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Abstract. In this paper, we present two biquadratic 
structures for cascade filter design, which are intended to 
provide high attenuation rate in the stopband area of 
frequency transfer characteristic. The filters optimized in 
this way can reach better electrical performances, such as 
higher maximal cut-off frequency or dynamic range, even 
with conventional (low power consumption) active devices. 
We present a modification of the well-known Sallen-Key 
filter and a biquadratic filter based on the second 
generation current conveyor CCII-. Presented approach 
relies on the elimination of parasitic transfer zeros in the 
real transfer function, which are caused by the non-ideal 
parameters of real active elements. Their impact is 
eliminated by unconventional definition of the filter output.  
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1. Introduction 
The using of the low-pass frequency filters is 

intended to suppress signals located above the cut-off 
frequency f0, while the signals located in the pass-band are 
to be transmitted. However, the suppression rate is limited 
for many real active filters, namely at higher frequencies. 
This is mainly due to the non-ideal parameters of real 
active elements, for instance to a limited bandwidth and 
nonzero output impedance of an operational amplifier. In 
this case, we observe parasitic zeros in the transfer 
function, causing degradation of the ideal -40 dB roll-off 
slope and consequent spurious transfers [1]. A possible 
solution is to employ a component with better high 
frequency performances, this however leading to increased 
power consumption. On this account, the using of the 
structures with optimized high frequency parameters is 
recommended. For instance, we can prefer to use the 
OTA-C or MFB filters [2], since they contain grounded 
capacitors. However, the use of these filters can be 
inconvenient, e.g. due to the temperature dependency or 

nonlinearity of OTA or undesirable phase shift 180° of the 
MFB biquad. Generally, the structures with good high-
frequency behavior are built of higher number of active 
elements and their realization is therefore less economical.  

In order to design optimized filter structures, we focus 
on the factors responsible for the increased transfer in the 
stopband. Consequently, we present two circuits: modified 
Sallen-Key filter in section 2 and CCII based biquad in 
section 3. Their high frequency parameters are optimized 
via the elimination of parasitic zeros in the real transfer 
function, provided by removal of the active component 
from the signal path at high frequencies. The required 
attenuation is ensured by a passive RC circuit. 

2. Type II Sallen-Key filter  
A commonly used block in the cascade filter design is 

the Sallen-Key (S-K) circuit, originally presented in [3] 
and shown in Fig. 1.  

 

Fig. 1. Sallen-Key low-pass filter with low impedance output 
(vOUT1) [2] and with buffered node (2) vOUT2 (type II S-K). 

The cut-off frequency f0 and quality Q factors are given in 
the well-know form: 
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In order to achieve the low relative sensitivities (SΩ,Q < 1) 
and unity gain in the pass-band, the filter is usually 



designed with an operational amplifier in the unity gain 
configuration (Fig. 1).  

2.1 High frequency behavior of S-K filter 
The properties of real Sallen-Key filter can, however, 

differ significantly from what was originally intended by 
the design. This is mainly due to the mentioned non-ideal 
parameters of real active elements. These non-ideal 
parameters induce well-known circuit imperfections such 
as the cut-off frequency and quality factor shifts, together 
with previously mentioned parasitic zeros degrading the 
stopband attenuation. The shifts of f0 and Q are analyzed 
e.g. in [1, 2] and can be compensated by a predistortion 
technique [4]. When focusing on the stopband area, an 
analysis can point out the signal path between the filter 
input and output, which increases the influence of the real 
operational amplifier. As indicated in Fig. 2, the input 
terminals of S-K filter is interconnected with the output 
node vOUT through the passive elements R1 and C1. 
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Fig. 2.  The direct current path iC1 causing the parasitic zeros in 

the transfer function of real Sallen-Key filter. 

The output of real voltage follower VF1 (vOUT) 
exhibits an output impedance ZOUT which increases when 
approaching the frequency limits of the operational 
amplifier. Therefore, the parasitic effects caused by the 
mentioned input-output interconnection are more 
pronounced at higher frequencies (the output of OA is 
intended to absorb the current iC1 ideally up to f → ∞).  

The influence of the real operational amplifier can be 
demonstrated by the analysis dealing with the 1st order OA 
model (we neglect the higher order effects as its modeling 
is highly inaccurate). We can deduce the presence of a 
parasitic triple zero of frequency fZ1, where the attenuation 
attains its maximum level:           
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In this equation, A0 is the DC gain, ωp the dominant pole, 
and ROUT the output resistance of the OA model. Above the 
frequency fZ1, the transfer magnitude starts to increase with 
a positive trend of 20 dB/decade.  

