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Abstract: This paper presents the design, simulation, prototyping, and measurement results of a
digitally tunable fourth order Gm-C low-pass filter (LPF) for multi-standard radio receivers. The LPF
cut-off frequency can be tunned by digitally selecting the transconductance of the basic reconfigurable
operational transconductance amplifiers (OTAs) that compose the circuit. Four operation modes
allow for control of the OTA transconductances and, consequently, the scaling of power consumption.
The filter was designed and prototyped in a 1.8 V 180 nm CMOS process. The measurement results
indicate that the configurability provides a cutoff frequency of 1.90/3.56/6.07/8.15 MHz with a
power consumption ranging from 9.9 to 13.1 mW. The designed filter achieves an IIP3 of 8.17 dBm
for a signal bandwidth of 8.15 MHz. The performance, in terms of power dissipation, noise, and
cut-off frequency, is at the same order of magnitude compared to recent related works reported in the
literature. The advantages are a compact area, small sensitivity to component mismatches, and low
design complexity. The proposed filter presents electrical characteristics suitable for the application
in radio receivers for multi-carrier WCDMA signals.

Keywords: Gm-C filter; multistandard radio receiver; analog design

1. Introduction

The ever-increasing demand for high transmission rates and portability motivated
enormous advances in wireless communication systems. This has led to the development
of several wireless communication standards, with the need for high bandwidth and low
power consumption increasing.

CMOS technology follows the same path. Reducing the minimum dimensions of MOS
transistors enables operation at higher frequencies and reduces the power consumption
and silicon area occupied by the integrated circuit. These features are critical for low
power budget receiver circuits that are powered by low capacity batteries (e.g., wireless
embedded systems).

The use of configurable analog blocks is a good alternative to support multiple stan-
dards on a single chip [1]. In this case, the power consumption must be proportional to
the required performance level. It is necessary to adjust the different power consumption
levels in each operating mode, such as in software-defined radio (SDR) devices [2]. The
specification of the analog blocks must be reduced when the system is switched from a hard
standard to a softer standard so that the front-end circuit can meet the performance require-
ments of each standard while having lower power consumption, similar to a single-mode
device specifically designed for this application.

The homodyne (zero-IF) receiver architecture is widely used in multistandard wireless
transceivers as it allows for direct conversion of the incoming radio signal with advantages
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in terms of circuit complexity and power consumption, despite the degradation of the
dynamic range [3,4]. These receivers convert the signal directly to the baseband without the
need for an intermediate frequency. An important component in this case is the continuous-
time active low-pass filter (LPF), which is important for generating the demodulated
baseband output [5]. For multiple communication standards, an array of channel selection
filters would be required. However, a more energy-efficient approach is to design a single
tunable LPF that can adapt to the local operating frequency and allows for reconfiguration
of the circuit at the architectural and circuit levels [1].

Designing an integrated low-pass filter that operates in the MHz frequency range
while providing a high dynamic range and making efficient use of CMOS technology in
terms of power and area remains a major challenge in analog circuit design. To meet all of
these performance requirements simultaneously, new techniques and strategies need to be
developed [6]. A fully integrated solution is important to avoid using external components
to perform frequency tuning, which would demand an increase in both area and power
consumption [7].

This paper presents the design, physical implementation, and characterization of a
digitally tunable Gm-C low-pass filter for multistandard radio receivers. The tunability
is achieved by varying the filter transconductance (gm) using a digitally programmable
transconductance operational amplifier (OTA). This technique allows the cut-off frequency
of the filter to be adjusted while providing proportional scalability of the power consump-
tion. Previous simulation results were presented in Oliveira et al. [8]. The measurement
results described here confirm the practical applicability of the proposed methodology,
suitable for most communication standards.

The reconfigurable filter was built in TSMC 180 nm CMOS technology. Post-layout
simulations and electrical measurements of a prototype chip show that its characteristics
are suitable for use in radio receivers for multi-carrier WCDMA signals [9]. Furthermore,
this technique can be extended to the design of various communication protocols such as
IEEE 802.15.4 g and Bluetooth Low Energy 5.0.

