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Outline 1HI:T

 Motivation and THz fundamentals
— THz applications: communication, radar, imaging and sensing
— THz characterization essentials
— Why silicon-based THz electronics?
1. [lllumination and detection
— THz detectors and video cameras
— Sources and source-arrays
— Imaging: Scanners, cameras, and light-fields
2. Circuit building blocks
— Multipliers, amplifiers, harmonic generators, sub-harmonic RX
3. Circuits for communication
— 240 GHz SiGe chip-set measured results
— 100 Gbps Wireless Link
4. Applications
— Radar, spectroscopy, multi-color imaging
— THz imaging beyond the diffraction limit, biomedical application

e Summary and conclusion
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Where could we use THz electronics? 1 HLC T
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Blackbody Radiation
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Planck's law
— Brightness [Wm-2 Hz-1 rad-2]
B, = 2hv?/c?(e/ksT _ 1)

Stefan-Boltzmann law

. _
— Total brightness JB,dv =oT
— Planck's const. h =6.66E"%

— Boltzmann's const. kp = 1.4E %

Rayleigh — Jeans approx.
he < ky'T

By = 2}:{|.}Tfs"r/12

At 6000K, overall the sun is (6000/300)* =

16000 times brighter than a room

temperature black body, but between
10GHz-10THz it is only 20 times brighter
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Properties of THz Radiation 1 HCT

e 1THz (A=Y mm):
— E=4 meV
— 1THz = Blackbody Radiation at 17K !
 X-Ray:
— E =~10keV
— ~10.000.000, 7 Orders higher than 1THz !
e Cosmic background radiation T=2.7K
— Peaks at 160GHz
* Conclusion:

— All objects emit THz radiation
— Low radiation power, non-ionizing, not harmful

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 5
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THz Applications 1HI:T
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Biotech/ Wireless "o’
Medical
Histopathology @ Process control
Plastics,
O Terahertz Cardboards

Applications  (O——
—m,_ PP
Security SR R 2 Art .
Airports o conservation
Space Fre.scos |
Background radiation Paint analysis
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THz Generation Methods 1 HCT

e Thermal sources
— black body radiation

* Photonic Systems

— Time-domain: fempto-second laser pulses

— Direct generation:

* infrared pumped gas lasers (discreet molecular transitions within 600G-3THz, 13dBm)
* solid state lasers (germanium, silicon, QCD lasers) (20dBm, but require liquid He-cooling)

— Photo down-conversion mixers (two color lasers + photo mixer)

 Electronic Sources

— Frequency up-conversion
— Problem: Power on the order of -20dBm (10uW) at 1 THz
— Direct generation: tubes (backward wave oscillators)

* Short electron bunches in accelerators (synchrotron rad.)

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 7
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Electronic THz Transmitters 1 HCT

Thermal Sources

— Blackbody radiation sources
— Low SNR, Indoor vs. outdoor
Oscillators

— BWO

— VCO, Push-push, triple-push
Multiplier-based Sources
— Doubler

— Tripler

Heterodyne Transmitters and Amplifiers
— 1/Q transmitters

— Amplifiers are Fmax limited
Lasers

— QCL lasers
— Gas lasers

Can we generate THz
radiation with SiGe/CMOS?

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 8
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Terahertz Gap? THLCT
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THz Detection Methods 1 HCT

 Coherent detection
— Heterodyne/homodyne receivers
— MMICs, tunnel junctions, HEB bollometers mixers
— Problem: LNAs is typically limited to below 200-300 GHz

* Incoherent (direct) detection
— Calorimeters/bolometers, based on the physical principle of energy/power absorption
— Pneumatic detectors (Golay cell)
— Photo-acoustic detector (Thomas Keathing)
— Square-law detectors, e.g. SBDs or transistors non-linearities
 Emerging detection principles

— Semiconductor nano-devices
_ Quantum dot arrays Problem: Compatibility with conventional
microelectronics!

— Plasma wave detectors

— Tunnel diodes and band gap materials
© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 10



Electronic THz Detectors

Inemires bar b esuemy
5 Lormuicabes Ichraogy

(o
THLCT
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Pyroelectric detectors
for ex. Spectrum

Detector Inc. | /
NEP ~ 400 pW/\Hz Zero-bias Schottky diode
(0.1-30 THz) detector, Virginia Diodes

NEP ~ 20 pW/\Hz (0.6 THz)

o Microbolometer array
He-cooled bolometer (T i, Infrared Solutions Inc.
example taken from QMC e “

NEP ~ 3 pW/vHz (0.2 — 30 THz

= ——

Golay cell NEP ~ 300 pW/VHz
example taken from QMC (4.3 THz, absorption only 4%!)
NEP ~ 200 pW/\Hz (0.2 — 30THz)

IEEE Future Networks Tutorials (Invited Tutorials)
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THz Test and Measurement Equipment
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The Wafer Probing Challenge 1 HCT

DC-110 GHz 110-500 GHz Above 500 GHz

Coaxial wafer probes Waveguide probes Free-space optics
 1-mm connector * Multiple bands « On-chip antennas
* No differential probes - Adapted probe-station « Calibration difficult

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 13
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Typical measurements to be done... -||_||:-|-

 Small-signal S-parameters

— Wafer probing only up to 500GHz

— Only free-space reflection/transmission mode measurements above 500GHz
possible

e Spectrum and freq. conversion measurements
— Free-space, standard gain horns, harmonic mixers

* Absolute radiated power measurements
— Calibrated power meters/calorimeters

* Noise figure or NEP measurements
— Noise sources, hot/cold standards, direct method

* Antenna pattern measurements

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 14



Optical TX/RX Measurements
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Four m|rror optlcal bench

Need THz

Need high |
power phase ' detectors to
stable THz ﬂ» le measure
+ amplitude and

sources 8 -
, ’ phase
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Power Measurements - Waveguide 1 HCT

 Waveguide calorimeter
e Overmoded WR10

* Freqg. 75 GHz to visible
* Power up to 200 MW

* Noise down to 0.01 uW
* Lack of traceable calibration Erickson PM4

Power Meter Head

B

Wavequide o P?wer Sensor

Wafer Probe $ \‘ Picture courtesy
—X0 = Virginia Diodes Inc.

DUT -

Output-power measurements of TX, PA, VCO and freq. multipliers

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 16
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Power Measurements — Free Space 1 HCT

* Free-space power meter
— Large aperture
— Photo-acoustic detector

* Needs chopped input signal

* Freq.30GHzto >3 THz

* NEP<5uW/Hz%

 Good absolute accuracy (<10%)

 Horn antenna needed for probe measurements

Power meter

. L]
s, ) § Photo-acoustic
_____ Lg : power-meter head

Primary use: Calibrated absolute power measurements
© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 17
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Sub-Millimeter Wave Power Generation 1 H |: T

Schottky diode multipliers:
* 0.6-0.65 THz: 0.5 mW
Virgi.nia Diodes
* 0.6-1THz: 1-10 W
Phillipe Goy
SiGe HBT transistor multipliers:
e 0.16 THz: 6 dBm, ISSCC 2010
e 0.2THz:-1dBm, TMTT 2011
e 0.32 THz:-3dBm, TMTT 2011
e 0.8 THz: -29dBm EIRP, ISSCC 2011

SReEE
(m

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 18



Spectrum Analysis above 100 GHz
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* Subharmonic Waveguide Mixers
 Used with spectrum analyzer (option needed)

* Available in waveguide bands, Example: D-band,
110-170 GHz

 High harmonic numbers, false harmonics in

Subharmonic

spectrum, sensitivity less than -80 dBm (1 kHz RBW) mixer in wave-

 Lack of calibration data above 110 GHz!

RF out, LO in

—————

Waveguide | |

Wafer Probe 1

_____ Directional Coupler

Testing of TX, upconverter, multiplier, or VCO
© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials)
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Noise Figure — Diode Noise Sources 1 HLC T

 Y-factor method with noise source
— Cold: Room temp (300K)
— Hot: Biased IMPATT diode

e >10dB ENR (3000 K)

 Simple to use

* Single band (D-band 110-170 GHz)

e (Calibration data needed (not better than 3dB)

Noise Source

LNA Waveguide )
o <I< ...... Wafer Probe _,_L_i - Bias - '
— L x . |
...... < | _:~
— e IMPATT h
R pur | Diode S
Isolator IMPATTD Band

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) Noise Source 20
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Noise Figure — Cryogenic Standards 1 HLC T

Hot/cold (Y-factor) method
— Cold: Absorber in liquid N2
— Hot: Absorber in room temp.

Physics-based standard, much more acurate
Horn antenna terminates waveguide

Needs cryogenic system

Freq 18-325 GHz commercially available

Not smtable for hlgh -NF LNA (small Y-factor)

. Waveguide
- Q- Wafer Pr:bﬁﬂi] ( (( —= Hot load, 300K

DUT (( ( = Cold load, 77K
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Why Silicon for THz Electronics?

IEEE Future Networks Tutorials (Invited Tutorials)

22



J'ltl.rl'-:-lg -zu:
oabos lzchro

Cost-Performance Matrix 1 HC T

High performance

’) FEL /

) THz o - Today’s THz
Nobewrlze & Systems
| &
Low cost I High cost
[
Emerging
THz markets No business
New applications! here!

Low performance
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Why Silicon Technology for THz? 1 HCT

* 111/V dominated
— High performance

— Low volume production
— Low integration level

e Silicon technologies
— Low performance in comparison with I11/V
— Enable system-on-chip
— Low power consumption
— Reduced cost at high volumes

( Source: TicWave GmbH )

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 24



Electronic Device Technology Options

* 1ll/V substrates
l

— 25nm InP HEMT, fmax=1.5THz, 9dB >1THzamp | = =

..
wimimmina

— GaN, Fmax=0.58 THz ‘-’T }F‘Q
— InP-GaAsSb DHBT, Fmax=1.18 THz "“‘Iﬁ I -
+ Silicon substrates et i et ettt

Process,” in IEEE Electron Device Letters, vol. 36, no. 4,

— CMOS bulk/SOI/FinFETs, fmax=300-350 GHz pp. 327-329, April 2015.

— SiGe BiCMOS/SiGe HBT, fmax=700GHz

* Heterogeneous integration
— InP + SiGe

* Electronic-Photonic integration —
— Modulators, WG, Ge photo-diodes + Silicon —

Next:

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials)

Leverage economies of scale!
High yield & high performance
Integrated electronic THz systems
Monolithic & hybrid integrated
Low cost

Lots of devices!
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Silicon (SiGe) HBT Technology Evolution 1H|:T

‘N
= 900 L MNVFLAG
§ 800 i~ dot / 240-GHz chipset
| 0
gé_?oo Y 42\ @
o 600 -
e d tf -5V mmWave
:é 500 |- é 0 'Ve @ o& THz Imaging
= Radar
o 400 | 17V
=X
§_ 300 |- SiGe:C @ E:H;E:;'; o . 160GHz Com. /Radar
i 200 SiGe HBT 24V " 60GHz Com.
77GHz Radar
L 3.3V @
1995 2000 2005 2010 2015 2020
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Circuit Frequency Planning 1HI:T

below fmax . beyond fmax
|
| I !
1€ | |
l ' | Fundamentally
 — l u
| 220/240GHz ! operated
! R ! Sub-harmonically
| I2x (320GHz) ! S . operated
: | | 4x 650GHz
: | : 5x 825GHz
I I | >
I 6x 1THz
| I | | I
DC [ | | . — Frequency
~1/10 fmax 1/2 fmax
Ty (@soGHz  TmaXx 2x fmax
1/3 fmax (500GHz) (1TH2)
(165GHz)
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How can DOTSEVEN help us on building-blocks? 1H|:T

 Fundamental circuits:
— Higher carrier frequencies
— More gain per stage (e.g. fewer gain stages)

— Larger bandwidth yae’

. con® 5'\9“
— Lower DC power consumption ot ﬁs Y
— Higher efficiency (PAE) c\‘:(ade'o‘

— Larger output power

* Sub-harmonic circuits: — SR e

. fT/fmax Run 3 Run 1 Run 2
— Lower harmonic number
. IHP 280/430  300/450  350/550 +28%
— Higher output power IFX 240/340  250/360  250/370 +10%

— Lower noise figure

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 28



Major Results (Building-Blocks)
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'IHI:T

OK, let’s compare DOTSEVEN vs. DOTFIVE on power amplifiers.

mmWave PAs Run 3 Run 1 Run 2 vs. DOTFIVE
RF 160 GHz 240 GHz 240 GHz +50%
Psat 10 dBm 5dBm 7.5 dBm -2.5dB
G; 20 dB 10 dB 25 dB +5 dB
BW 7 GHz 30 GHz 40 GHz +325% !
Tech ST IHP IHP

Substantial improvements possible, but can we build fully-
integrated transceivers with sufficient link budget margins?

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials)
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Future Trends 1 HCT

Integrated Electronic Systems Research

1. Improve performance in existing applications
— Low power, high efficiency, larger band-width etc.
— New ways for THz generation and detection

2. Novel systems, algorithms, and applications
— Programmability, re-configurability, scalability, new functionality
— Beam steering/forming
— Computational imaging
— Chip-scale integration and packaging
— Mass-production
— Sensor fusion
— Low-cost

Take the next step!
from materials, devices/components to systems!

closing the THz “Industry-Gap”

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 30
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Electronic Terahertz Receiver Approaches 1 HCT
* Direct Detection with LNA T

— LNA gain 5-15dB/stage up to 300GHz e

— 20-50 GHz bandwidth at 94GHz caola

— Schottky diode detectors T e

— Rx noise TN of about 500K e @ i
* Direct Detection

— Only depends on detector noise
— Cooled detectors can have very low noise | 1
— Broad-band operation possible 1o

* Hetorodyne without LNA o s
— Above 250GHz where no LNAs available LM{L}HX;F@#H—[ o
* Heterodyne plus LNA, super-heterodyne .Tu|
Can we do this in

or direct-conversion
SiGe/CMOS?