2.2 Increasing of the stopband attenuation 
In order to achieve required high attenuation rate of 

the S-K filter, the frequency fZ1 needs to be increased. 
Eq. (2) incites the use of an operational amplifier with 
better HF performance, however usually having higher 
power consumption. In [5], an additional pole realized by a 
passive RC network was added to the S-K filter, which 
results in constant 0 dB/dec slope above the fZ. In this case, 
one can prefer to base the design on the 3rd order cascade 
sections directly, as shown in [6]. 

A considerable increase of the stopband attenuation 
can be achieved by interruption of the direct signal path 
between the filter terminals vIN and vOUT (Fig. 2). As the 
voltage follower VF1 ideally exhibits unity gain, the output 
voltage is also present on its input voltage node labeled (2). 
In this node, the current iC1 (Fig. 2) is interrupted by zero 
reverse transfer of VF1, and the high suppression is 
ensured by a passive circuit R2C2. We can thus expect a 
higher attenuation achieved in the node (2) than at the 
output of classical S-K filter vOUT1 (Fig. 1).  

The high frequency transfer v(2)/vIN can be expressed 
similarly as in Eq. 2 (by means of the 1st order OA model), 
which  results in a double parasitic zero of frequency fZ2: 
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The frequency fZ2 is therefore determined by the OA model 
parameters and the only passive element: capacitor C1. 
A rough trade-off between fZ1 (Eq. 2) and fZ2 (Eq. 3) favors 
fZ2 because of the low output resistance ROUT and reduced 
root order. Therefore, classical Sallen-Key filter can be 
considerably improved by connecting an additional voltage 
buffer into the node (2), as shown in Fig. 1. 
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 Fig. 3.   Measured and simulated frequency characteristic of 
Sallen-Key filter with standard output vOUT1 and type II 
Sallen-Key (vOUT2) filter with increased suppression 
(measured for R1 = 168 Ω, R2 = 100 Ω, C1 = 1.2 nF, 
C2 = 560 pF, OA = AD8055). 



Indeed, the characteristics shown in Fig. 3 obtained by the 
measurement and simulation of filter designed for 
f0 = 1.5 MHz and Q = 1/√2 exhibits higher attenuation rate 
for the type II S-K filter. Moreover, Eq. 3 shows a 
methodology allowing further increasing of the attenuation, 
simply by locating the parasitic zero fZ2 to higher frequency 
(thanks to C1 determining the filter impedance level).  
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Fig. 4.   Simulations of Sallen-Key type II filter designed for 

various impedance levels (Tab. 1). Simulations were 
performed with the AD 8055 SPICE model. 

The effect of different filter impedance levels is shown in 
Fig. 4, where a positive impact of the low C1 value can be 
observed (however, its excessive decrease can provoke 
secondary parasitic effects). The curves are marked by 
values of C1 referring to the components ordered in Tab. 1. 

C1   (nF) C2    (nF) R1 = R2 (Ω) fZ2 (MHz) 

2.0 1.0 75 24.1 

1.2 0.60 125 31.0 

0.50 0.25 300 47.5 

0.10 0.05 1.5k 95.1 

Tab.1: The components’ values of simulation shown in Fig. 4. 

3. CCII- Biquadratic Section without 
Parasitic Zero 
A biquadratic filter containing no parasitic zero in the 

real transfer function ideally reach constant roll-off slope 
of -40dB/dec, reduced only by the parasitic leakage of the 
input signal. The constant attenuation slope of -40dB/dec 
can be realized by a 2nd order RC filter. However, the RC 
filters reach only a low value of quality factor (Q < 0,5). 
A solution improving the high frequency performances 
would be therefore to divide the frequency bandwidth 
between the active component and passive circuit; the 
active component provides the resonance gain Q and 
transfer up to f0, whereas the passive circuit allows 
reaching required attenuation up to very high frequencies.  

The presented network makes use of the second 
generation current conveyor (CCII-) containing three 
terminals: low impedance voltage output X, high 

impedance voltage input Y, and current output Z; the 
transfers between terminals are defined as: vX = vY, iZ = -iX 
and iY = 0 [7]. The design of biquadratic section based on 
techniques presented in [8] is shown in Fig. 5. Here, the 
input voltage is connected to the low input impedance 
terminal X through the resistor R1 and coupled with the 
current output Z according to iZ = -iX. The current source is 
loaded by the π-network composed of the resistor R2 and 
shunt capacitors C1 and C2.  

