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Motivation (é\é

® Beyond 3G, the increasing demand for 100+Gbps data rates requires a broad available
spectrum. (D-band is attractive)

® High output power (P1y) is required for a large link distance. (The high output power amplifier
(PA) plays an important role)

® Peak and power back-off (PBO) efficiency enhancement is desirable for high peak-to-average
power ratio (PAPR) signals. (PBO efficiency needs to be improved)
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Motivation

® Existing silicon-based sub-THz PA solutions

40

v" High integration with other blocks
v Low-cost

X Limited output power Pyt

X Limited peak/PBO efficiency

® Emerging solutions for sub-THz PA

> Low-loss power combining technique

with PBO efficiency enhancement

[H. Wang et al., Power Amplifiers Performance Survey 2000-Present]
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Motivation (é\é

® Low-loss power combiner/matching networks

Power combining network Two factors affect the power loss:
---------------- (-:-“-““;““““““‘-;;:““““““ ® Reflection at the input port:
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® Passive efficiency (Npags) Of the combiner:
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Motivation @5

® Conventional transformer-based implementation for mm-wave PA
Main4 Main2 Aux2 Aux4
1 )i 1 )i / Coupling Structure | \

XY Plane

372um
0
0

Custom MOM cap
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X

[F. Wang et al., JSSC, 2021]
« Strong inter-winding capacitor C,,
« Differential output « Many MOM capacitors «  Undesired common-mode signals

X Lossy differential line X Unfriendly for sub-THz |, High Loss at high frequencies
X Unfriendly for testing EM simulation \;__Filing dummy for DRC check

Center tap and PC supply feed
Plane of symmetry

Dummy
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Motivation (4/'\

@ Imbalance of the high-frequency conventional transformer structure

N\
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Motivation (é\é

® Common-mode suppression versus C

Mixed mode S-parameter S..21 or
Common-to-Common Parameters: Scc AR @160GHz
{locoss S
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. 2 K e = common-mode suppression at
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Motivation (é\

® Microstrip-to-slotline transition structure

Odd-mode: Even-mode:
Transmission mode at the slotline is excited TM-mode wave at the slotline is suppressed

v" Undesired common-mode

signals can be suppressed
Forward Current <- Return Current <— Electric Field by the slotline.

CX XX R coccccccan

CX X R cocccccen
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B 4-way Slotline-based Power Combining PA

m Slotline-based Power Combiner
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Slotline-based Power Combiner As

® Microstrip-to-slotline transition structure
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Slotline-based Power Combiner CE
® Slotline-GCWP coupling structure Lo
ave po
4 Proposed Coupling Structure II ) ‘?L !
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Slotline-based Power Combiner
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® Wideband impedance matching with TF-based coupling resonators

Device cap. /9{3'*0’“ cap. ? Magnitude 4 Capacitance implementation )
gy % n % [~ using low-impedance sub-A/4 slotline
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\ Low loss for transmission mode
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Slotline-based Power Combiner

® 4-way slotline-based power combiner implementation
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Slotline-based Power Combiner -

® 4-way slotline-based power combiner implementation
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Slotline-based Power Combiner -

® 4-way slotline-based power combiner implementation
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Slotline-based Power Combiner (é\:é

® 4-way power combiner comparison

Zor Slotline-based power combiner VS  Transformer-based power combiner
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Slotline-based Power Combiner 5
® Back-to-back 4-way slotline-based power combiner
Core Aiva 252 By X 3 40 um ‘ Excellent port balance
3 e -'*.:; a3 181.0 0.10
g Amplitude imbalance g
©180.5 {005 ¢
@ 180.0} 10.00 I_EJ
I J) T -
1795} 005
2 Phase difference -
o <
- ——— 19910 160 180 200 220
4—540 um-—-—— Frequency (GHz)

[X. Li et al., JSSC, 2022]
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Slotline-based Power Combiner As

® Back-to-back 4-way slotline-based power combiner

Low-loss Wideband

0
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[X. Li et al., JSSC, 2022]
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B 4-way Slotline-based Power Combining PA

B 142-182 GHz Slotline-based Power Combining PA
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Slotline-based Power Combining PA (é\:f

