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Abstract
The topic of this article is the design of a fully balanced first-order high-pass filter and its two circuits. The first circuit is 

a fully balanced current-tunability first-order high-pass filter consisting of four NPN transistors and a single capacitor, which is 
a simple design and quite compact. The pole frequency can be adjusted with a bias current. The results of the first circuit shows the 
phase and gain responses, the phase and gain responses when adjusted with a bias current, the time-domain response, and the har-
monic spectrum. However, this circuit found a flaw in the temperature that affects the pole frequency, and total harmonic distortion 
is relatively high. Therefore, the second circuit improves defects by the CAPRIO technique to reduce the total harmonic distortion, 
and the resistors in the circuit are added to the design to replace the resistance and the effect of temperature on the properties of 
the transistor. This circuit consists of four NPN transistors, four resistors, and a single capacitor. The resistors in this circuit can be 
adjusted to change the pole frequency and voltage gain. The results of the second circuit show the gain and phase responses of the 
proposed circuits, the phase and gain responses when adjusted to the value of the resistor, the phase and gain responses at various 
temperatures, as well as their time-domain responses and total harmonic signal distortion. The all-pass filter is also made using the 
filter introduced in the second circuit because of its voltage gain-adjustable property. So, if the suggested circuit is constructed in 
combination with a buffer circuit to make it feasible to function as an all-pass filter, the result will be an all-pass filter. In accor-
dance with the results of this study, we have introduced a design for a high-pass filter to reduce total harmonic distortion and the 
effect of temperature.
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1. Introduction
Analog filters are an important part of the analog building blocks that make up wireless commu-

nication systems [1, 2]. They have been developed in different ways, such as having the pole frequency 
controlled electronically [3–8], having a small number of components that are easy to assemble [9–12], 
not being affected by temperature [4, 5], being able to adjust the amplitude of the signal [3, 12, 13], 
multifunction filters [14–18], and reducing the total harmonic distortion (THD) [10, 11].

The analog filter in [9] shows a band-pass filter design comprised of simple components, in-
cluding an adder, a low-Q bandpass filter, and a differential amplifier. The fully balanced first-or-
der filter has compact components developed by [10, 11]. The all-pass filter can be used in voltage 
mode or current mode [12] or as an all-pass network applied as a multiphase oscillator [13]. Uti-
lizing a signal flow graph is a novel method for converting ladder-based filters into CFOA-based 
filters [14]. The circuit described in [15] can implement all first-order filter responses, including 
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high-pass, low-pass, and all-pass. A universal filter with voltage mode uses commercially available 
ICs and can be electronically [16, 17] or passively [18] tunable.

A high-pass filter is an electrical filter that allows high-frequency signals to pass while 
suppressing lower-frequency signals. The exact amount of frequency-specific attenuation varies 
from filter to filter [8]. Typically, a high-pass filter is represented as a linear, time-invariant system. 
It is sometimes referred to as a low-cut filter or bass-cut filter [14]. High-pass filters have various 
applications, including preventing DC from entering circuitry or RF devices sensitive to non-zero  
average voltages. In addition, high-pass filters are part of the design of an all-pass filter [19], 
quadrature oscillator [20], or multi-phase oscillator [20].

Recently, fully balanced filters have been widely used. They have excellent common-mode 
noise tolerance and linear characteristics. Research has demonstrated the technique for reducing 
total harmonic distortion in fully balanced filters [10, 11]. This technique is known as the CAPRIO 
quad, and it employs a cross-coupled translinear approach to cancel base-emitter voltage (VBE)  
to give a highly linear voltage-to-current conversion [10, 11].

The aim of this article is to present a design for two fully balanced high-pass filter circuits. 
The first circuit is a fully balanced high-pass filter in which the pole frequency is adjustable by 
adjusting the current. The second circuit is a fully balanced high-pass filter that uses the CAPRIO 
technique to improve both the temperature and the total harmonic distortion. Let’s give an exam-
ple in which a high-pass filter was redesigned as an all-pass filter. The gain and phase responses, 
time-domain response, gain and phase histograms, and harmonic spectrum of the proposed circuits 
are all shown via computer simulation using the PSPICE software. The results demonstrated that 
the two proposed circuits worked and could be used to prove the principles and theories.

