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Traditional versus Cognitive Radio 

Nokia Research 
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 Original: any smart radio device 

 RF hardware community: 

Software Defined Radio for 

Dynamic Spectrum Access 

 US/UK Rulings FCC & OFCOM 

 IEEE802.22 and IEEE802.15.2 

 Key RF hardware Challenges: 

 Flexible clean Transmitter: 

reduce interference 

 Find “white spaces” : 

sensitive spectrum sensing 

 Flexible Receiver:             

cope with interference! 

 

Cognitive Radio terminology 
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 Armstrong 1915 

    

    

    

    

    

    

     

 Dream 

 Trend Analog  Digital 

 Still analog needed for feasibility 

 Flexibility  less RF pre-filtering 

 Different names: 

 Software Defined Radio (SDR) 

 Reconfigurable radio 

 “wideband”, “Inductorless”, 

“SAW-less” (no SAW-filters) 

 Cognitive Radio 

 

 

Trend to remove dedicated filtering 

ADC DSP 
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Challenge 1: 

Agile but Clean Transmission ... 
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3 5 

3 5 

 

 Base Band (BB) 

BB RF 

ω 

  2 3 4 5 

Reasons for band-filtering - Transmitter 

Filter 

(digital LO-generator) 

Filter 

[Klumperink-ComMag07] 

non-linearity 

Time-variant  

BB-RF transfer 

harmonics, 

IM3, HD.. 



7 Eric Klumperink, “Cognitive Radio Transceiver Chips”, RF2016, 12 April, Hilversum 

Motivation/Problem 

0 LO 3LO 5LO 7LO 
frequency 

Relaxed 

Filter A 

D 

LO 

Digital 

Baseband 

 
PA 

Suppression without Filtering 

+ Relaxed Filtering 

DAclk DAclk 
IM3 IM3 

HD3 HD3 
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Multipath Polyphase Technique 

1) Divide the nonlinear circuit into ‘N’ equal smaller pieces 

Nonlinear 
circuit 

 
 
 
 
 

Nonlinear 
circuit 

Nonlinear 
circuit 

Nonlinear 
circuit 

2) Add equal but opposite phase shift before and after piece  
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Multipath Polyphase Technique(2) 

path i=1 

path i=2 

path i=N 

y1 

y2 

yN 
(N-1)×2π/N -(N-1)×2π/N 

1×2π/N -1×2π/N 

0×2π/N -0×2π/N 

x(t) y(t) 

Equal opposite phase shifts before and after nonlinearity: 

nonlinear 
circuit 

nonlinear 
circuit 

nonlinear 
circuit 

[Mensink, ISCAS 04, TCAS 05] 

 a1x(t)+a2x
2(t)+a3x

3(t)+… cos(t+φ) 

“Phase rotation for kth harmonic is k×φ” 

bkcos(k.t+k.φ) 
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Output for N-Path Polyphase 

3rd Harmonic 

0 0 

Fundamental 

0 

2nd Harmonic 

0 

4th Harmonic 

3-Phase: 

y2 y3 y1 y2 y3 y1 

y2 

y3 

y1 

y2 

y3 

y1 

(N+1)th 

Harmonic 

2-Path 

3-Path 

4-Path 

 2 3 4 5 6 

 2 3 4 5 6 

 2 3 4 5 6 

N-Path 

 2 3 4 5 (N+1) 

Multi-tone input: cancels  p·1± q·2, unless:  p+q=j×N+1 
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How to realize wideband Phase Shift? 

Solution:  1) Digital BB phase shifter 

  2) Mixer wideband phase shifter 

Nonlinear 
circuit 

path i=1 

path i=2 

path i=n 

y1 

y2 

yn 

Nonlinear 
circuit 

Nonlinear 
circuit 

(n-1)×2π/n 

1×2π/n 

0×2π/n 

LO 

LO 

LO 

0 

-2π/n 

-(n-1)×2π/n 

BB  
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One Baseband to RF path (8 slices on chip) 

160nm CMOS 

0.32 mm2 

actually 

only C 

polyphase 
1 

2 

3 
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for any harmonic 



14 Eric Klumperink, “Cognitive Radio Transceiver Chips”, RF2016, 12 April, Hilversum 

Challenge 2: 

Find the “white spaces” 

Spectrum Sensing 
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Dynamic 

Range 

Problem 
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 Input of SA (= output of ideal SA) 

• NF=0dB, IIP3=+∞dBm, RBW=100kHz 

 

Similar issue: Spectrum Sensing: SFDR (I) 

dB80Difference
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 Output of SA: non-linearity is dominant 

