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ABSTRACT 
 

In recent years, most RF building blocks have been successfully implemented in CMOS process; while 
filters operating at RF frequencies still remain the trickiest parts to be integrated. In spite of a vast CMOS 
process enhancement in integration of monolithic inductors, the big areas taken by the spiral inductors and the 
conductive substrate are the reasons why passive inductors are not ideal to be employed in high-frequency 
circuit design where several inductors are involved. A number of cases are wide-band limiting amplifier for 
fibre-optic receiver and high-order RF filter. Another approach is to use active circuits to emulate the inductive 
components. Similar to low-frequency filter design, active integrators can be employed to apply the integration 
function between an inductor’s voltage and current. Since the inductance is initiated from the active inductor 
instead of electro-magnetic field of metal spirals, very small chip areas will be occupied as a result of inherently 
small sized active inductors. In this paper, simulation of a CMOS band-pass filter with active inductors working 
at megahertz range will be presented. The proposed circuit features current-reused structure and small silicon 
area. The current-reused Wu active inductor, which was previously used in frequencies above one gigahertz, is 
implemented in compatibility with ISO14443 standard to derive an active band-pass filter utilized in RFID 
reader. Such standard is for contactless smart cards operating at 13.56MHz in close proximity with a reader 
antenna.   
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Introduction 

 
Passive inductors and transformers are conventionally off-chip discrete elements. Recently, shrinking 

technology size has caused a noteworthy attempt to fabricate inductors and transformers on a silicon substrate 
such that the whole wireless transceiver integration on a single substrate can be done monolithically. 
Concentration on synthesis of inductors and transformers employing active devices to avoid the inherent large 
silicon area overhead of spiral inductors and transformers fabrication has led to the silicon consumption 
frugality and subsequently the fabrication cost and performance improvement. Following this effort, CMOS 
spiral inductors and transformers have found a broad range of applications in high-speed analogue signal 
processing including RF (Radio frequency) band-pass filters and Radio-frequency identification (RFID) 
technology.  

Growing RFID technology market in telephony and transport fare collection systems has been drawing 
attention through replacing magnetic debit card technology, as well as factory automation and access control 
systems. To provide the market prerequisites, such systems must demonstrate characteristics like low cost, long 
read range and high date rate, which call for small and low-voltage/low-power integrated circuits (Save 2000). 

Fig.1 shows the functional block diagram of a typical 13.56 MHz RFID reader, which consists of three 
functional blocks. Request commands are sent to RF-tag through transmitting block. Data will be collected from 
RF-tags by receiving block through an antenna, and will be analysed by data processing block. 

Detection, filtering, and amplification are the tree functions in receiving block as shown in Fig. 1. Band-
pass filter is used to filter a recovered Manchester coded signal received by the envelope detector from receiver 
antenna. In order to extract signal in a required band and amplify the signal in a particular voltage gain, multi-
stage filters and band-pass filter are used (Choi et al. 2006).In this paper a CMOS band-pass filter with a center 
frequency of 13.56MHz compatible to ISO14443 standard is designed using Mentor Graphic IC design tools 
and the quality factor enhancement of the implemented filter is studied. ISO14443 is considered as a 
communication standards and a transmission protocol for contactless smart cards operating at 13.56 MHz in 
close proximity with a reader antenna (up to 10cm).Monolithic inductor circuit in CMOS technology at the 
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frequencies of megahertz has been simulated to solve the issue of silicon consumption and fabrication cost of 
the filter design for RFID reader ICs. The CMOS active inductor circuit, which resembles the traditionally used 
spiral inductors, is used. 

 

 
 
Fig. 1: Functional block diagram of a 13.56 MHz RFID reader (Choi et al. 2006) 
 
2. Active inductor: 

 
Two main weaknesses of band-pass filters with spiral inductors and transformers are the low pass-band 

center frequency stem from the large spiral-substrate capacitance and the high insertion loss due to both the 
skin-effect induced parasitic resistance of the spiral and the substrate eddy-current induced ohmic loss in the 
spiral at high frequencies (Soorapanth 2002). Growing applications of active inductors and transformers instead 
of the spiral ones in high-speed analogue signal processing and data communications are significant. CMOS 
active inductors are active networks that consist mainly of MOS transistors. Resistors can be used as feedback 
components to advance the operation of active inductors. Under specific dc biasing situations and signal-swing 
controls, these networks demonstrate an inductive feature in a specific frequency range. There are many unique 
advantages to utilizing active devices in synthesis of inductors and transformers synthesized over their spiral 
corresponding items such as (Yuan 2008): 

- Low silicon area- CMOS active inductors are made of MOS transistors. 
- Large and tunable self-resonant frequency - Active inductors with large self-resonant frequency 

guarantees inductive trait over a large frequency range.  
- Large and tunable inductance - Higher inductance can be realized by using smaller width of the 

transistors. Besides, by controlling the dc biasing condition of the transistors and capacitance of the 
transconductors, inductance can be tuned.  

