
A Design Methodology for Low-Power Active Analog 
Filters for Wireless Communications 

 

A. Otin, S. Celma 
Group of Electronic Design (I3A) 

University of Zaragoza, Spain 
E-mail: {aranotin, scelma}@unizar.es 

W.A. Serdijn, S. Bagga 
Electronics Research Laboratory 

Delft University of Technology, The Netherlands 
E-mail: {w.a.serdijn, s.bagga}@ewi.tudelft.nl 

 

Abstract — A design methodology for low-power analog filters is 
reported. In order to reduce the power consumption, power 
optimization is included at three different levels of the filter 
design flow. First, an appropriate transfer function is selected 
fulfilling the required input-output relation specifications. Then, 
an orthonormal ladder filter structure is chosen as it offers the 
best filter topology choice. Finally, a low-power circuit 
implementation of the transconductor cell, the main building 
block in gm-C filters, is devised. The design procedure is 
illustrated by the design of a baseband filter required in a 
wireless receiver for WLAN (IEEE 802.11g standard). 

I. INTRODUCTION 
Filtering blocks are indispensable elements in many signal 

processing systems. Filters can be used either for selecting the 
desired signal based on its different energy-frequency 
spectrum or for shaping the energy-frequency spectrum of the 
required signal. However, two main drawbacks appear when 
considering active filters. First, active elements introduce 
noise and distortion, leading to a limited dynamic range in 
filters. Second, active elements dissipate energy and thus, 
power has to be supplied to the circuit [1]. 

Achieving lower energy consumption is the key to the 
success of portable battery-operated equipment. If the power 
consumption can be reduced, battery life can proportionately 
be increased. Therefore, the dynamic range should be 
maximized and, at the same time, the power consumption of 
the filter should be minimized [2]. This optimization can take 
place at different levels of the filter design trajectory and 
involves: 

- Transfer function synthesis, 
- Topology choice, and 
- Circuit implementation. 

In this work, to illustrate the entire filter design procedure, 
a low-pass filter required in a wireless receiver for WLAN 
(IEEE 802.11g standard) is designed. First, the selection of the 
most adequate transfer function is justified, leading to a       

4th-order low-pass elliptic filter. Then, an orthonormal 
implementation is presented as the best choice for the filter 
topology with respect to dynamic range and related 
parameters. Finally, in the filter circuit design phase, the filter 
topology is mapped on a circuit. This includes the 
implementation of the integrators, the interconnection circuitry 
and their biasing subcircuits in a suitable IC technology. 
Falling in the category of gm-C integrators, a novel CMOS 
transconductor for low-power gm-C filters will be introduced. 
The resulting design targets 90 nm IBM CMOS process with 
1.2 V power supply. Simulations demonstrate an excellent 
approximation of the baseband filter transfer function and, as a 
consequence, the design methodology presented is well suited 
for the design of low-power active analog filters. 

II. FILTER DESIGN METHODOLOGY 
The power optimization required in analog filters can be 

done at different levels of the design process. In this section, 
the methodology towards the optimized filter design and 
implementation will be shown. 

A. Transfer function design phase 
In the filter transfer function design phase, the goal is to 

generate a transfer function that satisfies all the desired 
specifications (magnitude/phase response, group delay, cutoff 
frequency, passband/stopband loss/edges, distortion, etc). In 
this case, the requirements of the filter are determined by the 
targeted IEEE 802.11g WLAN standard. 

Trade-offs between attenuation, slope and circuit 
complexity are taken into consideration prior to choosing the 
order of the low-pass filter. An elliptic filter gives the steepest 
slope for any given order and is therefore the appropriate 
choice compared to other possibilities as Chebyshev, Cauer, 
Butterworth, etc. On the other hand, power consumption and 
dynamic range are directly and inversely proportional to the 
order of the filter, respectively. Therefore, the joint 
optimization of power consumption and dynamic range means 
trying to find a low-order approximation of the transfer 
function. 

This work has been partially supported by MEC-FEDER (TIC2005-
00285/MIC), DGA(CONAI+D) and CAI (ref). 



