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Abstract. A compact circuit topology for the realization of 
the current-mode first-order allpass (AP) and highpass 
(HP) filters is described. The proposed circuit contains 
a minimum number of components, i.e., eight bipolar 
transistors, one grounded capacitor, and one biasing 
current source. The advantages of this circuit are the use 
of only grounded capacitor as a passive element, the elec-
tronic tunability of its parameters and its potential for low-
voltage operation. Owing to the pole frequency of the filter 
circuit is normally dependent on temperature; a low-
voltage translinear–based current source circuit for tem-
perature compensation is also suggested. Some simulation 
results achieved through PSPICE program and experi-
mental test results are also reported, which demonstrate 
the effectiveness of the proposed circuit. 
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1. Introduction  
First-order filters are one of the important circuit 

blocks and their use may be found in a variety of analog 
signal processing applications, such as, feedback control, 
high-order filter design, and many other engineering 
applications in the field of instrumentation and telecom-
munication. As a result of the well-known advantages of 
current-mode operation, a number of current-mode first-
order filters have been developed in the literature [1]-[11]. 
Traditionally, they were implemented using active building 
blocks, such as, second-generation current conveyor 
(CCII), four-terminal floating nullor (FTFN), current feed-
back operational amplifier (CFOA) and current differenc-
ing transconductance amplifier (CDTA). However, the in-
ternal structures of these active elements typically involve 
larger number of transistors, resulting in the high-freq-
uency limitation of the filters. Also, the complexity of the 
active building blocks dissipated considerable power, and 
occupied a large chip area. To reduce the power dissipation 
and chip area, several current-mode first-order filter 
realizations based on the use of transistor-level circuit were 

reported [12]-[17]. In [12] and [13], current-mode first-
order AP filters including a floating capacitor have been 
described. The resistorless universal first-order filter in 
[14] contains twelve of bipolar transistors, one grounded 
capacitor and four current sources. Types of filter response 
can be obtained only by changing the values of current 
sources. The filter of [15] employs four passive com-
ponents, and requires passive component matching condi-
tions. Moreover, it also requires additional active elements 
for output current sensing. The work in [16] proposed 
a resistor-free realization of an active-only voltage-mode 
first-order AP filter using four NMOS transistors and five 
biasing current sources. However, active component 
matching condition is required. Although an interesting 
circuit configurations for realizing first-order AP filter 
based on log-domain technique were recently presented in 
[17], the circuits still contain a large number of active 
components, i.e., ten bipolar transistors, one grounded 
capacitor, and seven current sources. 

In this paper, a simple bipolar technology-based filter 
topology that can simultaneously realize both current-mode 
first-order AP and HP current responses with electronic 
tuning property is presented. This topology employs eight 
transistors, one grounded capacitor, and one biasing 
current source, instead of complex active elements. Since 
the proposed circuit is resistorless, it provides very useful 
advantages from integrated circuit implementation view-
point. Its pole frequency (fo) can be tuned by the external 
bias current. The circuit also offers the following advan-
tage features; low power consumption, no component 
matching conditions, and high-output impedance.  

2. Fundamental Circuit Blocks  
In this section, current-mode active functional blocks 

that will be used as fundamental circuits in filter synthesis 
are introduced. 

2.1 Multi-Output Current Follower  
Fig. 1(a) shows the basic multi-output current follow-

er based on an npn current mirror, where ik (k = 1, 2, ..., n) 
is the output signal current, and IB is the external DC bias 
current. Assuming that the common-emitter current gain is 
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much greater than unity (β >> 1) and the dimensions of all 
transistors are same, we get the following relation: 

 ink ii �   . (1) 

Fig. 1(b) shows the AC small-signal equivalent circuit 
of Fig. 1(a), in which Ri is the input resistance of the 
current follower and can be expressed as : 
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where VT = kT/q is the thermal voltage (�26 mV at 27�C), 
and IE is the DC emitter current of the diode connected 
transistor Q0, which is approximately equal to IB. Thus, 
from the basic circuit operation, the block diagram of the 
multi-output current follower shown in Fig. 1(a) can be 
represented as Fig. 1(c). 
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Fig. 1. Multi-output current follower; (a) transistor circuit, 
(b) small-signal equivalent circuit, (c) its block. 

