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Abstract—This paper presents the low-sensitivity realization of 
narrow band-pass analog active filters using second-generation 
current conveyors. It is known that filters using multiple-
feedback structures have reduced sensitivities to passive 
component tolerances. It was shown that using the follow-the 
leader (FLF) topology, the sensitivity of current transfer function 
magnitude was reduced when compared to the common cascade 
topology (CAS). The sensitivity reduction happens in the current 
mode in the same way as in the voltage-mode. Besides sensitivity, 
the output thermal noise is also reduced using the FLF topology. 
As an example, the design procedure and the Monte Carlo 
sensitivity, as well as output thermal noise analysis using PSpice 
were performed for a 4th-order Butterworth narrow BP filter. 

Keywords-current mode filters; multiple-feedback structures, 
low sensitivity; low noise; second-generation current conveyor 

I.  INTRODUCTION 
The realization of narrow band-pass (BP) filters yields very 

high pole Q-factor values, resulting from the application of the 
low-pass-to-band-pass (LP–BP) transformation to an all-pole 
low-pass (LP) function. High pole Q-factors produce high 
filter-magnitude sensitivity to the variation of passive 
components. In this paper, we compare a cascade (CAS) 
structure [Fig. 1(a)], to the filters using a follow-the leader-
feedback (FLF) structure [Fig. 1(b)] in order to reduce high 
passive component sensitivity (see [1][2]). The negative 
feedback of signals shown in Fig. 1(b) is universal and can be 
applied in both voltage and current modes. Besides, lowering 
sensitivity it is also applicable for lowering output thermal 
noise. 

Current-mode approach offers high-frequency application 
because of no limitation on the GBW product when compared 
to traditional voltage-mode approach [3]. Besides, it does not 

(a)  

(b)  
Figure 1.  (a) CAS structure. (b) FLF structure. 

need high-voltage gains and provides circuits with good 
performance in terms of speed, bandwidth and accuracy. Inside 
the current-mode circuits, the second-generation current 
conveyor (CCII) can be considered the basic active circuit 
building block [3]. 

II. THE HIGH-ORDER NARROW BP FILTER REALIZATION 
Each high-order (i.e. nth-order; n>2) symmetrical BP 

transfer function can be written as a product of fourth-order 
factors if n=4k; k=1, 2, … and eventually one second-order 
factor if n=2(2k+1); k=1, 2, … .  

A. Second-order BP Filters using LP–BP Transformation 
If we apply the LP–BP transformation  
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we obtain the second-order BP transfer function 
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From (3) second-order BP pole parameters readily follow: 

 .);/(; 00 LPBPpp kkBq === γωωω  (4) 

Note that ω0 is a center frequency and B is a bandwidth of a BP 
filter. [It is convenient to start with γ=1 in (2)]. 

B. Fourth-order BP Filters using LP-BP Transformation 
Cascade Structure (CAS). In this section we investigate the 

fourth-order factors, and we propose the building block that 
covers most of the BP filter topology. If we apply the LP–BP 
transformation (1) to the second-order LP prototype: 
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we obtain the fourth-order BP transfer function which can be 
represented as product of two second-order factors that have a 
form: 
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Equation (6) represents the cascade realization of a fourth-
order BP filter. The product (6) contains the factor pairs having 
equal Q-factors q1=q2=q defined by 

 
( ) ( )

)/()(2
)/()(4/4/4

2
0

222

2
0

22222
0

222
0

22

ωω
ωωωωωω

LPLP

LPLPLPLP

qB
qBBB

q
−+++

= , (7) 

and pole frequency pairs ω01, ω02, which are given by 
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Note that ω01ω02=ω0, where ω0 is the center frequency of a BP 
filter. Equations (7) and (8) are well known and referred to as 
“Geffe equations”. They provide all parameters needed to 
construct fourth-order BP filter in cascade form (see Fig. 1(a)). 