As a consequence, to accomplish all the requirements 
associated with the IEEE 802.11g WLAN standard, a 4th-order 
elliptic low-pass filter has been selected as the core of this 
work. The resulting transfer function is depicted in Eq. (1), 
and was generated using Matlab. The cut-off frequency is set 
at 10 MHz. The stop-band attenuation is at least 50 dB and the 
pass-band ripple is less than 0.5 dB. 
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B. State-space synthesis: orthonormal ladder structure 
Once the desired transfer function is formulated, it is time 

to design the topology and its state-space description. The 
filter transfer function is mapped on a suitable topology, 
where the input node, the output node and the main building 
blocks, viz. the integrators, of the filter are interconnected. 

A state-space description for a given transfer function is 
not unique, meaning that many state-space descriptions can 
implement the same transfer function. The state-space 
description of any filter transfer function should be optimized 
for dynamic range, sensitivity, sparsity and coefficient values 
[3, 4]. A low sensitivity suppresses the effect of component 
variations on the transfer function and the sparsity of the 
matrices directly determines the circuit complexity – state-
space descriptions with more zero elements require less 
hardware and are likely to consume lower power. Moreover, if 
the filter is optimized for dynamic range, it is also optimized 
for sensitivity [5]. Therefore, we will concentrate on finding a 
filter topology that is optimized for both dynamic range and 
power consumption. 

In the determination of the dynamic range, the 
controllability (K) and observability (W) gramians of the 
filter, which are derived from the state space description, play 
an important role. To maximize the dynamic range of the 
system, the objective functional FDR, which represents the 
relative improvement of the DR and contains all parameters 
which are subject to manipulation by the designer, should be 
minimized. The dynamic range is optimized when the output 
swing without distortion is maximized and the overall noise 
contribution is minimized. The first step (maximum output 
swing) leads to a diagonal matrix for the K-gramian with 
equal diagonal entries. In the second step (optimization with 
respect to noise contribution), the W-gramian also becomes a 
diagonal matrix [4]. 

The drawback of a dynamic-range optimal system is that 
its state-space matrices are generally fully dense, i.e., all 
entries are filled with nonzero elements, resulting in a 
complex circuit with a large number of interconnections. 
Among the standard state-space descriptions, such as the 
canonical, the diagonal and the modal, the orthonormal ladder 
form is notable since it is by definition semi-optimized for 
dynamic range due to the specific structure of the matrices. 
Furthermore, since it is derived from a ladder structure, it is 
intrinsically less sensitive [6]. Thus, to improve the sparsity, 
the dynamic range optimized matrices can be transformed into 
an orthonormal ladder filter description, which is significantly 

sparser than the fully dense matrix of the DR optimal system 
and still presents a good behavior with respect to sensitivity. 

In respect to a fully optimized and fully dense state-space 
description, the resulting semi-optimal orthonormal filter 
structure differs only by about 2 dB in dynamic range. The 
matrices A, B, C and D of the selected transfer function are 
defined as follows: 
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C. Noise Scaling: Capacitance and Coefficient Values 
The drawback of this orthonormal structure is that the 

system is not optimized with respect to noise contribution. 
However, a filter topology can be obtained that is not too 
complex and has a dynamic range close (within a few dBs) to 
the optimal (minimum FDR) if an optimal capacitance 
distribution is applied to this system (since the relative noise 
contribution of an integrator decreases when the capacitance 
and the bias current increase). 

Transconductor-capacitance integrators will form the basic 
building blocks to implement the state-space description of the 
filter. The integrators are implemented with normalized 
capacitors of 1 F. The corresponding matrices A, B, C and D 
have extremely large coefficients corresponding to large gm 
values, which are not physically feasible at circuit level. By 
scaling down the capacitors, matrices A and C are 
consequently scaled. Coefficients of matrices B and D can too 
be down scaled by α1 and α2 respectively, without affecting 
the response of the filter. 

