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Abstract  —  A flexible spectrum-sensing receiver in 65nm 

CMOS consists of a wideband front-end, spectrum-adaptive 
(SA) filtering, switched-capacitor amplifiers, and a filtering 
SAR ADC. The SA filter uses a DT spectrum-analyzer and a 
reconfigurable DT notch filter to detect and suppress large 
interferers over a 55MHz range. In IEEE 802.15.4 tests, the 
receiver exceeds sensitivity and interferer rejection 
requirements. With SA filtering enabled, it achieves ≥+55dB 
rejection of +25 to +65MHz FM interferers. 

Index Terms  —  Discrete-time filter, SAR ADC, software-
defined radio, spectrum-sensing, wireless receiver. 

I. INTRODUCTION 

The wireless communication spectrum has become 
increasingly congested in terms of both the diversity of 
wireless standards and the number of users sharing limited 
spectrum. Recent research has focused on the first part of 
the congestion issue, leading to many successful software-
defined radio (SDR) techniques, such as a highly linear 
front-end with tunable analog filters [1], frequency-
translated RF and IF bandpass filters [2], and a 
configurable filtering SAR (“SARfilter”) ADC [3]. 
Although these techniques achieve their performance 
goals, they inefficiently utilize hardware and power by 
always assuming the worst-case operating environment. 

We propose a spectrum-sensing (SS) method 
specialized for detecting and adaptively filtering large 
interferers. Existing spectrum-sensing techniques 

implement high-sensitivity detection of licensed users for 
cognitive radios [4] or are digital [5] and require a high-
speed, high-resolution ADC and anti-aliasing filtering to 
digitize the entire band of interest. Both approaches are 
too complex and high-power to perform spectrum-analysis 
for adaptive interferer suppression. Therefore, we 
introduce a low-power analog discrete-time (DT) 
spectrum-sensing technique, based on the scaling-friendly 
and robust charge-domain filtering concept together with 
active digital control of the DT sampling clocks. 

Spectrum-sensing enables the receiver to adapt to 
changing conditions while using fewer circuit resources 
and less power. Without spectrum-sensing (SS), we would 
have to overdesign the filters to attenuate all potential 
interferers, even if we can reasonably expect only a 
limited number of simultaneous interferers. Instead, we 
create a spectrum-adaptive (SA) filter by combining 
analog DT SS along with real-time digital control of the 
rejection mode of a reconfigurable filter. We demonstrate 
SA filtering in a complete flexible receiver (Fig. 1), 
consisting of a wideband front-end, transimpedance 
amplifier (TIA), a four-mode SS-guided analog DT notch 
filter, switched-capacitor (SC) amplifiers, and a 7-bit 
SARfilter ADC that performs additional filtering and 
digitization. The prototype achieves SA filtering of 
interferers that are offset 15MHz to 70MHz from a wanted 
signal. Achieving attenuation over this frequency range 

 
Fig. 1. Architecture of the prototype spectrum-sensing receiver. The spectrum-sensing path (bottom) scans to detect large interferers 
and automatically selects the optimal rejection mode of the reconfigurable DT notch filter. 
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with a conventional FIR filter would require two to four 
times more filter taps and consume proportionally more 
power and area. 

II. SPECTRUM SENSING 

Our proposed spectrum-sensing technique uses 
identical, frequency-programmable analog DT bandpass 
spectrum-analysis filters in the I and Q channels and 
simple digital signal processing (DSP). The spectrum-
analysis filters isolate and subsample the interferer power 
contained within select frequency bands. Spectrum-
analysis in the analog DT domain eliminates the anti-
aliasing filters and high-speed, high-resolution ADCs that 
digital spectrum-analysis would otherwise require. Analog 
charge-domain DT filters [6], which consist of switches 
and capacitors (i.e. no op-amps), are also advantageous 
because switches function well in nanometer CMOS and 
the filter response is well-defined by capacitor matching 
and clocking and independent of process variation. 

We introduce a DT spectrum-analysis filter with an 
easily and accurately tunable center frequency of the 
power detection passband. This passband is always 
located at one-tenth of a clocking frequency, fs. An on-
chip ring-oscillator (Fig. 1) generates fs, so a digital 
controller can tune the passband frequency by adjusting 
the oscillator’s load capacitance to values calibrated for 

process variation. The passband frequency ranges from 15 
to 70MHz in 5MHz steps and typical calibration 
inaccuracy or open-loop drift of fs of less than 3MHz 
results in a 10x smaller frequency offset of the passband. 
Importantly, the controller also adjusts filter parameters at 
each fs to preserve the passband’s gain and bandwidth. 

The digital controller (Fig. 1) interprets the output of the 
spectrum-analysis filter to perform SA filtering. The 
controller calculates and accumulates I2+Q2 for up to 64 
filter output samples to measure the interferer’s power 
within each passband. It makes this measurement for 
every frequency bin, and then directs the notch filter to 
reject the bin with the greatest measured power. 