Follow the Leader Feedback Structure (FLF). It is well 
known that the overall sensitivity of a BP filter is minimal if 
each fourth-order factor defined by (6) is realized by a so-
called “Biquartic structure” (having also the name FLF) as 
shown in Fig. 1(b) with identical second-order blocks [1]. The 
transfer function of a Biquartic BP structure is: 
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where HiB(s) (i=1, 2) represent the transfer function of each 
second-order BP sub-network, and β2 represents a negative 
feedback factor1. The design parameters needed for realizing 
the fourth-order biquartic structure from a given fourth-order 
cascade structure [i.e. to construct fourth-order BP filter in FLF 
form as in Fig. 1(b)] follow from equating (6) and (9). The 
design parameters are: 
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C. Example 
As an illustration the design procedure of the two versions 

of the fourth-order BP filters shown in Fig. 1 is considered. 
The filter is derived from the second-order Butterworth LP 
filter prototype with normalized 3dB cut-off frequency ωc=1, 
having normalized pole frequency ωp=1[rad/s], and the pole Q-
factor qp=1/√2. The BP center frequency is ω0=2π⋅104[rad/s], 

                                                           
1 β2 has index 2 because it takes signal after second block. 

and the bandwidth B=2π⋅500[rad/s], or normalized, Bn=B/ω0= 
0.05 (selective BP filter). For cascade structure, using (7) and 
(8) we calculate: q=28.2887; ω01=63952.6 [rad/s]; ω02=61730.8 
[rad/s]; and we choose k1=k2=0.5 (we choose ki<1, i=1, 2 to 
obtain realizable Biquad in Section III). For FLF structure 
using (10) we calculate: qB=28.28427; β2=4.00125; and 
k1B=k2B=0.5. Note that for the narrow BP filters, from (8) we 
have obtained high pole Q factors (q and qB) as a consequence 
of LP–BP transformation. For narrower pass band even larger 
pole Qs (of the order of hundreds) are obtained. 

III. BP FILTER REALIZATIONS 
Consider current-mode BP biquadratic filter section shown 

in Fig. 2 [4] using two second generation current conveyors 
and only two grounded capacitors (i.e. canonic number of 
capacitors). Current transfer function for the filter section Fig. 
2 is defined by: 
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where parameters as function of components are defined by: 
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The step-by-step design procedure for the circuit in Fig. 2 
follows: 

 i) Choose C4 and calculate: )/( 43 ppBP qCkR ω= ; (13) 
 ii) From kBP calculate: ( )1/132 −= BPkRR ; (14) 
 iii) Calculate: )./(1 432

2
1 CRRC pω=  (15) 

Using design equations (13)–(15) and pole parameters from 
above example we obtain the following component values 
given in Table I for both CAS and FLF filter circuits presented 
in Fig. 4 and Fig. 5, respectively. 

Second-generation current conveyor with designated port 
voltages and currents is shown in Fig. 3(a), and is defined by 
(16). Its equivalent schematic which we use in PSpice for 
idealized simulation is shown in Fig. 3(b) with unity gain 
current controlled current source (CCCS); in PSpice 
component “E” is used. It is connected to voltage controlled 
voltage source (VCVS); in PSpice component “F” is used. For 
the positive conveyor CCII+ there is +1 in matrix (16), i.e. Iz=Ix 
with references as in Fig. 3(a), whereas for the CCII– we have 
–1. In our analysis we have used only positive CCII+, they are 
also convenient to be realized in discrete form using AD844. 
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Figure 2.  Current-mode BP biquadratic section using two CCII+. 
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TABLE I.  ELEMENT VALUES OF CAS (IN FIG. 4), AND FLF (IN FIG. 5) 
FILTERS (CAPACITORS IN nF, RESISTORS IN Ω). 

Type Element values 

CAS 

C1 R2 R3 C4 R8 R9 
3200 276.375 276.375 1 8000 1000 

C5 R6 R7 C8   
3200 286.322 286.322 1   

FLF 
C1, C5 R2, R6 R3, R7 C4, C8 R8, R10 R9, R11 
3200 281.305 281.305 1 8000 1000 
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Figure 3.  (a) CCII+ with designated port voltages and currents. (b) Model of 
ideal CCII+ in PSpice. 
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In the circuit in Fig. 4, CCII+ no. 3 and 5 function as 
“current followers” (and current inverters) to convey the 
current through C4 to the output current source. The CCII+ no. 
7 with resistors R8 and R9 form the current amplifier. In the 
circuit in Fig. 5, CCII+ no. 6 and 7 function as non-inverting 
current followers (and can be replaced by one CCII−). This is 
because the proper polarity of the current signal is needed to 
form negative feedback. Note that the addition of the signals 
in current-mode is simple; two currents: from the z output of 
CCII+ no. 8 (Iout) and input source (Iin) are simply connected 
at one node and summed by the current Kirchhoff law (KCL). 