\\\\—I.’f- -.K.. ""'\-\.._ -\H""\-\-\,

| ! - e

Ant. - \ >< T anp,.>—| *"1_ Amp —
Y g -

e L L
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Detector Performance Measures 1 H I: T
A PGy
CW or thermal : P, =120 A
source ) \ A
/ Y
oszillator J 52

f[] o rad P in

Voltage Responsivity: Noise equivalent power: Total NEP:

V
R,=—2% [VW]  NEP=-" [WWHZ] NEP, ., = VNYBWiE

R, R,
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What NEP or NF are we looking for?
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'IHI:T

a) Active Direct Detection

Video Amp \
P

RF Detector T=1/fps

b) Active Heterodyne Detection

P
TNy SNR= k,T F fps
., LNA Mixer IF Amp \
| —o

LO T=1/fps

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials)
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Comparison of Direct versus Heterodyne Detection 1 HCT
Psiq=10nW @25fps
10°
20pW/\Hz
£ 10 g
g :
=
2
i 10°
p
60 80
SNRO [dB]
34
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THz Imaging Systems
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'IHI:T

Scanner Focal Plane Arrays

Focal-plane Array

B
- 3,
Chjective Lans ﬂ:

/ --‘-HH‘R Oigect Plane b & | ..
/ o |[;| == r | / A {E |
| W&TFW& | N 1

) i J | Detector Gl

I — 'I
I—|q —”_I |||E| __." s _J__s'a::l
-___h_ S Wb _,.a
Mechanical Linear Adaptive Imaging Arrays (2D) Focal Plane Arrays
Soanners Phased Arrays (10)
Wanted:

1. “Fingerprint”: Amplitude + Phase = 3D Imaging
(as opposed to calorimeters and bolometers)
2. Small pixels

Similar to massive MIMO with thousands of elements!

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials)

35



© 2019 U. Pfeiffer

THz Direct Detectors

Are the most simple RX,
but can this be done in CMOS?

IEEE Future Networks Tutorials (Invited Tutorials)
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CMOS THz Direct Detectors
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'IHI:T

Resistive FET Mixer:

Resistive Mixer (Potentiometer):

',l fll'f- — '.’__.-_'HIL . fjir{f.-':f -‘"_':{_: L_."HFI . L.--"Irl::jI
1[{} % ),I '\t/.' [ff‘
~ 00 Irp I’RF‘
; Conductance
Modulation
.li.-‘_" \
l"-. Jds X “"L()

.
i

= Parasitic gate-drain cap causes self-mixing in resistive mixers
» Self-mixing causes DC a offset (usually unwanted)

Add extra capacitance to enhance self-mixing !
-> Square law detector converts RF power to DC current / voltage

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials)
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Let's take a closer look... 1 HCT

G G
o ® ‘
Gate Oxide -
Ugs y : Ugd
: ‘W Inversion Layer &
5 D
W .
ey g'r:l = diggl E)edell) = vgull)— .l”Qr_n'-:”.l -R".!” — - IR""” —
) _ AV Vi)
ﬁl.'.’r'n'.l.l.f-,] - rrr':,h‘w f:I I".H,- [I.-',i',.;l:_r::'l,"l-_'..]
- {43k 1 y r
| 18 o — Jii R
tdelT) = THCH:L-':.""EH- |:JL]_."|I2 — Ul ?l]”;r,' I'”, 1) P‘. ]:P ‘\'l' 'Hlil ]E. (LH ”Ir)

 Channel is NOT biased, only thermal noise!

What happens at very high frequencies?
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Distributed Resistive Self-Mixing 1 HCT

THz Resistive G
Mixer Element

Non-Linear RC Transmission Line Model:
Voltage v(x,t) along the channel is described as
Partial Differential Equation:

dulx,t) ¢ i chulx, 1)
o  or [}.f. {H.'“E ] — Lm o ]

Note, PDE is identical to over-damped plasma wave dynamics:

i din-vp) ‘ dnlrt)] & [ oy Oulx)
ot T o = T Mnlr )

r}”{j. i Continuity eqn.
Simplified Euler eqn.
Gradual channel approx.
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Decay of Channel Voltage (Charge Density) Modulation 1 HCT
6 GHz .--oo0s 600 GHz . =0.s

1.0

=
z -
£ THz Resistive
1.00 5
E - Mixer Element
% W
[+4]
§ 0% * E
-
Ml 14 & o 10 =
3= {s ¥ F S
8- 5 22 5
g E 05 k- -2 i g § 0.5 g
o 3 1 &8 = S
'g o - b)"‘ 1 g E > E
22 3 2 £ g
© ‘E S o -§ (&)
_8 0.0 ey af a0 O 2= 5 o P SRIP S8 SRR IS SR SR S Sy o 0 o 0.0 2 0
0 50 100 150 200 250 0 50 100 150 200 250
Channel spatial dimension x, nm Channel spatial dimension x, nm

[1] E. Ojefors, U. Pfeiffer, A. Lisauskas und H. Roskos, A 0.65 THz focal-plane array in a quarter-
micron CMOS process technology. IEEE Journal of Solid-State Circuit, Vol. 44(Nr. 7) July 2009
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Detector design considerations 1 HC T

RF filter IF filter
P P
e ® P
P~ P ARFE

* Detection principle based on the nonlinearity
of the base-emitter junction

e Commonly used square law power detector
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Possible Implementations
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'IHI:T

RF Path DC Path

EE— — — — -~
a) b)
' —O— 00—
— — r e
RF| & | § RF| 3 | §
i N, | @R i | & R,
LL | LL LL | LL
o - | o || e
. —o— 00—
c) d)
0
- | — W= o RF -
RF E | H g ; - ——
E | 0 RL ™ 1IInl"BI!:::'—- |
LL
z | & | KRy
. O L
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Direct Detection in CMOS and SiGe HBTs 1H|:T

Resistive self-mixing in CMOS Diode non-linearity in BJT
Differential coupling
T1
~ AI ~
I
Ve Vg | 'DS1 vd Ve
“HF‘f ] o =0 ”HF+
Ips2] "N\ out
~— ~~
L2
Antenna Antenna
Broadband
Iir = Vrr * Gas X Vrr " Vrr Iip = Icq + gy = Ig - eVRFIVT z‘x Vi
A2 1 1
Iip = V& = A%cos?(wt) = — +5cos (Qwt) Iip = Vi = A*cos?(wt) = - T ocos (2wt)
First antenna coupled FPA: ESSCIRC 2008 First antenna coupled FPA: BCTM 2012
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Terahertz design challenges in silicon THLCT

* Device level:
— Device performance lagging IllI-V components
— Device operating close to or beyond fmax
— Low breakdown voltage (limited power)
— Fundamental operation of up to around 280 GHz

* Interconnect level /on-chip antenna:

- I,’J : ";_“J____________z
— Lossy silicon substrate (5-50 Q-cm) Detector-Chip

— Thin BEOL (Back-End-of-Line) stack with challenging layout rules

— Unfavorable for antenna integration (efficiency, operation bandwidth, directivity,
quality of radiation patterns)

Lens-integrated on-chip antennas as alternative solution
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CMOS FPA Design Summary
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'IHI:T

2008: 250nm 2010: 65nm SOl  2011: 65nm SOl 2011: 65nm Bulk 2012: 65nm Bulk 2018: 22FDX

EEEREEESN
1.027 THz

BNkt nt (N0 @
" 8 5 B B B0

650 GHz 650 GHz

650 GHz

0.6-1 THz
80 kV/W 1.1 kV/IW 2 kV/IW 800 V/W 56.6kV/W
300 pW/VHz 50 pW/\VHz 17pW/NHz 66 pW/VHz 470pW/iHz

0.65-1.1 THz
1.2kV/W
12 pW/\Hz

[1] U. Pfeiffer und E. Ojefors, A 600-GHz CMOS Focal-Plane. IEEE European Solid-State Circuits Conference, P. 110-113, Sept. 2008
[2] E. Ojefors, N. Baktash, Y. Zhao, R. Al Hadi, H. Sherry und U. Pfeiffer, Terahertz imaging detectors in a 65-nm CMOS SOl technology,

IEEE European Solid-State Circuits Conference, Seville, Spain (pp. 486 - 489), September 2010

[3] H. Sherry, R. Al Hadi, J. Grzyb, E. Ojefors, A. Cathelin, A. Kaiser , and U. R. Pfeiffer, Lens-Integrated THz Imaging Arrays in 65nm

CMOS Technologies, RFIC 2011

[4] R. Al Hadi et al, “A Broadband 0.6 to 1 THz CMOS Imaging Detector with an Integrated Lens,” IMS 2011

[5] H. Sherry et al, “A 1kpixel CMOS camera chip for 25fps real-time terahertz imaging applications,” ISSCC Feb. 2012

[6] R. Jain, A Terahertz Direct Detector in 22nm FD-SOI CMOS, EUMIC 2018
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How does this compare with heterodyne RX?
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GF 22nm FD-SOI

1600
o= Ruu, P tas
= HEE...., |
= = 50
i;lznn- = s _4!"%
‘:E: JII ’ ‘x‘:" 40 g
E g TR x|k
@ B "w, J
A 'a\
A i
< > 97570 o7 a0 085 080 085 Lo
1 00 Fraguancy {THZ}
Hm 12 pW/VHz @ 855 GHz
L L L L L L L L L L L L L L
IHP 130nm SiGe 10 Lo
8 8
% © & 32
= 3
€. 4 1 g
L 2
a - } : La
350 400 450 GO0

Frizguency [GHz]

3 pW/VHz @ 500 GHz

[1] R. Jain, et.al. “A Terahertz Direct Detector in 22nm FD-
SOI CMOS”, EUMIC 2018

NEP (dBm/Hz, dBm/VHz)

[2] M. Andre at.al. “A Broadband Dualpolarized THz Detector
ina 0.13 pm SiGe HBT|EE?:C?§&T§?J3WBQQ¥”TJM§a?sO(1ﬁvited Tutorials)

|
—t
)
]|

Detectors (CMOS/SiGe)

. p.d
direct i
B X
R ..7=
1pW/VHz
~50dB
FFE (T
a2
L ] & : :
LA i heterodyne
0.2 0.4 0.6 08 1.0
Frequency (THz)
m CMOS Direct B 5iGe Direct
¥  CMOS Direct (int. amp.) X 5iGe Direct (int. amp)
e (CMOS Heterion-chip) o Sile Heler{on-chip)
+ CMOS Heter(free-space)] <  5iGe Heter.(free-space)
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Active THz Imaging Systems
(Scanner-based)
...the poor man’s imagers
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Scanning Approaches to THz Imaging 1 HCT

Multiplied source Envelope Monolithic array

645 GHz, 0.5 m\W

SR 4

l XY-scannlng
(HI_I__I_I\' Ref. signal Lock-in
Alﬁ/ amplifier
modulation \

Data aquisition
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Example: Active Imaging at 650GHz 1 HCT

[1] H. Sherry, R. Al Hadi, J. Grzyb, E. Ojefors, A. Cathelin , A. Kaiser ,
and U. R. Pfeiffer, Lens-Integrated THz Imaging Arrays in 65nm
CMOS Technologles RFIC 2011

[2] R. Al Hadi, H. Sherry, J. Grzyb, N. Baktash, Y. Zhao, E. Ojefors, A.
Kaiser, A. Cathelin U. R. Pfeiffer, A Broadband 0.6 to 1 THz CMOS
Imaging Detector with an Integrated Lens, IMS 2011
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A 825GHz SiGe TX/RX Chipset 'I HLC T

LED Flashlight Bluetooth Dongle and SD Card
Visible Visible

825GHz, 601x80 pixel image | 825GHz, 601x80 pixel image
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A 825GHz SiGe TX/RX Chipset 'I HLC T

Ceramic Scissors in a Firecrackers in a Paper
Paper Envelope Envelope

Visible (excl.

envelope.)

P

2,

825GHz, 601x80 pixel image
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Advanced: Computed Tomography (CT) Imaging 1 HCT

d=100 mm d =200 mm d =100 mm
¢ ; } ]

@ =50 mm @ =50 mm
TicSource-0.3T TicMOS-Tkpx

Two plano-convex Two plano-convex
PTFE lenses PTFE lenses

3D reconstruction

[1] P. Hillger, et.al. "Terahertz Imaging and Sensing Applications With Silicon-Based Technologies," in TTST, vol. 9, no. 1, pp. 1-19, Jan. 2019.
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Example: CT Imaging at THz THLCT

© 2019 U. Pfeiffer

2D raster-scanned
Image [dB]:

250um x 500um image resolution
optical resolution (2 mm)

200 x 110 pixel (5cm x 5.5cm)

1 ms integration time

1 kHz chopping frequency

raster-scanned image with SNR > 50dB
IEEE Future Networks Tutorials (Invited Tutorials) 53
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Example: CT Slices 1HI:T

3D rendered image:

0
i )
il

A0d
. q( 1

?I\i

(NG
200

100 \

[1] U.R. Pfeiffer, ,,.Sub-millimeter Wave Active Imaging with Silicon

200x200 pixel (5cmx5cm) Integrated Circuits”, IRMMW-THz, plenary talk, Oct. 2011
[2] P. Hillger, et.al. "Terahertz Imaging and Sensing Applications With

Silicon-Based Technologies," in TTST, vol. 9, no. 1, pp. 1-19, Jan. 2019.
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Active THz Video Cameras
... the real imagers!

IEEE Future Networks Tutorials (Invited Tutorials)

55



Jn'I'I:I.I' for bg- -ssuemy
& Lornuicab e Icheoogy

Sensors/ Imaging Cameras 1 HCT

Terahertz Infrared Near-infrared Visible Ultraviolet  X-ray Gamma

S@IN0
=

Frequency (Energy)

Wavelength
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Active THz Video Camera Imaging Setup
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'IHI:T

d =150 d = 150
@ =50 mm object plane @ =50 mm
1 My W || R e TicMOS-1kpx
THz source _r..-'" g
Pid ""'-._
& *10fov  fE=1 f#=3 +23°fov 4
..H.l".. .rrFl"
'....*r ---------------- '-.lr-'.