® 3-stage stacked HBTs amplifier schematic

VCCpa2 O
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Modified Three-conductor T-line- 3-stage Transformer-based Inter-stage Proposed Slotline-based Power
based Splitter Matching Amplifier Combiner
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Slotline-based Power Combining PA @\\s
® Stacked HBTs core

Y, Reversal
BB current
[}

VOUT

© 2022 Workshop on IC Advances in China (ICAC) 9.2: Energy-Efficient Silicon-based Terahertz Power Amplifiers for Emerging B5G/6G Application 22 of 65



Slotline-based Power Combining PA

® Stacked HBTs core

3.0
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Slotline-based Power Combining PA

® Bias resistor selection

75 75
Case1: Rg= Case2: Rs=1k
Is I Is I
—_ BVceo~1.7V — BVcer=~2.3V
60|r. 2 Negative thermal-electric feedback 60 | raz2 Balanced thermal-electric feedback
+ % Vce (32) Negative I-V curve slope T 5 Vee (%) Flattened I-V curve slope

lc (mA)

45}
30 - -
15} ]

L L L 0
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5
Vee (V)

1.0 1.5 2.0 2.5

Vee (V)

lc (MA)

75

60

Case3: Rg=0

(29)BVceo~4.8 V
Thermal runaway

FVee (2)Positive |-V curve slope

Vee (V)

The DC resistance of the base affects the damage mechanism of the transistor
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Slotline-based Power Combining PA @§
® Chip microphotograph
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Slotline-based Power Combining PA S

® Measurement

SN 67-GHz PNA-X 60

(Agilent PNA-X N5247A)
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Measurement setup S-parameter results
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Slotline-based Power Combining PA (é\:f

® Measurement

50 Y ' 30 24 e ————————— 40
i =)= Gain (Meas.) = == Gain (Sim.) L = J=P,,. (Meas.)= =P__ (Sim.)
=P, (Meas.) = =P, (Sim.) 22 n,, (Meas.) N., (Sim.) 35
A 40 | N, (Meas)= =n_ (sim) |25 |
o L = >=PAE (Meas.) = = PAE (Sim.) 20 430
o] - - - e e - e o - - — L L
" 30 ut —— - < 20 — - e -
5 1 Ny ~ o = E 18} -<T - 425
o - E (n1] - - O\O
= L e - - =415 = =16 BTN, [
a 3 A - o o LLi E [ :ﬂ-
Z 10 J1ox oM 1"
: -
= X 1 12k 410
O o 415 I
L ] 10 45
-10 A 4 1 A A 0 8 [ . 1 . 1 . 1 N 1 a 1 . 1 . 1 . 0
-30 -25 -20 -15 -10 -5 140 145 150 155 160 165 170 175 180
P, (dBm) Frequency (GHz)

CW measurement results @ 161 GHz CW measurement results vs frequency
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Slotline-based Power Combining PA
® SOTA Comparison

Ref. Tech. (lgﬁg) ( dpé'?;] ) PA(‘;S“"‘X %aér)l I?(\;VH?)B (fnrri?) Po(vr;/]t\a/\r/ /?ner:f; ty FOM;rs | FOM, Combiner Type
TMTT 2013 65nm CMOS 150 12.2 12.1° 16 30 0.38 44 83 16 T-line-based
RFIC 2018 40nm CMOS 140 14.8 8.9 20.3 17 0.34 89 88 - Transformer-based
ISSCC 2020 16nm FinFET 135 15 12.8 20.5 22 0.062"™ 510™ 89 - Transformer-based
TMTT 2014 90nm SiGe 116 20.8 7.6 15 24 4.95 24 86 17 T-line-based
EuMC 2017 130nm SiGe 120 155 6.4 19 35 0.53 67 84 - T-line-based