2.2 Tunable Lossy Current Integrator 
Fig. 2(a) shows the basic tunable lossy current 

integrator. The matched transistors Q3 and Q4 construct 
a simple current mirror with capacitor C connected parallel 

to the mirror input. The small-signal equivalent circuit of 
Fig. 2(a) is shown in Fig. 2(b), where gm3 = IB/VT represents 
the small-signal equivalent conductance of Q3, and A is the 
emitter area ratio of the output transistor Q4 to the input 
transistor Q3. From the figure, it can be readily shown that 
the current transfer function can be given by 
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According to (3), the block representation of Fig. 2(a) 
can be drawn in Fig. 2(c). 
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Fig. 2. Electronically tunable lossy current integrator; (a) tran-
sistor circuit, (b) small-signal equivalent circuit, (c) its 
block. 

3. Proposed Current-Mode AP/HP 
Filter  
The generic conceptualization of the proposed first-

order filter block is shown in Fig. 3(a). As can be seen, the 
configuration comprises two sub-blocks: a dual-output 
current follower of Fig. 1(c) and a tunable lossy current 
integrator of Fig. 2(c). Using the circuits from Fig. 1(a) and 
2(a) in the proposed filter topology of Fig. 3(a), one readily 
obtains the resistorless bipolar technology-based filter 
configuration shown in Fig. 3(b). Analysis of the proposed 
configuration of Fig. 3 gives the following current transfer 
function, 
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This transfer function allows designing two different types 
of first-order filter realizations by setting emitter area of Q4 
(A) appropriately. 
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Fig. 3. Basic principle of proposed first-order current-mode 
AP/HP filter; (a) block diagram, (b) bipolar 
technology-based realization. 

For A = 1, (4) becomes : 
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It is apparent from (6) that, in this case, the circuit realizes 
the standard transfer function of first-order HP filter.  

In case that A = 2 (io1 is mirrored from iin with a scale 
factor 2), the following transfer function is obtained for the 
first-order AP filter response: 
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with the phase response of 
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Both AP and HP types of first-order current-mode 
filter have the same following pole frequencies. 
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Equations (8) and (9) clearly indicate that the bandwidth 
and phase response of the circuit in Fig. 3(b) can be easily 

tuned via a DC bias current IB. Note at this point that the 
filter parameters are actually temperature-sensitive, 
because VT is directly proportional to the absolute 
temperature T. 

In Fig. 4, the complete circuit diagram of the 
proposed one in Fig. 3 is demonstrated. Variables iAP and 
iHP are the allpass and highpass current responses, 
respectively. Here, the current iAP is realized by adding Q5 
to provide double emitter area. 
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Fig. 4. Complete circuit of proposed tunable first-order 
current-mode AP/HP filter. 

4. Non-Ideal Effects 
In this section, the effects of the current mirror 

mismatches and transistor parasitic elements on the 
proposed circuit in Fig. 4 are investigated. 

4.1 Effects of Current Mirror Mismatches 
In ideal case, the current gain β is large enough, the 

transistor base currents are assumed to be zero. However, 
in the actual design, transistors have finite β. Therefore, the 
base currents cannot be ignored. Taking into account the 
effects of non-zero base currents in the proposed circuit of 
Fig. 4, the current transfer functions in (6) and (7) can 
respectively be rewritten as the following forms: 
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where 
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are the current transfer errors associated with the current 
mirrors Q0-Q2, Q7, and Q3-Q6, and βn(p) are the current 
gains of npn and pnp transistors, respectively. In practice, 
βn(p) usually depend on the process of integrated circuit 
technologies, and vary with the change in operating 
temperature, biasing voltage and current. 
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4.2 Effects of Parasitic Elements 
The transistor parasitic effects on the proposed 

AP/HP filter are considered in this sub-section. The small-
signal model of the bipolar transistor with parasitic 
elements is demonstrated in Fig. 5. In the equivalent circuit 
model, some parasitic elements are defined as: base-emitter 
resistance (r�), base-emitter capacitance (C�) and base-
collector capacitance (C�). By using the simple small-
signal model of Fig. 5 and assuming C� >> C�, the current 
transfer functions of Fig. 4 can be approximated as, 
respectively, 
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and  
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where  
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and gmn(p), r�n(p), C�n(p) and Cμn(p) are the gm, r�, C� and Cμ of 
npn and pnp transistors, respectively. Since normally C� >> 
C�, then the circuit has the non-ideal pole frequency 
located at: 
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It is observed from (14) and (15) that the effects of tran-
sistor parasitic elements produce a small deviation in the 
frequency responses of the proposed filter. Therefore, to 
obtain an ideal filter response, one should select as: 
gmn(p)r�n(p) >> 4  and  C >> 4C�p.  
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Fig. 5. Small-signal equivalent circuit of bipolar transistor. 