                                           A*=cap⋅A                                     (6) 

                                            B*=α1⋅B                                      (7) 

                                         C*=α2⋅cap⋅C                                  (8) 

                                          D*=α1⋅α2⋅D                                  (9) 

After applying the adequate noise scaling, the optimal 
capacitance distribution is: 

    cap = [C1, C2, C3, C4] = C’⋅[0.2242, 0.2849, 0.2735, 0.2173]   (10) 

where C’ represents the unit-less value of the total 
capacitance. The block diagram of the state-space filter is 
shown in Fig. 1 and has 12 non-zero coefficients (c2=0 as can 
be seen from Eq. (4)). 
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Figure 1.  Complete State-Space filter structure. 

Once the block diagram has been recognized, a specific 
transconductance block implements every coefficient. 

III. MAIN ACTIVE BLOCK: TRANSCONDUCTOR TOPOLOGY 
Once the optimal filter topology has been selected together 

with the appropriate coefficients, the filter circuit, or more 
specifically, the integrator as the main building block of the 
filter has to be designed. Since the gm-C technique is the 
considered option to implement the filter, a specific 
transconductor has to be designed with the aim of achieving 
the minimum power consumption [7]. 

The orthonormal structure has both positive as well as 
negative coefficients. In order to implement positive 
coefficients, a differential topology is used. Another advantage 
of using the latter is the cancellation of even order distortion 
terms that may arise from the actual nullor implementation, 
thus improving linearity. 
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Figure 2.  Negative feedback transconductor. 

As compared to a single-stage implementation, a 2-stage 
nullor improves the loop gain, which yields higher linearity as 
well as bandwidth at the expense of power consumption [8]. 

The transconductance amplifier is implemented using a 
negative feedback structure consisting of an active circuit, 
which implements a nullor and a passive feedback network. 
The nullor is realized using a folded-cascode stage formed by 
transistors (MN-MPF) at the input, and a non-inverting 
differential pair (MDP) at the output. The feedback network is 
made up of a resistor R (Fig. 2). 

Special care has been taken in the biasing of the 
transconductor cell. Stages MV1, MV2 and MV3 generate the 
adequate bias voltages by implementing floating voltage 
sources. Input stage bias current IBIAS is implemented with a 
simple current mirror and both the biasing of the differential 
pair (IDP1, IDP2) and the current source of the folded-cascode 
transistor MPF (IFC) have been implemented with cascode 
current mirrors. 

Current source IDP, however, requires special attention. 
The low supply voltage (1.2 V) and the requirement of a 
cascode mirror in the upper current sources of the differential 
pair make this node especially critical. Therefore, an ultra 
high-compliance CMOS current mirror for low-voltage 
requirements is needed. Its implementation is shown in Fig. 3 
[9]. The drains of transistors M1 and M2 of the cascode mirror 
are held at the same voltage by means of a feedback loop. The 
implementation includes a low-power differential input servo 
amplifier, taking the input device as the reference. Transistors 
M1 and M2 are operating in the triode region. 
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Figure 3.  High compliance regulated cascode current mirror [9]. 

IV. SIMULATION RESULTS 
The 4th-order low-pass elliptic filter has been designed to 

be implemented in IBM 90 nm CMOS IC technology with a 
1.2 V power supply and a nominal biasing current (IBIAS+IDP) 
of 250 μA per transconductor (600 μA including additional 
biasing circuits). 

The high-frequency response of the entire filter is 
preserved, as shown in Fig. 4, considering a total external 
capacitance of 10 pF. 
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Figure 4.  Transfer function of the 4th-order low-pass elliptic filter. 

Finally, by randomly varying (i.e., 100 iterations) the 
component tolerances as well as the model parameters 
between their specified tolerance limits, a Monte Carlo 
analysis is run in order to estimate the sensitivity of the circuit. 
From Figs. 5 and 6, it is inferred that the transfer of the filter is 
relatively unlikely to show a substantial discrepancy as a result 
of process variations. The average value of the dc-gain is         
-0.4381 dB and for the cutoff frequency, a value of 10.69 
MHz is obtained. 
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Figure 5.  Sensitivity analysis – Monte Carlo: filter dc-gain. 