2. Materials and methods
The first proposed circuit is a conventional fully balanced high-pass filter, which is sche-

matically designed as shown in Fig. 1. The structure of the proposed circuit design is minimally 
compact because it uses four matched NPN transistors, one capacitor, and two current sinks. The 
input voltage differential small signal is sent to the base pin of two differential pair transistors  
as Q1 and Q2. The output voltage is taken across the emitters of transistors Q3 and Q4. The voltage 
transfer function of the conventional fully balanced high-pass filter can be analyzed and expressed 
by equation (1):
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where re is the small-signal emitter resistance of the transistor, which is adjusted by the DC bias 
current (If) as defined by equation (2):
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where VT is the thermal voltage, which at room temperature is 26 mV. From equation (1), it is pos-
sible to analyze the pole frequency (ωp) as follows:
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2
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Substituting the re of equation (2) into the pole frequency that is obtained yields:

 ω p
f

T

I

CV
=

2
. (4)

It can be observed that the pole frequency can be electronically controlled by proportionally 
adjusting the DC bias current. This is known as «current-tunability». Moreover, it can be adjusted 
by changing the capacitor. Also, the phase response is expressed by:

 φ ω ωο( ) tan .= − ( )−90 21 Cre  (5)
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The voltage gain of the proposed circuit at the pole frequency can be calculated as follows:
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= =
=

0 707. (6)

The sensitivities of the active and passive elements in a conventional fully balanced high-
pass filter are expressed in equation (7):

 S S SC V I
p

T

p

f

pω ω ω, , .= − =1 1  (7)

In addition, both active and passive sensitivity are equal in magnitude to unity. The conclu-
sion is that the pole frequency and phase response are current-tunable through the current bias If 
and can be adjusted by varying the capacitor C, but temperature affects the polar frequency found 
in equation (4), and total harmonic distortion is relatively high.

Fig. 1. The fully balanced first-order high-pass filter

Based on the circuit design presented in Fig. 1, it can be determined that the circuit was 
affected by temperature and that the total harmonic distortion is quite high. Consequently, the cir-
cuit proposed in Fig. 2 improved a conventional fully balanced high-pass filter in order to reduce 
temperature sensitivity and total harmonic distortion, which is accomplished using the CAPRIO 
technique. The proposed circuit has four matched NPN transistors, one capacitor, four resistors, 
and two current sinks. The input voltage is at the base pin of the differential pair transistors Q1  
and Q2, and this part increases transistors Q3 and Q4 (i.e. the CAPRIO technique). The output 
voltage is taken across the collector pin of the transistors Q1 and Q2. The voltage transfer function  
of the fully balanced high-pass filter in Fig. 2 is re-analyzed in equations (8):
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When RA = RB = R is configured, the pole frequency, phase response, and voltage gain of 
the proposed circuit can be determined using equations (9)–(11), respectively:

 ω p CR
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2
, (9)

 φ ω ωο( ) tan ,= − ( )−90 21 CR  (10)
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The sensitivities of the active and passive components of a fully balanced high-pass filter 
are represented by the equation (12):

 S S SC R V
p p

T

pω ω ω, , .= − =1 0  (12)

Clearly, the magnitude of passive sensitivity is unity, and the sensitivity of temperature is 
zero, so the proposed circuits are not affected by temperature.

The conclusion is that the pole frequency and phase response of the circuit in Fig. 2 can be 
adjusted with resistor RB and capacitor C. Also, the voltage gain of a circuit can be adjusted by 
the tuning ratio RA:RB from equation (8). In addition, based on the analyzed sensitivities in equa-
tion (12), this circuit is not temperature-sensitive. As a result, by using the CAPRIO technique, this 
circuit is a fully balanced first-order high-pass filter with temperature insensitivity.

Fig. 2. The fully balanced first-order high-pass filter using the CAPRIO technique

Caprio’s Reduce the even order using a Volterra series analysis [21], the high-frequency 
linearity of the improved bipolar transconductor (gm) cell can be compared to the resistor degene-
ration and Caprio’s Quad. The third-order intermodulation components (IM3) of the output voltage 
at frequency f+2Df can be expressed using a Volterra series analysis as follows:
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The following are the parameters in equation (10): Ain is the input amplitude (volt),  
gm is the transconductance of the transistors, Ree is the emitter degeneration resistor, and fT is the 
cutoff frequency. VIIP3 can be solved from equation (10) by setting IM3Cap = 1 as follows:

 VIIP V
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3 2 2
3 3

≈ , (10)

where VIIP3cap represents Caprio’s Quad’s third-order input referred intercept point voltage.  
VIIP3cap can be simplified further as:
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where IT is the overall current consumption.

3. Results and discussion
The PSpice program has been used to simulate the proposed circuits to evaluate their perfor-

mance and theoretical validity. The simulation uses the NPN transistors model parameters, which  
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are NR200N from AT&T. The proposed fully balanced current-tunable conventional high-pass 
filter in Fig. 1 is designed with C = 0.1 nF, If = 50 A, and ±2.5 V supply. The proposed fully ba-
lanced high-pass filter at temperature insensitivity is designed with the CAPRIO technique in 
Fig. 2 with RA = RB = R = 520 Ω, C = 0.1 nF, IB = 100 A, and ±2.5 V supply. The simulation re-
sults  are  defined  as  follows: Conventional = the  fully  balanced  current-tunability  conventional 
high-pass filter; CAPRIO = the fully balanced high-pass filter at temperature insensitivity using 
the CAPRIO technique.

