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Outline

• System problem setting: 

The RF Spectrum Crunch

• Circuit Solutions enabled by Device Scaling
– Field Programmable Receivers

– Getting by with Switches and Capacitors … 

• Circuit Solutions assisted by Digital Signal
Processing
– Compressive Sampling for RF Spectrum Scanning

• Conclusions
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“Underlying Theme”
Crossing The Boundaries
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“Data Storm”
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More Devices x More Content = 1,000x Data Storm

From: www.qualcomm.com/1000x
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Artificial Spectrum Scarcity
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Overcoming the Artificial Spectrum Scarcity

Cognitive Radio

ü Dynamic
ü Opportunistic    
ü Adaptive
ü Spectrum Aware
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Frequency
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Usage

Next-Generation Wireless Communications

Source: Nokia
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Modern Mobile Phone
R

FI
C

From: “RF SOI: Revolutionizing RF 

System Design,” Microwave Journals, 

Oct. 2015

• Complex Antenna 

Front-End Module 

(FEM) with RF 

switches, SAW filter 

banks & P/As

• Support for

• Large Freq. Range

• Large # Bands

(e.g., >46 in LTE)

• Carrier Aggregation
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FEM
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Examples of Next Generation 
Wireless Systems

PCAST Band Tier 2 Access Links

Street Level Small 
Cell Employing Tier 2 
Channels

Wired 
Backhaul

HeNB Gateway,
Internet,

Core Network

Database

Police & Emergency Vehicles 
Employing Tier 1 Channels

PCAST Band Tier 3 Opportunistic 
Access Links

Wireless “hot spot” 
employing Tier 3 channels 

Cell Tower

Cellular Band Access Link

Cellular 
Macro Cell

Wired 
Backhaul

T3 Device1

T3 Device2HeNB 
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t

Unlicensed Spectrum Signal
Licensed Spectrum Signal
Interference in Unlicensed Spectrum

Operation Mode of the CR Terminal with Rapid Sensing

tsense tsub-frame 

WiFi 
Transmission

Sense

WiFi 
Transmission

t

Sense

LTE-U Data 
Transfer

Sense

LTE-U Data 
Transfer

Sense

Sense

tsub-frame 

LTE PrimaryUL & DL

LTE-U Secondary 

DL

WiFi UL & DL

WiFi UL & DL

LTE BS

LAA / LTE-U AP

WiFi AP

CR 
Terminal 

with
Rapid 

Interference 
Detector

W
iFi U

L &
 D

L

UL: Uplink DL: Downlink
BS: Base Station
AP: Access Point

Multi-Tier Systems in 
PCAST Band

Combining Licensed & Unlicensed 
Spectrum (LTE-U)
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“Next-Generation” Receiver
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ADCLNA

ADCLNA

Spectrum Sensor 
RF Front End

ADC

ADC
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Information Recovery 
Engine R

ecovered Spectrum

C
om
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Sa
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f

t

5G
H
z

6G
H
z

Sub-frame Sub-frame

SENSE

SENSE

SENSE

SENSE

Data 
Transfer

Radar WiFi LTE-U

• Next-generation receivers need:

v Field programmability – avoid worst-case design strategy

v Wideband Operation & out-of-band blocker tolerance 
with limited off-chip filtering

v Fast & Low power & Wideband Spectrum Sensing
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Desired Circuit Innovations

• Highly Flexible Circuits

– programmable operation: 

f
0
, BW, NF, IIP

3
, P 

• Simplified Antenna FEM

– SW-Cap RF Front End

• Spectral Awareness

– Compressive Sampling

based Spectrum Scanning
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CMOS Device Scaling
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Device density & speed é
From: ITRS CMOS Roadmap

Device
Switching Speed

Device
Gate Length

Exploiting 
Device Speed
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LNTA 

