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ABSTRACT:  This paper has addressed the new designs of selective multiplerless Cascaded-Integrator-Comb (CIC) finite
impulse response (FIR) filter functions with applications in modern communication systems. The cascading simple filters are
used for designs. The resulting filters possess an improved frequency response behaviour. We have studied the influence of
cosine prefilter and compensation filter to frequency response characteristics of proposed novel CIC FIR filter functions.
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1. Introduction

The optimization of the dynamic range is a significant problem in active filter design [1]. The problem in fact consists of two sub-
problems, often solved simultaneously: maximizing the maximum permitted signal and minimizing the circuit noise. The maximum
signal at the filter output is limited by the available voltage headroom and the acceptable level of distortions of the output signal.
The methods for dynamic range optimization usually aim to equalize the output voltages of the amplifiers in the filter. However,
the existing methods typically do not consider how the filter frequency response changes depending on of the amplifier
nonlinearities.

The changes of the filter frequency response due to amplifiers’ non-linearity are studied since a long time. The focus has been
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on second-order bandpass filters due to their simplicity, considering basically gyrator equivalent of the LC tank [2,3] and a
single operational amplifier biquad [4,5]. Their frequency response inclines at large input amplitudes (Fig. 1) due to nonlinearities
in the active elements, which leads to three main effects: 1) The frequency response is no longer symmetric; 2) Its maximum
moves usually to lower frequencies; 3) Appearance of the so called “jump phenomenon” at certain nonlinearity levels. The
frequency response changes with a jump at a certain frequency and the suggestion is that it is due to appearance of area, in
which the response has two values (dotted line in Figure 1).

Different techniques are applied for analysing the influence of the nonlinearities. In [2,3] analytical expressions are derived that
link the level of non-linearity to the filter parameters in gyrator filters. In these studies, the operational transconductance
amplifiers (OTA), used in the gyrator, are represented by equivalent large-signal value of the transconductances g

m
 where the

g
m

 is impacted by the amplifier’s nonlinearity. More complicated methods have been proposed for achieving better accuracy and
analysis the nonlinear effects in higher order filters. For example, the harmonic balance method is applied in [4,5], while in [6,7]
Volterra series analysis is used. State-space analysis of the harmonic distortions in OTAC filters is considered in [8].

Figure 1. Inclining the frequency response and “jump phenomenon” in second-order band pass active filters due to amplifier
nonlinearities

The review above shows that most of the existing methods for theoretical analysis of the nonlinear effects in the active filters are
approximative and in most of the cases do not rely on powerful tools for simulation of electronic circuits like Cadence, PSpice,
etc. Also, there are some questions that remain unclear. For example, the term “weak nonlinearities” is used without precise
definition. Further, the relationship between the total harmonic distortion (THD) of the amplifiers and the variation of the filter
frequency response it is not well clarified.

The goal of this paper is to study empirically these questions for one of the most popular bandpass filter – the gyrator parallel
resonance circuit (gyrator tank). This is done by computer simulation of filter with different types of OTAs with different
nonlinearity. The results demonstrate various effects in the frequency response and allow to estimate the limits of OTA’s THD
in conjunction with the tolerable changes in the filter frequency response.

2. Gyrator Parallel Resonance Circuit and Modelling of OTA V-I  Characteristic

The circuit of the bandpass filter, realized as parallel gyrator resonance circuit, is shown in Figure 2(a). The gyrator consists of
g

m1
 and g

m2
 and forms the resonance circuit together with the capacitors C

1
 and C

2
. OTA g

m0
 at the input converts the input

voltage to an equivalent current for proper operation of the tank and R is the load resistance. The general form of the small-signal
filter transfer function is

Its angular resonance frequency 
0
, Q-factor and gain h are:

(1)

(2)
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The corresponding frequency response is symmetrical around 
0
 when logarithmic scale is used for the frequency axes.

Examples for two different Q-values are shown in Figure 2(b).

Figure 2. (a) Circuit of bandpass filter realized as (b) filter frequency response at two different
parallel gyrator resonance circuit                  pole Qfactors

The investigation is focused on the impact of the nonlinearites in g
m1

 and g
m2

 on the filter frequency response. The harmonics

produced in the input OTA g
m0

 typically are filtered by the gyrator tank. They may have visible effect only when the input signal
is too large and the fundamental frequency of the signal is 2 or 3 times lower than . For this reason this amplifier is
considered as an ideal voltage controlled current source (VCCS). Its transconductance is equal to 1/R in all simulations in order
to have unity gain at the filter central frequency f

o
.

