derive
AH )
19 __Go (8.92)

Hi(0)  gmo

Equation (8.90) clearly shows that G; and G, increase w,,, while C; and C, decrease w,. The
excess phase has no effect on w, (for the first-order approximation). Equation (8.92) revealsthat G,
has a reduction impact on the dc gain. The effectson Q depend on how the circuit is designed. For
the design in Section 8.2.2, with normalized C1; = C3 = C = 1F, Eq. (8.91) reducesto

A —
A0 _ 82780 ;4 4 80, (8.93)

0 28m0g2 2
Further substituting the design formulasin Eq. (8.17) with C = 1F gives

AQ 1-40%
j = 40,0 (Gi +Gy) + Quwot (8.94)

Therefore, t has a Q enhancement effect. C; and C, have no impact on Q for the first-order
approximation and C; = C3. G; and G, will cause Q reduction. We should stress that the
contribution of excess phase (¢ = w, 1) to the Q enhancement is multiplied by Q2, that is A Q(due
to ¢)= Q?¢, as can be seen from Eq (8.94). Therefore, for large Q applications, even avery small
phase shift can cause a very big increase in Q and thus instability. From this example we also see
that a good design can reduce nonideality effects. In particular, using equal design capacitancesalso
reduces the influence of finite OTA input and output capacitances on the pole quality factor, besides
the benefits mentioned in Section 8.2.2 such as the zero sensitivities of Q to the capacitances.

It should al so be noted that OTAsusing different | C technol ogies may have different performances.
For instance, MOS and CMOS OTAs have avery large input resistance, which may thus be assumed
infinitein most cases. However, theinput resistance of bipolar OTAsisquitelow. Theaboveanalysis
is general, which could be simplified for the CMOS OTA by dropping off G;, for example.

Similarly, taking the OTA nonidesdlities into consideration, the genera transfer functions of
Figs. 8.7 and 8.11 become, respectively,

Y1 (Y3 — gm(s))
Y1Y3+Y1(Ya+Yo)+(Yo+Y) Y3+ (Yo+Y;) (Y4+Y,)
+Y3(Ya+Yo)+Y3gm(s)

H'(s) =

(8.95)

and
Y1Y3
Y1Y3+Y1(Ya+Yi)+(Y2+Y,) Y3+ (Y2+Y,) (Ya+Yi)
+Y3(Y4+Yi)+Y3gm(s)

H'(s) =

(8.96)
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Using the respective equation we can analyze theinfluence of OTA nonidealitieson thefiltersderived
from the general modelsin Figs. 8.7 and 8.11. The difference of the two expressionsin terms of Y;
and Y, is due to the different connection of the OTA in the models.

8.5.2 SimpleFormulaMethod

A simple method for evaluation of the effects of finite bandwidth has been proposed in Ref. [46].
This method uses the sensitivity to the amplifier gain to assess the effects of phase shift, which
simplifies the analysis. Using this method we can, for example, assess the influence of the OTA
finite bandwidth on the filter. The associated formulas are given below:

A 0 0 0 Q
o = e (Ser — S2) (8.97)
8 = g5 [ (40% - 1) g + 8 | (8.9

For the simple lowpass structure in Fig. 8.4, Sg? = Sng = % as given in Egs. (8.19) and (8.20).

It can be shown that the effect of the finite bandwidth o, of the OTA isto cause fractional deviations
in Q and w,, given approximately by

A A
©o_g B2 _,p> (8.99)
Wo 0 wp

Recognizing that it isdeviationsin w, which frequently cause the greatest deviation in the amplitude
response of the filter (see Section 4.4), another attractive feature of this filter is observed from the
result. Equation (8.99) can aso be derived from Egs. (8.90) and (8.94), as expected.

