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28nm, 22nm, 12nm FDSOI cross-section

Unlike bulk planar and FinFET CMOS, the body is floating

Can control Vt, ION, gm,  fT and fMAX characteristics

Si/Ge sheet channel scalable to 5nm physical gate length
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Transconductance vs. VGS, VBG
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28nm FDSOI
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fT and fMAX vs. VGS, VBG
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                   28nm FDSOI
Peak values occur at VBGN =-0.5 V and VBGP=0.5 V
When charge accummulates at top interface
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Plot fT and fMAX vs. IDS, VBG
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28nm FDSOI

[S. Shopov and S.P. Voinigescu, IEEE JSSC  2016]



 g'm vs. IDS, VBG

Sorin P. Voinigescu 7 Topologies and design methodologies in FDSOI

22nm FDSOI
40x20nmx590nm

Jpeak-gm tuneable from 
back gate

Jpeak-gm>Jpeak-fT

Same as Jpeak-MAG

VDS=0.8V



MAG in 28/22nm FDSOI with back-gate bias 
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MAG increases from 28nm to 22nm FDSOI

V
DS

= 1 V in 45nm PDSOI => V
DS

= 0.8 V in 22nm FDSOI

gm, fT, MAG improve

but fMAX saturated

MAG small at 60 GHz



fTbg for backgate input: 22nm FDSOI
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Mm-wave circuit design starts with layout!

 n-MOSFET 40x28nmx780nm double-sided gate contact

11 of 17 Electromigration RULES!

Hard to bias at > 0.2mA/um

Enlarged gate pitch and S/D 
contact area

More flexibility than in FinFET

Impact of layout RC parasitics

higher than in older nodes

Optimal Wf = 0.3-0.6 µm
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Most compact fine pitch layout in 22nm FDSOI

 40x20nmx590nm single-sided gate contact, 1x pitch
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Double-sided 
gate contact not 
possible

Source and drain 
on the same 
side

High fT, good fMAX

Optimal Wf = 
0.4-0.6 µm



Using relaxed pitch in 22nm FDSOI

 n-MOSFET 40x20nmx720nm double-sided gate contact 2x pitch
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Extract C'gs, C'gd, C'db : 1x pitch single-side gate
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22nm FDSOI

N-MOSFET
40x20nmx590nm



Extract C'gs, C'gd, C'db: 2x pitch, double-side gate
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22nm FDSOI

N-MOSFET
40x20nmx590nm

C'gs most affected



Extract Rg: single vs. double side gate contact
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22nm FDSOI

N-MOSFET
40x20nmx590nm

     2x pitch

Single Gate: Rg=15 Ω
Double Gate: Rg=9.4 Ω 



Extract R's   => source stripe width matters 

Sorin P. Voinigescu 17 Topologies and design methodologies in FDSOI

22nm FDSOI

N-MOSFET
40x20nmx590nm

1x pitch: R's=209 Ω*μm
2x pitch: R's=185 Ω*μm 



Jopt=0.2mA/µm: constant across nodes, frequency 
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22nm FDSOI

55nm SiGe MOS-HBT Cascode DA

[J. Hoffman et al, IEEE JSSC Oct. 2016]

Simulation



Jopt=0.2mA/µm: constant across topologies
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NF50 of series-stacked cascodes vs. VDS 

Neither input nor 

output matching

networks used
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Constant peak-gm, fT, fMAX, Jopt vs. temperature 
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22nm FDSOI



22nm FDSOI cascodes vs. 55nm MOS-HBT cascodes
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22nm FDSOI vs. 55nm MOS-HBT cascodes

23 Topologies and design methodologies in FDSOISorin P. Voinigescu

22nm n-MOSFET and SiGe HBT at 60 GHz 22nm n-MOSFET cascodes and SiGe BiCMOS 
cascodes at 80, 120 and 160 GHz



Design methodology summary
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● Lay out & extract MOSFETs with different Wf, ½ gate contacts, 
source/drain contact pitch, and styles

● Simulate or measure C'gs, C'gd, C'db, g'm, Rg(Wf), R's 

● Simulate or measure peak-fT, NFMIN, peak-MAG, Jopt, Jpeak-MAG 

● Optimize layout based on NFMIN, peak-MAG at desired frequency

● Now design circuits by hand: Find W, Nf, IDS of all transistors

● Use computer simulation after extraction to design matching 
network without changing transistor sizes and bias current

● Design/model your inductors, transformers to suit top layout 
24 
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Unique circuit topologies

o Series-stacked, large-swing PA and SiPh modulator driver with 

individual back-gate control

o 4-terminal mm-wave varactor VCO with small KVCO

o Series-stacked doubler - LVT/HVT back-gate control

o Series-stacked switches (as in 180nm/45nm PDSOI CMOS)

o CMOS switches with back-gate control

o 0.8V CMOS Quasi-CML - LVT/HVT back-gate control
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Series-stacked n-MOSFET or CMOS PA/Driver 
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[I. Sarkas IEEE PA Symposium, 2013][I. Sarkas ISSCC, 2012]
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Transistor sizing
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● Dynamic current Im is reduced higher 

up in the stack

● Progressively smaller transistor width 

higher up in the stack can handle the 

smaller current

● Minimizes Cout and increases Zin, Zout, 

BW3dB 
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Inductive broadbanding (inductive neutralization) 
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● Artificial transmission line