The other two OTAs g
m1

 and g
m2

 are considered as nonlinear VCCS and their transfer characteristics i
o
(v

i
) (i

o
 – OTA output

current, v
i
 – OTA input voltage) are approximated by polynomials. Two different circuits are taken as models: the simple

differential pair with dynamic load in Figure 3(a), and a differential amplifier with linearization (Figure  3(b)). The linearization of
the second amplifier is achieved by source degeneration resistors – transistors M

3
-M

6
 are used for this purpose. This amplifier

also uses dynamic load. A negative resistance emulated by the pair M
9
-M

10
 is connected in parallel to the output for increasing

the output impedance. The common mode feedback circuit (M
cf1

-M
cf4

) is shown also in Figure 3(b).

The studied circuit has been proposed in [9] and investigated in [10]. Its linearity is controllable by parameter a, equal to

(3)

where (W/L)
M1-2 

is the aspect ratio of transistors M
1
 and M

2
 and (W/L)

M3-6
 of M

3
 – M

6
. The value of  determines the achievable

linearity and the best linearity is at an optimal a.

The i
o
(v

i
) characteristics of the amplifiers is obtained by multiple time domain simulations with a sinusoidal voltage source at the

input (terminals “+V
in

” and “-V
in

”), which amplitude is increased gradually. The output current flows through capacitor of 10nF,

connected at the output (terminals “+V
o
” and “-V

o
”). The frequency is 10kHz and the capacitor impedance is about 1.6k, which

is much less than the amplifier output impedance – i.e. the capacitor realizes an approximate short circuit. The transfer character-
istics are simulated with AMS 0.35 µm CMOS process used in the education. The sizes of all transistors are W = 10 µm, L = 0.35
µm and only the widths of M

1
 and M

2
 are varied to achieve the desired parameter a. Tail currents Iss are 35µA for the circuit in

Figure 3(a) and 100µA in Figure 3(b). Their values are chosen in order to have approximately equal gm’s (about 150µS) of both
circuits. The simulated transfer characteristics are shown in Figure 4(a). Since they almost overlap for the amplifier in Figure 3(b),
the dependence of THD from the input voltage, plotted in Figure 4(b), is used to demonstrate how the parameter a affect the
linearity.

The next step is to receive an analytical approximation of the characteristics in Figure 4(a). Often is used tanh approximation,
however the polynomial approximation is preferred here as more flexible, allowing to achieve of better accuracy. The OTAs are
fully differential with symmetrical characteristics and the approximating polynomials are odd in the form

(4)
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Figure 3. Circuits used for modelling of OTA nonlinearities: (a) simple differential pair; (b) differential amplifier with lineariza-
tion

Figure 4. (a) Transfer characteristics io(vin) of the amplifiers;
(b) THD of the output current vs. input voltage vin. Black curves are  for the circuit in

Figure 3(a). The others are for Figure 3(b). blue – a = 1.5, green – a = 2, magenta – a = 2.5, red – a = 3

The degree of polynomial is increased gradually until achieving relative approximation error of 1% for amplitudes of v
i
 up to 0.5V.

The polynomial for the OTA in Figure 3(a) is: , where v
i
 is in volts and i

o
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is in amperes. The polynomials for the OTA with  linearization are of 7th degree and their coefficients are given in Table 1.

Table 1. Coefficients of Approximating Polynomials for the Circuit in Figure 3(b)

3. Simulated Frequency Responses of the Nonlinear Gyrator Tank

Since the amplifiers, forming the gyrator, are nonlinear, time domain analysis should be used for obtaining their frequency
characteristics. The small-signal resonance frequency of the gyrator tank is chosen as to be 800kHz in every simulation. A
sinusoidal voltage source with amplitude V

im
 is applied at the input and the maximum of the output voltage Vom is determined

by time-domain analysis. The gain in dB for the frequency of the source is calculated as 20log
10

(V
om

/V
im

). The frequency of the
source is varied from 600kHz to 1MHz with step 1kHz and at each frequency is calculated the gain – in this way is obtained the
large signal frequency response at the corresponding input amplitude.

The OTAs gm
1
 and gm

2
 are considered as nonlinear ideal VCCS, which dependencies i

o
(v

i
) are given by the approximating

polynomials received in the previous section. Both amplifiers are assumed with identical V-I characteristics. This approach
allows to focus on the influence of the nonlinearity of the gm only. It also avoids the problems with adjusting the DC voltages
at the points of connection of the amplifiers, which could misbalance their V-I characteristics.

The capacitors C
1
 and C

2
 are equal and their values are calculated from formula (2) in order to have 800kHz pole frequency,

taking the transconductances gm1 and gm2 equal to the coefficient a1 of the approximation polynomial. In order to evaluate the
effect of nonlinearities at different Q-factors the simulations are done for Q = 4, 10, 25. Its value is adjusted by proper choice of
the resistor R in Figure 2, changing correspondingly the value of gm0 to keep h = 1.