The remaining sections of this paper are organized as follows: Section 2 presents
the architecture of the tunable gm-C filter and the implementation of the circuit; post-
layout simulation results of the designed filter are presented in Section 3; measurements
of a prototype version of the filter and a comparison with related works are presented
in Section 4; finally, conclusions are drawn in Section 5.

2. Reconfigurable Gm-C Filter

There are two common implementations for an integrated active low-pass filter:
Gm-C [10], and active-RC [1]. Both can be tuned to adapt the transfer function to a specific
application. Although active RC filters can be tuned using digitally configurable resistor
and capacitor banks, the absolute values of integrated resistors are very sensitive to process
variations and can vary up to 20% in a typical IC manufacturing process. In addition, the
operational amplifiers in an active-RC filter must meet stringent specifications, such as
high DC voltage gain and a high gain-bandwidth product (GBW). On the other hand, the
Gm-C filter can be tuned by changing the values of capacitances and transconductances.
The reconfigurability of the transconductance has advantages as it is less sensitive to com-
ponent mismatch and also allows for scaling of power consumption [8]. In addition, the
GBW of the transconductance amplifier only needs to be slightly higher than the cut-off
frequency of the filter [5].

In this work, a fourth-order Gm-C filter topology was used to design a tunable LPF,
where the cutoff frequency was controlled by changing the OTA transconductance [8].
The circuit diagram is shown in Figure 1 [11]. The order of the filter was determined in
accordance with related multimode LPFs for radio receivers presented in the literature [12].
The transfer function of the filter can be divided into two terms related to two biquad filters:
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F(s) =
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C21

s + gm23·gm24
C21·C22
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Figure 1. Schematic of the fourth-order reconfigurable Gm-C filter.

Here, gmij is the transconductance of OTAij, i is the biquad index, and j is the OTA number.
The cut-off frequency ( f c) is controlled by gmi3 and gmi4, as shown in Equation (2). In
addition, the quality factor (Qi) of each biquad is defined according to Equation (3).

f ci =
1

2π

√
gmi3 · gmi4

Ci1 · Ci2
(2)

Qi =

√
Ci1 · gmi3 · gmi4

Ci2 · gm2
i2

(3)

Capacitors Ci1 and Ci2 are defined to have the same value. To reduce the complexity of
the design, only one reconfigurable OTA is designed and replicated in the filter. Thus, each
biquad in the designed filter has a quality factor of one, resulting in a frequency response
similar to the transfer function of a Butterworth filter.

This reconfigurable fourth-order Gm-C filter is developed in a 180 nm CMOS process with
a 1.8 V power supply and uses only standard transistors and metal–insulator–metal (MiM)
capacitors. The reconfiguration approach is based on a reconfigurable operational transconduc-
tance amplifier (OTA), while the values of the filter capacitors are kept constant.

2.1. Reconfigurable OTA

Reconfigurable operational transconductance amplifiers are fundamental building
blocks for multi-mode analog baseband circuits of radio receivers, such as integrated analog
filters and analog-to-digital converters (ADCs). In addition, these reconfigurable OTAs are
designed to meet the requirements for flexibility and energy efficiency [13].

The reconfigurable OTA used in this work is shown in Figure 2 and is based on the
implementation presented in Giannini et al. [1]. Its architecture essentially consists of an
array of multiple switchable parallel operational amplifiers that are controlled via digital
inputs. The main amplifier is always active and has a transconductance gm0, while the other
amplifiers are programmatically activated by digital inputs to change the reconfigurable
OTA transconductance. All amplifiers are the same, which reduces the overall complexity
of the design. By selecting n amplifiers in parallel, the transconductance gm0 is multiplied
by n times while the DC gain of the reconfigurable amplifier is kept constant.

This configuration strategy is based on the relationship between GBW and the transcon-
ductance shown in Equation (4), where CL represents the load capacitance. It is possible to
change the GBW of the OTA by increasing n, enabling control of the filter cut-off frequency,
at the cost of higher power consumption.

GBW =
n · gm0

2 · π · CL
(4)
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Figure 2. Reconfigurable OTA architecture.