Similarly, for thelowpassfilter in Fig. 8.8, usingtheresultsof Sg° and ngm inEgs. (8.50) and (8.51),
we have A AQ 0 1
W, Wo
=0, —= = 1—- — 8.100
Wy 0 wp ( 9Q2> ( )

8.5.3 Reduction and Elimination of Parasitic Effects

It is possible to reduce the effects of OTA input and output impedances by absorption and those
of transconductance frequency dependence by phase lead compensation. To show the former we
consider the second-order filter model in Fig. 8.7. The latter will be handled in Chapter 9.

From Eqg. (8.95) we can see that if Yo and Y4 are a parallel of aresistor and a capacitor, that is,
Yo = g2 + sCo, and Y4 = g4 + sCg, then the effects of ¥; and Y, can be completely eliminated
by absorption design, that is, G; and C; are absorbed by g> and C2, respectively, and G, and C,
by g4 and C4. Figure 8.17 shows the lowpass circuit which can absorb the OTA input and output
impedances and all node parasitic capacitances. Thecircuit hasthefollowing ideal transfer function:

81(83— &m)

52CoCa+s[(g3+84)Co+(g1+82+83)Cal
+(8183+8184+8283+8284+8384+8m83)

H(s) = (8.101)

For thecircuitin Fig. 8.17, the OTA finite conductances and capacitances cause achangein design
capacitances and conductances as

ACy; =Ci, AC4=C,, Ago=0G;, Aga=G,
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FIGURE 8.17
Lowpass filter that can absorb all parasitic resistances and capacitances.

The absorption approach determines the real component values by subtracting the nominal values
with the increments due to nonideal OTA parameters, that is

Cred = Cromind — AC,  grea = gnomind — Ag (8.102)

Thisrequires that
Chomina > AC,  gnomina > Ag

For example, the nominal values for relevant capacitances and conductances must be much bigger
than the respective parasitic values. It should be noted that at very high frequencies this may not be
always met.

Similar methods for the elimination of the effects of finite OTA input and output impedances can
also be discussed based on Eq. (8.96) for thefilters derived from Fig. 8.11.

In most casesin thischapter each admittanceistreated asasingle component, resistor or capacitor.
Only in the cases in which we want to achieve additional functions or performances do we consider
them as a combination of two components. Thiswill aso be the case for the remaining sections of
the chapter.

8.6 OTA-C FiltersDerived from Single OTA Filters

In the above, many interesting filters using asingle OTA have been developed. These single OTA
filter structures may not befully integratable and fully programmable dueto thefact that they contain
resistors and use only one OTA.. But they are still useful for monolithic implementation, because by
replacing the discrete resistor with the simulated OTA resistor, they can be very easily converted into
the counterparts using OTAs and capacitors only. The derived OTA-C filters should be suitable for
full integration. Inthefollowing wefirst discuss how to simulate resistors using OTAs only and then
selectively illustrate some OTA-C filters thus derived from the single OTA counterparts.

8.6.1 Simulated OTA Resistorsand OTA-C Filters

Resistors can be simulated using OTAs. Figure 8.18(a) shows a simple single OTA connection.
This circuit is equivalent to a grounded resistor with resistance equa to the inverse of the OTA
transconductance, that is, R = 1/g,, [12]. Floating resistor simulation may regquire more OTAS.
Figure 8.18(b) shows a circuit with two identical OTAs [15]. It can be shown that it is equivalent
to afloating resistor of resistance equal to R = 1/g,,. Finaly, for the ideal voltage input, the first
OTA in the input terminated floating resistor simulation is redundant and can thus be eliminated, as
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shownin Fig. 8.18(c). Thissimulation not only saves one OTA but also has a high input impedance,
afeature useful for cascade design.

FIGURE 8.18
OTA simulation of resistors.

For simplicity from now on throughout the remaining chapters we will drop subscript m off
transconductance g, in aimost all cases except when for some special cases in which the subscript
m must be used. The reader should keep in mind that in OTA-C filters, g realy means g,,, since only
OTA and capacitors are used. The function of resistorsis simulated by OTAs as discussed above.