• NF=20dB, IIP3=+10dBm, RBW=100kHz, att.=0dB 

 

 

SFDR (II) 
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 Output of SA: noise is dominant 

• NF=20dB, IIP3=+10dBm, RBW=100kHz, att.=48dB 

 

 

 

SFDR (III) 

Each dB of attenuation: 

- Noise floor up by 1dB 

- Distortion peaks down by 2dB 
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 Noise and IM3 products are equal  SFDR 

• NF=20dB, IIP3=+10dBm, RBW=100kHz, att.=28dB 

 

 

SFDR (IV) 

  dBRBWlogNFIIP3SFDR 7617410
3

2
10 
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Cross-Correlation Idea 

1) Attenuate input to improve IIP3 

2) “get rid of the noise”: 

 a) Duplicate receiver 

 b) Cross-correlate outputs 

Result: correlated signal remains 

Atten. ADC FFT 

X-corr out 

out 

ftest 

Atten. ADC FFT 

ftest 

[OudeAlinkTCAS12][OudeAlinkMTT13]  
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Auto- versus Cross-correlation 

crosscorrelation 

autocorrelation 
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Auto- versus Cross-correlation 

crosscorrelation 

autocorrelation 
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Auto- versus Cross-correlation 

crosscorrelation 

autocorrelation 
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Auto- versus Cross-correlation 

crosscorrelation 

autocorrelation 
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Auto- versus Cross-correlation 

crosscorrelation 

autocorrelation 
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Auto- versus Cross-correlation 

1

N

crosscorrelation 

autocorrelation 

Just detectable 
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Practice: Noise not perfectly white 

1

N

crosscorrelation 

autocorrelation 

Can’t detect (drift, ….) 

Well visible! 

Uncertainty UdB~0.13dB 
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1mm x 1mm XC-Chip in 65nm CMOS 

“UTSFINX” = 

Univ. Twente Spectrum...  X-Correlation 
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Noise Performance 

NMT=Normalized Measurement Time (1  acquisition time for 1 FFT) 

Attenuation: 10, 6, 2, 0dB 
N

o
is

e 
L

ev
el

 [
d
B

m
/H

z]
 

Final value: 

correlated noise 
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Phase Noise is also Reduced 

After XC 

Before 
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Benchmarking 

[SoerISSCC09]+ Cross-Corr. 

Other Spectrum  

Sensing ICs. 

[OudeAlinkMTT13]  
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Detection below the noise floor: SNR-wall 

X-Correlation is more sensitive but also faster 

Uncertainty 

UdB~0.13dB 

False Alarm Probability <=10% 

SNRwall=(U-1) 
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Flexibly Tunable High-Q Filters 

N-path Filters 
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Idea from 1947: Band Pass Filters 

 Downconvert + LPF + Upconvert = BPF 

[Barber, Wireless Engineer, May 1947]  
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“N-path Filter” 

 mix down 

 filter  

 mix up 
[FranksISSCC60]  

 N time-variant paths, 1/N duty cycle 
clock Si1=Si2 

RC filter 

share 

R 
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1/2p.R.C 

R 

C 

fclock 

1/2p.N.R.C 

R 

N*C 

Low pass – Bandpass transformation 
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fclock 

1/2p.N.R.C 

R 

N*C 

Quality factor is high! 

Q= 2p.RC.N.fclock 

bandwidth

uencycenterfreq
Q 

GHz 

MHz 
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Equivalent Bandpass filter model 

Vin

Vout

R
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H(f): RLC Model

Example: differential input 

 4-path filter @fs=0.5GHz: 

[GhaffariJSSC11] 

If ffs then: 
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Note: extra harmonic responses 

N-path filter  
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 Use N-path filter as parallel LC tank 

 Synthesize a high-order BPF with gyrator coupling 

 All-pole singly-terminated 6th-order BPF 

 

 

Higher-order N-path BPFs 

V-I by CMOS 

Inverters 
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Filter Transfer Function 

[Darvishi, ISSCC 2013] 
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Linearity and NF 

[Darvishi, ISSCC 2013] 
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Cognitive Radio Transceivers: 

 Put challenging new requirements: 

 Flexibility in frequency, bandwidth, modulation, ... 

  key issue: less upfront filtering  huge challenge... 

 Some recent ideas: 

 Polyphase Multipath: Agile clean TX 

 Cross-Correlation of 2 RX outputs: trade time for SFDR 

 N-path filter: linear high-Q filter, program fc by clock 

 Room for new ideas! 

Conclusions 
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