We used four amplifiers in the reconfigurable OTA. The first, whose schematic is
shown in Figure 3, is the main amplifier. It is a conventional fully-differential folded
cascode (FC) amplifier with features such as a high DC voltage gain, wide input common-
mode range (ICMR), and self-compensation [14]. This amplifier is always switched on
in the reconfigurable OTA. The others are switchable amplifiers, which are referred to
as N-FC in this paper, as they are also fully differential folded-cascode amplifiers. The
circuit diagram is shown in Figure 4. The difference is the presence of switches that control
the gate voltage of the transistors to turn them on or off. These switches are built with
minimum size transistors in the transmission gate configuration, as shown in Figure 5.

Figure 3. Schematics of the folded-cascode amplifier (FC).

In the “off” state, the switches at nodes Vbp1, Vbp2, Vbn1, Vbn2, and VCMFB are
open. The others are closed, whereby the NMOS and PMOS gate nodes are connected to
the ground and to VDD, respectively [1]. In this state, the static power consumption is



Electronics 2024, 13, 2866 5 of 15

minimized as the switchable amplifier is electrically isolated from the main circuit. In the
“on” state, all switches connecting the supply sources are activated. The same happens
with the gate nodes of transistors M01 and M02, which are connected to inputs Vin+ and
Vin−, respectively.

Four modes of operation are provided by two control bits associated with the following
digital words: “00”, “01”, “10”, and “11”. Configuration “00” represents the minimum
operating mode in which only the non-switchable amplifier is active. This configuration
offers a lower transconductance and also has the lowest GBW and power consumption. On
the other hand, configuration “11” provides the maximum transconductance and also has
the highest GBW and power consumption, as all switchable amplifiers are switched on.

Vin+ Vin-
Vbn2

Vbn1

VCMFB

Vbp1

Vbp2

Vout- Vout+BIT

N-FC

M00

M01 M02

M03 M04

M05 M06

M07 M08

M09

W/L = 4.2/2.0 µm

W/L = 8.0/1.0 µm

W/L = 32.0/4.0 µm

W/L = 25.5/0.6 µm

W/L = 2.2/5.1 µm

W/L = 4.0/0.6 µm
M10

Figure 4. Switchable OTA schematic (N-FC).

B1,2 IN OUT

Figure 5. Switch implementation with minimum-sized transistors in the transmission gate configuration.

The common-mode feedback (CMFB) circuit used in the reconfigurable OTA is a
PMOS differential-difference CMFB [15] and its schematic is depicted in Figure 6. In this
topology, only CMOS transistors are used, avoiding the use of passive components to
reduce the area. The common-mode reference voltage VCM is 0.9 V. Only a single CMFB
unit is employed for all unit amplifiers as they are connected in parallel. This allows for a
large saving in silicon area. Note that M18 is connected as a diode to improve the stability
of the circuit.
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VCMFB

VCM

Vbp0

Vout+ Vout-

CMFB

W/L = 66/0.4 µm

W/L = 48/0.4 µm

W/L = 50/0.4 µm

Figure 6. Common-mode feedback circuitry employed in the reconfigurable OTA.

2.2. Reconfigurable OTA Post-Layout Simulation Results

The layout of the reconfigurable OTA cell is shown in Figure 7 and occupies an area
of 138 µm × 99.77 µm. The overall performance estimated by the post-layout simulation is
summarized in Table 1.

Figure 7. Reconfigurable OTA layout.

It provides a GBW from 22.07 to 87.46 MHz with a power consumption ranging
from 1.28 to 1.62 mW for a 1 pF load connected to each output node. The transconductance
of the cell can be tuned from 192.77 to 771.08 µS. Each individual folded cascode cell
consumes 109.15 µW, while 1.017 mW and 149.19 µW are the estimated power consumption
for the CMFB block and the bias circuit, respectively. The DC voltage gain is about 69 dB
and changes by less than 2 dB in all operating modes.

The phase margin (PM) decreases when more basic OTA cells are connected in parallel,
but in the worst case, it is still higher than 60◦, which ensures the stability of the circuit.

The simulated output swing (OS) is close to ±0.75 V in all of the operating modes,
which is desirable for the design of analog continuous-time filters. However, the slew
rate (SR) value is different for each mode as it is related to the GBW. The lowest SR
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value is 15.78 V/µs for configuration “00” and the highest SR value is 37.22 V/µs for
configuration “11”.