- Large and tunable quality factor - By increasing the ohmic loss of the inductors, derived from the finite 
output resistance of the transconductors of the inductors the quality factor of CMOS active inductors can be 
increased. Various methods ofincreasing the output resistance arecascades, regulated cascades, and negative 
resistor compensation.  

- Compatibility with digital CMOS technologies - CMOS active inductors, can be made using standard 
digital CMOS to fulfil the low-cost digital-oriented CMOS processes need for inductors. 

Applications of CMOS active inductors and transformers introduce a few constrains inherent to synthesized 
devices as compared to spiral inductors and transformers. These restrictions are small dynamic range, poor noise 
performance, high power consumption, and a high sensitivity to supply voltage rises and falls as well as process 
variation (Yuan 2008). 
3. Lossy Single-Ended Gyrator-C Active Inductors: 

 
Two back-to-back attached transconductors will make a gyrator. In a gyrator-C networka port of the gyrator 

is attached to a capacitor, as shown in Fig.2 A gyrator-C network is called lossless when both the input and 
output impedances of the transconductors of the network are infinite and the transconductances of the 
transconductors are constant. Gyrator-C networks are inductive only in a specific frequency range. A gyrator-C 
network where Go1 and Go2 denote the total conductance at nodes 1 and 2 respectively is shown in Fig. 2. The 
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finite output impedance of transconductor 1 and the finite input impedance of transconductor 2 results in Go1. 
For simpler analysis, transconductors are assumed to be constant. Write KCL at nodes 1 and 2 

 
              (1) 

 
           (2) 

 
The admittance looking into port 2 of the gyrator-C network is acquired from 
 

          (3) 

 
This can be symbolized by the RLC networks parameters shown in Fig.2 

 

              (4) 

 
              (5) 

 

              (6) 

 

              (7) 

 
 
Fig. 2: Lossy single-ended gyrator-C active inductors.C1 and Go1, C2 and Go2 denote the total capacitance and 

conductance at nodes 1 and 2, respectively (Yuan 2008) 
 
The resonant frequency of the RLC networks of the active inductor is given by 
 

           (8) 

Where               (9) 

The quality factor of an inductor, which quantifies the ratio of the net magnetic energy stored in the 
inductor to its ohmic loss in one oscillation cycle, is obtained from: 

 

                    (10) 
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                     (11) 

 
3. Implementation of single-ended active: 

 
Different types of active inductors have been proposed by a number of researchers (Hara 1988; Ismail 1991; 

Thanachayanont 2001). A characteristic these active inductor topologies share is that they all employ some kind 
of shunt feedback to imitate the inductive impedance. Fig.3 shows the schematic of Wu current-reuse active 
inductor (Wu 2003), which in comparison to other topologies could use biasing, current more efficiently. A 
common-gate configuration of the positive transconductor along with a common-source configuration of the 
negative transconductor creates the nMOS version of the active inductor, which is going to be used in the band-
pass filter proposed. 

 
Fig. 3: Simplified schematic of Wu current reuse active inductors (Wu et al. 2001, 2003) 

 
Fig.4: Small-signal equivalents (Wu 2003) 

 
Damped resonator shown in right side of Fig. 4 represents the input impedance of Fig. 3 with the following 

values: 
 

                         (12) 

 

                        (13) 

 

                        (14) 

 

                      (15) 

                       (16) 
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                       (17) 

In equations above, and are the unity-gain frequency of M1 and M2, respectively, and  and 

are transistors’ transconductance and gate-source capacitance, respectively. The specific structure of an 

active inductor introduces nonlinear elements to the circuit. As for the circuit shown in Fig. 3 we can examine 
the highest voltage swing at input node. To keep M1 in saturation, we should have 
 

                       (18) 

 
For M2 in saturation, we will also have 

 
                         (19) 

 
                       (20) 

From (19) and (20) the voltage at the input node will be limited to 
 

                    (21) 