LNTA Bias 

LO 
Gen 

Mixer 

TIAs 

Field-Programmable Receiver with 
Hybrid Class-AB-C LNTAs

Q

Rs

Vs

I Q

φ3φ1φ2φ0

I

I Q

φ3φ1φ2φ0

I

Q
I

FP CS 
LNTA

FP CG 
LNTA

BB I/Q

I
On-Chip

A1sinθ1 

A1cosθ1

A2sinθ2 

A2cosθ2

Digital
Control MCULO Gen

φ0 φ1 φ2 φ3

2FLO

FP CS 
LNTA

φ0
φ1
φ2
φ3

Hybrid mode
FP LNTAs

Programmable 
TIAs

Cartesian 
Combiner 

• 40nm CMOS LP 
technology

• 1.8mm x 1.3mm
• Active area: 1.6mm2

• Noise canceling Rx
• FP LNTAs and TIAs
• 4 phase passive mixers
• Cartesian based 

combiner
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Hybrid Class-AB-C: Ultra-Linear LNTA

ID

Vin

Vin(t)

ID,main(t)
Bias

ID,aux(t)

ID,main

ID,aux

Blocker with large 
voltage swing (1Vpp)

Biased in
Class-ABHybrid-mode CS LNTA Cell

Biased in
Class-C 

(no additional
DC consumption)
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Field-Programmability 
for Hybrid Class-AB-C LNTAs

M5

M6

Vbn[k]

M7

x8
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Vs M1

M2

Vbn[i]

Vbp[i]

M3

M4

Vcas,p

Vcas,n

M8

x8

Vbp[k]39nH

39nH

50pF

50pF

On-chip

CG-LNTA

CS-LNTA

OFF

Low 
Noise
Mode
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• CG-LNTA has 2 slices
• CS-LNTA has 8 slices
• Cascode transistors are shared
• Each transistor slice can be biased 

separately into class-AC, class-C or OFF

OFF

P:

N: ABC

OFFABC
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Measured Performance
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Desired Circuit Innovations

• Highly Flexible Circuits

– programmable operation: 

f
0
, BW, NF, IIP

3
, P 

• Simplified Antenna FEM

– SW-Cap RF Front End

• Spectral Awareness

– Compressive Sampling

based Spectrum Scanning

19
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RF Front End with Only Switches & 
Capacitors

BB-Amp.

LNA

LNA

BB-Amp.

Filtering
Impedance matching

Downconversion
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High selectivity linear tunable filter is required for high blocker 

tolerance in reconfigurable RX

Switched-Capacitor RX with High 
Blocker Tolerance

LNA

BB-Amp.

Desired

Signal

Large OB

Blocker

f
RF

Tuning Range
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Blocker-Tolerant RX Design Solutions

LNA

BB-Amp.
BB-Amp.

N-path filter        Mixer-first RX     Switched-Cap. RX

f
RF

Tuning Range

2Ron/(Rant+2Ron)

OB attenuation 
limited by Ron
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Blocker-Tolerant RX Design Solutions

LNA

BB-Amp.

N-path filter        Mixer-first RX     Switched-Cap. RX

f
RF

Tuning Range

1st order filtering

BB-Amp.

OB attenuation 
limited by Ron

Low filter order
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Blocker-Tolerant RX Design Solutions

LNA

BB-Amp.

N-path filter        Mixer-first RX     Switched-Cap. RX

f
RF

Tuning Range

High order filtering

BB-Amp.

OB attenuation 
limited by Ron

Low filter order
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N-path filtering

Impedance matching and sampling

f
s
=8f

lo

High order DT IIR filtering

Harmonic-rejecting downconversion

Switched-Cap. RF Front End

Impedance matching
Sampling

Harmonic-
rejecting
downconversion

N-path filtering DT High order
IIR filtering
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Switched-Cap RF Front End

•Process: 
40nm LP CMOS
•Active Area: 
1.4mm x 1.45mm

1.4mm

1.
45

m
m
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Switched-Cap. RF Front End
Functional Equivalence
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Conversion Gain

32

• Measured with 0.1-0.6GHz LO by 0.1GHz step 



Conversion Gain & B1dB

Measured at 200MHz LO frequency

3.6Vpp(50Ohm)
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Performance Comparison

LNA

BB-Amp.

