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Abstract—This paper presents a new architecture for a pseudoresistor (PR) implemented with MOS transistors, working in subthreshold region, tunable from Mega Ω to Giga Ω range. The
proposed PR is programmed by controlling the VGS of the MOS
transistors with a differential pair. An ultra-low frequency bandpass filter which uses the proposed PR with adjustable highpass cut-off frequency for a tuning range of 0.28 Hz to 900 Hz
was designed. The simulated total harmonic distortion is <1%
for an input voltage of 224 mVpp . Simulations were performed
using HSPICE Analog Design Environment and ON-SEMI 0.5
µm technology parameters which validates the feasibility of the
proposed circuit.
Index Terms—CMOS, Pseudo-resistor, Filters, High RC time
constant, Total harmonic distortion (THD).

I. I NTRODUCTION
The realization of fully integrated filters for extremely low
frequencies (ELF) and ultra low frequencies (ULF) can be
considered a great challenge in the analog design, since a
cut-off frequency in the ELF (3 Hz - 30 Hz) and ULF (300
Hz - 3 kHz) requires large time constants, which is related to
the total capacitance and resistance seen in a node. However,
resistor values than can be implemented in integrated circuits
can not exceed the Mega Ω range, and capacitors are limited
to a few tens of pF, because that values are feasible only if
they consume a large silicon area. On the other hand, those
values present low absolute accuracy due to manufacturing
process [1] variations, which in turn causes a loss of precision
on the filter’s cut-off frequency after fabrication. In the same
fashion, many applications require that the filter’s bandwidth
can be adjusted, needing programmability capacities in some
of the used components [2].
To solve the previous problem, the use of discrete resistors
and capacitors were a recurrent solution. However, the previous solution limits the portability of the circuit and increases
the power consumption [3]. In addition, large capacitors require an increase of the operational transconductance amplifier
(OTA) current capabilities to maintain an adequate slew rate
(SR) characteristics. In recent years different strategies have
been proposed to overcome this problem, such as the use of
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impedance scalers [4], very low transconductance amplifiers
[5], current division based techniques and high valued PseudoResistors (PR) [6] [7].
A typical application in which large-value resistors and
capacitors are a must is in biomedical signal acquisition
systems, since those biomedical signals have bandwidths in
the range from 0.05 Hz to 10 kHz [8]. For those applications
a bandpass response is frequently required for two reasons.
The first is because non-invasive acquisition is commonly
realized with electrodes, and between the electrode and the
skin an offset potential is generated that reaches hundreds of
mV. When a signal is amplified, that DC level can limit the
output excursion of the signal of interest or inclusive saturate
the amplifier [9]. The second reason is because a general
purpose amplifier has a relatively large bandwidth, which
requires a higher consumption and increases the generated
thermal noise [10]. In this work a new PR with improved
linearity is proposed, using PMOS transistors operating in
the sub-threshold region, which overcome the mentioned
problems.

This paper is organized in the following way: section II
presents an introduction to the PRs, besides some topologies
and the proposed pseudo-resistor. Section III describes the
design of an amplifier for biomedical applications which uses
the proposed PRs, then the results of post-layout simulations
are presented in section IV. Finally, section V sketches some
conclusions.
II. P ROPOSED H IGH VALUE P SEUDO -R ESISTOR WITH
I MPROVED L INEARITY
A high value pseudo-resistor is an element that emulates
the behavior of a resistor, using MOS transistors operating
in the sub-threshold region to achieve a high resistance. In
that operating condition, the MOS transistor exhibits a high
resistance. The biggest problem of all the PRs is their small
linear swing. Since MOS transistor are operating in the subthreshold, there exist an exponential dependence of drain
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Considering the case where voltage A is positive enough
respect to B, the diode Dr2 is turned on and the diode Dr1
will be reverse biased. When voltage B is greater than voltage
A the opposite happens. In that way, both two diodes will
never be turned on simultaneously and one of the transistor
will always exhibit high resistance under proper biasing.
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Fig. 2. Typical pseudo-resistor configuration.