Table 1. Summarized post-layout simulation results for the reconfigurable OTA cell.

Control Bits

Specification 00 01 10 11

OTAs 1 2 3 4

Av0 (dB) 69.18 69.96 68.85 68.75

PM (◦) 85.28 79.51 74.14 69.28

GBW (MHz) 22.07 44.04 65.85 87.46

gm (µS) 192.77 385.54 578.31 771.08

Power (mW) 1.28 1.39 1.51 1.62

OS (V) 1.50 1.53 1.54 1.54

SR (V/µs) 15.78 26.16 32.79 37.22

A Monte Carlo (MC) simulation with 1000 runs was performed and the results for the
frequency response parameters are summarized in Table 2.

It can be observed that the mean values (µ) of Av, PM, and GBW are very similar to
the nominal results for all operating modes. Based on the values obtained for the standard
deviation (σ), it can also be seen that the circuit has a low sensitivity to process variations,
as the parameters are within a narrow range.

Table 2. Monte Carlo simulation results for the frequency response of the reconfigurable OTA cell.

Control Bits
Av (dB) PM (◦) GBW (MHz)

µ σ µ σ µ σ

00 68.69 3.52 85.3 0.13 22.34 0.99

01 68.44 3.37 79.55 0.33 44.59 1.98

10 68.29 3.28 74.19 0.48 66.69 2.95

11 68.20 3.23 69.29 0.65 88.58 3.90

3. Fourth Order Filter Post-Layout Simulation Results

This section describes post-layout electrical simulation results for the designed tunable
Gm-C low-pass filter. The circuit layout is shown in Figure 8 and occupies a total silicon
area of 0.23 mm2. The filter capacitors Ci1 and Ci2 have a capacitance of 12.58 pF. A load
consisting of a 1 pF capacitor connected to each output node (inverting and non-inverting)
was used in the filter evaluation. Figure 9 shows the frequency response of the filter. The
DC voltage gain is 0 dB in the passband and has a small peak near the cut-off frequency,
which is due to the filter’s quality factor. The four configurable cut-off frequencies, which
are selected by tuning the reconfigurable OTA transconductance values, are 2.55, 5.11, 7.68,
and 10.29 MHz. The total power consumption for each operating mode is 10.27, 11.18, 12.06,
and 12.96 mW. The power consumption is not linear with the cut-off frequency because the
reconfigurable OTAs use a power hungry CMFB that always remains active.

The input referred third-order intercept points (IIP3s) were estimated by the two-tone
test as −2.59/1.11/2.96/4.14 dBm for the 00/01/10/11 configuration. The noise power
estimate ranged from 58.1 (“00” configuration) to 27.88 nV/

√
Hz (“11” configuration).
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Figure 8. Layout of the designed fourth-order reconfigurable Gm-C filter, with a occupied silicon
area of 1137 µm × 199 µm (0.23 mm2).

Frequency (Hz)
104 105 106 107 108 109

G
a
in

 (
d

B
)

-250

-200

-150

-100

-50

0

50

00
01
10
11

fc = 2.54MHz

fc = 5.11MHz

fc = 7.68MHz

fc = 10.29MHz

Figure 9. Post-layout simulated frequency response of the fourth-order reconfigurable filter.

4. Prototyping and Measurement Results

The Gm-C filter was manufactured in a CMOS 180 nm process with a supply voltage
of 1.8 V. Figure 10 shows the photomicrograph of the prototype chip. The filter occupies
an area of 1137 × 199 µm (0.23 mm2) and nine pins of the 48-pin DIP package: VDD, VSS,
CM, BIT1, BIT2, INP, INN, OUTP, and OUTN.

FILTER

Figure 10. Microphotography of the prototyped chip containing the Gm-C reconfigurable filter.
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The filter was measured using a test setup depicted in the diagram of Figure 11.
The common-mode voltage was set to 0 V, as we used a symmetrical supply voltage
of ±0.9 V. As the filter was fully differential, elements had to be used to convert single
signals into differential signals and vice versa. For this purpose, a Coilcraft WB1-6T
transformer was used at the input, as it had an attenuation of less than 1 dB in the range
of 100 kHz to 90 MHz. The output was measured with a model 701922 differential probe
from the Yokogawa DLM2054 oscilloscope. This probe had an input resistance of 500 kΩ
and an input capacitance of 7 pF. Figure 12 shows the printed circuit board produced for
the test setup.