BB-Amp.

Switched-Cap. RX N-path filter        Mixer-first RX

SCRX N-path filter Mixer-first RX
This work [Darvishi-16] [Andrews-10]

Filter order 

before active circuits
1-4 1 1

Attenuation (dB) 0 0 8 0 10
Max. B1dB (dBm) 15 7 15 5 15
Noise Figure (dB) 6.8 2.8 10.8 3.5 13.5
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Desired Circuit Innovations

• Highly Flexible Circuits

– programmable operation: 

f
0
, BW, NF, IIP

3
, P 

• Simplified Antenna FEM

– SW-Cap RF Front End

• Spectral Awareness

– Compressive Sampling

based Spectrum Scanning

35
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“1D Spectrum Image”

PCAST Band 2.7-3.7GHz

2.7GHz 3.7GHz

Active interferers K0=3, N0=50

Threshold

Sparse and Dynamic Spectrum

K
0
: Number of active interferers (supports)

N
0
: Number of bins 36© 2017 Peter Kinget - Columbia University



Traditional Spectrum Scanner/Sensors
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e 

fLO=2.7GHz 

fLO=3.7GHz 

System Attributes Sweeping Scanner Multi-Branch Sensor

Scan Time ✗ ✓

Power Consumption ✓ ✗

Hardware Complexity ✓ ✗

v Fixed trade-off between Scan Time & Power
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Input 

Spectrum
Reconstructed 

Spectrum

Energy Consumption = Scan Time x Power = Constant for both approaches
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Compressive Sampling (CS) to the Rescue
Single-Pixel Camera 

Source: Rice University 
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Quadrature Analog-to-Information Converter 
(QAIC)
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Analog Preprocessing for Compressive Sampling 
with Pseudorandom (PN) Sequences

Spi(f) L.fp

fCLK=1/Tc0
f

2fCLK-fCLK-2fCLK
fp=1/(LTc)

x(t) y(t)

pi(t)
f3dB

PN Sequence
Generator

t
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-1

c(t)

Block diagram of a PN Mixer + LPF

pi(t)

t

+1

-1

Tc=1/fCLK

Tp=L/f CLK

PN Sequence in Time Domain

PN Sequence Spectrum

X(f) & Spi(f) 

fCLK=1/Tc0
f

2fCLK-fCLK-2fCLK
RBWC(f)

fCLK=1/Tc0
f

2fCLK-fCLK-2fCLK
RBW

~10log(1/L)

Y(f)

fCLK=1/Tc0
f

2fCLK-fCLK-2fCLK RBW/2

~10log(1/L)
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Quadrature Analog-to-Information Converter 
(QAIC)
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Rapid Interferer Detector Demonstration
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Wideband Rapid Interferer Detection with 
a Compressed Sampling QAIC
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Comparison of Spectrum 
Scanner/Sensor Architectures

System Attributes Sweeping 
Spectrum 
Scanner

Nyquist FFT
Spectrum 

Sensor

QAIC

Scan Time 220μs 4μs 4.4μs 

Energy 
Consumption

50E 50E E

Aggregate 
Sampling Rate

40MS/s 2GS/s 320MS/s

RBW=20MHz, 1GHz wideband spectrum ranging from 2.7 to 3.7GHz

50x faster

6.3x 
compression

50x lower
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Spectrum Scanners/ Sensors 
Performance Plane

Performance Scaled for:
RBW: 20MHz
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Conclusions
• Device scaling enables new circuit solutions for 

RF applications

• Advanced signal processing concepts enable 

novel architectures for RF signal processing

• Reconfigurable performance profiles, on-chip DT 

filtering, and energy-efficient spectrum scanning,

will become critical features in cognitive terminals 

for next generation wireless systems
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RF circuit and system innovations
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