A. Sensitivity and Noise Analysis 
In what follows, we examine the sensitivity to tolerances 

of passive component values of the two current-mode filters 
discussed above realizing fourth-order BP filter whose 
amplitude characteristics αi(ω)=20log|Hi(jω)|[dB], where Hi(s) 
is the current transfer function, are shown in Fig. 6(a). Using 
the OrCAD PSpice 16 program [6] with Monte Carlo runs, we 
assume a zero-mean uniform distribution, and a 5% standard 
deviation for all components. The obtained spread of 
responses for each filter is an indication of that filter's 
sensitivity to component tolerances.  

C1

C4R3

R2

Iin

CCII+
x

y
z

1

CCII+
x

y
z

2
Iin

Iout1
CCII+

x

y
z

3

C5

C8R7

R6

CCII+
x

y
z

4

CCII+
x

y
z

5

CCII+
x

y
z

6

Iout2

CCII+
x

y
z

7

Iout

R8

R9

H1(s)

H2(s)

−Iout1

−Iout1

−Iout2 RL

Iout

or

 
Figure 4.  Current-mode fourth-order BP filter using cascade structure (CAS). (RL is used when the output noise is measured.) 
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Figure 5.  Current-mode fourth-order BP filter using follow-the-leader-feedback structure (FLF). (RL is used when the output noise is measured.) 
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 (a)   (b)  

(c)   (d)  
Figure 6.  (a) Amplitude characteristics of the current transfer function Hi(s) of fourth-order BP filter example. Monte Carlo runs of various realizations: (b) 
Cascaded filter (CAS) (Fig. 4). (c) Follow-the-leader-feedback filter (FLF) (Fig. 5). (d) Output noise spectral density as voltage on RL=50Ω terminating resistance.  

The sensitivity of the CAS filter (see Fig. 4) is shown in 
Fig. 6(b), and that of FLF (see Fig. 5) in Fig. 6(c). As 
expected, lower sensitivity possesses the filter with negative 
feedback (FLF) although it has higher number of components. 
This is the same result as in the voltage-mode domain 
regarding sensitivity comparison of CAS and FLF structures. 

To analyze output noise, both filters were simulated using 
the AD844/AD transimpedance opamps from Analog Devices. 
For this amplifier, its typical values given in the data book [7] 
are: Rx=50Ω, Rz=3MΩ and Cz=4.5pF. These values are also 
used in PSpice model of AD844/AD. Therefore to compensate 
for the input resistance Rx, we have reduced the values of 
resistors R2 and R3 (in Table I) for 50Ω. At the output we have 
connected load resistor RL=50Ω (instead short circuit) which 
leads output current Iout (see Figs. 4 and 5). The same situation 
would occur if we have connected the current follower at the 
output using x node of AD844/AD. At the RL we then measure 
the output thermal noise spectral density as voltage, which is 
presented in Fig. 6(d). It is shown in Fig. 6(d) that the CAS 
circuit (Fig. 4) has higher noise than the FLF circuit (Fig. 5), 
although the former has lower number of active and passive 
components. 

IV. CONCLUSIONS 
In this paper we compare two realizations of current-mode 

BP filter of fourth-order, which is common filter block in 
high-order BP filters. One is classical cascade realization; the 
second, referred to as FLF, uses negative feedback and two 
identical current-mode Biquads. It is demonstrated that 

negative feedback in FLF reduces the sensitivity to component 
tolerances of the circuits. The output noise of the two circuits 
is compared, and it is shown that lower noise has FLF filter, 
too. The improvement of sensitivity and noise features in both 
current- and voltage-mode approaches comes at price; FLF 
filter has more components then commonly used CAS filter. 
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