Two plano-convex
FTFE lenses

Two plano-convex
PTFE lenses

 Problem: Source power spread over opject plane!
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Commercial THz CMOS USB Camera 1 H I: T

e 1 THz real-time demo at VDI both at IMS 2017 [ICWS /E

the next generation of terahertz

External Mini Frame
trigger input  USB port  trigger output

A\e

ST 65nm bulk CMOS Courtesy TicWave (Camera) and VDI (1THz Source)
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World’s first active CMOS THz camera 1 HLC T
Key features:
Active THz real-time imaging at room /
temperature (| CWE:] e
1024 (32)(32) pixels the next generation of terahertz

65nm CMOS Bulk technology
2.5uW/pixel power consumption

0.75-1 THz (3-dB) bandwidth

40dBi Silicon lens for stand-off detection

Up to 500 fps video mode
— 100-200kV/W (856GHz)
— 10-20nW integr. NEP (856GHz)

Non video-mode:
— 140kV/W Rv (856GHz, 5kHz chop.)
— 100pW/RHz NEP (856GHz, 5kHz chop.)
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Handheld battery-operated THz CMOS Camera 1 HC T

Front-side Back-side
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Video Demo at the ISSCC 2012 IDS Exibition THLET
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Pixel Characterization Essentials (hon-video mode) 1 HLC T

PrxG
p, - LTx&TX

26dBi Horn Antenna . "': - A2 e/
at 850GHz ; : ’ '; '5
X34 Pathlns of 91 1dE at BEEGHz 5 ::
Multip. -—_ P T "5%]
Chain :" r 1m :, .: ! i 7
¥ 1M2pyw ;0 out
at856GHz - i i 0 | single Pixel R, = p. [V/W]
A | Selected o
Permanently
Frequency Funct Low Noise NEP = ﬁ [W/\/HZ]
Synthesizer | | Generator Lock=In Amp. = OpAmp. R,
0.1 to 5-kHz
) Spectrum
AM Modulation Analyser ~ VN\/BWIF
NEPtotal — [W]
R,
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Direct-Method of Camera Characterization 1 HCT
S
26dBi Horn Antenna Camera Module
at 850GHz R %
x54 e T
Multip. o P s
Chain _|< T el T
CW 11.2 W Output o
Frequer]cy ower 1024
Synthesizer ; Z_ Viia
R — pir=1
t. Pin

Not a chopped lock-in technique!
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Measured RF Bandwidth

J 1r hlg tm
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'IHI:T

e Rv=15 MV/W
10% 4 i | i —t 104
—
S
> ~~
= w02 =
by £
2 o.
7]
g =
%m* T 10
o
NEP=3 nW
102 T T T T T T 10°
600 800 900 1000 1100 1200 1300

© 2019 U. Pfeiffer

frequency (GHz)

IEEE Future Networks Tutorials (Invited Tutorials)

Usable BW > 1 THz
BW 45 = 400 GHz

Total NEP =3 nW
@820 GHz, t=34s
(average over 1024
frames), 10-20 nW
@ 30fps

17cm

- ___|

- |
2 ¢ [= =2
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Responsivity of the camera in video mode (single-pixel) THET

video—mode at 856 GHz
1000 —— N [ _-_I...I--I.-I.-I-I.J.._._-_-g_._._g._-_g-_.g-.g..I.I.-I.L ........ .- '._.l._'._[.-[..[..[_100

L

=
Noise Voltage [mV]

Frame Rate [fps]
100-200 kV/W up to 500 fps
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Total NEP of the camera in video-mode (single pixel) 1 HCT

video-mode at 856 GHz
100 ——— R S A L ' --------- P

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

wden BW Ilmlt

i iy T N I N R Eal S e
1 1 1 1 [ T 1 1 1 - [ [
""""" 1 ""'l"'l'"l"l"l"|'|"|""""|""'|'"'|"'|"""""""" - 'T'T'l'T'
1 1 1 1 [ T T 1 1 1 1 [ T R I | 1 1 1 [ T |

total NEP [nW]
>

1 T 10 T i0 1000
Frame Rate [fps]
Total NEP=10-20 nW up to 500 fps (no averaging)
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Camera Block Diagram
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5|[ Ho[olo[ " ~~xc. 0 No lock-in techniques
=] - —
o O | vl T
K | g Rowsel zero-IF output
Row % %- % I| = E?E =
lIE A R e e inteqration capacitors
;F E . : Luhx&Lr —f: —f: Cc:-mr:i. g p
o = . ; Int Int -
I S 32;{32' & vaate Vant Vant Voate per plxel
[ | g F,"iKE."S Cal+ Col-
voo 1 |5 Ring el 500 fps video-rate
Vant - “ : Antenna Elggk
Vbias o Yo Diagram Columns share active
Reset ||Clobal 32 Col. Active Loads loads
—1| Reset Intern. OpAm
Circuit - UpAMP. 4
| 5-to—32 Col. Decoder| -
5 I Slngle'Ended Differential [1] R. Al Hadi et al ,,A 1 k-I_’ier Vldeo (_3ame_ra
Output Non-amplified for 0.7-1.1 Terahertz Imaging Applications in
Reset Roc HeRow yeg [ADC VGA || Cuteut 65-nm CMOS*, Dec. 2012
| Readout Centroller _?f_ Col. -— 16-hit E _|
2 MSPS !
500 kHz BW
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Ring Antenna Design 1HI:T

 (HFSS) Simulated Rad.
Efficiency 70-77% from 0.8
to 1THz (Semi-infinite high-
res. Si through a 150um
thick 15Q.cm Si)

e [lluminated from the back
through a Silicon lens
reduces Substrate-modes

e Complex conjugate
matching to detector

80Hum * Fill Factor=55%
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Si Hyperhemispherical Lens Design 1 HC T
Si-Lens o -

CMOS FPA: Resistivity X/R=0.366

Bulk >10kQ.cm  W/R=0.34

resistivity

=15Q.cm e F.OV.=123°

(experimentally verified)

e Residual 2-3 dB reflection
loss

[1] D. F. Filipovic et al., IEEE Trans. Antennas
and Propagation, 1997

X+Th=2.75mm
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On-chip Antenna Radiation Patterns 1 HCT
T T
. » oy | * Measured antenna directivity is
é:f within 39.5-43.5 dBi between
$ 650-1028GHz.
: I * We use the lens aperture as the
' collecting area (D = 15 mm)
o Y | giving a directivity of 40.2-44.2
. | dBi between 650-1028GHz.
%-1 « £23° Field of view
s * Excelent uniformaty
¢ 4 I * Side-lobes 15dB down
[ S mawog] 2 4 6
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Focal-plane Imaging
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© 2019 U. Pfeiffer

1.2mW
Output Power

at 650GHz
25dBi Horm Antenna
at 650GHz

x48 -
Multip. == _

Chain - .

cw
Frequency

) -

Object Plane

Camera Module

Image Plane at FPA

Synthesizer

Source needs to illuminate whole object simultaneously
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THz Light-Field Cameras
... even more pixels
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Next step in this direction: Plenoptics 1HC T

Plenoptic — Plenus (“full”’) + Optic Full Light / Complete Light / All of Light

Im — f(xaya Z,,Q,, (;b,,f./,t,, Pﬂ)
Vector-Field 1

Im — f(x:r Y, 9& ¢))|ZU,UD,tD,PU,...

- 4-D Light-Field
- Common computation method in Optics

[1] Adelson, et.al., The plenoptic function and the elements of early vision, 1991
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(o
THz Light-Field Example THLCT

Free-space Free-space
Optical train P, P, Optical train

Smartphone Dual Cameras

Image: Stanford CGL

Sensing

Generation

Separation of two occluded points in space
[1] R. Jain et.al., Terahertz light-field imaging, T-TST 2016
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Coherent vs. Incoherent Methods 1HCT

Return on Effort

© 2019 U. Pfeiffer

Coherent Light-Field :
Methods Methods ﬂ
D raytrix oo
- |- LYTRO
........ o @
Terahert Googie s
mmWave \Z IR/Visual
-
Frequency
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THz lllumination
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Improve performance (Devices to Components) 1 HCT
ST 65nm bulk CMOS S Sources (CMOS/SiGe)

[cwa' /e 10
.'1__ ..-: ¥ .
the next generation of terahertz — ﬂ | 3
g =
> 3-push ring OSC
. USH high-pawer option p g 3 — 1{] B
-4dBm@288GHz -
operoted (defau m
- PN@10MHz: -93dBc/Hz 3 -20 i arrays
jon (@
it (SWAR) DC to RF: 0.15% o A %
- —301 =
| | | | | | | | | | | | | | | m
IHP 130nm SiGe I 2
. VCO+doubler T 42 04 06 08 101214
-6.3dBm@430GHz e Frequency (THz)
= PN@10MHz: -89d BC/HZ B CMOS Osc.(on-chip) B SiGe Osc(on-chip)
= 4 CMOS Osc.(radialing) A SiCe Osciradiating)
: . V)
;:% DC tO. RF: 0.14% @ CMOS Oscirad. array) e 5SiCe Oscirad. array)
[1] P. Hilger, A Lens-Integrated 430 GHz | 4 \oS Mul.(on-chip) +  SiGe Mul{on-chip)
: SiGe HBT Source With Up to -6.3 dBm CMOS Mul.(radiating) SiGe Mul.(radiating)
’ ! Radiated Power, RFIC 2017 ¥ = R TR ] -]. :E R
5 ¥ CMOS Mul.(rad. array) »  51Ge Mul(rad. array)
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Silicon Source Arrays (Coherent vs. Incoherent) 1 HET

Coherent Radiators Incoherent Radiators
- 0
e ' W |
g* 8 g : | 203
! ' E '“'Ef ; -I i:-...'i it - g
% 2N T @ 8w e 20-15-10-5 0 5 10 15 20

Thata [agraa)

16 elements

91 elements

OSC 3-push
OSC 4-push P
0dBm@530GHz
-10.9dBm @ 1.01 THz @
DC to RF: 0.04%
DC to RF: 0.0073% ’
. IHP 130 nm SiGe 2
IHP 130nm SiGe 20-15-10 -5 0 5 10 15 20
[1] Zhi Hu et.al., High-Power Radiation at 1 THz in Silicon: A Fully [1] U. Pfeiffer, etal., A0.53 THz reconfigurable source module
Scalable Array Using a Multi-Functional Radiating Mesh Structure, with up to 1 mW radiated power for diffuse illumination in terahertz
JSSC 2018 imaging applications, JSSC 2014

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 78



Diffuse THz lllumination
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Source Array

Objective
%
530GHz < , Camera Module
O <
\/ -
e © ,
®
@
‘ Image Plane at FPA
B /
THz Source Module THz Camera Module

Stochastically independent source pattern
destroys illumination phase coherence

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials)

79



Circuit Block Diagram
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'IHI:T

Datalw 10

Oadaln
Clk
Wribs

Clear T 4k

Sal
Rezai

[1] U.R. Pfeiffer at al, ,,A 0.53 THz Reconfigurable Source Module
With Up to 1 mW Radiated Powerfor Diffuse lllumination in

- e -
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Terahertz Imaging Applications*, JSSC Oct. 2014
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4x4 pixel source array with
adjustable lighting condition

Synchronous latched shift
register in meander-type
structure

Circuit layout scalable in size and
output power

16 output registers drive TPO
power-down switch,
configurable at runtime

Fully integrated including on-
chip antennas
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Source Pixel Block Diagram
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Dot £ cm. — cm. — |:1n. /n:.mfv -— |-
. .-". |
- :ch;l.E T :cw;l.f — f|:1n.|.: G
- ] | | e )
e e o o --:m\‘_ -
] ] r ._\;"
— + ’ s - : |8
ik . . \
- B ey LN 1] MEL v
LT & _l:l'lll.' S _E'“'i.' S— ,_7"-'_ e ".TI'I1.L_ —
Sl \
LE M
i 175 GHz
'~/ Colpitts oscillator core
525 GHz
single-ended tripple-push oscillator
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. Dataln

T

i

Antenna
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Core TPO Circuit Schematic
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CC Colpitts

topology

Ring Antenna

VEE

Impedance
matching
network
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VeC o, VOO Oy VOO Oy
et “E He
IL, T L,

o«
T1 o . T3
| " ! |
. . .
VO O VOO Cyg. |G S

Two TPOs locked 180deg out of
phase to drive antenna
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lllustration of the Locking Method 1HI:T

Fundamental Phase Diagrams

120° 60°
TPO1 +180° > TPO2
0° 180
240° 300° x3
3rd Harmonic Phase Diagrams

@ dlfferentla%

to antenna
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Chip Micrograph 1H|:T

* Honeycomb tessellation
4 to save die area

e Total die area of
2x2.1mm2 for all 16
source pixel

510um pitch

wuw ¢

Secondary

antenna
Sl ! m (off-chip)
>

\

chip
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Single Source Pixel Micrograph
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Locking cap (Ce)
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Tapered
used for

impedance
matching at 3"
harmonic

line

Le (RF choke)
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Measured Total Power (all on) 1 HCT
11 ~Array Characterization 1100 Full array can
1 up t6 TmW I S deliver up to
o . 7 g 1mW (0dBm) RF
s T P power
— 0.8 - . 4 800
.1""_;. 1L H‘n |"I E " 700 g:._ * DCtoRF
?—30 = l.ﬂ_\;l e f.] 600 =  conversion
L B T e I so0 & efficiency is 0.4 to
0.5- i .H‘nh__ = 400 1%
0.4 # ~ "'-——+——-'---,_—+.._1H. 300 * Draws up to 2.5W
Ods—10 1z 1a 18 18 20 22 240 froma 2.5V
Vee [V] Supply
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Measured Antenna Patterns 1 HCT

All Pixels ON
0 - g ; 7 i 0.0 e Pattern depend on the
| | ’ 9 | +2:5 secondary antenna
= —5.0  Other lenses can be used to
ol -7.5 fit application requirements
v -10.0  Side lobes are 15dB down
s 0 -12.5  Loaded source
T 1-15.0 configurations for 16, 7, 4,
—10 1-17.5 and 1pIXE|
- 1-20.0 . !Jower down switching time
| : : : |=95 5 Is 0.5ns
~30 - NG i ; i _25 0 * 16 beams cover a +152 field-
-30 -20 -10 E-plc; N 10 20 30 of-view
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Measured Antenna Patterns 1 HCT

7 Pixels ON

a | | ; : ; 09 e Pattern depend on the
| 3 I L E —2.5 secondary antenna
P T
; . ; | | —3.0 * Other lenses can be used to
e i -7.5 fit application requirements
v ‘ -10.0 * Side lobes are 15dB down
— : ' | f l
%l'; o e 3 i ‘ ‘ R ] —12.5 e Loaded source
x 5 | ; ' 1-15.0 configurations for 16, 7, 4,
—10 *‘ ' . | [M-17s and 1pixel
0 . SONREET, 1-20.0 « Power down switching time
; ; : |—29 5 is 0.5ns
~30 ; | i ; : 250 16 beams cover a £152 field-
-30 20 -10 0 10 20 30 of-view
E-plane
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Measured Antenna Patterns
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THLET

S5 Pixel 3 ON B
-2.5

2008 -5.0

10 Lz it i -7.5

% -10.0

c

S0 -12.5

a.