● Unlike Miller (negative capacitance) neutralization which 

improves MAG but degrades NFMIN and fT, it improves

● MAG

● fT, and

● NFMIN

● fMAX remains unchanged (as Miller neutralization)



New design freedom in FDSOI 
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● Increasing backgate voltage in upper 

stack: LVT n-MOS BG at 1, 2, 3V

● Output matching without matching 

network from Ci where i=2,3

● Replace C3 with varactor => adjust 

output impedance and output swing

● Control reliability of top n-MOSFET
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Varactor control of Rout in 22nm FDSOI 
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● 4-nmos stack

● Thick oxide varactor

● Control voltage: 1.8-3.8 V



Large-swing/power cascodes in 22nm FDSOI 

Sorin P. Voinigescu 32 Topologies and design methodologies in FDSOI

[M.S. Dadash et al., BCICTS 2018]



VDD/VOUT/IDD control in 3-stack CMOS inv 22nm FDSOI 
Adjustable output swing or output power
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Comparison with 45nm PDSOI 
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[M.S. Dadash et al., BCICTS 2018]

● 3/4-nmos stack

160x720nm=115μm

● 3-CMOS inverter stack

224x720nm=161μm



3-stack CMOS inv.: 22nm FDSOI vs. 45nm PDSOI 
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Includes pads and 
interconnect



3-stack CMOS PA: 22nm FDSOI vs. 45nm PDSOI 
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PSAT and drain efficiency vs. frequency

Sorin P. Voinigescu 37 Topologies and design methodologies in FDSOI

[M.S. Dadash et al., BCICTS 2018]



22nm cascodes: 28-GHz POUT, PAE, G
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3-CMOS stack

● CMOS cascode => best linearity, output power

● 3-stack n-MOSFET cascode=> best efficiency 



22nm cascodes: 79-GHz POUT, PAE, G
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[M.S. Dadash, et al., EuMW 2018]



3-CMOS stack 64QAM, 18 Gb/s at 5.5 GHz
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POUT = 14 dBm, EVM = -33.6 dB



3-CMOS stack 64QAM, 18 Gb/s at 28 GHz
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POUT = 6 dBm, EVM = -32.4 dB



3-nMOS stack 64QAM, 18 Gb/s at 28 GHz

42 Topologies and design methodologies in FDSOISorin P. Voinigescu

POUT = 10 dBm, EVM = -32 dB



4-nmos stack optical modulator driver performance
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56 GBaud 4-PAM = 112 Gb/s,  2.7 V
pp

[M.S. Dadash et al., BCICTS 2018]

Highest bit rate, largest swing in CMOS



3-nmos stack optical modulator driver performance
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 Tech. Topology Data Rate
(Gb/s)

Output Swing
(Vpp)

Pdc 
(mW)

Efficiency 
(pJ/bit)

This 
work

22nm 
CMOS

3-CMOS stack 
single-ended

100
(50GBaud 4-PAM)

NRZ: 4 @ 16Gb/s,
      1.8 @ 56Gb/s

4-PAM: 2.1 @ 100Gb/s

230 2.3

This 
work

22nm 
CMOS

3-nMOS stack
single-ended

112
(56GBaud 4-PAM)

NRZ: 2.7 @ 56Gb/s, 
        2.2 @ 64Gb/s

4-PAM: 2.4 @ 112Gb/s

140 1.25

ISSC
2018

10nm 
FinFET

CML
differential

112
(56GBaud 4-PAM)

4-PAM: 0.7 @ 112Gb/s 193 1.72

ISSC
2018

14nm 
FinFET

stacked-CMOS
differential

112
(56GBaud 4-PAM)

4-PAM: 0.5 @ 112Gb/s 230 2.06

MTT
2017

55nm SiGe 
BiCMOS

push-pull
differential

168
(56GBaud 8-PAM)

8-PAM: 3.8 @ 168Gb/s
4-PAM: 4.8 @ 128Gb/s

820/600** 4.88/3.57**



0.8V VCO with 4-terminal Varactor  
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● p-MOS BG at -3 V

● n-MOS BG at 3 V

● Varactor with backgate and D/S control 

node

● Digital and fine control

● Allows low voltage and high voltage 

control of KVCO

● 1/f corner => longer gate

● Higher PN due to lower swing
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 Measured tuning curves vs. top and back gates   
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First CMOS cross-coupeld VCO above 70 GHz, P
out

