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Abstract: This paper presents a modification of the horizontal structures transformation method 

used for the design of fully-differential (F-D) filters. The modified method has been tested on 

numerous filtering structures based on current followers (CF) and chosen results are included in 

the paper proving its functionality 
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1. INTRODUCTION 

A demand for better characteristics of filtering structures has been increased in recent years. The 

proposal of fully-differential filters [1-3] seems to be one of the promising area of research in this 

field. Differential signal processing is a part in many industrial fields such as data transmission, 

audio-electronics, instrumentation, etc. thanks to its immunity to external interference. Except the 

ability to suppress the common-mode signals, the fully-differential structures perform better power 

supply rejection ratio, greater dynamic range of the processed signals and lower harmonic 

distortion [1]. 

There are many ways how to propose single-ended (S-E) frequency filters. We can mention the 

way using autonomous circuit design method [4], synthetic immittance system method [5], signal-

flow graphs (SFGs) method [6], etc. The literature describes three possible ways used for the 

design of fully-differential (F-D) filters. The first one is a direct proposal of a F-D filter [7]. 

However, this approach requires an experienced designer and the proposal can be time-consuming. 

The second method implements the coupling of S-E filters [8-9] connected together through a 

common node which is not connected to the ground. The resulting structures obtained by this 

method offer high Common Mode Rejection Ratio (CMRR). The drawback of this method is the 

fact that the resulting filter has approximately twice of the passive (RC) elements than S-E 

structure and it also may consist floating capacitors (unsuitable for the integration). The last 

method focuses on the transformation of the S-E structure into the F-D structure by “mirroring” of 

passive parts around the horizontal axis of the structure [10], [11]. Unfortunately, the number of 

passive components increases approximately two times in comparison to the number of passive 

parts contained in the S-E structure. This method can be easily implemented and the number of 

used active elements remain the same when replacing the S-E active elements by their F-D 

equivalents. The tradeoff of this way leads to lower CMRR [8]. 

The last discussed design method can be divided into the transformation of vertical structures and 

transformation of horizontal structures [12]. Our improved proposal belongs to transformation 

of horizontal structures. Therefore, this type of transformation will be explained in further text. 

This transformation involves the mirroring of passive parts of the horizontal branches of the initial 

S-E circuit structure. The values and positions of passive parts, included in vertical braches, remain 
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unchanged when the values of the horizontal parts are modified in dependence on the specific type 

of used passive element. The values of capacitors are doubled, while the values of resistors are 

halved. Inductors are replaced by transformers with mutually opposite winding when the number 

of windings is even. 

2. MODIFICATION OF THE HORIZONTAL STRUCTURES TRANSFORMATION 

METHOD 

This modified design method is supposed to be implemented in current-mode frequency filters 

based on current followers (CF). The design procedure is explained on the transformation of a 

lossless integrator depicted in Fig. 1a). In order to transform the S-E structure from Fig. 1a) into 

a corresponding F-D structure using the transformation of horizontal structures, the passive 

components placed in the horizontal branches of the circuit are mirrored and their values transform 

as explained above (conductance G is mirrored around the CF and now having value of 2G). The 

value and position of the capacitor C preserves unchanged. The resulting structure is shown in Fig. 

1b). However, originally grounded capacitor C turns into a floating capacitor which is not suitable 

for the integration. This capacitor must be then replaced by two grounded capacitors (one for each 

branch of the F-D structure) as illustrated in Fig. 1c). Note that the transformation of the horizontal 

structures (explanation in literature [12]) does not include this additional step of the design. The 

values of the grounded capacitors (Fig. 1c), given in the F-D structure, must reach two-times 

higher value than capacitor used in the S-E structure due to the doubled values of horizontal parts 

in order to obtain the same pole frequency of transfer function of both mentioned structures. 
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Figure 1: Design steps: a) initial S-E structure, b) the resulting F-D structure created by the 