2 -15.0
=+ 175
_— {-20.0

1-22.5
—30 _ S —-25.0
-30 -20 -10 O 10 20 30
E-plane

Pattern depend on the
secondary antenna

Other lenses can be used to
fit application requirements

Side lobes are 15dB down

Loaded source
configurations for 16, 7, 4,
and 1pixel

Power down switching time
is 0.5ns

16 beams cover a +152 field-
of-view
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Recorded lllumination
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Single beams

/’EWPP_TW%
_‘IAA// ?L-""-\-\.\_ hrh"“l"p. )
L] T Tt
_— [T
///r‘:--\-""\-\___\_\_\_\_ -"'-\-\_\__\_\_\_-\-- T'I"1:
/ / .:q.___ Tl T
/a-\: '-\-\..\_\_\_E ""-\-\.__\_\_\_\_- '\_—
" T [
1 | 3
-3

LhhEY

AR, e,
7
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Diffused background

0
o
10
15
20
25

30

0 o 10 15 20 25 30
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Diffused lllumination
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1mVY /2 T.HZ C_"ffuse . d=150mm | o d=50mm |
I"Umlnatlon | m:-jlumm 'DbiE':t p|ane Eﬁ_-f]lﬂlﬂlﬂ |
()m 1 mW THz S mmm=m=m=l .. THzCamera
source - .
20 .-*"'H
s <H10° fov fa = 1 fa=3 123° fov
40 ; h“hh-_.
50 h"-..__h ’_*__.--*"
- e o e e e -
20-15-10-5 0 5 10 15 20 two plano-convex

two plano-convex

PTFE lenses PTFE lenses

[1] D. Headland et.al., Diffuse beam with electronic
terahertz source array, IRmmW-THz 2018
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Computational Imaging and Diffused lllumination 1H|:T

1 mp— :
1r|nV\rI‘ Y2 THz digital . d=150mm | . d=50mm Computational
I —1 I 1
IBRPRaRE ) (h=50mm (=50mm imaging
- 1 mW THz - ==-====/ ~__  THz Camera =

-

source e

#

! o~
-
: - _
S E10° fov fe =1
) '\-.“‘

- 5 'qh.'l -
"a‘.- '.*1’
"a‘. .F-f
‘."- = ——— e e ——— F'.'

20-15-10 -5 0 5 10 15 20 two plano-convex two plano-convex
4mW 62 pixel THz DLP PTFE lenses PTFE lenses

On-the-fly APEG-LDPC sensing matrix
generation, OMP reconstruction

— Compression ratio £ 50%

[1] P. Hilger et.al., Terahertz Imaging and Sensing Applications With Silicon-Based
Technologies, submitted T-TST 2018

[2] M.H. Conde et.al. Simple adaptive progressive edge-growth construction of LDPC

b ; 10 is codes for close(r)-to-optimal sensing in pulsed ToF. Int. WS on Compressed Sensing, 2016
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CMOS sources
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Triple-Push Topology 1HI:T
I I
3-stage ring in CMOS achieves the +O0—>— —<—0+
maximum oscillation frequency [1] i o 12
v =
V v, =
A ¢ Z Gm max 0 t? ¢0 t)
\4 v, ‘ P vpp  Out

Optimization for high power

harmonic generation by adding
an extra gate inductor Ly

Drawback: single-ended output

[1] O. Momeni and E. Afshari, “High power terahertz and millimeter-wave oscillator design: A
systematic approach,” JSSC, vol.46, no.3, pp.583-597, 3.2011

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 94



Jn'ltl.r for bg- -ssuemy
& Lornuicab e Icheoogy

Balanced Triple-Push Sources in CMOS 1 HET

 Two identical ring
VDD oscillators mutually

locked out-of-phase
. by magnetic coupling
e between one pair of
Cm gate inductors
—:I—
Lo * The length of L4 and
On—chip L4’ are fine tuned
differential
anfenna

[1] Yan Zhao, Janusz Grzyb, and Ullrich R. Pfeiffer, A 288-GHz Lens-Integrated
Balanced Triple-Push Source in a 65-nm CMOS Technology, ESSCIRC 2012
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Chip Micrographs

_. Inemires bar b esuemy
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THLCT

Balanced
oscillator
(core:
Single
oscillator

VDD E

=

Balanced Source incl. ant.
(500x570Lm?) (no pads)

20
SE0LIEotior

Rw:enmﬁbeﬂm oooooo
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Measured Output Power 1 HCT
700 ! !
Max Pout on wafer: — Diff. Osc.
700 LW (-1.5 dBm) 600T| — — - Diff. Osc.+Ant.+Lens 2
% 500| L' ~®= DC~to-RF eff. .

Max Pout (free space): 390
UW (-4.1 dBm)

400

EIRP=14.2dBm

Qutput Power
W
o
O
DC-RF Efficiency (°/_)

Max DC-to-RF efficiency:

2.9 %o 0 50 100 150 200 230 300
DC Consumption (mwW)
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Measured Phase Noise
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Double osc.:
-87 dBc/Hz @1 MHz

Single osc.:
-81 dBc/Hz @1 MHz

© 2019 U. Pfeiffer

Carrier PoWer -40.48 dEm Atten ©.08 dB Mkr 1

Fet -54.68dBc/Hz
S.08 7

dB/ 6-dB improvement

1688 kHz Frequency Offset

1.88088 MHz
-57.88 dBc/Hz

19 MHz

Mkr 1

Carrier PoWer -33.43 dEm Atten 0.06 dB
Ret -54.60dEBc/Hz
5@@ [ ' ]" | | “

dB/ k ",.r |

;

188 kHz

Frequency Offset

1.88088 MHz
-51.46 dBc/Hz

19 MHz
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Circuit Building Blocks
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Can we build a generic receiver? 1H|: T

= Circuit approach: generic wideband 1/Q radios with spectral efficiencies of
2-3 bit/s/Hz at 240 GHz

Mixer

TPl B
L=

Challenges: limitations in transmit power, receiver noise figure, IF/RF bandwidth, linearity
and 1/Q imbalance over a very wide bandwidth

Approach: apply wide-band circuit matching techniques
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Frequency Multiplier Chains
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Circuit Block Diagrams
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' Marchand 110 GHz Freq.

110 GHz |, Balun Driver Amp. Doubler | 220 GHz

Dutput

120GHz: ot :
(x2) g | a [

_________________________

I Marchand 162.5 GHz Freq.

162.5 GHz, Balun Driver Amp. Doubler 325 GHz

Input l

Dutput

320GHz: ;:’} {: o —:

(x2) -

_________________________

Diff. 54GHz 54GHz 162.5GHz 162.5 GHz Freq.

Input

|
|
18GHz! conv. Tripler PA Tripler Driver Amp. Doubler 325 GHz
I
|

' Output

325G HZ ! > %3 x3 x2 i

(x18) =

L

[1] Erik Ojefors, Bernd Heinemann und Ullrich R. Pfeiffer, Active 220- and 325-GHz Frequency Multiplier Chains in an SiGe

HBT Technology IEEE-TMTT, 59(5):pp 1311-1318, May 2011
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325GHz Doubler Schematic (push-push)
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Vbias ¢ VCC= 2v ¢
Shielded
— TL1 stub GSGpad  °
TL3 TL4 325 GHz I 7
114 stubs . m‘d P :ﬂ: o
at 162 GHz N\ T - TL2 S
ic 1
From driver amplifier )
162 GHz, 6-8 dBm
o ) L Ve ‘J/_\\-’, o1 Q2 \-//_\ Inductive
’ﬁ\/¢ f % pad comp.
C1 ’
122 —
- - J e
TLG |
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Class-B biased
amplifier

Driven into
compression

Differential
drive
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Simulated Doubler Performance Power Contour Plots 1 H |: T

Input power (dBm)

| : ' — 8 |
@ Output power {dBm} - : ~io N
0 T ————
0.4 0. 45 CI.E 0.55 0.6 065 07 075 0.8
Vbias (V)

Depends on available LO drive, up to 0dBm expected
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Driver Amplifier Design 1H|:T
N » Differential cascode
- IR - amplifier gain stage
wo il RNy « Cascaded multistage
| ) design

 Typically 2-3dB gain
per stage at fmax/3

\14 stubs

 More than 10dBm
at 160GHz on chip

« Close to 10dBm at
220GHz

1
1 TL2

p o= J
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Chip Micrographs
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THLCT
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100GHz:

160GHz:

325GHz:

a) Input 110 GHz 220 GHz
Balun Driver Doubler

0.47 mm

. 1.3 mm "
0} Input 162 GHz 325 GHz
Balun Driver Doubler

5] B
E
]u- 9
=11 ,_..JIi — . o
X i- ,
1.2 mm ~-
c) 54 GHz 54 GHz 162 GHz 162 GHz 325 GHz
Tripler Driver Tripler Driver Doubler

+ 7 N - .- e ————
.“ == S e e e, |
J '

_ I&lll‘.&l-m; e 4. '

18 GHzIn 2.2 mm 325 GHz Out

_—
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Measured Output Power vs Frequency
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0
vl
A i i] ] A
£ | T LRI T -3dBm
o8] .
) SN | ' @325GHz
o - - LA
5 | i
CL : ‘ J"
- o L -
3 . h N
g -10 L L ||‘ LT L R
H'"
.“'IF Hile
J . . . .
F" — =— =— Meas. (mixer)
Meas. (calorimeter)
-15 : : : :
280 290 300 310 320 330
Frequency (GHz)
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Output Power Compression at 320GHz Doubler 1 HET

|
]
-
(9]

— % — Meas. Driver Amp| £ -3dBm
€ -4} —©&— Meas. Doubler 112 @325GHz
m =
S | | : (PAmay
g -6 12 a overdrive
g 2 doubler)
5 8 10 ©
O I
3 ; L
_g —10 b - o {8 [-i']'
=
-14 J L J — 4
-16 -14 -12 =10 -8
Input power (dBm)
160 GHz input power
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Output Power Compression THLET

220GHz doubler x18 Multiplier
{‘- T T il T T T
-3 " p
-1dBm g ¢ -3dBm
) Grvcliz : @325GHz
= -15}F- - . ) ) o
S Ll 8 i
? 25
| —©— Maeas. Poul (mixer)| [—o— tieas. P
o ~15 10 -5 0 P
Input power (dBm) Input power {(dBrm)
110 GHz input power 18 GHz input power

PA drive sufficient for 320GHz doubler
(reaches -3 dBm of breakout)
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Measured Output Power vs Frequency 1 HCT

220GHz 320GHz
5 : . : 0 !
—— D - -
E &
=z =z
5 o)
5 5
=3 = | '|
= , . =
o . _
—‘10 Y K e D _15 ________ ]I .......................... 1.-
oAl ; ; i
| ?Hf : Meas. (calorimeter) ) _ Meas. (calorimeter) 1
ﬂ { . — — — Meas. (mixer) Z — — — Meas. (mixer)
_‘15 - ! L - i ! 1 1
200 210 220 230 240 2l:}310 315 320 325 330
Frequency (GHz) Frequency (GHz)

Tuning range is about 20 GHz (limited by driver)
Q: Can we do better than this?
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x16 Frequency Multiplier Chain 1H|:T
o or * x16 frequency multiplier
2 S, . - E:“ : [H—El . Wide!aand LO drive for 1/Q Tx and
‘o T L-’ [ gg Rx chipset
N ‘ | 2 * 4 cascaded Gilbert-cell based
“““ st R e b E doublers
To next stage U 3 Balun . EE .« ge . e e
Jou bt e i e Eﬁ * In-phase multiplication eliminate
11 version 5 lossy quad generation circuit
s Td TS TG v & 2
| A%cos?(wt) = A7 + 1cos (2wt)
i mn“l_ | —Lﬂln E 2 2
E'MLH“ Tz;'L,n_ g * DC-offset generated is eliminated
| T g using interstage decoupling
T iumitean T capacitors.

[1] N. Sarmah et al, RFIC 2014
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x16 Measurement Results 1HCT

Chip-micrograph

 |dentical circuitsinrun 1
and run 2.