The simulation results from Fig. 3 indicate the pole frequency of the fully balanced cur-
rent-tunable conventional high-pass filter circuit was approximately 1.51 MHz at a voltage gain  
of –3 dB. Using equation 4, the pole frequency of the circuit was found to be about 1.30 % dif-
ferent from the theoretical value of 1.52 MHz.

The phase and gain responses of the conventional circuit are shown in Fig. 4 when the bias 
current is adjusted to 25 µA, 50 µA, and 100 µA and the pole frequency is varied to 763.23 kHz, 
1.51 MHz, and 2.94 MHz, respectively, which is in accordance with the equations (1)–(6).

Fig. 3. The phase and gain responses of the Conventional circuit at pole frequency

Fig. 4. The Phase and gain responses of the Conventional circuit  
for different values of current If
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The simulation results in Fig. 5 show the pole frequency of the fully balanced first- 
order high-pass filter at temperature insensitivity with the CAPRIO technique at a frequency  
of 1.52 MHz, which is an error of about 1.3 % from equation (9). Then, the phase and gain re-
sponses of the circuit are shown in Fig. 6 where the resisters RA and RB in the circuit are adjus-
ted to 1040 Ω, 520 Ω, and 260 Ω, respectively, and the pole frequency is changed to 791.54 kHz, 
1.52 MHz, and 3.06 MHz, respectively, which is consistent with the equations (8)–(11).

Fig. 5. The phase and gain responses of the CAPRIO circuit at pole frequency

Fig. 6. The phase and gain responses of the CAPRIO circuit  
for different values of resistor R

The performance capability of the fully balanced first-order high-pass filter at temperature 
insensitivity with the CAPRIO technique varies with temperature, as shown in Fig. 7, for 0 °C, 
25 °C, 50 °C, and 100 °C. It was discovered that the gain and phase responses of the circuit depicted 
in Fig. 2 are slightly affected by temperature, which is in accordance with equation (12).

The simulation results in Fig. 8 are the output voltage in time-domain waveforms of both 
proposed circuits when the input voltage is a sinusoidal signal with a frequency of 1.52 MHz at  
an amplitude of about 50 mVp-p.
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Fig. 7. The phase and gain responses of the CAPRIO circuits to various temperatures 

Fig. 8. The time-domain response of both circuits to a sinusoidal input  
signal at 1.52 MHz

Fig. 9 shows the output signal of the proposed circuit in Fig. 2 when adjusting the resis-
tance (RA) is adjusted as follows: 520 Ω, 1040 Ω, and 1560 Ω, respectively. The simulation results 
show that the circuit can be adjusted for an output voltage with RA which agrees with the theoretical 
analysis in equation (12).

The Monte Carlo analysis of the passive elements is used to simulate the tolerance errors 
of the gain and phase. The analysis is configured to use a Gaussian distribution for 100 sam-
ples, and the tolerance errors of the resistor and capacitor were set at 1 % and 10 %, respectively.  
The gain histogram in Fig. 10 shows the maximum, minimum, mean, median, and standard devi-
ation of –2.96, –4.16, –3.03 dB, –2.96 dB, and 0.46, respectively. The phase histogram in Fig. 11 
shows the maximum, minimum, mean, median, and standard deviation of 49.94°, 36.61°, 42.64°, 
42.08°, and 2.86, respectively.

The harmonic spectrum of the conventional circuit in Fig. 12 shows a difference in 
amplitude between the first and third harmonics of 38.87 dB, and total harmonic distortion is 
about 1.12 percent. 
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Fig. 9. The time-domain responses for adjusting voltage gains  
of output with RA

Fig. 10. The gain histograms of the proposed circuit at pole frequency

Fig. 11. The phase histograms of the proposed circuit at pole frequency
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Fig. 13 presents the harmonic spectrum of the CARPIO circuit, which shows a 61.55 dB 
amplitude difference between the first and third harmonics and a total harmonic distortion of 
about 0.11 percent. 

From the results of Fig. 12, 13, it can be seen that the fully balanced high-pass filter 
design with the CAPRIO technique has lower total harmonic distortion than the fully balanced 
current-tunable conventional high-pass filter.

Fig. 12. The harmonic spectrum of a Conventional circuit

Fig. 13. The harmonic spectrum of the CAPRIO circuit

From the simulation result, Fig. 14 shows the gain error and phase error at the pole frequen-
cy of the CAPRIO circuit when the temperature varies from 0 to 100 °C. The results show the gain 
error has a maximum of 1.51 percent, and the phase error has a maximum of 0.21 percent.