 = 2 dBm (CMOS inv. buffers driving 50Ω

First 80-GHz VCO with static divider chain in CMOS at 125 oC 



Comparison with 45nm PDSOI, SiGe HBT 60GHz VCOs
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Low-power, 3-4mW PDC 
cross-coupled VCOs
for ambient sensors

[S.P. Voinigescu, et al., 2018]



Divider/PLL/LO tree: 0.8V Quasi-CML > 80 GHz 
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● HVT n-MOS BG at -3 V

● LVT n-MOS BG at 3 V

● 0.4Vpp quasi-CML swing

● 40-GHz CML-to-CMOS logic



160-GHz doubler source
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● top SLVT MOSFET, VBG=2...3 V

● bottom HVT MOSFET VBG=-0.5 V
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151GHz PN@1MHz= -75.85 dBc/Hz 



Series-stacked antenna switches: DC-30 GHz
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● FoM = RonCoff = 0.08-0.11 ps

● Lmin to reduce Ron

● Wf >1μm to reduce RonCoff

● RG, RNW (2-5 kΩ) reduce Coff

● 8-12 series n-FETs

● Series stacking increases P1dB

● P1dB > 30 dBm 

[Y. H. Chee et al., ISSCC 2017]
[F. Zhang , GF in 22nm CMOS at SOI Consortium, April 2018] 
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mm-Wave 5G User Terminals?

o We have been there before (2004-2018) at  60 GHz 
 
o Size (antennas, #of dies) and dc power matter

o What if user's hand covers the phased array?

o Circuit topologies have not changed

o 28 GHz should be easier and lower power than 60 GHz 
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What's new? =>MIMO with dual polarization antenna
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[Daneshgar et al., ISSCC 2018]



28GHz phased-array transceiver in 28nm RFCMOS
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[J.D. Dunworth et al., ISSCC 2018]



 Bidirectional transceiver lane block diagram
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[J.D. Dunworth et al., ISSCC 2018]

● 4-element transceiver phased array for mobile terminals

● MIMO with dual polarization antennas

● 24-element transceiver phased array for base station

● Linear upconverter and transceiver requires backoff => NOT efficient



Comparison of 28GHz phased-array transceivers
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[J.D. Dunworth et al., ISSCC 2018]

 28GHz and 60GHz 

phased-array elements

 suffer from poor 

PAE (<10%) and 

low Psat = 4..6 dBm



IQ-Power DAC 1-32GHz, 22-32GHz, 18dBm transmitters 
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S. Shopov et al., 
IEEE Trans. MTT 
Dec. 2017

45nm PDSOI



Measured perfomance
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2Gb/s @ 2GHz 10Gb/s @ 20GHz

QPSKQPSK
64 QAM
OFDM

32QAM 4GBaud=20Gb/s



Perfomance comparison with other digital TX
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138GHz I/Q 6bit Power-DAC TX in 45nm PDSOI

[S. Shopov et al., ESSCIRC 2017]
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Measured 138GHz constellations and OFDM spectra 
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Distance  > 15 cm limited by microscope height
in on-die setup



60GHz polar digital transmitter in 28nm RFCMOS

[S. Daneshgar et al, ISSCC 2018]
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60GHz transceiver comparison

[S. Daneshgar et al, ISSCC 2018]
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Psat < 5 dBm per element

No amount of DPD

can improve Psat, PAE

Phase Noise and NF.



153-162GHz radar sensor/radio MIMO transceiver 
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Psat=9 dBm per element, I/Q linear up/down conversion

Receiver Gain > 20 dB, NF < 12 dB

10ns PLL settling, PN@1MHz < -110 dBc/Hz at 160 GHz

mailto:PN@1MHz


Conclusions
● gm, fT, MAG < 170 GHz continue to improve with scaling

● Back-gate control of current density, output swing, linearity

● Simpler or series-stacked topologies for PA, large-swing driver

● Similar or better mm-wave and high-speed digital performance 

than in older nodes with lower power consumption and supply

● Unlike FinFET or planar CMOS, large-swing and large-power as well 

as low-noise low-power circuits possible
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U and MAG vs. frequency at J-Band
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28nm FDSOI

40x24nmx500nm

N-MOSFET

single-gate contact

    fMAX>350 GHz

U, MAG>0@320GHz

Metal wiring not

de-embedded

mailto:0@320GHz


n-MOS 3-stack 64QAM, 18 Gb/s at 5.5 GHz
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CMOS 60GHz PAs Use Miller Neutralization
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[T. Chi, et al., ISSCC 2018]

[T. Sowlati, et al., ISSCC 2014/2018]

40nm LP CMOS
28nm RF CMOS

45nm PDSOI CMOS



Why Miller Neutralization?

slvt n-MOSFET: 40x20nmx590nm 2x pitch, double gate

Cmiller =-8 fF

Cmiller = 0
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Dangers of Miller Neutralization: fT, NFMIN Degradation

MAG@80GHz

MAG@160GHz
fMAX

fT

NFMIN@160GHz

NFMIN@80GHz
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