We now derive OTA-C filtersfrom some single OTA filters using the resistor substitution method.
To stress that they are based on single OTA filter prototypes we keep the g, symbol for this OTA.
A lowpass OTA-C filter is obtained from Fig. 8.4, by simply replacing the floating resistor by the
OTA equivalent in Fig. 8.18(b), which is depicted in Fig. 8.19(a). Figure 8.19(b) shows the OTA-C
bandpassfilter derived from Fig. 8.6(a) using the OTA grounded resistor in Fig. 8.18(a). We givethe
OTA-C equivalents of the lowpass filter in Fig. 8.8 and the bandpass filter in Fig. 8.9(a), as shown
in Figs 8.19(c) and 8.19(d), respectively. The lowpass OTA-C filter in Fig. 8.19(c) uses an input
terminated OTA resistor in Fig. 8.18(c) and the grounded OTA resistor in Fig. 8.18(a). The bandpass
OTA-Cfilter in Fig. 8.19(d) consists of an OTA grounded resistor and an OTA floating resistor. The
single OTA bandpassfilter in Fig. 8.15 and the highpassfilter in Fig. 8.12 are also converted into the
OTA-C counterparts, which are shown in Figs. 8.19(€) [36] and 8.19(f), respectively.

8.6.2 Design Considerationsof OTA-C Structures

The transfer functions of the OTA-C filters are the same as those of the single OTA counterparts.
The difference is only that in OTA-C filters, the gs are all OTA transconductances. The resistor
substitution method also retains the sensitivity property of the original single OTA filter. Therefore
the structures that have minimum sensitivity should be first considered in OTA-C redization. Itis
evident that the number of OTAs in the derived OTA-C filters will depend on how many resistors
arein the original circuits. The architectures with fewer resistors may be attractive in the sense of
reducing the number of OTAs. Also, note that the grounded resistor needs fewer OTASto simulate
than the floating resistor, and thus the single OTA filter structures using grounded resistors may
be preferable in terms of reduction in the number of OTAs in the derived OTA-C filters. As will
be discussed immediately, the grounded resistor will also introduce fewer parasitic elements into
the filter circuit than the floating resistor when the nonidealities of the OTA(S) simulating them
are taken into consideration. It should also be noted that structures using grounded capacitors are
advantageous with respect to reducing parasitic effects and the chip area, as the floating capacitor
has bigger parasitic capacitances and requires larger chip area.

For the OTA-RC filters we have discussed the effects of nonidealities of the OTA g,,. When
dealing with the OTA-C equivalent we must also consider the nonidealities of the OTAs simulating
resistors. For the grounded OTA resistor in Fig. 8.18(a), the equivalent grounded admittance due to
the OTA nonidealities can be demonstrated as (to be general, we include the OTA common-mode
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(c) (d)
C, Cy
A I

(e) ®

FIGURE 8.19
Examples of OTA-C filters derived from single OTA counterparts.

impedance)

YGR = Yia +Yic + Yo + gu(s) = (Gig + Gic + Go + gmo)

+5(Cig + Cic + Cop — gmo/wp)

which isacomplex admittance, no longer a pure conductance.

(8.103)

For the floating resistor ssmulation in Fig. 8.18(b), the nonidealities of the two identical OTAs
will have more complex effects. We can draw the equivalent circuit taking the OTA nonidealities
into account and use the current source shift theorem (in aloop) to simplify the equivalent circuit.
The resulting circuit can be further proved to be equivalent to ax type admittance network with the

series arm admittance given by

Yrgns = 2Yia + gm(s) = (2Giq + gmo) + s (2Ciq — gmo/wp)

©1999 CRC PressLLC
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and the two equal parallel arm admittances, given by

YpRrap = 2Yic + Yo = (2Gic + G,) + 5 (2Cic + Co) (8.105)

Unlike the grounded resistor, in this case it isimpossible to write an equivalent floating admittance.