current regarding the drain, source and gate voltages as shown
in the equation 1 for the PMOS in the EKV model [11], where
Is is defined by equation 2, n is the sub-threshold slope, UT is
the thermal voltage, Cox the oxide capacitance per unit area,
µ the mobility, and W and L are the width and length of the
transistor channel respectively.
For small voltages of VSG and VDG , the current of transistor
can reach values in the order of nA as shown in the curve
of Fig. 1. This is because the inversion layer is not generated
due to the applied voltage to the transistor does not exceed the
threshold voltage and there are only a few carriers available.
Therefore, due to the exponential dependence, the channel
resistance increases considerably as the potential difference
between VSG and VSD decreases, and the transistor channel
can be considered as highly resistive.
Id = Is e(VBG −VT 0 )/nUT e−VBS /UT − e−VBD /UT
Is = 2nµCox

W 2
U
L T

B



(1)
(2)

Based on the previous idea, different high value pseudoresistors have been reported in recent literature. A common
configuration of pseudo-resistor is shown in the Fig. 2. In that
topology, two PMOS transistors are connected back-to-back
and their N-well are connected to the output terminals of
the resistor (A, B), giving symmetry to the pseudo-resistor
realization and allowing that resistance seen from A and
B nodes will be the same. On the other hand, between the
nodes C-A and C-B physically exist two parasitic diodes.

An important part of the pseudo-resistor consists in an
auxiliary circuit that sets the operating point of the transistors,
which has the purpose of keeping the transistor operating in
sub-threshold to obtain a high resistance. That circuit can be
a simple connection from gate to node A/B as shown in the
Fig. 3 [12], or a connection to a control voltage as shown in
Fig. 4 which establishes a constant gate voltage [13]. Fig. 5
shows a source follower circuit, which establishes a constant
VGS voltage [7].
The described topologies allow to obtain a high resistance
for small VAB voltages. However, for large VAB voltages
the PMOS transistors acquire a significant amount of carriers
and the resistance decreases provoking a loss of linearity.
This problem is mainly caused by the exponential behavior
characteristics, making necessary to explore other techniques
to control the operating point of transistors in a more effective
way. To solve the described problem, we propose the circuit
shown in Fig. 6, which uses a differential pair as a operating
point control circuit [8]. In addition, transistors M5 and M6
have been added at the ends of the resistor, in the node
y of the differential pair is computed the average of the
voltages Vx and Vz minus the average of VGS of M3 and M4 .
Voltage Vy is given by equation 3. The Mc transistor acts
as a current source which depends on the voltage Vcontrol .
The closer of Vcontrol to the negative rail VSS , the lower
current in transistor Ic , and the voltage VGS3,4 will decrease
causing that channel resistances in transistors M1 , M2 will
significantly increase.
Vy =

VGS3 + VGS4
Vx + Vz
−
2
2

(3)
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Fig. 7. Capacitive coupled band pass filter.
Fig. 5. Pseudo-resistor VGS constant using source follower.
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III. D ESIGN OF A BAND PASS A MPLIFIER FOR U LTRA L OW
F REQUENCY USING THE P ROPOSED P SEUDO -R ESISTOR
The circuit used for the implementation of band pass filter
is shown in Fig. 7 which is widely used in biomedical
applications, where the capacitors provide the gain over the
pass band and PR closes the feedback loop in order to set
the DC operating point of the amplifier. Considering the OTA
as a single-pole system, it’s transfer function is given by the
equation 4, where the high pass cut-off frequency is given
by the RC value and the low pass frequency is given by
Gm C2 /C1 CL , where Gm is the amplifier’s transconductance.
These values can be tuned using a pseudo-resistor R and Gm .
The value of Gm can be adjusted by the current Ib1 of the
OTA [14].