     
Figure 6.  Sensitivity analysis – Monte Carlo: cutoff frequency.  

Table I highlights the most important simulation 
parameters of the 4th-order elliptic low-pass filter. 

TABLE I.  SIMULATION RESULTS FOR THE FILTER 

IC technology 
 

IBM 90 nm CMOS 
 

Power supply voltage 1.2 V 

Cut-off frequency (-3dB) 10 MHz 

Stop-band attenuation 50 dB 

Pass-band ripple < 0.5 dB 

Power dissipation/pole 1.53 mW 

Differential output noise  400 nV/√Hz 

Max. output signal (1% THD) 750 mV 
Dynamic range (1% THD) 52 dB 

V. CONCLUSIONS 
In this work, a filter design procedure is proposed, which 

deals with the reduction of energy consumption of the analog 
filtering block, being the main goal in the design of circuits for 
portable battery-operated equipment. This power optimization 
is considered at three different levels of the design flow and 
concerns: the filter transfer function synthesis, the choice of 
the best filter topology and low-power circuit design. In order 
to demonstrate the feasibility of the proposed technique, a 
low-pass filter required in a wireless receiver for WLAN 
(IEEE 802.11g standard) is designed, to be implemented in 90 
nm IBM CMOS technology with a 1.2-V power supply. 
Simulations demonstrate an excellent approximation of the 
baseband filter transfer function and, as a consequence, the 
design methodology presented is well suited for the design of 
low-power active analog filters. 

REFERENCES 
[1] R. Schaumann, M. E. van Valkenburg, “Design of Analog Filters”, 

Oxford University Press, Inc., 2001. 
[2] M. Bathaee et al., “A 0.13 μm CMOS SoC for all Format Blue and Red 

Laser DVD Front-End Digital Signal Processor”, ISSCC Dig. of Tech. 
Papers, pp. 1012-1021, Feb. 2006. 

[3] S. A. P. Haddad, S. Bagga and W. A. Serdijn, “Log-Domain Wavelet 
Bases”, in Proceedings IEEE International Symposium of Circuits and 
Systems, May 2004. 

[4] D. Rocha, “Optimal Design of Analogue Low-Power Systems: A 
Strongly Directional Hearing-Aid Adapter” PhD Thesis, Delft 
University of Technology, 2003. 

[5] G. Groenewold, “Optimal Dynamic Range Integrators”, IEEE 
Transactions on Circuits and Systems, vol. 39, nº 8, pp. 614-627, 1992. 

[6] D. A. Johns, W.M. Snelgrove and A.S. Sedra, “Orthonormal Ladder 
Filters”, IEEE Transactions on Circuits and Systems, vol. 36, pp. 337-
343, March 1989. 

[7] A. Otin, S. Celma, C. Aldea, “Digitally Programmable CMOS 
Transconductor for Very High Frequency”, Microelectronics 
Reliability Journal, vol. 44, nº 5, pp. 869-875, 2004. 

[8] C.J.M. Verhoeven, A. van Staveren, G.L.E. Monna, M.H.L. 
Kouwenhoven and E. Yildiz, “Structured Electronic Design: Negative-
Feedback Amplifiers”, Kluwer Academic Publishers, 2003. 

[9] O. Charlon, W. Redman-White, “Ultra High-Compliance CMOS 
Current Mirrors for Low Voltage Charge Pumps and References”, Proc. 
of 30th European Solid-State Circuits Conference, ESSCIRC 2004, pp. 
227-230, 2004. 

     0 0.5 1    1.5     2     2.5     3   3.5   4.0       4.5  5

x 107

0

1

2

3

4

5

6

7

8

9

Cutoff frequency (Hz) 

mu = 10.6911 MHz 
sd = 9.67043 
N = 100



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 36
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 36
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 36
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings with Distiller 7.0 or equivalent to create PDF documents suitable for IEEE Xplore. Created 29 November 2005. ****Preliminary version. NOT FOR GENERAL RELEASE***)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