 Higher output power due
to process improvement

0 @ 250 GHz
6.4 @ 230 GHz 50
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Broadband 240 GHz power source 1HI:T

. A
| ’t —‘T
RFln s | L | RFout -
balun A{eMY
|
511 (Polar.1) -
-5- 512 (Polar_1-to-Polar.2)| ™
-m --522 (Palar.2) e
15! -.1 ' o |
3% N ”f_ \,/
=25/ x ]
-30+ +
-35¢: T '.1____,- _."--.. .‘-hﬂ'._ .-'J
404" N

Moo 150 200 250 300 350 400 450 500
Freq [GHz]
* Simulated input match and isolation
e Simulated amplitude imbalance <0.13dB

* Simulated axial ratio better than 1.3
for quadrature excitation
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Measu red results 1 HCT

10 .
U_
-10- e . . . . . i . bl i
s, / 60GHz-10dBBW
o :
o -40- _
---Prad Polar.1
9 =30/ '|—Prad Polar.2
%-zn % ',r’ , - |~=—Pout On-wafer
p s o %00 220 240 260 280 300
£ Hplane Polar Freq [GHZ]
D-plane Polar, 1 R
“ o | * Peak radiated power: 4.06 dBm at
[ e s 0w 243 GHz and in excess of -10 dBm
Measured patterns at 250 GHz for 221-275 GHz

Yes, much more BW (PA is BW limiting), but worse harmonic content!
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Loadline Match (Common-Emitter Class-A) 1 HLC T

* No conjugated match
at output!

* Maximum power
delivery with load-line

match

Vbias l\l —

- 3

Ry |23

q_l‘m S %ﬁ I:{Ioad
v | | ‘g
Vinee Vbias BVebo Vee r BV ., — Vi, o
< > PJH{ — —_— ,-"IJR'.I:I.".-
242

Class-A save operation region
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Single SiGe HBT Output Power Limits 1 HCT

Class-A, no power combining:

I
."'I -ﬁ’ir?. §

<+— Johnson limit IR p (J'Bl‘f-m — T-’E.-m-_r-)j
' EEEERE R aut
R Ne

e Assumes: class-A, x=50%
above BVceo, load-line
Rin=10Q (r = 5, Rload = 50Q)

* Note, other values may shift
this data within 3 dB or
more but its trend remains

15

—
o

Single HBT Output Power [dBm]
]
O

o
T

0 , ey Z LN L. .
10GHz 100GHz 1THz ¢ Johnson limit SiGe:

Cuttoff Frequency fT [GHZ] — Bvceo + fT = 200 GHz V
THz gap = Transistor can not be switched
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Practical Limitation for THz PA design
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Issues with frequency upscaling

Output resistance
decreases with
frequency

Dimensions of tuning

with emitter width

elements decrease

Limits device size

'

Limited output power

[1] N. Sarmah, P. Chevalier, U.R. Pfeiffer, 160-GHz Power Amplifier Design in Advanced SiGe

HBT Technologies with Psat in Excess of 10 dB, TMTT 2012
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Recap: Load-line Impedance Match 1 HCT

| 'l
21
i . .
l, : IL |
| : 1
: R : 3 =
. & = C.=
Conjugate match = 2 | 1:____ E_g 5 D 7
| | = Qm
| | . |98=
1 de Loadline match | | > =
R L
- 2
~t ™ -
4 | ka
Y knee R'a \ —
i l . - How does Ro limit Pout?
vknee BvCED A
. s
s

Reduced voltage swing
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Ananlysis of Device Parasitics 1 HECT

2

Base :
| | 5 R,r: :Rhfl—l—f‘;}jl ERJ/;}

f 7 .I:'l =
,I'lr LG—.hWI _rg_jcl;/:} ’ﬂ:\ Collector
|' Hh:";_r'll R i __If.l- '-.11 \ }
| By = 5 1'_'\-._\."\_\_:._:\- _:\. - - - B ' - I._ k —_ -
I A e coeor O = Cs(1+Q77) ~ .
! , _5“' - ::'
'r -'I SIGE'E.--" g Ecs ‘I' .1 Cbﬂ
S8l [ Collestar o Fog $ 4+ Collector
t," .'I implantation gy dc-pp-nd collectar K ]R
' Cepx CX Ces R E
Emitter —{”J——I'q:'—”—ﬁ' cx|| Res Ces
oy ’Jf . [] R s Tﬁ- —|:|—| |—[:3"
R Ry Ry —_d___ M ___ & — s
iyt =3 |‘:‘l|ﬂﬂ [ind : T I I [=1] E o
" -| - m I = A —
F: ' e | = ol 3 - 1 EE
oxideT 8 |2 sige b'—'asp Oxide Chex— = :D:: ——UE ' 3 H Ro: =3 E e
LCBC,w  FGBE, | T :
ST T siC T - |sTI| Cco___fF-——————__ Emitter
Heavily doped subcollector - 13% Re Intrinsic
Le - & transistor
ce S Emitter
U Reg
Which are the key elemens which limit Ro?
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Dominant Parasitic Elements 1 HCT

o Rout o R o R
Echn:n - E-:I::u:u -lﬂt c o 'ﬂﬂ
me . 'HW] : 1 -
HE: I:E:I Q H-'J.'I:
c R |—|||5 . _—|:|—| .
chx —— = cbx T | Series-parallel R, |]
~-=-1 Qp B ~ ~f ~ . transformation
-7 Rp S = 2 R
R (e o BN = L
i : / \
R v E Ry[l Q1
B o Refip || ==Ceffp )2
t & oCE i — d =
Y I :T:CDCE.II b !
8T 7 7

Overall Rout scales down with frequency as:

Rz, 1 i
— —— = — | 5 )
l' -R-*.If',.lrﬁ + ﬁ}:ef-’-}a—,ff ) ‘:”"12 \ "E'r + -Rt'.a';'r‘lg

Ruuf —
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Simulated Characteristics of Output Matching Network 1 HLC T

Output tuning TL inductance
180 ! : : ! ! ! ! 100 60 ! 120
£ E
160 184 — 50 100 =
S S
ta)] —
= c I =
<, 140 168 © 240 80 o
©
S 2 S =
= = =
w
% 120 152 5 5 30 60 .E
@ 2 3 %
2 ©L < £
EC 100 —H36 g 20 40 g
% ©
= =
I_
80 20 1010 20

140 150 160 170 180 180 200 210 220

Emitter length [ ptm]
Frequency [GHZ]

-> We need to reduce the emitter length at higher frequencies
-> less power can be delivered!
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4-Stage PA 1 HCT

vcC
Ibias 40 J—au
— Lm Lm C1
T S 15 CLIN2 1N
| B : ™ : "'-\._"
| 8 kO i S ~ "RF Out
Q5 |_— y——— S
S 55 um -

-~ \Vbase =2V
CLIN1 hﬁ—‘ Q1 Q2 "
B .

RFIn 90 um

Stage 1 éStage 2 Stage 3
* Differential cascode topology in IHP technology

* Run1l:10dB gain and 30 GHz BW, Run 2 :26 dB and 28 GHz BW
e Run 1:Psat 5 dBm at 240 GHz, Run 2: 7.5 dBm at 240 GHz
 Higher gain and output power is due to process improvement
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Power Combining Amplifier (IFX) 200-225GHz Combiner THE T

CL4 : e i CLs
T
CL2 Iso &+ 7 1 ley CL12
— 4 i —
. Is 4 CL5: H”‘H i — CL9 leo !
i " ' E PA2S T — :
| oud P i cLa) ||
17 ~ ~ Isz & i ey i =/ iigpn=
it .-____.-'"' .-..___,.-""' — E.- “ E N ' —H—E—|_—|_|: i =
B 7 Feed i Cle: . i+CL10 !  Feed 1 j_—
' - line ! L —  line '
Drive PA : T ;
PA core i| [CL3 L lsp i 7 ey || CL1Y
i Is, | cL7i ™ i-cL1f I
: i padni — ;
; Is; , * ey :
T e CrEEEE AN EEEEEEEEEEEEEEEEEE o
1:4 splitter 4:1 combiner

* 4:1 parallel power combining using transmission line based zero-

degree combiner
[1] N. Sarmah et al, ESSIRC 2016
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Combiner PA Measurement Results
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2
it 24 mm
“plifter

|

£ 1A Combiner

A e e e e S S - ..... !J.T'. ______________________ ""l'l'i.:"
; Drive PA i PAcore ;‘E : s

i

¥4 PA core

d
|:|-.lI 5 ; i ! ; R : : : : : Py
4 i+ Meamured sorcbiner PA[: it ] [ S USRNSSR SO SSSUUNN SRS O ‘1, ]
|+ + SimulusdmbinrPl S
. ' umum:: ] =ht e e S S e i
gm _19{] i i i i i __
‘E{IS 21[.! 215 2?13 225 2312! 235 0 205 210 215 220 225 230 235 240
Freq (GHz) Freq (GHz)

At 215 GHz, the Psat
is 9.6 dBm and from
200-225 GHz the
average Psatis 9
dBm.

From 200-225 GHz,
the power
enhancement is
factor of 3.5-4 dB.

This is the highest reported output power for silicon PAs

above 200 GHz.
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Gain-enhanced signal amplification LNA
cascodes in 0.13um SiGe
(EuMIC14, IIMWT15)
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Two Port of an Enhanced Cascode
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Intrinsic Shunt-Shunt Feedback

' LY i A Y
’ \ ’
AS !
7 Q] A ! Qz h
- =T mmm—m——— 1 _—————— -. ------ 1
B : },u |£ E : ﬂ!r.'r'_:&. : C
H 1 I , W, . 1 \_:j ; H
e Om * Ube }fj | V' Z; Z” 1
E IE B I B
—0 =0 1
I I ! I
L e 4 R 4 Viur
ll _____________ ! I
| :
. . . . : Zpy=jwLg 1
} | Extrinsic Serles-Sernes,:/' ' Ty
ol Feedback o ro—o

[1] S. Malz et al, EuMIC 2014 and IUMWT15
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Infineon & IHP Amplifier 1HI:T

* Infineon 212 GHz 4-stage
Amplifier

— fr/ Fnax = 250/360 GHz

— Gain: 19.5 dB

— BW: 21 GHz

— NF: 14dB (sim)
—65mA@33V

* |HP 230 GHz 4-stage LNA
— fr/fax = 300/450 GHz

— Gain: 22.5dB

— BW: 10 GHz

— NF:12.5dB (sim.)
—17mA@4V
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Infineon & IHP Measurement Results 1HI:T

. SSA: Small Signal Gain ] S8A: 811, 512, 582 3 ° BOth amp“fiers ShOW >
—_—  measured ! o
20 = -+ simulated 20 dB gain in H-Band
15 § = o I
= =M sl fore o o o
3 0] 3|2 REE Do uzH S * High reverse isolation
wpi BRI S IEVR R A
AR . attests stability in both
- | -
; | : : cases
b0 210 20 2 :mra 250 260 P00 310 EEE 230 {Ejm 20 260 .
Frequeney (GHA reauenes [GHz| * Design methodology
an LINA: Small Signal Gain i LMA; 511, 312, ‘-%El " . . e .
Py = meazured s dESCfIbEd N dEtall N
«  zimulated o
2 | - IIMWT EuMW14 special
5 : E [ ]
= : issue
11
Mo 230 210 250 agn oo 230 210 a0 T
Frowpuemney [(iHx] - l Friaquinay [l.':'-H'.-:]_ﬂ h
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275 GHz Amplifier 1HI:T

input stage 6 intermediate stages output stage
tuned pad I marchand balun

Fj B b b e e

7O

62pum  40pm

- I: -
| .n,M] ;q-_p TAfF

64pm 1411

all transistor sizes:
0.09 - 0.96m>

single intermediate
stage detail

G5

[1] S. Malz et. al., A 275 GHz Amplifier in 0.13 um SiGe, EUMIC 16
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Small Signal S-Parameter 1 HCT

50 0 fSl:n.?n]l S1gna] GE.]I]I 0.0 | S11, 512, 522
150 b - measured g RS LE Ak
. | | | 00 b ; A g N o e |
—_— N i : :
. . ::l .-['. : :
) e 200 F ST SR U PUURP N :
= & : 5
: 5{] .. N : )
] : L
% — F M L ] : ]
@ -30.0 R T P 802 32
0.0 — :': -F'_-*'.“‘h._";‘;-':-:*; Lo, 1_ ‘51']_. :
— e L e P
: o E .:_ - -EE ol "{.l:_. :E--u-:'t_..—: -
Jol7GHBdBBW N\ PN SEEFE I D
: ¢ I ::._,_.‘_ -l 1
v i --- S22
19560 270 280 290 300 -50.0 S s —
260 270 280 290 300

Frequency [GHz] Frequency [GHz]

[1] S. Malz et. al., A 275 GHz Amplifier in 0.13 um SiGe, EUMIC 16
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Subharmonic Techniques
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Subharmonic I/Q Mixer Design
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subharmonic —a

mixer with two | out
cascaded
mixer cores
inside ik
uI:I
I
RF in n°-
—a LO
s gl E P
RF
LNA 0° 2
90"
Q out

© 2019 U. Pfeiffer

I/Q @LO

subharmonic

oo

mixer with two out
cascaded
mixer cores
inside
RF in o “
fﬂ 0 —a LO
0 90~ 1
{Tfm:}
LNﬂ/

I/Q @RF

4®ﬁﬂnut

Advantage of sub-harmonic architecture:
relaxed LO drive requirements!
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Example: 160GHz Rx/Tx Chip-Set
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............................................................................................. L ﬂhiP
: RF 90 dagras | LO 490 deg

hybrid [160 GHz) hybrid (80 GHz)  Prascaler i
\ .5 f e |T9FLL
; PA Wl '

R TN v |
P a - i - N 5 tuna
Pal \I:[,fgu | Wi L L
N — - R ;
| RF oul : TA-BIGHz VCO
e Rx Chip.
i RF 90 degres |, L©90deg ;
: hybrid (160 GHz) hybrid (B0 GHz)  Prascaler :
: LHA % W :
E- [ Hr ujj R 0 d R | Vtuna I
. ""'\. -\.H_ "'H. .-__.- i uns
L | : i . -
EHFin ,l 'n] i 74-81GHz VCO 5
:1’ L tExtLO

Q

e i e e e R 8 8 R B R R B B B B B B o R R R R 8 B AR o R B e R R R e 8 e

Subharmonic mixer
= super heterodyn mixer
with same LO

Fund. Fund.
Mixer 1 Mixer 2
RF{160 GHz) IF
I-channel I-channel
1]
]
LO (80 GHz)

Why use trig. identity:
sin(2x) = 2 cos(x) * sin(x)
and not:

1+sin(2x) = 2 sin(x) * sin(x)

[1] Yan Zhao, Member, Erik (")jefors, Klaus Aufinger, Thomas F. Meister, Ullrich R. Pfeiffer, A 160-GHz Subharmonic Transmitter

and Receiver Chip-set in a SiGe HBT Technology, TMTT 2012
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Sub-Harmonic I/Q Receiver Schematic 1 H I: T

VCC

‘] I-Channel to Buffer [l} [l} Q-Channel to Buffer [l]
T T Vbias2 T T

] [
Q13 Q14 Q15 Q16 Q17 Q18 Q19 Q20
LO Diff. Quad.
-3dB Coupler

———————

] [
" ; : Qs Q6 Q7 Qe Q9 Q10 Q11 Q12
| 1 }
(80 GHz) L--——-.