 
From (21) we have , therefore the voltage swing will be limited to 

, . The voltage swing on the passive spiral inductor is just bounded by the electro-

migration requirements of the metal trace. To ease the analysis, from (16) and (17), we can additionally obtain 
 

                        (22) 

 
                        (23) 

Assuming M1 and M2 in saturation we have: 
                       (24) 

                        (25) 

And 
                         (26) 

                        (27) 

 
For M2 to be in saturation we have: 

 
                         (28) 

 
                       (29) 

And  should be chosen in a way that: 

                        (30) 

 
4. Active band-pass filter design and simulation: 

 
An active inductor emulating a RLC tank can be considered as a band-pass filter with the pass-band center 

frequency of the active inductor’s self frequency. In an active inductor the resonant frequency can be tuned by 
varying the inductance of the active inductor while the quality factor of the band-pass filter can be adjusted by 
varying the resistance of the compensating negative resistor. The main benefits of this method are simple circuit 
construction and consequently low silicon area, low power consumption, large pass-band center frequency 
tuning range, and a large and variable quality factor. The basic configuration of these active inductor band-pass 
filters is shown in Fig. 5 for single-ended band-pass filters. 
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Fig. 5: Configuration of single-ended active inductor band-pass filters (Yuan 2008) 

 
The input voltage of the filter is converted to a current flow through the input buffer operating as a 

transconductor. The active inductor, which is a RLC tank itself, performs the required frequency selection. To 
enhance the quality factor of the active inductor as well as its frequency selectivity, a negative resistor in parallel 
cancels out the ohmic losses of the active inductor. The compensating negative resistor controls the quality 
factor. Moreover, the center frequency of the band-pass filter can be tuned through inductance of the active 
inductor adjustment. The output buffer which offers suitable driving current and matching output impedance to 
the loadshould have a large bandwidth so that its impact on the performance of the filter is minimum. Source-
follower configurations are typically used as output buffer owing to their low and tunable output impedance and 
large bandwidth. In this paper, the band-pass filter operating at 10-20 MHz is designed employing the nMOS 
version of the Wu current reuse active inductor. The proposed band-pass filter is depicted in fig. 6 along with 
the small signal equivalent. 
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Fig. 6: Active band-pass filter circuit 

 
The transfer function of the proposed circuit would be: 

                     (31) 

Comparing to the standard RLC band-pass filter frequency transfer function which is: 

                        (32) 

We can estimate the main variables: 

   , and                                                                 33) 
 
The frequency responds of the proposed band-pass filter implemented in Mentor graphics IC design 

architecture in 0.35µm technologies is shown in Fig. 7. Magnitude and phase of the output voltage are depicted 
in this picture. The center frequency  is 13.56 MHz. 
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Fig. 7: Frequency responds of the band-pass filter 

 
In the band-pass filter function, one transmission zero is at (dc), and the other is at . The peak 

of the magnitude response is at . Accordingly the pole frequency  is the center frequency of the 

band-pass filter. The selectivity of the second order band-pass filter is measured by its 3db bandwidth which is 
the difference between the two frequencies and at which the magnitude response is 3 db. below its 

maximum value (at ). 

                        (34) 

 

                       (35) 

 
                       (36) 

 
The quality factor of the proposed band-pass filter can be calculated from the following equation: 

 

                    (37) 

 
Conclusion: 

 
Although RF building blocks have been successfully implemented in CMOS process, active filters working 

at RF frequency still remain the most difficult part to be integrated. Active integrators can be used to implement 
the integration function between an inductor’s voltage and current, and since the inductance is not originated 
from the electro-magnetic field of metal spirals, the active inductor inherently occupies very small chip areas. In 
this study the active current-reused Wu inductor, which was previously designed in the frequency range of 
gigahertz, was chosen as a suitable circuit to be modified and designed for the frequencies between 10 and 20 
Megahertz. An active band-pass filter is designed considering the proposed active inductor in ISO14443 
standard that specifies the center frequency of 13.56MHz for the filter. Q-factor of the sketched filter has been 
enhanced through some reforms, and an appropriate band-pass filter, which consumes very small silicon area as 
a result of employing small CMOS inductor, has been proposed. The frequency response of the active band-pass 
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filter is depicted in the Mentor Graphic IC design tools in 0.35µm technologies through the value of phase and 
magnitude of the output. The quality factor of the proposed band-pass filter is about 3.5. Future trends may 
involve the enhancement of the noise and quality factor of the active band-pass filter, which are inferior to 
passive ones in Megahertz frequency. 
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