Now we can consider the effects on OTA-C filters of the nonidealities from the resistor simulation
OTAs. For example, inthelowpass OTA-Cfilterin Fig. 8.19(a) thetwoidentical OTAssimulating the
floating resistor of conductance g2 will haveas equivalent circuit dueto their nonidealities as shown
above. As can be seen from the circuit structure and the expressions of the series and parallel arm
admittances of the 7 network in Egs. (8.104) and (8.105), respectively, the finite differential input
conductances (2G;42) can be absorbed by transconductance g2 and the common-mode capacitances
and output capacitance (2C; 2 + C,2) can also be absorbed by C; and C3. But the effects of thefinite
differential input capacitances and the finite bandwidth will produce a parasitic floating capacitance
equal to 2C; 2 — g20/wp2, and the effect of the common-maode input conductances and the output
conductance will generate two parasitic grounded resistors of equal conductances of 2G;.2 + G2
in parallel with C1 and C3. Such parasitic elements will affect the filter poles and zeros. Further
analysis can be easily carried out by substituting

Y]/_ = (2GiC2 + GDZ) +s [Cl + (2Ci62 + COZ)]
Yé = (2Gic2 + Go2) + 5 [C3 + (2Cic2 + CoZ)]
Y; = (2Giq2 + 820) + 5 (2Cia2 — g20/@p2)

for Y1, Y3 and Y2 in EQ. (8.1). The reader may formulate the corresponding practical expression of
the transfer function and compare it with the ideal one in Eq. (8.14) to study the effects in details.

As asecond example, the bandpass OTA-C filter with two grounded OTA resistorsin Fig. 8.19(b)
isconsidered. Taking the nonidealities of the g1 and g3 OTAsinto account and using Eq. (8.103) we
have the changed grounded admittances as

Y1 =[(Gia1+ Gic1 + Go1) + g10] + 5 (Ciar + Cic1 + Co1 — g10/wp1)
Y3 =[(Gig3+ Gica + Go3) + g30] + 5 [C3 + (Cia3 + Cic3 + Co3 — g30/wp3)]

It can be seen that the finite conductances can be absorbed by the respective transconductances
of the g1 and g3 OTAs. Also, the finite capacitances and bandwidth of the gz OTA can be absorbed
by C3. But a parasitic capacitor from the output node to ground will be produced by the finite
capacitances and bandwidth of the g1 OTA, which cannot be absorbed. Again a detailed evaluation
can be conducted by substituting Y7 and Y5 for Y1 and Y3 in Eq. (8.1) and comparing the resulting
equationwiththeideal transfer functionin Eq. (8.35). For example, if only thefinite capacitancesand
bandwidth of the g1 OTA are considered, we can readily demonstrate that their effect is to produce
extraterms in the denominator of the transfer function in Eq. (8.35), which are

[SZ (C2+C3) + Sga] (Ciq1+ Cic1 + Co1 — g10/wp1)

The nonideality effects of the input termination OTA can also be similarly evaluated. The reader
may, for example, consider the g1 OTA in the lowpass circuit in Fig. 8.19(c).
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Tuning may need reconsideration. As we have already found in Section 8.4, it is not possible
to tune the frequency and quality factor independently in some single OTA filters. By replacing
fixed resistors by tunable OTAs the programmability can be enhanced. For instance, the single OTA
bandpass filter in Fig. 8.9(a) has only w, tunable, while the OTA-C simulation in Fig. 8.19(d) has
also tunable B. The tuning process simply involves the tuning of B by the g2 or g3 OTA, followed
by the adjusting of w, by the g,, OTA. It is noted that in the original single OTA bandpass circuit
in Fig. 8.15, only the bandwidth or the quality factor is tunable, but now the OTA-C derivative in
Fig. 8.19(e) has also the tunable center frequency, as can be seen from Eq. (8.75). We can first
tune w, by the g1 or g4 OTA and then B or Q by the g,, OTA. The final example is the highpass
OTA-Cfilter in Fig. 8.19(f), whose w, can be tuned by the g, or g4 OTA and Q then by the g,,, OTA,
compared with the single OTA prototype in Fig. 8.12 which hasonly Q electronically adjustable.