Ibias | | | |
a1 o1 Q2 Q3 Q4

|
! RF Diff. Quad.
1 =3dB Coupler

RF+ o Term.

RF- »—
{160 GHz)

Complex design at 160GHz:
two 90deg hybrids, 4 switching quads, 20 HBTs
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Sub-Harmonic I/Q Transmitter Schematic 1 HLC T

RF+ «#—

RF- «——————
(160 GHz)
|
| >< ! RF Diff. Quad.
L LT M| | ) -3dB Coupler
vce
L - = L L 0 = I
4 1 Vbias2 ] i

] [
Q13 Q14 Qis Q16 Q17 Q18 Q19 Q20
LO Diff. Quad.
-3dB Coupler

] [
Qs Q6 Q7 Qs Q9 Q10 Q11 Qi2

Q21 Q3 Q4

Q+ Q-

Similar complexity at TX
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Principle of Operation (RX)
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1HI:T

I-Channel to BEuffer l |5
4+ RF current +
J IIE— l4- RF current -
Q16
, Moi | |
|
3 Iz ly- I+ ly- I+
1 1
lIE— Iz I+ ly- I+ l-
HEE
DE — s He— |
4;‘7 %, l4— 44 l4- ™
* |
1
- 15 g4 Iy ™ I,
| I
0% Ad
(80 GHz) I1+l lh- v — —
a1 0z LA
I3 I, - |2, |- N
(160 GHz + fig)  * Vep e T | M= ] B e M [ 1= ] s

(a) (h)
© 2019 U. Pfeiffer - IEEE Future Networks Tutorials (Invited Tutorials)

What are the limitations for
operation close to fmax?
Quadrature LO require
square waves (ideal
switching quads)!
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How close to Fmax can we operate? 1 HCT

We are here!
(no square-waves)

" Quadradure LO

E)

3
=
1

Large-signal HB
simulation

GuadratureLD_i___léué.:é_"'i..f_________:__.r_.r ]
— — = In-phase LO |: NIRRT : Cokr

=
T
A

Calc. Conv. Gain (d
=
b

::.-r

4oL ... ...... |n phase LO _________

10° 10°¢ 10" 80GHz 10"
o/ T f ,in this work
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Optimum LO phase shift
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1HI:T

oy
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Gain, NF, RF-IF Iso. (dB)

8 GHz LO

Sim.cG

(11.7=cB wariation)

— — — Sim.MF (15.2=dB wvariation) 1
Sim. R'F IFIs-: uMJ B ﬂrl'ltl-: Iy |

.....

: |
: |
_ 5
_"I|_|_, E" I_deg .-:‘.-.--\: .................. -.“I‘; ........ :\ ........ —
5w h - |
—EI:I | [ i Pl i [
0 45 an 135 180 225 270 35 3E

L2 Phase Shift (ded)

2o,

zain, NF, RF-IF |so. (dB)

&l

5

A0

a0

20

80 GHz LO

=SimCG (7.7 =dB variation)
= = —Sim.NF (8.4=dB variatiom

I Sim. RF-IF lso. (9.9-dB variation)
; — . . . :

L. - - - e e L .I-: ....... L, e e - L. e e a .
: L : : :

. . L . . .
________ L T e
T T S R
- ' prap [ : -l L

I R S : L
A S S S R S+ SO S U N

225 270 315

180
LO Phase Shift (ded)

135

At 8GHz 90deg LO is optimal (11.7 dB variation)
At 80GHz phase is less importnet (7.7dB variation, 130deg is
optimum due to parasitic phase shifts in quads)
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Chip Micrographs THET

Tx Chip
TX: Prascaler

vcC vCo S

Blas Blas veCe
GND paA” PA | VCO w  VCo GND

Mbxar

RF Balun

1.8 mm

Rx:

Prg\scaler
vec Bias Blas vEe .
GND |N& LNA VEO Vo VGO GND

Mixer

\ vCcoO

—
LO Buffer

RF Balun GND ;&c = - al’;s

1.5 mm
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220GHz Sub-harmonic Receiver 1 HLCT

On or off-chip

E Optional Cascaded E
balanced ' 220-GHz LNA mixer cores :
antenna : : i
/ i IF out o
- [t E-
/ : : 5
. I @
RF (2200r | O ——kuw. L0 5
320GHz) ol 90N 1} | (1100rGHz 7
‘ | 160 GHz, Od g
! 8
|

200 210 220 230 240
Frequency (GHz}

Similar concept at
220GHz (110GHz LO)
16dB CG

— _l:] . m '; = :A . | F ‘
& Ok | 18dB SSB NF
= mEEe MH

"D Coupler

— [1] E. Ojefors et al, RFIC 2011
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320GHz Sub-harmonic Front-End 1 HCT

A

c) Balun  320GHz Subharmonic
mixer

LOin
/ // 17.7T GHz
x3 [ <
N 3
§ . —140
H 5 Similar concept at
w ey 320GHz (160GHz LO)
: o No LNA!!!
; 150 -13dB CG
32dB SSB NF
—155
330

Frequency (GHz)

[1] E. Ojefors et al, RFIC 2011
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Circuits for Communication
Fundamentally operated
240 GHz IQ Tx and Rx Chip-Set
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Communication Towards 100Gbps
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@ High-speed
Communication

1+ 60GHz, E-band, 5G,

6G, ...

- |EEE 802.15.30-

2017 252.72-
321.84GHz

- Towards 100GBit/s
* Interconnects

- Data servers
 Networking and

protocols

© 2019 U. Pfeiffer

Commercially available wireless standards, e.g.
WLAN can deliver theoretical data rates of 600 Mbps
(802.11n).

The limited data rate is related to the very limited
available bandwidth (hundreds of MHz) in the
frequency band of 2-5 GHz. Hence, towards realizing
data rates approaching 100 Gbps, frequency up-
scaling is inevitable.

Above the licensed bands, e.g. at frequencies
beyond 300 GHz excessive bandwidth is available
and provides a feasible alternative towards 100 Gbps
wireless links.
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Usecases adressed by IEEE 802.15.3d-2017
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Intra-Device

| Communication

', 10..100
\ Gbit/s

I VRV

\\§ Backhaul/Fronthaul links

—
S
—
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10...20 AN
Gbit/s AN

@ < ( , \.\E

Kiosk downloads

10...100 Gbit/s

Additional Wireless

Links in Data Centers //

.'/

-"--
-‘..-
--P--
--‘.--
-d.--
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((o
240GHz link-budget estimation (QPSK) THLCT

FSPLmﬂI — 10£0g10(kT ' BW) + NF + SNlen - PTX - Gﬂﬂ.tTX - GATLfRX + 10dB

Number Minimum |Tx antenna|Rx antenna| Maximum |Achievable
of required path loss

channels receive
power

20 dB 1 50 GHz -39,84 dBm O dBi O0dBi 29,84dB 0,003 m
10 dB 1 50 GHz -49,84 dBm 25 dBi 5dBi 72,84 dB 0,44 m
10 dB 2 25 GHz -52,85 dBm 25 dBi 5dBi 78,85dB 0,87 m
10 dB 2 25GHz -52,85 dBm 25 dBi 25dBi 98,85 dB 8,71 m

Circuit Design Challenge:
trade-off Pout, NF, BW, range, ant. gain, packaging
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[1] N. Sarmah et al, TMTT 2015 run 1
[2] N. Sarmah et al, EUMIC 2016 run 2

220-260 GHz TX/RX Chip Block Diagrams

Jn'ltl.r for bg- -ssuemy
& Loruicabec Icheoogy

'IHI:T

Direct conversion 1/Q Rx/Tx
chip set

In run 2, an improved hybrid
is used and LNA replaced by
3-stage PA for BW and center
frequency alignment

Run 1 optimized for RF
bandwidth and Run 2
optimized for RF and IF
bandwidth

Amplifier First

16

Transmitter
" nnn Wirsbongs
] &
OrBoard LPF !
-~ 15 ||@»

Cn-Board LPF

1000

—

| ]
Wirebores

1000

Wilnezonds

L

=T

16

D+| Dn Goard LPF |
B : e Buffer
E}j Woeabonds T TTTTETES

10002

© 2019 U. Pfeiffer

-'-.-'\.
2

1000 T Mixer,

[1] N. Sarmah et al, TMTT 2015 run 1
[2] N. Sarmah et al, EUMIC 2016 run 2

Mixer First

Meas plane ﬂmﬂﬂ_.,.nmplmerﬁ """"""""

I E LPF i = ing

> ﬁntenna

SEGE FA  Hybiid -Mixer :

{ x16 freq. |— n L ' :

multiplier ¥ an®

R Q-Mixer |

! LPF > L’ RX Chlp

a_ M-  S—

Meas. plane 1ﬂDﬂ &Empllfler e

RX PCB

3] P. R. Vaz
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Up-conversion mixer (run 2) 1 HCT

VCC

- vee .
zupHgg BgzﬂpH iﬁﬂﬂ i ° 50 Ohm IF
ol o, [ﬁ j § inputs

—= W i ; Up-conversion
o oEEw | i | mixer: CG -0.2

2 i | N 1:3_EIH’EF:LD ELOU iElufha-;* = i
o o T dB@240 GHz,
o PTi 6o me % Psat=-5 dBm

% lin- i bi“'“"‘ ’\?11 in— i g— Buffer lrg (SimU|atEd)
i | mK : Q+ Qin+
! i ‘ i G—  Buffer —O
i i i i ‘é'_ Buffer _“i';l'

_____________ mier  amwer

[1] N. Sarmah et al, EUMIC 2016 run 2
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Down-conversion mixer (Amplifier first, run 2) 1 HLC T

Rc Rc
2002 200 ¢
01}] Q14 g o
{1 Al
i Rb [ Lo Rb  Rb[| LOg Rb
. so0ql] i ‘E‘l a2 mfﬂ_‘ 5000 500¢ F’L‘Eim mfﬂ_‘ 500 0
— | — — L
= = = =

RF+ Q9 Q10 . RF-

.||_

|
* 50 ohm IF outputs Vbias

 Down-conversion mixer: CG -0.2 dB@240 GHz, SSB NF 14.2 (simulated)
[1] N. Sarmah et al, EUMIC 2016 run 2
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| ]
Mixer-first Circuit Schematic (no LNA) THET
A’I\VCC

TL1

C‘II"‘*[‘H
* 50 ohm IF outputs RF+E)“RF_ b)

 Down-conversion mixer: CG 0dB@240 GHz, SSB NF 11dB (simulated)

[3] P. R. Vazquez et al, Int. J. of Microw. and Wireless Tech.

GND-L L GND
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Chip Micrographs and Packaging THLET

Transmitter

Wi 60

¢ Ring
. ANLenna

Amplifier First RX T Mixer First RX

2,56 mm - 2.185 mm -

Dalun

1 ] .--:-

E-

i.
1

copper hot chip bonding
heatsink i

- flow paths
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Transmitter RF Front-End Performance 1 HLC T

10 e 10 T T T T T T T T T T T
------------------------------------- E Pout
P Y- % 1.5dBm
~ 0 Operation point
— ) for 16-QAM ==
510/ e i 2 —=t -
L= —-P_. P =20dBm E 10 e emmmmmemenT M
E =20 +Frut meas |jln_ 10dBm '5' . -":1,‘.- == ==|\lgas Fund
a s +Pn:ut maas |jln =0dBm -E' ":" ! =® \Meas 3I'I:| harm
P P =-20dBm 5 -20F L _ -
_3{] pul sim o in D ) i.#'*-'FJ‘”'"I _Slm Fund
_Fmt sim F‘In_;1 OdBm L - ',."E -19 dBm =='5im 3rd harm
""'Pwl sim F'm—ﬂl:lEm xr _30 e” ¥ | I I | |
=40 ' '
210 215 220 225 230 235 240 245 250 -20 18 -16 -14 -12 -10_ -8 4 2 0 2 4
Frequency (GHz) IF Input Power (dBm}

e For LO =220-260 GHz; Psat=-2 t0 9.5 dBm
e 3dB RF BW: 25GHz at 230GHz LO

 |P1dB =-15 to -5 dBm and additionally varies across IF frequency
e IQAmMp. Imb.<0.5dB for IF up to 17 GHz, IQ phase Imb. < 2 deg
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Receiver RF Front-End Performance 1 HLC T

" ~_Amplifier First RX | 0 y Mixer First RX -
Ampllf ier-first Mixer-first

25} 35 5+ 40
— — *“ *

20| 30 - A0 A
% -a .SSBNF__ % % nqﬂ# 4 G : 4] 35 @
.| - = .SSBNF_. | = £ _ \ __co. ! =
315 sim 25 @ o -5 sim 30 g
5 o 5 |- - .35B NFE.m_I Eﬁ
B10F~~ | {20'g | @-10t RN 125 'g
o @ o 0
§ 1 d| T Teewe z 5 2
35 e 15 8 -15\_\‘\2 20

P O o e Rt s o
0] 10 201 ¥ A Nt Tal S A P A T T T = 15
__________ e s
------- St “MLM{‘

5 - ' - 5 -25 ' | = . - . 10
210 215 220 225 230 235 240 245 250 210 215 220 225 230 235 240 245 250
Frequency (GHz) Frequency (GHz)

For LO = 220-260 GHz: e ForLO =220-260 GHz:
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— CG=12t024dB, SSB NF =9 to 16 dB
3dB RF/IF BW = 23/11.5 GHz

IQ Amp. Imb. < 0.5 dB for IF up to 17 GHz

— CG=7.8dB,SSB NF=13.5t0 14 dB
3dB RF/IF BW = 28/14 GHz
IQ Amp. Imb. <1 dB for IF up to 17 GHz
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Harmonic Spurs From the Mult. chain 1 HCT

(J Harmonic power was measured in
the Tx and Rx for multiple LOs

 In the operation center (225-245
GHz), the spur content under 25 dB
for the Odd harmonics.