Signal Generator 
Rohde & Schwarz 

SMB 100A

Conector 
SMA

Balun
Coicraft
WB1-6T

Differential 
Probe

701922
Oscilloscope 
Yokogawa 
DLM2054

Prototype - 
DIP48

Vin+

Vin-

Vo-

Vo+

0.9 V

-0.9 V

C = 7 pF

BIT1

BIT2
+- 0.9 V

Vdd

Vss

0 V
R = 500 kΩ

CM

Figure 11. Test setup for electrical characterization of the prototyped filter.

Figure 12. Test PCB for filter measurements.

As no buffer for impedance matching was integrated at the filter output, the additional
load caused by the probe and chip package could influence the measurement results. To
estimate this influence, we performed an electrical simulation of the filter with an output
load of 10 pF (7 pF from the probe and 3 pF from the pads and PCB routing) in parallel with
an output resistance of 500 kΩ. A decrease in the cut-off frequency could be observed in all
operating modes. This behavior could be explained by the fact that the output load was
parallel to the capacitor C22 (Figure 1). According to the relationship given by Equation (2),
the higher the value of the capacitance C22, the lower the cut-off frequency of the filter. In
addition, according to Equation (3), the quality factor also decreased.

The power consumption was measured as 9.9/11.52/12.83/13.10 mW for the operating
modes 00/01/10/11. It was very close to the value predicted by the electrical simulation.

To measure the frequency response of the filter for the four available configurations,
we applied a 100 mV signal to the input of the transformer and recorded the amplitude
of the filter output signal, varying the input frequency with a step of 100 kHz. Figure 13
shows the results obtained. It can be seen that the additional load contributed to lowering
the cut-off frequency, as indicated in the simulation.
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Figure 13. Electrical simulation and measurement of the Gm-C filter frequency response for an output
load of 10 pF.

The measurement results confirmed the simulated values for the four operating modes
and provided a reconfigurable filter with a cut-off frequency of 1.9 to 8.1 MHz.

The measurement of in-band linearity was evaluated using a two-tone test. We
combined two input signals, with differential a peak amplitude of 40 mV and frequencies
of 1.0 and 1.1 MHz so that the third order intermodulation distortion (IM3) remained in the
bandpass. Figure 14 shows the power spectrum density (PSD) of the filter output.

Figure 14. Measured PSD of the filter output for a two-tone test (“11” operation mode).

The IIP3 was also evaluated for each operating mode according to Lo et al. [4]. As
the reconfigurable OTA used in the filter had a high output impedance, the IIP3 analysis
was performed by applying a power signal to the filter input and measuring a voltage
signal at the output instead of a power signal. However, for comparison purposes, the
input and IIP3 voltage signal values were expressed as power signals referred to a 50 Ω
load. Figure 15 shows the measured input power versus the IM3 output power of the filter
for each operating operation mode. Two input tones with frequencies of 0.5 and 0.6 MHz
and an initial power of −40 dBm were applied to the filter input. The values of IIP3
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were estimated by extrapolating these points and reached 0.13/4.63/7.75/8.17 dBm for
configuration modes 00/01/10/11.

26 Caṕıtulo 3. Atividades Desenvolvidas

Figura 21 – Ponto de intersecção de terceira ordem (IIP3) do filtro Gm-C para os quatro
modos de operação.
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Fonte: Produzido pelo autor.

Por fim, esperava-se medir o rúıdo do circuito referenciado à entrada. Para isto, a

alimentação DC do filtro foi realizada com bateria e ajustada com reguladores de tensão

para evitar a influência de rúıdo das fontes. Além disto, as entradas foram conectadas ao

GND, que neste caso, era igual ao valor de tensão de ńıvel comum (VDD/2), já que a

alimentação era simétrica. Foi observado que o ńıvel rúıdo do osciloscópio, gerado pelo

processo de quantização, atingia, no mı́nimo -80 dBm, conforme ilustrado pela Figura 22.

No entanto, o rúıdo gerado pelo circuito estava abaixo deste ńıvel. Portanto, não foi posśıvel

medi-lo a partir deste método.