5. Temperature Compensation  
As mentioned earlier, the apparent disadvantage of 

the proposed filter parameters shows a strong directly 
related relationship with the absolute temperature. There-
fore, a biasing circuit configuration to obtain temperature 
insensitivity will be suggested in this section. 

Fig. 6 shows the basic scheme for an npn current 
mirror with controllable gain, where transistors Q1t to Q4t 
function as a classical Seevinck’s translinear gain cell [18]-
[19]. Assuming that � >> 1 and the translinear conditions 
are satisfied, the translinear relation that exists between 
their collector currents gives the output current IO to be 
expressed as: 
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where IB1, IB2 and IB3 are the external DC bias currents. 
+V

Q4t

IB3
IO

IB1 IB2

Q3t Q2t

Q1t

 

Fig. 6. npn current mirror with adjustable current gain. 

Fig. 7 shows a circuit diagram of a low-voltage bi-
polar translinear-based dependent current source, which is 
obtained from the basic circuit of Fig. 6 by inserting 
current mirrors Q9t -Q11t, Q12t -Q14t and the resistor R. From 
the figure, applying the translinear principle, we have the 
following relations: 
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Assuming that IS5 � IS6 � IS7 � IS8, IC7 � IC10 � IB4, IC5 � 
IC8 � IO1 and setting IC6 � IC11 � 0.37IB4. Thus, (17) turns to: 
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where � is the ratio between emitter areas of transistors Q9t 
and Q11t, and in this case � = 1/0.37.  
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Fig. 7. Low-voltage translinear-based dependent current 
source. 
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Fig. 8. Suggested biasing circuit for temperature compen-
sation.  

The schematic diagram of the suggested biasing 
circuit is shown in Fig. 8. The circuit consists of a basic 
circuit in Fig. 6 and a low-voltage translinear-based circuit 
in Fig. 7. Therefore, the output current IO of the circuit can 
be obtained by substituting IO1 from (18) into IB3 of (16) 
and can be written as: 
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The above expression reveals that the output current is 
directly proportional to the thermal voltage VT, which is 
itself directly related to the absolute temperature T, and the 
bias current ratio of IB1/IB2. Consequently, the circuit that 
a bias condition is strong inversely depend on the absolute 
temperature can be corrected by this temperature-
dependent current source. 

From the proposed first-order current-mode AP/HP 
filter in Fig. 4, it is seen that the �o of (9) is linearly related  
 
 
 

to the bias current IB and inversely temperature dependent. 
Therefore, for the reasons given above, a biasing circuit to 
obtain temperature insensitivity will be required. Consider 
the temperature compensated filter circuit of Fig. 9, where 
the bias current IB of Fig. 4 is replaced by the current 
source IO from the biasing circuit of Fig. 8. Combining (9) 
and (19), the pole frequency fo is again given by: 
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where it can be readily shown that now the fo is insensitive 
to the temperature and also can be controlled electronically 
by changing the bias current ratio IB1/IB2. 
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Fig. 9. Proposed tunable first-order current-mode AP/HP filter 
with temperature compensation.    

6. Simulation Results   
To verify the theoretical study, the proposed current-

mode AP/HP filter in Fig. 4 was simulated using PSPICE 
program with the transistor model parameters PR100N 
(PNP) and NP100N (NPN). The circuit was supplied from 
DC voltage of +V = 1.5 V. The DC bias current IB = 26 �A 
and capacitor C = 1 nF resulting in the pole frequency of  
fo � 159 kHz were chosen. The simulated frequency 
responses of the propose AP filter is shown in Fig. 10, 
which demonstrates a constant unity gain for several 
decades between 1 kHz and 10 MHz approximately. For 
the above designed component values, the time-domain 
response of the proposed AP filter is shown in Fig. 11.  
A 10-�A peak sinusoidal input current with a frequency of 
159 kHz was applied to the filter, showing a 84� phase-
shift in the output to a sinusoidal input of the filter. This 
result is close to the expected value, which is equal to 90�. 
The total harmonic distortion (THD) variation at the AP 
output with respect to the amplitude of input signal current 
was also studied, and the results are shown in Fig.12. The 
results show that the THD for a sinusoidal input signal 
level (few �A to 20 �A) variation at 159 kHz is found 
within 8 %. The total power consumption was found to be 
169 �W, which is a considerably low value. 
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Fig. 10. Simulated gain and phase responses of the proposed 

AP filter in Fig.4.     
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Fig. 11. Time-domain response of the proposed AP filter at 

operating frequency of 159 kHz. 
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Fig. 12. THD variation with applied input current signal 

amplitude. 