8.7 Second-Order FiltersDerived from Five-
Admittance M od€

In this section a more complex one OTA and five-admittance model is considered. The genera
model with complete feedback is shown in Fig. 8.20. This will be seen to be a development for
Fig. 8.1 with two additional admittances. Because more admittances are used, morefilter structures
and design flexibility can be achieved.

FIGURE 8.20
Five-admittance model with complete output feedback.

The circuit transfer function can be shown as

gmY2Yy
Y1Y2Ya+Y1YoYs+Y1Y3Ya+Y1Y3Ys+Y1Y4Y5
+Y2Y3Ya+Y2Y3Ys+Y2YaY5+gmYaYa

H(s) = (8.106)

Different filter characteristics can be realized using the general model. This can be done by
trying different combinations of passive components in Eq. (8.106). Suppose that each admittance
is realized with one element. Exhaustive search shows that a total of 13 different structures can be
derived: one highpass, four bandpass and three lowpass filters with five passive components; two
bandpass and two lowpass filters with four passive components; as well as one lowpass filter with
three passive components. The combinations of components for the 13 structures are presented in
Table 8.1. The corresponding configurations and transfer functions can be derived from the general
model in Fig. 8.20 and the general expression in Eq. (8.106), which will be presented in thefollowing.
Thesefilter structures are suitable for cascade design dueto their high input impedance. Notethat the
four passive element |owpass and bandpass filters derived are actually the same as the counterparts
in Figs. 8.5 and 8.6. The three passive component lowpass filter isthe same asthat in Fig. 8.4. This
isno surprise, asthe general three-admittance model with output V,,1 in Fig. 8.1 can be derived from
the five-admittance model in the above. We therefore will not repeat them here, although the reader
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is encouraged to check this. In the following we will concentrate on the filters with five passive
components. These filters can realize the lowpass, highpass, and bandpass functions.

Table8.1 Generation of Filter Structures Based on Model in Fig. 8.20

Function

Type Components Circuit Figure  Equation
Genera Y1 Yo Y3 Y Y5 8.20 8.106
HP g1 sCo g3 sCsg g5 821 8.108
BP1 g1 sC2 sC3 g4 g5 8.22(a) 8.113
BP2 g1 82 sCz3 sCas g5 8.22(b) 8.117
BP3 g1 sCr» g3 g4 sCs 8.22(c) 8.118
BP4 sC1 g2 g3 sCs g5 8.22(d) 8.119
BP5x% g1 oo sC3 sCq g5 8.6(a) 8.35
BP6x g1 sCp; sC3 oo g5 8.6(b) 8.45
LP1 sC1 g2 sC3 ga g5 8.23(a) 8.120
LP2 g1 g2 sC3 g4 sCs 8.23(h) 8.122
LP3 sC1 g2 g3 ga sCs 8.23(c) 8.123
L P4x g1 oo sC3 g4 sCs 8.5(a) 8.21
L P5x% sC1 g2 sC3 oo g5 8.5(b) 8.34
LP6x sC1 g2 sC3 o0 0 8.4 8.14
* Note that the symbol subscriptions used here are different from those in

Section 8.2.

8.7.1 HighpassFilter

A highpass filter can be obtained by selecting Y1 = g1, Y2 = sC>, Y3 = g3, Y4 = sCa, Y5 = g5
asshownin Fig. 8.21.

FIGURE 8.21
Highpass filter derived from Fig. 8.20.

We first manipulate Eq. (8.106) according to Y2 and Y4 into

Y>Y.

