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Picosecond Time-signatures

• Applications:
• High resolution imaging

• Spectroscopy

• Generation:

• Optical solution

• Bulky and expensive

• Low integration level 

Terahertz scanner imagery // Source: dailymail.co.uk

Fs Laser Pulse

PC Antenna

THz Pulse

+
-



Silicon-based Integrated Technology
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Waveform Synthesis (Harmonic Combining)

• Combine frequency synthesizers from f0 up to Nf0

• Same amplitude but random phases

• Power is distributed uniformly across time
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Waveform Synthesis (Harmonic Combining)

• Align phases of harmonics

• Bursts of energy in form of pulse train appear

• Pulse width is comparable to half of the period of the highest 
harmonic
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Waveform Synthesis (Harmonic Combining)

• Amplitude & phase controls above fmax are inefficient. 

• Combiner with flat gain and group delay are difficult to achieve. 



Waveform Synthesis (Exploit Nonlinearity)

• Filtering harmonics at such high frequencies is very lossy and 
inefficient.

• Amplitude and phase controls are inefficient

• Combiner with flat gain and group delay are difficult to achieve. 
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Simultaneous Amplitude and Phase Control

• Remove inefficient filtering

• Remove necessity of gain controllable amplifier 

• Move the phase shifter before the nonlinear block

Wideband 
Antenna

Phase 
Shifter

PFD CP LPF

Div

CLK 
Ref

PLL VCO @f0



Simultaneous Amplitude and Phase Control

• Achieve simultaneous amplitude and phase control 

• Phase shifters operate at f0 before the nonlinear device

• Scalable both in power and frequency
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Reconfigurable Waveform Synthesis

Time Domain Waveform Vector Diagram



Reconfigurable Waveform Synthesis
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Reconfigurable Waveform Synthesis

• The amplitudes of all the harmonic components 
are controlled by only controlling the phases at f0.
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Quasi-Optical Waveform Synthesis 
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Architecture Analysis (Harmonic Generation)
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𝜙𝑖 → Phase of ith harmonic
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Architecture Analysis (Phase Rotation)
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Architecture Analysis (Antenna)



Number of Channels Required

• If m=2N, it is possible to arrive at a solution for 
𝚫𝜽𝒊 for any desirable (𝑨𝒊, 𝜽𝒊). 
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𝐴𝑖 , 𝜃𝑖 → Amplitude and phase of ith harmonic in desirable signal 
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Reconfigurable Periodic Waveform Radiator

• VCO @ 108GHz
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Reconfigurable Periodic Waveform Radiator

• Amplified by three cascaded amplifiers
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Reconfigurable Periodic Waveform Radiator

• Generate quadrature signals for distribution
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Reconfigurable Periodic Waveform Radiator

• Phase rotated by an IQ phase shifter
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Reconfigurable Periodic Waveform Radiator

• Amplified by two cascaded amplifiers
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Reconfigurable Periodic Waveform Radiator

• Send to harmonic generator to generate harmonic for radiation 
(@108GHz and its harmonics)
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Central Frequency Synthesizer
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IQ Phase Shifters
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Simulation of IQ Phase Shifters
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Amplifier Chain
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2nd 2nd
1st 1st

1.2V 1.2V

Harmonic Generator and Antenna Design

• Antenna provides proper impedance for optimal harmonic 
generation 

Location of Harmonic Generator Circuit of Harmonic Generator



Simulated Radiation Pattern

108GHz
DMAX=8.0 dB
EFF=12.3%

216GHz
DMAX=7.2 dB

EFF=11%
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Technology and Die Photo
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Measured Radiated Spectrum
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• Fundamental Frequency, Radiated Power: 0.5mW EIRP: 4.6dBm

• 2nd Harmonic, Radiated Power: 0.4mW EIRP: 5 dBm

Spectrum of Fundamental Frequency Spectrum of 2nd Harmonic



Measured Radiation Pattern
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215GHz

• Fundamental Frequency: maximum directivity is 7.6 dB

• 2nd Harmonic: maximum directivity is 9 dB.



Measured Tuning Range and Phase Noise

1 1.5 2
107

107.5

108

VTune (V)

Fr
eq

u
en

cy
 (

G
H

z)

10
2

10
4

10
6

10
8

-150

-100

-50

0

Frequency (Hz)
P

h
as

e
 N

o
is

e
 (

d
B

c/
H

z)

• VCO Tuning Range: 107-108.1GHz

• Phase noise of fundamental frequency is ~-75dBc/Hz @ 1MHz

• Phase noises of both harmonics are 6 dB apart as expected

-75dBc/Hz



Measured Radiated Waveform
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Measured Radiated Waveform Examples
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Pulse Degradation from Broadside Axis
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Comparison Table

This work
A. Ababian
(JSSC 2013)

R. Han 
(ISSCC 2013)

M. M. Assefzadeh
(IMS 2014)

Pulse width (ps) 2.6 26 45 8

Reconfigurable Yes No No No

Measured Signal Radiated Radiated Radiated Radiated

Pulse Generation 
Method

Quasi-
optical

Oscillator-
based

Oscillator-
based

Digital Pulse

Technology
65nm-

LPCMOS
0.13μm SiGe 65nm CMOS 0.13μm SiGe

• Radiate pulse train with 2.6 pulse width

• The radiated waveform is reconfigurable
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Conclusion

• Architecture
−Scalable and reconfigurable

−Radiate periodic waveform with ps time-width

−Simultaneous control on amplitudes and phases

• Reconfigurable Periodic Waveform Radiator
−2.6 ps pulses radiation

−Pure tone radiation at 107.5 and 215 GHz

−Reconfigurability enable any arbitrary 
combination of the two harmoics
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Nonlinearity of Amplifier
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Signal Generator 
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Nonlinearity of Amplifier

𝑨𝒕𝒐𝒕𝒂𝒍𝟐 𝐜𝐨𝐬 𝟐𝝎𝒕 + 𝝓𝑴𝑶 = 𝑨𝑴𝟐 𝐜𝐨𝐬 𝟐𝝎𝒕 + 𝝓𝑴𝑨 +𝝓𝑨 + 𝑨𝑨𝟐𝐜𝐨𝐬(𝟐𝝎𝒕 + 𝝓𝑨)

Spectrum and phase of 2nd

harmonic are measured in 
oscilloscope from previous 
setup

Calculate amplitude and 
phase of the signal due to 
mixer’s nonlinearity
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 Agilent Oscilloscope 
DSO 90604
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Input 
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IF frequency with the 
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Multi-mode Operation
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Phase Noise of LO
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