An application of the proposed high-pass filter is to design an all-pass filter. The fully ba-
lanced all-pass filter (APF) in Fig. 15 is designed using the high-pass filter in Fig. 2 and a buffer 
circuit according to the conceptual design of the first-order all-pass filter in [19]. The voltage trans-
fer function of the fully balanced APF can be analyzed and expressed by equation (12):
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When RA = 2RB is entered into equation (12), the following can be calculated:
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The pole frequency, phase response, and voltage gain of the proposed APF can be analyzed 
using equations (14)–(16), respectively:

 ω p
APF

BCR
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2
, (14)

 φ ω ω( ) tan ( ).= − −180 2 21 CRB  (15)

As mentioned previously, the high-pass filter can be implemented as an example of an all-
pass filter (APF):
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According to the characteristics of the all-pass filter, the output voltage is equal to the input 
voltage, as shown by equation (16).

Fig. 14. The error gain and error phase of the CAPRIO circuit  
when the temperature varies

The performance of the fully balanced all-pass filter shown in Fig. 15 was tested using the 
PSPICE program. The APF was used with a supply voltage of ±2.5 V and a biased current (IB1 = IB2) 
of 100 mA. The passive elements were chosen as RA = 1040 Ω,  RB = 520,  Ω  and  C = 0.1  nF.  
The gain and phase responses of APF are shown in Fig. 16. It was found that the pole frequen-
cies were about 1.50 MHz at a phase of about 90º and the gain responses were about 0 dB, which  
is consistent with the theoretical analysis results in equations (14)–(16).

Fig. 17 shows the time-domain response of APF when a signal input of 1.50 MHz and am-
plitude of 50 mV is applied, the amplitude output of APF is 46.62 mV, which is consistent with 
equation (16) for voltage gain.
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Fig. 15. A fully balanced all-pass filter

Fig. 16. Gain and phase responses of the fully balanced all-pass filter

Fig. 17. The time-domain response of APF at 1.50 MHz
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It is clear that the suggested high-pass filter circuit design is simple and quite compact.  
It uses NPN transistors with model parameters NR200N from AT&T and can operate at a maxi-
mum frequency of about 350 MHz. All-pass filter circuits are one example of an application that 
allows the functionality of the proposed circuit to be confirmed with excellent performance.

Recommendations for the current sink in the proposed circuits can be used as the current 
mirror circuit, and when selecting the transistors to be used in the circuit, it is preferable to select  
a high-frequency type with low noise for working in a wide range.

This research has fundamental limitations. It is based on simulations, which may not pre-
cisely represent actual experimental conditions and performance because the design of the circuits 
emphasizes implementation in an integrated circuit due to its numerous benefits, such as high cir-
cuit efficiency, small size, low voltage, and low power. The implementation of an integrated circuit, 
however, is quite costly.

Guidelines for development It is necessary to conduct experimental validation of the circuit 
design to verify the circuit’s efficacy and whether it can actually be used. To ensure the circuit’s 
robustness and adaptability, its performance should be evaluated under a wider range of device 
parameter variations and operating conditions.

4. Conclusions
This article presents two circuits of a fully balanced first-order high-pass filter. The pro-

posed first circuit is a fully balanced current-tunability first-order high-pass filter. This circuit has 
simplicity, compactness, and the ability to adjust the pole frequency using bias current, all of which 
are advantages. This article presents two circuits of a fully balanced first-order high-pass filter. 
The proposed first circuit is a fully balanced current-tunability first-order high-pass filter. This 
circuit has simplicity, compactness, and the ability to adjust the pole frequency using bias current, 
all of which are advantages. However, we discovered a defect in the circuit: temperature influences 
the pole frequency, and the total harmonic distortion is relatively high. Consequently, the second 
circuit is an enhancement. The proposed second circuit is a temperature-insensitive fully balanced 
first-order high-pass filter using the CAPRIO technique. This circuit adopts the CAPRIO technique 
in its design to reduce the total harmonic distortion, the effect of temperature, and adjust the output 
gain, which are advantages of the circuit. The fully balanced all-pass filter was used to demonstrate 
the application of the proposed fully balanced high-pass filter. The simulation results for the pro-
posed circuits show the phase and gain responses, the gain and phase responses of the circuits at 
various temperatures, the time-domain responses, and the total harmonic distortion. All the results 
agree with the theoretical analysis. The proposed second circuit is a temperature-insensitive fully 
balanced first-order high-pass filter using the CAPRIO technique. This circuit adopts the CAPRIO 
technique in its design to reduce the total harmonic distortion, the effect of temperature, and adjust 
the output gain, which are advantages of the circuit. The fully balanced all-pass filter was used to 
demonstrate the application of the proposed fully balanced high-pass filter. The simulation results 
for the proposed circuits show the phase and gain responses, the gain and phase responses of the 
circuits at various temperatures, the time-domain responses, and the total harmonic distortion.  
All the results agree with the theoretical analysis.
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