Fig. 2 shows one of the identical I and Q branches of the 
four-stage DT spectrum-analysis filter and an example 
frequency response for each stage when fs is 250MHz. 
The four filtering stages together generate notches and 
poles that create a distinct power detection passband at 
fs/10. Table I summarizes the sampling rates and 
frequency responses of the four stages. In the 1st stage, 
integration sampling creates a lowpass sinc-like response 
and three time-interleaved channels permit simultaneous 
sampling, output, and reset. In the 2nd and 3rd stages, pole-
zero cancellation between a 5-tap FIR filter and an IIR 
filter results in a wanted pole at fs/10 and additional poles 
at 0.9fs, 1.1fs, 1.9fs.... A one-pole roll-off in the TIA and 
the notches created by the 1st stage attenuate these 

    
Fig. 2. One of the identical I and Q branches of the four-stage DT bandpass spectrum-analysis filter, including the filter response of 
each stage. The combined response shows that the spectrum-analysis filter and the TIA pole create a distinct power detection passband. 
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additional poles. Fig. 2 shows that the combined 
frequency response of this four-stage DT filter and the 
TIA roll-off strongly rejects all frequencies outside of the 
passband. 

We enable the use of power-efficient 4-bit SAR A/D 
conversion and low-frequency DSP by having a fixed 
output rate. In the 4th stage, a variable rate 6- to 28-tap FIR 
decimation filter reduces the filter’s output rate to ≈5MS/s 
for all fs. Furthermore, as the passband’s center frequency 
increases, the controller decreases Cint

+/- to keep the gain 
constant and increases CH and the decimation factor of 
stage 4 to keep the bandwidth constant. 

III. SPECTRUM-ADAPTIVE RECEIVER 

We demonstrate the new spectrum-adaptive filtering 
technique in a flexible direct conversion receiver (Fig. 1) 
that combines the SA filter with a wideband front-end, 
TIA, SC amplifiers, and a 7-bit SARfilter ADC with 
embedded DT filtering. A wideband LNA drives current 
through the mixer and into a TIA. Current DACs source 
counteracting currents through the TIA’s feedback 
resistors to remove DC offsets. The TIA drives the Gm 
stage (Fig. 2) in the SS path (Fig. 1, lower branch) and the 
reconfigurable DT FIR notch filter through a buffer in the 
main signal path (Fig. 1, upper branch). 

Fig. 3 shows a schematic of a differential half-bank of 
the 6-tap SS-guided FIR notch filter, which consists of 22 
unit capacitors and switches. The input signal, Vin, is 

sampled onto different combinations of the capacitors 
(Table II) at 100MS/s, in order to implement four 
attenuation modes, each with notches that attenuate a 
different band of the SS frequency range. The number of 
actively used capacitors changes with the filtering mode. 
Since a 6-tap analog FIR filter decimates the sampling rate 
by 6x, we also time-interleave six identical filter channels 
to achieve equal input and output rates. 

After the SS-guided filter, two stages of SC amplifiers 
(Fig. 1) amplify the output of the notch filter by 21dB to 
35dB. Digitally-tunable capacitances in the 1st stage scale 
proportionally to the number of active unit capacitors in 
each notch filter mode to preserve gain. Digitally-tunable 
capacitances in 2nd stage implement variable gain. 
Chopping switches at the input and output of the 1st and 
2nd stages, respectively, reduce 1/f noise. 

A SARfilter ADC [3], which embeds a reconfigurable 
DT FIR/IIR filter within a SAR ADC, further attenuates 
interferers before performing 7-bit digitization. FIR 
filtering in the ADC is created by interleaving SAR 
conversion with multi-cycle sampling of the input onto the 
capacitive DAC of the ADC. IIR filtering is created by 
intermediate charge-sharing of these samples with a 
history capacitor. The spectrum-adaptive filter attenuates 
large interferers offset 15 to 70MHz from the wanted 
signal, the TIA pole attenuates higher frequency 
interferers, and the lowpass SARfilter ADC attenuates 
outside of the channel bandwidth. 

IV. MEASURED PERFORMANCE 

The prototype receiver is implemented in 65nm CMOS. 
Fig. 4 shows a die photo. The prototype achieves 55.8dB 
gain and supports carrier frequencies from 600MHz to 
3.4GHz. Fig. 5 plots the combined frequency response of 
the receiver, which includes the attenuation of the TIA 
pole, the SS-guided filter disabled and in mode 3 (Table 
II), and the SARfilter ADC. The SS-guided filter in mode 
3 contributes an average of 26dB additional attenuation 

TABLE I 
STAGES OF THE SPECTRUM-ANALYSIS FILTER 

Stage Rate In Rate Out Frequency Response 
1 fs fs sinc-like, notches at n·fs, n=1,2,3… 
2 fs fs/5 notches at DC, 0.3fs, 0.5fs, 0.7fs, fs… 
3 fs/5 fs/5 poles at 0.1fs, 0.3fs, 0.5fs…. 