H(s) = Em”274 (8.107)

Y1+ Y3+ Y5+ gn) YoYa+ (Y1 + Y3) Y5Y2 + Y1 (Y3 + Y5) Ya + Y1Y3Y5
The transfer function is then easily derived as
H(s) 528 C2Ca
S) =
52 (814 83+ 85+ 8m) C2C4 + s [(g1 + g3) g5C2 + g1 (g3 + g5) Cal + 818385
(8.108)
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Comparison of Egs. (8.108) and (8.66) will giveriseto design equations of w,, Q, and K interms
of gsand Cs. Using these equations we can determine component values and analyze sensitivity
performance. For the setting up of C2 = C4 = C and g1 = g3 = g5 = g we can obtain the
component values as

3 3
:4 o s m = 3 o 1—— ) K:l—_ 1
g Qw,C, g 640°w C( 16Q2> 1602 (8.109)

and the sensitivities of the design as
1 1
Spe=Sge =Spe =3 (1— —16Q2) :

1 3 1

g1 g5 4 8_Q2 8 3202’
sg = % (1 - 16}) . S8 =88 =0 (8.111)
S&, =8¢,=0. S = %QZ,
Ser = Sga = Ses = 1 61QZ (8112

The sensitivities of the filter are extremely low, the maximum value being 1/2. Recalling the
highpassfilter in Section 8.3.2 which haslarge Q sensitivitiesfor high Q design, the above highpass
filter has the advantage of being suitable for any practical Q valuesin term of sensitivity.

The highpass filter in Fig. 8.21 contains two floating capacitors and three grounded resistors
which will determine its performance to the OTA nonidealities and circuit parasitics, which will be
discussed with comparison with other filter structuresin Section 8.7.4.

A 100 kHz highpass filter is now designed which has a normalized characteristic of

52

Hi(s) = —————
a(s) s24+055+1

which revealsthat Q = 2. Let C; = C4 = 10pF. We can obtain g1 = g3 = g5 = 50.265,.S and
gm = 3.066m S. The designed filter will have again of K = 0.953.

8.7.2 BandpassFilter
Four bandpass filter structures are presented in this section. The first bandpass filter is derived

fromFig. 8.20 by setting Y1 = g1, Y2 = sC2, Y3 = sC3, Y4 = g4, Y5 = g5 asshownin Fig. 8.22(a).
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The transfer function can be found, by sorting out Eq. (8.106) according to Y, and Y3, as
H(s) = 58m8aC2
52 (g4 + g5) C2C3+ s {[g1 (84 + g5) + g4 (g5 + &m)] C2 + g1 (g4 + g5) C3} + g1848s5

(8.113)
Vio
(a) (b)
~ C2 94 ~ 92 C4
V| +gm H M OVO Vl +gm —LVV\' H © VU
4%91 %ga -fos IC1 %ga 95
(c) (d)

FIGURE 8.22
Four bandpass filters derived from Fig. 8.20.

Similarly we can also derive the design formulas and sensitivity results for this circuit. When
Cy,=C3=Candg; = g4 = g5 = g, thedesign formulas are found to be

g =V2w,C,  gu = 2w,C (—5+ *g) :

(8.114)
The OTA input terminals should beinterchanged for practical Q values. The sensitivities are derived
as

59 =0,

1 1
o S =S =7 S =-5¢=-54=; (8.115)
0 V2 1
SQ =—= -5+, s@ — _— 20, sQ —
8m ﬁ < + Q g4 4 + \/_Q

8

Alw
SIS

1 1
0 0
SQ—E—Z\/EQ, _SCZZSC3:§—\/§Q

(8.116)

The second bandpassfilter structureisshown in Fig. 8.22(b), which correspondsto Y1 = g1, Y2 =
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g2, Y3 =5C3, Y4 = 5C4, Y5 = gs5. Thetransfer function is given by

58m82C4
52 (g1 + 82) C3Ca + s {(g1+ 82) 5C3 + [(g1 + 82) g5 + (81 + gm) g2] Ca} + g18285

(8.117)

Comparing Eqg. (8.117) with Eq. (8.113) we can see that the bandpassfiltersin Figs. 8.22(a) and (b)

have similar transfer functions and therefore similar design procedures and sensitivity performance.