C1
sRC2
1
H(s) = −
(4)
1 CL
C2 sRC2 + 1
1 + sC
Gm C2
For this proposal we used the folded cascode amplifier which
is shown in Fig. 8. To increase the gain of the amplifier, selfcascode transistors were used [15]. Since the OTA has a single
dominant pole in the output node with a value of 1/Rout CL ,
it does not requires a compensation scheme.
For the design of the OTA, a Gain Bandwidth product
(GBW ) of 1 MHz and a SR greater than 63 V /ms was
chosen. The gm /id methodology was used to size the transistors with a bias current of Ib1 = Ib2 = 1.1 µA [16]. The

Fig. 8. Schematic of the folded cascode OTA.

obtained geometries of W/L are shown in Table I, where m
is the multiplicity factor of each unit transistor in parallel. The
complete filter was layouted with C1 =10 pF, C2 =1 pF and a
load capacitor of CL =2 pF.

Transistor
M1 , M2
M3 , M4
M5 , M6
M7 , M8
M7c , M8c
M11 , M12
M11c , M12c
M13 , M14
M3c , M4c
M1c
M2c

(W/L) [µm/µm]
30/1.2
30/2.4
30/1.2
30/1.2
30/1.2
7.8/1.2
7.8/1.2
7.8/1.2
30/1.2
7.8/1.2
7.8/1.2

m
8
8
4
4
12
4
16
8
4
4
8

TABLE I
T RANSISTOR SIZES FOR OTA FOLDED CASCODE .

Fig. 9. I-V characteristic of the PR.

Fig. 11. Layout of tunable band-pass amplifier.

Fig. 10. Band-pass amplifier AC response for different Vcontrol values.

IV. P OST-L AYOUT S IMULATION R ESULTS

All simulations were performed in HSPICE using
ON-SEMI 0.5µm technology. The power supplies were
VDD =−VSS =1.65V. Fig. 9 shows the I-V characteristic curve
of proposed PR, where Vcontrol was swept from -1.5 V to
-1.1 V.
The amplifier’s layout was designed in L-Edit Tanner Environment and it is shown in Fig. 11 with silicon area of 388
µm X 174 µm. Fig. 10 shows the frequency response, where
the Vcontrol was swept from -1.5 V to -1.1 V with steps of
0.1 V. In this case the achieved high-pass cut-off frequency is
in the 0.28 Hz - 900 Hz range, the low-pass cut-off frequency
remains in 65.5 kHz and a gain of 20 dB. To evaluate the DC
rejection level, a transient analysis was performed using a sine
wave of 10 mV of amplitude with an offset of 0.5 V and a
frequency of 1 kHz was applied as input signal. Simulation
results are shown in Fig. 12, where the amplifier DC level
rejections and the amplification of 20 dB can be appreciated.

Fig. 12. Transient simulation with offset in the input signal.

Fig. 13. Simulated THD of amplifier of the Fig. 7 using the proposed PR.

Finally, a total harmonic distortion (THD) analysis was
made to evaluate the input swing voltage of the circuit using a
sweep in the input amplitude for a sine wave from 1 mV to 120
mV. The result is shown in Fig. 13, where the maximum input
amplitude for a distortion less than 1% is 112 mV, therefore
the maximum signal that can be applied to the input is 224 mV
peak-to-peak, this value is higher than most of the proposed
PR’s found in the literature.
V. C ONCLUSION
In this paper a new pseudo-resistor which uses transistors
operating in sub-threshold is presented. To establish the operating point of the pseudo-resistor a circuit with differential
pair has been designed. The proposed amplifier was sized
using the gm /id methodology, and simulation results show that
the proposed pseudo-resistor reaches high values of resistance,
allowing its operation at very low frequencies, while maintains
a linear excursion significantly higher respect to other previous
reported proposals, and hence achieving a reduced harmonic
distortion.
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