4 fs/5 fs/140 to 
fs/30, always 
≈5MS/s 

notches at 0, 5, 10MHz... except at 
0.1fs, 0.3fs, 0.5fs... 

Combined fs power detection passband at fs/10 

 
Fig. 4. Die photo of the 65nm CMOS prototype receiver. 

 
Fig. 3. Schematic of the SS-guided reconfigurable DT FIR 
notch filter consisting of six time-interleaved channels, each with 
22 unit capacitors (per differential half circuit). Two capacitors 
connect to both Vin

+/- to implement negative filter coefficients. 
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within the target attenuation bands listed in Table II. The 
combined filter achieves >52dB attenuation in the target 
frequency bands of all four SS-guided filter modes. In 
packet tests compliant to IEEE 802.15.4, we stimulate the 
receiver with RF packets and identify the power level that 
achieves 1% packet error rate (PER). As summarized in 
Table II, the receiver exceeds the sensitivity and interferer 
rejection requirements of both the 2450MHz and 915MHz 
bands. In SA filtering tests using 802.15.4 packets (Fig. 
6), the receiver achieves +55dB to +63dB rejection of a 
+25MHz to +65MHz FM interferer when SA filtering is 
enabled, which averages to 9.4dB more rejection 
compared to when SA filtering is disabled. SA filtering 
achieves this improvement by detecting the FM interferer 
and reconfiguring the SS-guided notch filter to the mode 
that best attenuates the interferer. 

VII. CONCLUSION 

We demonstrate a flexible wireless receiver that uses 
intelligent DT spectrum adaptive filtering to target large 
interferers with a reconfigurable DT notch filter. By 
sensing a receiver’s operating environment, spectrum-
sensing reduces the need to overdesign for the worst-case 
operating conditions. Overdesign in a conventional filter 
can consume two to four times more area and power. 
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Fig. 6. Measured relative power vs. frequency offset of an FM 
interferer (1MHz deviation, 50kHz rate) at which the receiver 
achieves 1% PER when receiving RF modulated IEEE 802.15.4 
2450MHz band packets with -85dBm power. Interferer rejection 
improves by an average of 9.4dB when the SA filter is enabled. 

 
Fig. 5. Measured combined frequency response of the receiver 
when the SS-guided filter is disabled or in mode 3. Compared to 
when filtering is disabled, mode 3 provides an average of 26dB 
more attenuation of the target 28-42MHz and 58-70MHz bands. 

 

TABLE II 
SUMMARY OF PARAMETERS AND MEASUREMENTS 

Technology 65nm 1P9M w/MIMCAP 
Active Area 0.39mm2 
Carrier Frequency Range 600MHz to 3.4GHz 
Max Gain 55.8dB 
IIP3 -38dBm 
SS Sweep Duration ≈121μs, 25 to 65MHz, 64 samples per bin 

SS-Guided Notch Filter 
Mode, FIR Coefficients, and 
Target Attenuation Bands 

1: [4 -1 4 4 -1 4], 15-23MHz 
2: [2 2 4 4 2 2], 23-28MHz 
3: [1 3 5 5 3 1], 28-42MHz & 58-70MHz 
4: [1 3 4 4 3 1], 42 to 58MHz 

SARfilter ADC FIR Filter Tap Length: 16 to 64, Weight: 0 to 6Cunit 

Power, 
1.0V 
Except 
0.9V 
Digital 

Analog 6.82mW 
Digital: Controller, 
Notch Filter & 
SARfilter ADC 
Clocks 

3.41mW, fconv=5MS/s, 20-tap SARfilter 
ADC FIR filter 
1.31mW, fconv=2MS/s, 16-tap SARfilter 
ADC FIR filter 

LO Divider 1.94mW, 4.8GHz 2xfLO 
0.90mW, 1.8GHz 2xfLO 

Spectrum Sensing 2.93mW 

Total 
802.15.4 2450MHz band: 15.1mW 
802.15.4 915MHz band excluding SS (not 
supported for fconv=2MS/s): 9.0mW  

IEEE 802.15.4 
Sensitivity & 
Interferer 
Rejection 

2450MHz, 
fconv=5MS/s 

-93dBm 
+5MHz, +30dB; +10MHz, +39dB 

915MHz, 
fconv=2MS/s 

-100dBm 
+2MHz, +29dB; +4MHz, +31dB 

40
45
50
55
60
65

20 25 30 35 40 45 50 55 60 65 70

Re
la

tiv
e 

In
te

rfe
re

r P
ow

er
 

(+
dB

)

Relative Offset of Interferer (+MHz)

SA Filter Off
SA Filter On

-90

-60

-30

0

0 20 40 60 80 100

At
te

nu
at

io
n 

(d
B)

Frequency (MHz)

SS-Guided Filter Disabled
SS-Guided Filter in Mode 3

272



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles false

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.7

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /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 200

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /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 200

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /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 400

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 600

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /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 ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /FRA <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)

  >>

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [612.000 792.000]

>> setpagedevice