3.2.1.2 Método 2

O segundo método foi desenvolvido com o intuito de utilizar equipamentos como

o analisador de espectro e analisador de redes, cujas funcionalidades para medidas no

domı́nio das frequências podem trazer muita praticidade e economia de tempo. Além disso,

o piso de rúıdo do analisador de espectro é muito menor do que o do osciloscópio, o que

permite identificar o rúıdo gerado pelo DUT (Device Under Test) com maior facilidade.

Entretanto, para utilizar tais equipamentos é necessário trabalhar com cargas casadas em

50 Ω e sinais simples (não diferenciais). Para tanto, foi desenvolvida uma placa de teste

genérica, que inclui reguladores de tensão, transformadores, amplificador e o driver de 50

Ω, conforme mostrado na Figura 23. A placa ainda possui um chip do LSI que foi inclúıdo

para ser caracterizado diretamente. Na esquerda da Figura 23 está a caixa de isolação de

Figure 15. Measured in-band IIP3 for each filter operation mode.

The noise density was measured in a spectrum analyzer from 100 kHz to 20 MHz with
a span of 2 MHz and a resolution bandwidth (RBW) of 100 Hz. The RBW and span needed
be set so that the DC trace was not integrated by the bandpass filter. The results obtained
were 162/239/61.2/49.7 nV/

√
Hz for the operating modes 00/01/10/11, according to

Figure 16.

Figure 16. Measured filter noise density.

In order to compare this work with previous work in the literature, the following
figure of merit (FoM) was evaluated [16]:

FoM =
Ptot/N

fc · (SFDR · N
4
3 )

(5)
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Here, Ptot is the total power consumption of the LPF, N is the number of poles
and zeros, fc is the cut-off frequency, and SFDR is the spurious-free dynamic range
expressed by:

SFDR =

(
I IP3
PN

)2/3
(6)

In this case, PN is the noise power evaluated at the filter input.
Table 3 summarizes the filter performance results including the FoM (expressed in

fJ) and Table 4 presents a performance comparison with related works reported in recent
years. It is possible to verify that our tunable filter had a low noise power and reduced
silicon area. It achieved a comparable Figure of Merit (FoM) for the cutoff frequency of
8.1 MHz, but it suffered from high power consumption. We should highlight that the main
source of power consumption was the common-mode feedback (CMFB) circuit, which was
not optimized and accounted for about 80% of the filter total power consumption. If not
considering the power consumed by the CMFB circuit, the FoM reduced from a range of
0.99 to 20.07 fJ to a range of 0.12 to 2.60 fJ.

Our tunable filter also featured a competitively small microchip area of 0.23 mm2

compared with the other designs compared in Table 4, which had areas ranging from
0.125 mm2 to 2.9 mm2. The exception is [17], which presented a silicon area of 9 µm2,
achieved with a first order passive RC filter.

It is worth noting that the work in [11] showed a tunable gm-C filter, where the tuning
range was achieved without the need for array configuration, as it used triode-biased input
MOSFETs with transconductance tuned by adjusting the drain bias current. Our work
adopted the same filter architecture, but the tuning was achieved by the reconfigurable
OTA. Our work consumed more power, but this was due to the oversized CMFB circuit
in our filter. It could be improved and scaled in future implementations. As for [11], the
reconfiguration implemented the reconfiguration in our work did not rely on a precise
voltage to set the filter bandwidth, but only digital signals were used to increase the OTA
transconductance. A wider tuning range could be achieved by increasing the number of
switchable OTAs. In addition, the work presented in [18] introduced a complex-pole filter
implemented with switched capacitors, where tunability was achieved using a capacitor
bank. Our work was a low-pass gm-C filter where tunability was achieved by reconfiguring
the OTA transconductance, with the advantage of power scaling. In [18], the overall
performance was superior but the silicon area was 2.9 mm2, while the proposed filter
occupied only 0.23 mm2.

The achieved IIP3 was lower than in related works, indicating lower linearity of the
filter. However, as the objective was to present a reconfigurable Gm-C filter based on
switched OTAs with a digital control, there was an expected impact on linearity, increasing
the FoM for cases with a smaller cutoff frequency.