The third bandpass filter with Y1 = g1, Y2 = sC2, Y3 = g3, Y4 = g4, Y5 = sCs isrevealed in

Fig. 8.22(c). The fourth bandpass filter corresponding to the choice of Y1 = sC1, Y2 = g2, Y3 =

g3, Y4 = sCq, Y5 = gs isdrawn in Fig. 8.22(d). These two bandpass filters have similar transfer
functions. The transfer function of Fig. 8.22(c) isformulated as

H(s) =

HEs) = — 5gm8aC2
52(g1+ 83+ 84) C2Cs + 5 [(g1 + g3+ gm) 84C2 + g1 (83 + g4) C5] + 818384
(8.118)
and the transfer function of Fig. 8.22(d) is given by
H(s) = — 58m82C4
s2(82+ g3+ 85) C1Ca + 5 [(82 + g3) §5C1 + g2 (g3 + g5 + gm) Ca] + 828385
(8.119)

It can be shown that all the bandpassfiltersin Fig. 8.22 have similar sensitivity performance. Also
they contain one grounded and one floating capacitor and one floating and two grounded resistors.
The OTA-C equivalents will have similar performances to the nonidealities of the g,, OTA and the
OTAs simulating the resistors. Section 8.7.4 will further discuss these issues.

8.7.3 LowpassFilter

Three lowpass filter configurations are now generated. The first lowpass filter is obtained by
selecting Y1 = sC1, Y2 = g2, Y3 = 5C3, Y4 = g4, Y5 = gs. Substitution into Eq. (8.106) leads to

8m8284
52 (g4 + g5) C1C3 + 5 [(g284 + 8285 + gag5) C1 + (8284 + g285) C3] + 8284 (gm + g5)
(8.120)
which comparesto the standard lowpassfilter characteristic. The corresponding lowpassfilter circuit
isshown in Fig. 8.23(a).
If C1=C3=Candgz = g4 = g5 = g, then it can be derived

H(s) =

2w,C 2 2
= , =5 Cll-—), K=1—-—— 8.121
8 50 8m Qw, ( 25Q2> 25Q2 ( )

The second interesting structure shown in Fig. 8.23(b) comes from the setting Y1 = g1, Y2 =
g2, Y3 =5C3, Y4 = ga, Y5 = sCs. Thetransfer function is given by

_ 8m8284
~ 52(g1+ 82) C3Cs + s [(81 + g2) g4C3 + (8182 + 8184 + 8284) Cs] + (81 + gm) 8284
(8.122)

This transfer function is very similar to the onein Eq. (8.120). So the lowpassfilter in Fig. 8.23(b)
will have similar performances as the onein Fig. 8.23(a).

H(s)
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FIGURE 8.23
Three lowpass filters derived from Fig. 8.20.

The third lowpass filter is given in Fig. 8.23(c), which correspondsto Y1 = sC1, Y2 = g2, Y3 =
g3, Y4 = g4, Y5 = sCs. Thetransfer function is derived as

_ 8m8284
52(g2+ g3+ g4) C1Cs + 5 [(g2 + g3) 84C1 + g2 (g3 + 84) Cs] + (gm + 83) 8284

(8.123)
It can be shown that the lowpass structuresin Fig. 8.23 all have low sensitivities. They contain two
grounded capacitors and one grounded and two floating resistors and have similar performances for
the nonidealities of the g, OTA and the OTAs simulating the resistors, as will be seen in the next
section.

H(s)

8.74 Commentsand Comparison

Asdiscussed in Section 8.5, in integrated filter design, grounded capacitors are usually preferred
because they have smaller parasitic capacitances and need less chip area than floating ones. The
highpass filter contains two floating capacitors, bandpass filters use one grounded and one floating
capacitors, and lowpass filters contain only grounded capacitors. Thus, the lowpassfilters are better
than the bandpass filters, which are better than the highpass filter in terms of the use of grounded
capacitors.