 

Fig. 5.   The low-pass CCII- biquadratic filter reaching high 
   attenuation in the stopband. 

The filter is characterized by the cut-off frequency f0 
in typical form (Eq. 1) and the quality factor of: 
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In contrast to the Sallen-Key filter, the circuit from 
Fig. 5 has ideally no direct signal path from the input node 
vIN to the output vOUT. A potential direct signal path is 
interrupted by zero reverse transfer of the voltage follower 
between the CCII terminals X and Y. The stopband 
attenuation -40dB/dec is ensured by the passive π-network 
containing shunt capacitors. For this reason, terminal Y 
(located at the output of RC network) forms the filter 
output. 

The high frequency performances of the filter can be 
demonstrated by the analysis dealing, for convenience, 
with a simplified model of the CCII. This model 
incorporates only a principal imperfection of CCII: real 
voltage follower. The voltage follower is modeled by the 
1st order model of the operational amplifier (characterized 
by A0, ωp and ROUT, see sub-section 2.1), connected as 
unity gain amplifier. The frequency transfer vOUT/vIN of the 
filter results in the following (simplified) transfer function: 
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where 2 2
0 00s s Q+ ⋅Ω +Ω  is the standard 2nd order 

polynomial, and the parameter α is defined as 
α = ROUT/R2  << 1. In Eq. 5, we can notice one nominator 
zero being eliminated by the denominator pole. Therefore, 
theoretical -40dB/dec roll-off slope in the stopband is 
achieved, and the attenuation floor is limited practically 
only by the mentioned parasitic signal leakage. A deeper 



analysis was performed by means of simulation with the 
complex model of CCII. From this analysis, we can notice 
the importance of overlap capacity CX-Y, which value needs 
to be minimized during the design.  

  The circuit’s performances were also demonstrated 
by measurements of the 4th order Butterworth low-pass 
filter designed for cut-off frequency f0 = 10 MHz. The 
frequency response shown in Fig. 6 reaches very good 
suppression going up to 100 dB. The current conveyor was 
realized by means of the CCII-K circuit [9]. 
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Fig. 6.   Example of measured frequency response of the 4th order 
low-pass Butterworth filter realized by means of the 
CCII-K circuit [9] (OPA860 + AD8055). 

The experimental measurements performed on a 
single 2nd order block (Fig. 5) confirm that the high 
suppression (above 60 dB) is independent of the designed 
cut-off frequency. Naturally, the good attenuation can only 
be achieved by a proper layout of the PCB respecting the 
general rules of RF design. In order to facilitate utilization 
of the filter, an integrated high performance CCII- current 
conveyor was developed in 0.35 µm CMOS process and 
successfully tested. 

4. Properties of voltage buffers 
Although the supplementary voltage buffer is 

required in both presented filters (Fig. 1 and Fig. 5), 
factors concerning the basic electrical properties still 
belong to the class of Single Amplifier Biquads (SAB) [2]. 
The role of the additional voltage buffer is only to form a 
new low-impedance output, primarily in the pass-band area 
(i.e. only up to cut-off frequency f0). On this account, the 
voltage buffer can use an OA with relatively low fT 
frequency, which is advantageous for power consumption 
saving. In addition, the voltage buffer can be omitted when 
the filter is followed by any high input impedance stage 
(e.g. input of an A/D converter). Concerning the type II 
S-K filter, a proper choice of the voltage buffer VF2 can 
also contribute to the low DC offset voltage of the filter.   

5. Conclusion 
In this article, we analyze the main factors leading to 

the limited attenuation rate of conventional Sallen-Key 
low-pass frequency filter. This limitation is caused by the 
parasitic transfer zeros originating from the real parameters 
of the active elements. It has been shown that their impact 
depends significantly on the filter structure. As solution, 
we presented two optimized structures of active low-pass 
filters: modified type-II Sallen-Key and CCII- based filter. 
In these circuits, the parasitic transfers zeros are eliminated 
by the reduction of active element operations primarily 
only up to the cut-off frequency, whereas the required high 
and wideband attenuation is achieved by the passive RC 
network. The experimental results show that presented 
filters allow to reach improved electrical parameters; 
especially high maximal cut-off frequency or dynamic 
range. These improvements can be realized by using the 
active elements with low HF performances, which enable 
to reduce the power consumption as well as the final cost.  
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