This drawback in linearity could be compensated by the fact that the filter can be
easily implemented in CMOS technologies, offering simplicity and cost-effectiveness in
manufacturing. Moreover, the reconfigurable OTA can be reused for the design of active
RC analog filters, providing greater versatility and efficiency in the development of other
analog circuits.
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Table 3. LPF Performance summary.

Technology 180 nm CMOS

ine Supply Voltage 1.8 V

ine Filter Type Biquad (Q = 1)

ine Order 4

ine Silicon area 0.23 mm2

ine Reference Post layout Simulation Measurements

ine Operation mode 00 01 10 11 00 01 10 11

ine Cutoff FrEquation (MHz) 2.55 5.11 7.68 10.29 1.90 3.56 6.07 8.15

ineIIP3 (dBm) −2.59 1.11 2.96 4.14 0.13 4.63 7.75 8.17

ine Noise (nV/
√

Hz) 58.1 42.66 34.88 27.88 162 239 61.2 49.7

ine Power (mW) 10.27 11.18 12.06 12.96 9.90 11.52 12.83 13.10

ine FOM (fJ) 7.30 2.37 1.28 0.77 20.07 15.95 1.55 0.98

Table 4. LPF measurement performance comparison with previously reported works.

Parameter This Work [1] [19] [18] [20] [11] [21] [17]

Tech. (nm) 180 130 180 180 90 180 22 45

VDD (V) 1.8 1.2 1.8 1.8 1.0 1.8 1 1.8

Filter Type 2 × Bi (Q = 1) But. Cheb. LPF But. But. Papoulis Passive RC

Order 4 2-4-6 3 4 6 4 10 1

fc (MHz) 1.9–8.1 0.3–23.5 48–200 0.49–13.3 8.1–13.5 0.3–12.0 700–1500 0.02–0.2

Tuning ratio 4 67 4 N/A N/A 40 2.1 N/A

IIP3 (dBm) 0.13–8.17 22.97 26.27–32.47 8.07–22.41 21.7–22.1 8.7–18.0 N/A N/A

Noise ( nV√
Hz

) 162–49.7 83.35–163 5.1 6.54 75 112–4780 N/A 11,313–35,777

Power (mW)
1.28–1.62 *

9.9–13.1 **
0.72–21.6 23.4 4.3 4.35 1.08–4.68 3.3 6 × 10−7

Area (mm2) 0.23 0.52 0.24 2.9 0.24 0.125 0.1815 9 × 10−6

FOM (fJ)
2.60–0.12 *

20.07–0.99 **
0.003–0.57 0.005–0.001 0.056–0.002 0.03–0.02 0.66–30.13 - 10.34–1.03

* not considering CMFB; ** considering CMFB.

5. Conclusions

This paper presents the complete design, post-layout simulation results, and silicon
measurements for a tunable fourth-order Gm-C filter in a 180 nm CMOS process. Four
modes of operation are achieved, covering cut-off frequencies for multi-carrier radio re-
ceivers from 1.9 to 8.1 MHz. Tunability is achieved through digitally reconfigurable OTAs,
which also allow for scaling of power consumption. The filter offers FoM in terms of power
dissipation, noise, and cut-off frequency comparable to recent work published in the litera-
ture, but with advantages such as a small area and low sensitivity to component mismatch.
The complexity of the design is also reduced as only a single reconfigurable OTA needs to
be dimensioned. The measurement results on a prototype chip confirm the functionality of
the filter. The configurable strategy is suitable for application in multi-standard receivers
for wireless circuits, with advantages in integration due to the smaller silicon area.
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Abbreviations
The following abbreviations are used in this manuscript:

ADC Analog to digital converter
CMOS Complementary Metal Oxide Semiconductor
FC Folded cascode
FoM Figure of merit
GBW Gain bandwidth product
ICMR Input commom-mode range
IIP3 Third-order input interception point
LPF Low pass filter
MiM Metal insulator metal
OTA Operational transconductance amplifier
PCB Printed circuit board
PM Phase margin
RBW Resolution bandwidth
SDR Software defined radio
SFDR Spurious free dynamic range
SR Slew rate
WCDMA Wide-Band code-division multiple access
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