In filter design the number of OTAs should be small, as more OTAs meanslarger chip area, larger
power consumption, more noise, and more parasitic effects. Asdevelopedin Section 8.6, agrounded
resistor needs one OTA to simulate, but a floating resistor requires two OTAs to simulate. Note
also that the floating resistor when simulated using OTAs will introduce more equivalent parasitic
elements(an network, not an admittance). Thehighpassfilter hasthree grounded resistors, bandpass
filtershavetwo grounded and onefloating resistor, and | owpassfilters embrace one grounded and two
floating resistors. The numbersof OTAsneeded for simulation of resistorsin the highpass, bandpass,
and lowpass filters are three, four, and five, respectively. Therefore, in terms of the number of OTAs
the derived highpass structure is better than the bandpass filters, which are better than the lowpass
filters.

The number of grounded capacitors and the number of grounded resistors are in conflict; if oneis
big, then the other must be small, asthe total number isthree. In real design some compromise may
have to be made in order to achieve the global optimum.
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The OTA isused asadifferential input OTA inall highpass, bandpass, and lowpass structures. The
nonideality effectsof the g,, OTA will be similar for all the structures dueto the similarity among the
structures, although for example, in some structures such as Figs. 8.21, 8.22(a—) and 8.23(b), the
finite output conductance may be absorbed and in others such as Figs. 8.22(d), 8.23(a) and 8.23(c),
the finite output capacitance may be absorbed. (A similar observation for the finite OTA input
conductance and capacitance can also be discussed.)

Theeffectsof nonidealitiesof theresistor simulation OTAswill bequitedifferent. After absorption
(see Section 8.6), the highpass filter in Fig. 8.21 will have three grounded parasitic capacitors in
parallel with respective grounded resistors; the bandpass filters in Fig. 8.22 will have one floating
and two grounded parasitic capacitors in parallel with the corresponding floating and grounded
design resistors and one grounded parasitic resistor in parallel with the grounded capacitor; the
lowpass filters in Fig. 8.23 will have two floating and one grounded parasitic capacitors in parallel
withtherelated designresistorsand two grounded parasitic resistorsin parallel with respectivedesign
capacitors. It isthus clear that with respect to the effects of nonidealities of the OTAs simulating
resistors, the highpassfilter isthe best, followed by the bandpass filters and then the lowpass filters.
Again detailed analysis can be conducted by using the changed admittances due to the nonidealities
of the resistor simulation OTAs to replace the ideal onesin Eq. (8.106) for any filter architectures.

8.8 Summary

In this chapter, we have used the operational transconductance amplifier to construct activefilters.
Wehavein particular presented systematic methods for generating second-order filtersusing asingle
OTA with areasonable number of resistors and capacitors. The transfer functions, design formulas,
and sensitivity results have been formulated. These OTA filters are insensitive to tolerance and
parasitics, of high frequency capability, electronically tunable, and simple in structure. They are
suitable for discrete implementation using commercially available OTAs and aso useful for IC
fabrication, when resistors are replaced by OTA equivalents, resulting in OTA-C filters. We have
investigated OTA-C filters derived from the single OTA filters by resistor substitution. The effects
of OTA nonidealities such as finite input and output impedances and transconductance frequency
dependence have a so been considered for both discrete and IC filters. It has been proved that these
nonidealitiesinfluencefilter performance. Sometechniqueshave been suggested to reducethe effects
from the structural standpoint.

It is noted that there are some other OTA filter structures. References [23] and [24] gave some
single OTA structures with current input and voltage output. Filter architectures based on an OTA
and an opamp were studied in Ref. [25]. The opamp may limit the working frequency, but in most
cases it can be eliminated. OTA-C filters can also be obtained from single opamp active RC filters
(as well as multiple opamp architectures) either by direct replacement of the opamp and resistors
by OTAs or by some transformation [17]. Many more useful OTA-C filters will be introduced in
the following chapters. In the next chapter we will investigate two integrator loop OTA-C filters.
The current-mode equivalents of the single OTA filters developed in this chapter will be studied in
Chapter 12.
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