Figure 5. Frequency responses of the gyrator tank having amplifiers without linearization (Figure 3(a)). Colours: black – small
signal (AC), blue – Vim = 10mV, green – Vim = 50mV, red – Vim = 100mV. (a) Q = 4; (b) Q = 10; (c) Q = 25

The linear frequency responses, received by AC analysis under the assumption of linear amplifiers, are the ideal case and they
are used as reference for evaluation the changes of the other frequency responses due to nonlinearities. For this purpose, the
corresponding AC frequency responses are added in every figure with black colour.

The results for gyrator resonance circuit having amplifiers without linearization are shown in Figure 5. When the input signal is
small – 10mV, THD of the amplifiers is small (~0.3% according Fig. 4(b)) and corresponding curves practically  overlap the AC
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characteristics, i.e. the tank is still linear. Higher input amplitudes change the frequency response and its deviation is already
visible when V

im
 = 50mV (1% THD of the amplifiers).

Figure 6. Frequency responses of the gyrator tank with Q = 10 and amplifiers with linearization. Colours: black – small signal
(AC), blue – Vim = 100mV, green – Vim = 200mV, magenta – Vim = 250mV, red – Vim = 300mV. (a) Amplifiers with a = 1.5; (b)

amplifiers with a = 2; (c) amplifiers with a = 2.5; (d) amplifiers with a = 3

Figure 7. Frequency responses of the gyrator tank with Q = 4 and amplifiers with linearization. Colours: black – small signal
(AC),  blue – im = 100mV, green – Vim = 200mV, red – Vim = 300mV. (a) Amplifiers with a = 1.5; (b) amplifiers with a = 3
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The use of linearized amplifier in Figure 3(b) as gyrator OTAs suggests more variants, since the OTA linearity can be controlled
by the parameter a. Figure 6 shows the family of frequency responses when Q = 10 and a = 1.5, 2, 2.5, 3 (the same values of a as
in Figure  4). Similar families when Q = 4 and Q = 25 are given in Figure 7 and Figure 8 correspondingly.

Several observations can be done from the simulations:
1) The OTA nonlinearities affect the filter frequency response basically around the resonance frequency. The change of the out
of band suppression, especially when the attenuation is above 10 dB, is not large.

2) When the amplitude increases enough, the distorting of the frequency response is large and its maximum drops down
significantly below the theoretical value of 0dB – e.g. the red curves in Figures 5(c), 8(a) and 8(b).

3) Most of the frequency responses move to lower frequencies when the signal increases. However, some of the curves when
the parameter a is 2.5 or 3 move upward. This depends on the curvature of the function i

o
(v

in
), which is represented by its

derivative di
o
/dv

in
, shown in Figure 9(a). When this derivative increases the frequency response moves upward; when it

decreases the motion is opposite.

Figure 8. Frequency responses of the gyrator tank with Q = 25 and amplifiers with linearization. Colours: black – small signal
(AC), blue – Vim = 100mV, green – Vim = 200mV, red – Vim = 300mV. (a) Amplifiers with a = 1.5; (b) amplifiers with a = 2; (c)

amplifiers with a = 2.5; (d) amplifiers with a = 3
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Figure 9. (a) Dependence of the derivative di
o
/dv

in
 from the input voltage of the amplifier in Figure 3(b); (b) double inclining

of the frequency response for Q = 25, a = 3, 300mV input signal

4) The change of the resonance frequency has very small dependence from the Q factor if there is no jump in the response. For
example, when a = 2.5 and the input signal is 200mV, the maxima are at 816, 818, and 818kHz when Q = 4, 10 and 25 correspond-
ingly. However the narrow bandwidth, when Q is high, makes the circuit more sensitive to the OTA nonlinearity.

5) An interesting case is the red curve in Figure 8(d), corresponding to a = 3 and 300mV input signal – it has two jumps. The large
input signal covers areas, in which the differential gm first increases and after that decreases (Figure 9(a)). This causes double
inclining in the frequency response, shown with black lines in Figure 9(b).

6) The curves shows, that in the gyrator tank THD in the amplifiers above 0.5-0.6% cause undesired changes in its frequency
response. However, this is not strict limit and it can vary depending on the Q, area of application and type of OTA nonlinearity.

4. Conclusions

A gyrator bandpass filters based of fully differential OTAs is investigated by computer simulation concerning the influence of
OTA nonlinearity. The collected frequency responses allow to estimate a limit for THD of the amplifiers to 0.5% approximately
when Q < 10-15. Then the resonance frequency changes by no more than 2-3% and the change of the frequency response is
acceptable. It is observed also double inclining of the frequency response in some case – another interesting effects due to
nonlinearity of amplifiers.
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