] Between 245-255 GHz, the
suppression is better than 18 dB.

P, (dBm)

fg (] At 220 and 260 GHz (edges of the
%_ band), the harmonic suppression is
g worse than

S 13:1 4 (d Odd harmonics are particularly

—b—x(

—o—x*Bl

210 220 230 240 250 260 270 280
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How to get wideband IF off chip? 1 HCT

* Broadband low-pass filter based on the Rogers 4350B PCB material
* Microstrip line based stepped impedance filter implementation

= = -
Wy -F ;,—E e i g 2% = D
gj n o % ll-l-" —lg w R '"_& =
33 3; 38 3= 33 ;N 53 ;5 s £ "E-Jndpad
3 33 33 33 3 S 53 e | capacitence
— —__ 1
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Tx/Rx IF Characterization 1 HCT
0 * IF bandwidth
e N | characterization from
1o ' TSI N * back to back Tx-Rx
@ 1 measurement
T 5l |
5l (saturated Tx)
220" : o
g * Link distance 90cm
T 25 {
E _ * 1/Q imbalance for the
= -30 | | —e—Carrier Freq=225 GHz i .
—=— Carrier Freq=235 GHz A link< 1dB
-35 - | —v—Carrier Freq=245 GHz ve . .
—a— Carrier Freq=255 GHz  6-dB IF bandwidth is
40 ‘ \ !
° ° Frequer1|<(:)y (GH2) ' 20 15GHz
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Antenna Design/Packaging
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Simulated Antenna Input Impedance

) —
141 x'u i e
PN S 150 GHz | A N
+ 5 L t
i P
= —2 i, ".| - Jf i
i #
= b ;
HF +
m i
[
[}
i
151} ";_ [
Y
) L . i
?lIIIII 1.5} A 2ar A S JM3 M0

Measured Radiation Pattern

i

Freqguency 1GHz)

M

Directavity (dBi)

”.._,__
o

i 5
£ 1

26.4 dBi at

240GHz

—= ]':-pi..l:w|
- = [iplane |

l
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o

Theta (degrees)

Dosvn
converied
RF signal

-

Spectrum
analyser

Horn Antenna

:_; Si Len& ‘ i
30 cm s
¥18 mult
chain | S -!
i e
e |
Fra L
ta
synth E‘loror cantrol = PL

Smmdia -=-=-====-=

PCB
" Chip

________

Estimated measured gain at 240 GHz: 26.4 dBi
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Wireless Link Tests
240 GHz IQ Tx and Rx Chip-Set
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Communication Link Tests
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Approach 1: Full bandwidth

— Performance evaluation.

— Requires fastest test equipment
(Scope/ADC) available on the
market.

— Too costly/bulky for commercial

applications.
i
226:.5 240 25:3.5
GHz GHz GHz

Requires ultra fast test and
measurement equipment

© 2019 U. Pfeiffer

Approach 2: Multi-carrier

— Multiple carriers share the full
bandwidth.

— Scalable data-rates possible

— Commercially viable due to
commercial baseband/ADC

hardware, e.g. from broadcom.

226.5 GHz 253.5

GHz GHz
P RS
i e S A I A
4 ke / ML e ! N s N 5 ¥ N
N \ | \ + \ 3
—agt |

Y

—l—- el 0 el

Commercial viable, but IF
filters required
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Communication Link Tests THET

e Absorbers cover
PCB and rail

 LoS alignment

* RF Phase
alignment
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Simple Communication Demo THLECT
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Approach 1: 1-Meter Wireless Comm Link 1 HCT

RX module

* 1 meter line-of-sight

* No free space optics or mirrors

 LO Phase-shifters for phase alignment
10 dB IF attenuators for linear TX

Diff Data Stream | Y Y Diff Data Stream |
AWG: Diff Data Stream Q| Tx One Meter Rx |piff Data Stream Q Scope:
* RRCfilter (0.1-0.7) Phase :ﬁrﬁe;r Phase | e 2*33 GHz, 100 GS/s
* Pre-compensation || | 108  (7)PEL P SR + Vector signal
20 GHz analog BW - 52035 QU gynihosizer - — =i * RRC matches AWG
. Eff. BW 16QAM: |2 Tekironix AWG70000 {2x Tekironix DPO70000SX: » Feed-forward

[1] P. R. Vazquez et.al. “Towards 100 Gbps: A Fully Electronic 90 Gbps : :
— 12.4 GHz, 90 Gbps, One Meter Wireless Link at 230 GHz”, European Microwave Conference adaptive equalizer

-8.2 dBm, 2.5% EVM  (EUMC) 2018, :1389-1392 November 2018 (17 taps)
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Link Summary (Amplifier First)
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Date Rates/ | Range/ Reference
EVM max range

BPSK  35/27.5%
QPSK  65/30.7%
16QAM  90/14.7%
320AM  90/11.9%
640AM  81/8.7%
16QAM

© 2019 U. Pfeiffer

Quadratue

1m/5m [RWW18]
1m/5m [RWW18]
1m/1.8m [EuMC18]
1m/1.6m [APMC18]
1m/1m [RWW19]
30 Gbps - 50 Gbps
. ¥ - : [l R WE
o'.uués :’a’"*:pn
¢ o v # Tdwdm

» "

hwc‘

In phase

EVM =6.8 %

In phase

EVM = 8.6 %

18 T
-+=10 Ghps
167 B 20 Ghps - -3
—'————_-*—____' —————————————————————— ——E—Gbﬁa——ﬂlo
—14 : » * 40 Ghps
s, N * 50 Ghps
= 12} —— "y _~*1+eocops- - BER=107
E il nh WA —q==== - Jj.'-"‘""'l'ﬂ:u'fﬁ"hﬁﬁ"(_
e — Ty AE0Ghps -
= | R T T vl Ghps 6
X gt ] . ——* BER=10
EJF_. -' .. Ei g —l-'.-. »
: g e = T — — —%
4 i = _plt 1 |
22 225 230 235 245 250 255 260
LO Freguency [GHz)
80 Gbps 90 Gbps
.. %N WO BB
® P . & e
g***& ik deik S5 )
E il
3 - ¥ 4 E Rt $a. 25 -
-8 * \ - &3 !£. S

In phase

EVM =11.2 %

In phase

EVM =14.6 %
Limits: I/Q correlation, LO SFDR, -55 dB LO-BB feed-through, group delay distortion (package)
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Chip-Set Summary (Tunable Carrier 220-260 GHz) 1 HET

Amplifier First (230GHz carrier) Mixer First (230GHz carrier)
Carrier/BW Psat CG NFmin Carrier/BW Psat CG NFmin

230GHz 9dBm 23dB 11.5dB 220-260 GHz 9dbm 7.8 dB 14 dB
/24GHz /28 GHz

Date Rates/ | Range/ Reference Data Rates/ | Range/ Reference
EVM max range max range

RF front-end
performance

§ BPSK 35/27.5% 1m/5m [RWW18] | BPSK 35/27 9% 1m/4m

© publlshed

g QPSK 65/30.7% 1m/5m [RWW18] | QPSK 60/26.2% 1m/4m [IIMWT]

E 16QAM 90/14.7% 1m/1.8m [EuMC18] |[16QAM 100/17% 1m/1.8m [MWCL]

Q. 80Gb

x @ Ps

.5 32QAM 90/11.9% 1m/1.6m [APMC18] |[32QAM 90/13.7% 1m/1.6m Not
published

64QAM 81/8.7% 1m/1m [RWW19]

[MWCL] P. Rodriguez-Vazquez, et. al.," A 16-QAM 100-Gb/s 1-M Wireless Link With an EVM of 17% at 230 GHz in an SiGe Technology,"
© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 164



Jnrh.rl'-:-rlg A TLE Y
& Lornuicab e Icheoogy

Link Impairments (Mixer First) 1HI:T

* 1Q channel leakage:
— Uneven RF BW cause different USB and LSB transfer functions and cross-talk at BB

 Broadband phase-noise floor:
— Broadband noise floor becomes more relevant
— PN of the external Synth (-150 dBc/Hz) scales by a factor of 20log10(16)=24.1 dB
— ->Rms phase error in the LO path scales linearly with the modulation BW
— The total integrated (BW=13GHz) rms phase error is 4°
— Close-carrier PN is 1.8° at 1GHz

* Harmonic spurs in LO:
— odd (x15,x17) and even (x14,x18) harmonics around the desired x16 tone
— The odd harmonics (x15,x17) are particularly harmful for the link performance.

— Mixing with x16 produces modulated replicas centered at a frequency offset equal to
the external LO frequency drive. For data-rates above 50 Gbps, these replicas alias with
the main spectrum with no space for filtering at the Rx output.

 Insufficient isolation from ext. LO:

— was measured to be at 50 to -55 dBc. For data-rates >90 Gbps signal quality effected.
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USB and LSB transfer function asymmetry
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RX amp first

40
25 —0C6 {35
Eg - - GERHF
;EG nssrur |0
[ ~u SEENF K.
w15 H 2
{:— b ”
%HI 120
E 3 115
S - :
0 110
St 1 1 45
200 205 210 218 220 228 a0 235 240
Freguancy (GHz)
USB >> LSB (8 dB)
]
-5
E.
5 10
=15
5
o -20
= i '_"Pc:-l.-t freas
! _Eﬂlutﬂn
.30
-35
200 210 220 230 240

Frequency (GHz)

220 GHz
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Haize Figure {dB)
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1

o . [({ @ ymans e,
IQ channel leakage from amp. distortion THLCT

BBI coS BB Q
1 )
< >
€ S < N
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IQ channel leakage from amp. distortion 1HCT

BB I cos BB Q

1 ommm 1 —1 ,

.
=

<€

<€ * > <€ * >
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Link Impairments (Mixer First)

(o
1
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HCT

LO spurs TX output
Modulated
A %16 A RDF gin?al Unwanted

harmonics
_|modulated
| signal

RX output

A___ Signalto

Cinterfere E-T
N
|
|

Ext. freq.
leakage

L T T TB i | i Noise
3 T S '
a) freq b) G) freq
FEE R | Ewrd . O 10 BE
Tx to R . : g (S
Con};t:tllat};on il * t ‘ " i‘ *-* # g leakage;
16-QAM | A - ik - | % ti%* 50 .
. ) . H : 5 -70
W €| Ho%
Symbol Rate| 23.75 Gbaud 25 Gbaud T hemea G
Dal’f; glate - %g_éi':sda 1?};{}0;0_1355:: = RxSignal Spectrum (95 Gbps)
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Link Impairments (Mixer First) 1 HCT

20 | | | |
From 1 Gbps |

-
|Phase Noise

co
|

—v— 220 GHz
—e— 225 GHz
—b— 230 GHz
- v 235 GHz
- & 240 GHz
— & - 245 GHz
== 250 GHz
, , , -—8-- 255 GHz

20 30 40 20 G0 70 a0 90 100
Data-rate (Gbps)
e Q: What do we need to do to improve data-rates and range?

— Range: Tx radiated power, Rx noise figure, antenna directivity

— Data rates: SNR/PN limit spectral eff., but RF BW flatness, PN floor of ext. ref. Synth, freq. planning
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IEEE 802.15.3d-2017 Channel Allocation
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16 72 ﬂiﬂﬂﬂﬂiﬂiﬂﬂﬂiMiﬂiiﬂiiiiiiii 1

I
|
- h h
35 36 37 33 39 40 41 42 43 44 45 36 J 4 sz
Ch 49\/0:150 VCnm 52 \/cnss \/cn54 V:nss \/:hse !‘ e

]
I
8.64 :
l |
I l I
i
I I I
oh 62 \/éhss h 64 \/Ch 65 !
17.28: L ...\ﬁ..,v.,,&_jfﬂz
|
]
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I

.

25 92 !%hﬁﬁ \/éhﬁ?
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|
i
I
L Tz
: : |
68
| I
69 : 1 2' h Bg - - - - - - - - - ' -2 - l f HZ
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252.72 30456 321.84
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4 Channels with 2.16 GHz BW
@ 253.8, 255.96, 258.12, and 260.28
GHz
« 2 Channels with 4.32 GHz BW
@ 254.88 and 259.2 GHz
1 Channel with 8.64 GHz BW
@ 257.04 GHz

« All this Channels are expected to
reach data-rates under 50 Gb/s.
We already reached this goal.