transformation of horizontal structures, c) the resulting F-D structure with grounded capacitors, d) 

corresponding simplified M-C graph 

Figure 2 illustrates the transformation of the same S-E structure as presented in Fig. 1a) using the 

modified method. The modified method considers the grounded capacitors contained in the F-D 

structure as starting point of the proposal. Therefore, the values of resistors (conductances G) and 

capacitors C of the F-D structure stay the same as values of passive parts of the S-E structure as 

shown in Fig. 2b). 
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Figure 2: Design steps: a) initial S-E structure, b) the resulting F-D structure created by the 

modified design method, c) corresponding simplified M-C graph 

Figure 1d) and Fig. 2c) show the Mason-Coates (M-C) graph of the F-D structure from Fig. 1c), 

Fig. 2b) respectively. The identical result of symbolical transfer function and behavior of F-D 

structures in Fig. 2b and Fig. 1c (while circuit in Fig. 2b employs half of values of passive 
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elements than in Fig. 1c) is supported by following mathematical derivation. These calculations are 

based on the SFG method using the Mason gain formula. 

The denominator of transfer function of the simplified M-C graph from Fig. 1d) is given by: 
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The numerator of the given M-C graph is equal to: 
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As can be seen all terms of the denominator and numerator contain "4" which will cancel each 

other and the transfer function of the F-D structure from Fig. 1c) is given by: 
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The denominator of transfer function of the simplified M-C graph from Fig. 2c) is calculated as:  
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The numerator of the corresponding M-C graph is given by: 
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Thus, the resulting transfer of the F-D structure from Fig. 2b) is given as:  
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The equation (3) describes the resulting transfer function of the F-D structure which has been 

created by the transformation of the horizontal structures. The equation (6) denotes the resulting 

transfer function of the F-D structure based on the modified transformation method. Both 

equations are identical. Therefore, the modified design method can be used instead of the 

transformation of horizontal structure. 

3. SIMULATIONS AND RESULTS 

Figure 3 shows several results of simulations of band-pass filter (BP) which is taken from [13] as 

well as the values of all passive elements and parameters. The initial S-E transfer function (Figure 

1a)) is represented by blue line in Fig. 3. The green line visualizes the F-D transfer function 

(Figure 1b)) created by transformation of S-E function where horizontal conductance G was 

replaced by two horizontal conductances 2G and by one floating capacitor C. The purple dot line 

indicates modified F- D structure where floating capacitor C was transformed into two grounded 

capacitors 2C (having value of the original floating capacitor). The construction based on new 

modified method discussed in previous chapters results in simulated trace distinguished by the red 

line. The transfer function obtained by the modified method almost follows original S-E function 

and at lower frequencies (up to 10
4
 Hz) achieves better attenuation,  in the whole decade, than F-D 

horizontal floating structure. 
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Figure 3: Comparison of BP simulated S-E and 

F-D transfer functions  

Figure 4: Comparison of HP simulated S-E 

and F-D transfer functions 

Figure 4 is the comparison of HP transfer function of the filter from [14]. As in previous case 

modified F-D method (red line) offers better results than F-D method with floating capacitor 

(green line) as well as F-D method with horizontal structure (purple dot line).   

The simulation results presented in Fig. 3 and Fig. 4 are carried out using a 3
rd

 level simulation 

model of the UCC (closely described in [15]) and 3
rd

 level simulation model of the DACA 

(presented in [16]). These models include the frequency depended imitation of impedances of 

input and output terminals of given active elements alongside with current limitations of individual 

inputs and outputs. 

4. CONCLUSION 

The proposed method is based on the transformation of the design method for horizontal filtering 

structures which was modified in accordance to the specific requirements and characteristics 

of differential structures. The validity and operation of the modified method was proved 

mathematically and supported by simulations. The obtained results are subsequently compared 

with results gained from method dealing with transformation of the horizontal structures.  
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