To evaluate the effects of the active and passive 
component tolerances on the filter performance, Monte-
Carlo statistical analysis is performed. In this study, 200 
simulation runs with 10 % Gaussian deviation on capacitor 
and gm3 values are applied to the proposed filter. 
Simulation results of Monte-Carlo PSPICE analysis are 
given in Figs. 13 and 14, respectively. They demonstrate 
that the proposed filter works well against component 
tolerances. 
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Fig. 13. Monte-Carlo analysis of the AP frequency response for 
10 % Gaussian deviation in the capacitor value.      
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Fig. 14. Monte-Carlo analysis of the AP frequency response for 
10 % Gaussian deviation in the gm3-value.      

The electronic tuning aspect of the proposed HP filter 
is shown in Fig. 15, in which the gain responses for three 
different values of IB are given. As expected, the 
corresponding pole frequency is varied from 61 kHz, over 
159 kHz to 306 kHz for a variation of IB from 10 �A, 
26 �A to 50 �A, respectively. This confirms that the 
proposed circuit is electronically adjustable by controlling 
the bias current IB. 
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Fig. 15. Plot of magnitude characteristics of the HP filter with 
various IB.  
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Fig. 16. Variation of fo against temperature.  

 

The dependency of the pole frequency fo on 
temperature was also simulated. For the temperature 
compensated filter circuit of Fig. 9, we set IB1 = 5 �A, 
IB2 = IB4 = 50 �A, R = 100 � and varying the temperature 
from 0 �C to 100 �C. The simulated fo against temperature 
are illustrated in Fig.16, which display the values of fo for 
the case of the uncompensated circuit in Fig. 4 and 
compensated circuit in Fig. 9. The relative sensitivities of fo 
with respect to temperature of the uncompensated and 
compensated circuits, which is given by  

 � � � �,/ TTffS oo
of

T   �  

are approximately equal to 75.15!10-3 and 17.55!10-3, 
respectively. It is clearly seen that the compensated filter 
gives much lower temperature sensitivity.  

7. Experimental Test Results 
In order to further verify the proper operation of the 

proposed AP/HP filter in Fig. 4, the circuit has also been 

tested experimentally. To perform the measurements of the 
proposed circuit, the readily available transistor arrays CA 
3096 by Intersil have been used, and the measured circuit 
was extended by voltage-to-current and current-to-voltage 
converters realized by commercially available CFOA 
AD844s with ±5V dc power supply voltages. The circuit 
configuration used for experimental test is shown in 
Fig. 17. The experiments have been performed with  
R1 = R2 = R3 = R4 = 10 k�, C = 33 nF and VB = 3 V  
(IB = 300 �A), which ensured that fo � 55.65 kHz according 
to (9). In measurements, vin = 0.5 sin (2� f) V (peak) was 
applied to the circuit. Fig.18 shows the experimental values 
for the AP gain and phase responses with respect to 
frequency. The experimental test results for time-domain 
waveforms and Lissajous figure with 90� phase difference 
at the pole frequency, which verify the circuit as a phase 
shifter, are demonstrated in Figs. 19 and 20, respectively. 
Fig. 21 also shows the measured output spectrum of AP 
filter. 

8. Conclusion 
A very compact circuit, consisting of eight bipolar 

transistors and one grounded capacitor, has been presented 
to implement first-order current-mode AP and HP filters. It 
features low-voltage operation, and smaller power con-
sumption. The circuit also provides an ability to vary its 
important parameters by means of the external bias current. 
In the absence of the external resistor, easily integrable 
version of an electronically tunable first-order current-
mode filter block is obtainable. In addition, a synthesis 
method of a low-voltage bipolar translinear-based biasing 
circuit with a current linearly proportional to absolute 
temperature is also introduced and applied to compensate 
the temperature sensitivity of the proposed filter. We have 
shown through simulation and experimental results that the 
operation of the developed circuits is agreement with the 
theory. 
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Fig. 17. AP/HP filter configuration used for experimental test. 
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Fig. 18. Experimental results for the AP filter of Fig.17. 
 (a) gain response, (b) phase response. 
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Fig. 19. Measured input/output waveforms for the proposed AP 
filter at the pole frequency. 

 

Fig. 20. Lissajous figure for the proposed AP filter at the pole 
frequency. 

 
 

Fig. 21. Measured spectral plot for the proposed AP filter at the 
pole frequency. 
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