« Link distance remains a problem:
1. Pout 10 mWnot1 W
2. Antennas 25 dBi not 40 dBi

More directivity is required (50 dBi
to compensate for the reduced Pout)
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Link Budget Estimations

Tx Pout Data SNR for Antenna Power | Maximum
-rate BER =103 Gain required | Distance
+16 dB lossEM &0 in Rx

230 GHz 5 dBm 100 14dB 16-QAM 32.5dB 26 dBi -29dBm 1 meters Measured
GHz Gbps

230GHz 5 dBm 30 100 14dB 16-QAM 32.5dB 50 dBi -29 dBm 100 m With a second
GHz Gbps 6.5 cm lens

100m range coverage expected for 50dBi lens gain
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SoA for all-electronic wireless Iinks < 200 GHz

Reference Technology | Frequency | Channel | Modulation | Data-rate On- chip Fully-
BW antenna packaged?
[Kang15], 65 nm CMOS 240 GHz QPSK 16'Gbps 480 mW 2 Ring (on wafer)
[Thyagarajani15]
[Fritsche17] 130 nm SiGe 190 GHz 20 GHz BPSK 50 Gbps 154 mW-? 0.6 cm Monopole No (on wafer)
[Leel19] 40 nm CMOS 300 GHz 20 GHz 16-QAM 80 Gbps 1.79 W 3cm No No (on wafer)
[Kallfass15] 35 nm InP 300 GHz 22 GHz QPSK 64 Gbps - 2 meters No Wave-guide
[Boes13] 35 nm InP 240 GHz - 8-PSK 64 Gbps - 40 meters No Wave-guide +
Horn
[Hamada18] 80 nm InP 270 GHz - 16-QAM 100 Gbps - 2.2 meters No Wave-guide +
Horn + Lens
[Eisa18] 130 nm SiGe  240GHz <15GHz BPSK 25 Gbps 950 mW 15 cm Doulble PCB + plastic
folded dipole lens
[EUMC18] 130 nm SiGe 220-260 13GHz 16/32-QAM 90 Gbps 1.96 W 1 meter Ring PCB + silicon
GHz lens
[MWCL19] 130 nm SiGe 220-255 13 GHz 16-QAM 100 Gbps 141 W 1 meter Ring PCB + silicon
GHz lens
1 Tx without baseband interface: PRBS generator on chip.
2 No LO generation path implemented on chip.
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240GHz Radar Transceiver
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3D-Imaging (210-270-GHz Radar Transceiver)
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Rx: RHCP

DI ] I OUt g QGD CDUP'EF @

Fund. mixer
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Single-to-Diff. ~ Freq. multiplier

Dual Polar.
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Chirp Input °
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[1]J. Grzyb et.al., A 210-270-GHz Circularly Polarized FMCW Radar With -4 - S 20
a Single-Lens-Coupled SiGe HBT Chip, T-TST 2016 w210z F,ﬁ;}ﬂm fgﬂﬁ R
RX CG=12.1dB, NFmin=21.1dB, -10dB-BW=46.3GHz
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3D Imaging and Non-Destructive Imaging Results
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Multi-Color Imaging
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How about hyper spectral imaging and sensing? 1 HLC T

Wanted: Materials spectral fingerprint
+
Polarization-diversity for ellipsometry

; >

1 —( ~/ 100GHz 1THz

sweeper at least a decade of bandwidth!

Can we do this in a compact silicon-based coherent imager?
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Hyper Spectral Imaging THLCT

; > f

|
I
|
I
|
I
|
I
|
I
150GHz 1.5THz I
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160-GHz to 1-THz Multi-Color SiGe Chip-Set 1 HCT

el 2ot e o o Differential 825-
j%) C% gy iy _ GHz RF mixes with
| the 5th harmonic
{ o [« @20 ofa162GHz LO
e + CG=-15dB

LT 1+ 4freq. mult.

E_ x5 |

Multi-Color Spatial
Power-Combining Transmitter ﬂhlp

ﬁmﬁ.’ﬁ:}? " 2x2Ring 164CHz  18CHz Stages
e AEWE. pold ATREOER ARy 3 Muliiptier LO Inpt I
B B <_{ * 4ringantennas for
.5\‘; — ““""’_w-fawuwar L spatial power

Splitter

Multi-Color 2x2
Recelver Array Chip

combining
* 4.0x0.8 mm?

[1] K. Statnikov et.al. 160-GHz to 1-THz Multi-Color Active Imaging
With a Lens-Coupled SiGe HBT Chip-Set, TMTT 2015
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THz Harmonic Generator

Jn'I'I:I.I' for bg- -ssuemy
& Lornuicab e Icheoogy

'IHI:T
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|

| 18GHz .

G A - o R —

Tt ikl o e 3rd Multiplier
e 2nd Multiplier

: 54, 7Gl'lz 54.7GHz 164GHz 164GHz 820GHz .

| Tripler PA Tripler PA Multiplier :

E x3 E | x5 | ‘

| = - :

. T . : i
i m ﬁg‘:
TINIRET

4.0 x 0.8 mm?
TX chip

4 freq. mult.
Stages

4 ring antennas
for spatial
power
combining

[1] K. Statnikov et al, ,,160GHz to 1THz Multi-Color Active Imaging with a Lens-Coupled SiGe HBT Chip-Set”, TMTT Dec. 2014
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TX: harmonic generator circuit 1 HC T

» Differential stage Q1/Q2 pumped with a 164GHz RF signal
e OQutput tank L1/L2 and C1/C2 tuned to 825GHz center frequency
 Simulated output power -25dBm with an 8dBm input signal

—— VWCCX5 =18y T
| Ring antenna |
TL3 TL4 |
D A
Vbias B— DL
TLOCA .
TL u }/ L
.2 B— 01 a2 |
LO+ |— TLSC1 H |
- TLSCZ2 . |
!_Q f: ), e |
TLZ
From RF multiplier TLocz |
164GHz, 8dBm
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Rx Harmonic receiver array 1 HCT

i L? T [E'{ - n? ' B20GHz2x2ReceiverArrayChip |

! T Ant. *M* t Tﬁnt. e 2.3x0.6 mm?

| 164GHz 164GHz 54.7GHz 54.7GHz 18GHz | .

i ] & Eé[%j PA Tripler PA Triplet :.n{;u[ RX Chlp

A S <{;}\/|7 » «7 3 ‘<|{ -+ 2x2receiver

: Ant. ] [ Ant. ! L Z

; e array

i % ;:Iﬂ?!'mu:ic{xﬁ] | ¢ AngUIar

: xer Array - . .

I-'L"—"-"-"-"-"-"-'I'-F'?"-"-"-"I'-l':f'-"-"-"-"-"-"-"-".';' ---------------------------------------------- dlverSIty /
-.. Multiple beams

|__J, I
-IIIII-IIIII.
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RX: Harmonic mixer front-end circuit 1 HC 1'
L0 %9 mult 4way | —» L0 for 5rd raxer - Differential 825-
power splitter — LO for 2nd mixer GHZ RF from
: T YeemkEsY antenna mixes in
Vbias y
>HRE, HR1 [HRQ Q1/Q2 With the 5th
From LO muilt. -
164GHz, 0dBm R D , ﬁ a3 harmonic of the
 Ringantenna . ) Ve 162-GHz common-
’ N mode LO signal
- - Simulated
) conversion gain = -
15 dB (0dBm LO)
~ . uRa Hm
TL stub l

___________________________
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Measured Rx Results 1 HCT

e <10% fractional RF BW, but at multiple harmonics!
45 dB SSB NF

RX board

; 1 1 1

== ............ :.- -; ........... ............ :- +EI}IWEFSi{I-I'I G_g_in'. 110

: : : : © | =8 =Noiso Figumﬁh

-__-1.-,.-_-r-,:;;-_.:_.:-:‘._:_::;r;,':.--.:.::-_.-.:1-_,.:_. 100
: : : : ]

—A -Gk e e e ..... . ' . T

|
s

@ 9!

Moise Figure {(dB)

B?EH} a0 810 820 B30 B40 850 BED E?ﬁu
Fraquancy (GH#)

© 2019 U. Pfeiffer IEEE Future Networks Tutorials (Invited Tutorials) 186



Jn'I'I:I.I' for bg- -ssuemy
& Lornuicab e Icheoogy

Measured Tx Results 1 HCT

e <10% fractional RF BW, but at multiple harmonics!
e 0dBm EIRP, -25dBm Prad

Transmitter board

Radiated Pawer (dBm)

5 ' : oy pE
—65 - == Optimized for max, oper. bandwidthy- - & E; ----- o R .
-E-'i]phml?ad far aX. rel. pawer g g
_?D 1 1 1
Tan 790 E-{IL'I 810 820 830 840 850

Frequency (GHz)
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IF Spectrum
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(a) O
3rd TX in
-10 harm. orientation for
O odd harmonics
-20
Sth
= harm 2 I
z ross-polar
s o1 O  leakage!
> 40 harm. 7 S m— intermodulation
%_ ®) 1~ products
‘% -50 4 T"’Jﬁf Phase noise
of the dominant
e &0 harmonic signal

© 2019 U.

-
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0 200 400 &00 800 1000
IF frequency (kHz)

(b) ©
TX im
-0 orientation for
2nd even harmonics
=20 harm.
Cross- O
-307  polar 4th
E leakage . harm.
2 /T o
2 5p L
l"l'
'E Gth
50 harmn
O g FPhase noize
of the dominant
-70 hamonic signal
MNaize
floor
; s
] 200 400 &00 800 1000

IF frequency (kHz)

 Only one image scan required to capture odd harmonics
at 0.16, 0.48, and 0.82 THz

* Cross-polarization is also available at 0.32, 0.64, 0.96 THz
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Imaging Results 1HI:T

6

SNR (1Hz-REBW) [dB]

3
120 - ; - : ; : : g,
110 é
100 F 0
B 656 GHz
i 5 4th Harm.
i 63 dB SN
a0+ 4
E
-80dB___-60dB_ -40dB -20 6B 0B 5 2
70 e —— GBW g
P 164 GHz —
6
B0 i 15t Harm. §°
[ 68 dB SNR \ ' 5
8 c
&0 &
: | L
40} > > .
. -
30k § 5
>80 dB S c
5 §
20 : . ; - - @ 5
100 200 300 400 500 B0 T0 S00 g S
RF Frequency [GHz] o 5

2 4 6 8 10 12 14 16
X-Dimension (cm)

Coherent System: High imaging SNR even at 1THz possible!
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THz Near-Field Imaging
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However, resolution is diffraction limited...
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Feature sizes of THz imaging/sensing objects

Biomedical Applications
Solid State Physics
THz SNOM

THz Solvation Cemistry Nondistruetive Testing

THz [arfield imager

THZGSIBS Cameras

LICwave,coln

T_ Imager

www, witec.de

hitp://

B =
&
j*¥
a
e
- |
proteins, =
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=
-t
E weapons
ﬁ
DNA bases ; :
PO ' '
U 3} fresco _
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| ' 1 LIRILERRE 1 LR 1] 1 LR 1 i Illlltl] L ] ILEEEALl L LI UL L] Ll ILEERA
10nm 100nm 1pm 10pm 100pm 1mm lem 10cm
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SoA Near-Field Imaging THCT

Near-Field Scanning Source or detector placed remotely
Optical Microscopy (NSOM) * Poor power coupling efficiency

vibratio ”1 ' * High-power sources & cooled

detectors

THz
source

 Low dynamic range & contrast in
far-field clutter

$

um/nm-range resolution Laboratory technique
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Sensing Mechanism THCT

Split-ring resonator (SRR)
B

L1 lc

\\
shield magnetic field localized field expose to chip
from chip top surface enhancement top surface
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Resonator Design
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(o
THLCT

source SRR detector

Josc

magnetic
coupling

sensin

split gap
area

[1] Janusz Grzyb et.al. A 0.55 THz Near-Field Sensor With a um-Range Lateral Resolution

Fully Integrated in 130 nm SiGe BiCMOS, JSSC 2016

Free-running oscillator and
power detector
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128-pixel Near-field Imager (THz SoC) 1 HCT

ﬁﬂl TPO 1:4 power [=°*** % #oa— e |HP 0.13|lm SiGe-BiCMOS
Igefosc] splitter [oees seno] : (fT/fmax=300/4SOGHz)
[ oy T oomer Foree S8 wed
o TN = = {10 3 * Each row divided into 16
. 5 E R & sub-arrays of 4 pixels
Sez) PO ”[fu,%{' 5l | |+ Driven from single triple-
ASIC DETbias Al | push oscillator
e v [31:0]  LIgain]6:0] 7
ot coll30 ;;'1;",;*|’;:§;:ﬂ:'|| — ) — ){/ - . connecte?l by 4-way
A .-uie-ni:};.:':.:]rlfl y ch_/ amp ) ”;'”’”J’ | power Splltter
— """"“""‘-":”"—t LA ] el | o&] ]l Sequential operation
NEAEE: 4d] |reference zl 1=
LS ELELEL  eencrator] fre2 [ L ITP1 chip boundary

[1] P. Hillger et.al. , A 128-pixel 0.56THz sensing array for real-time near-field
imaging in 0.13 um SiGe BiCMOS, ISSCC 2018
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Chip Micrograph and Packaging THLET
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Imaging Results 1H|:T

Main Challenge: Mechanical stability / accuracy

z translation THz Image i hubber h@lder

stage granite 3 ey

FPGA ¥ / boulder

b ¢
.

senso
sCanning

2 : ‘ direction

]

15um edge width
(10%-90% rising/
falling edge crit. )

bar width—50pm ::,—:
pitch=250pm ‘

0 05 1 1.5 Mvisual

X [mm)] image
128x1500 pixel (1-D scan, 1um step)
Tscan=6min 45 sec !
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Real-time Near-field Imaging 1 HCT
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Outlook — Biomedical Applications THLECT

Paraffinized tissue slice (5um thick)
Microscopic Image THz NF Image

.

More results to come...
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Summary and Conclusion 1HI:T

 THz applications with SiGe and CMOS possible!

— Vast number of potential applications for Silicon at mmWave and THz frequencies

e Heterodyne und direct-detection imaging up to 1THz
* 3D Imaging: Terahertz tomography, 3D radar, Focal-plane imaging with THz Video Camera beyond 1THz
* Near-field imaging and sensing in biomedical applications

 Misconception: One can implement THz electronics in Silicon process
technologies and circuits work at room temperature!

— SiGe HBT:
» Direct Detector: 3pW/VHz at %5 THz

* SiGe HBT power capabilities: 12dBm, -1dBm, -3dBm, -29dBm at 160GHz, 220GHz, 320GHz, 820GHz
respectively

e source arrays up to 0dBm at %2 THz
— CMOS competitors:
» Direct detector: 17pW/VHz (650GHz) demonstrated in 65nm SOI

e 1k-pixel 500 fps real-time THz video camera demonstrated
 CMOS capabilities: -1.5dBm (-4dBm rad.) at 288 GHz

100 Gbps wireless communication possible now!
— Fully-integrated 240GHz RF front-ends up to 1m (100m with mirrors possible)
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the next generation of terahertz
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