ESSCIRC 2019 130nm SiGe 170 18 4 30.2 25 0.85 74 99 14 Diff. T-line-based
Access 2020 130nm SiGe 170 18.7 4.4 23.6 27 1.35 55 93 17 T-line-based
EuMC 2017 130nm SiGe 120 16.5 12.8 26.5 28 0.74 60 96 18 Marchand balun-based
ESSCIRC 2019 130nm SiGe 130 17" 13~ 34" 30 1.06 a7 104 - Wilkinson-based
MWCL 2020 130nm SiGe 180 15 3.5 19 80 0.92 34 85 18 T-line-based
TMTT 2018 90nm SiGe 120 22 3.6 7.7 30 0.62 256 77 16 Three-conductor-based
RFiC 2020 130nm SiGe 160 18 9.4 24 20 0.84 75 96 18 Three-conductor-based
;rshs'::vzvgzr'; 130nm SiGe | 161 18.1 12.4 | 30.7 40 0.42 153 104 24 Slotline-based
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Slotline-based Power Combining PA As
® SOTA Comparison
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B 8-way Slotline-based Power Combining Doherty PA
B Slotline-based Power Combining Doherty PA Architecture
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Power Combining Doherty PA Architecture

N\

® Broadband Doherty PA with two impedance inverters

Main PA - eeoeeeees Area overhead _
i o 22 st Tt For Symmetrical PA:
Zy ; E
« 6-dB PBO (1,=0):
2
|N1=R_z=2ROPT

[S. Hu etal., ISSCC, 2017]

Impedance seen by Aux. PA at 0dB PBO
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Normalized Impedance (R/IRyp1)

Zs

L

Zin2=2Zy=Ropr

Zni = Zo=Ropr

Main. PA at 6dB PBO

Impedance seen by

Real Part
2
0
& - e == =
Imag. Part y L rd
2k SN_2
e e= == Conventinal
e es e Broadband
_4 ' [l 3
0.50 0.75 1.00 1.25 1.50
Normalized Frequency (f/f)
31 of 65



Power Combining Doherty PA Architecture CC :5

® Compact impedance inverters

.........................................................................

...............................

.........................................................................
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Power Combining Doherty PA Architecture

® Broadband Doherty PA with compact inverters

Main PA — \I Impedance Inverter Il

WD B M
&  Cp % %. Csi
1: LP_ _LS :I_: i Impedance

T OTE ST ERE SIS ERR S S Inverter |
Impedance Inverter |l Zy, Zo1=1/wC1
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Power Combining Doherty PA Architecture GE

® Power combining Doherty PA architecture

v" Absorb the device capacitance Cp,

v' -C, can be absorbed into Cg

Absorbing the device capacitance

Aux.
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Series Combining

in China (ICAC)

Ls Lp
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Parallel Combining Series Combining
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Main
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Active load modulation
Broadband

Compact topology
Hybrid power combining
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Power Combining Doherty PA Architecture GE

® SIOtIIne'baSEd DOherty power comblner Top View of the Combiner

8-way hybrid (parallel-series) power combining < 238pm A>

Less Capacitor Aux. enter tap and
PA1 DC supply feed
A/

Single-end output )
Compact layout Aux.

PA2
3D EM Simulation Model (+)

Aux.
PA3

(+)
Aux.
PA4

(-)

£
%

© 2022 Workshop on IC Advances in China (ICAC) 9.2: Energy-Efficient Silicon-based Terahertz Power Amplifiers for Emerging B5G/6G Application 35 of 65



Power Combining Doherty PA Architecture

® Slotline-based Doherty power combiner

® Full EM simulations at 0dB power back-off

Impedance seen by Aux. PAs at 0dB PBO

150
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v Small port impedance difference
v" Broadband and low-loss power combining
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Full EM simulations at 6dB power back-off

Impedance seen by Main PAs at 6dB PBO
200 . . . . .
150 |
g 100 ’ e Real Part
(<]
g 50 -
[3°]
RS
o *‘
£ 50t Imag. Part \\ 1
100} ‘ 7~
-150 . : L L
9 100 110 120 130 150

Frequency (GHz)

v Small port impedance difference
v" Broadband and low-loss power combining
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Combining Loss (dB)

Power Combining Doherty PA Architecture

® Slotline-based Doherty power combiner

Combining loss at 6dB PBO

0
-1} Minimum loss =1.3 dB
2k
P
-1 dB bandwidth
3 F over 105-133 GHz
4 \
5

100 M0 120 130
Frequency (GHz)
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Outline @:5

B 8-way Slotline-based Power Combining Doherty PA

B 110-130 GHz Slotline-based Power Combining Doherty PA

© 2022 Workshop on IC Advances in China (ICAC) 9.2: Energy-Efficient Silicon-based Terahertz Power Amplifiers for Emerging B5G/6G Application 38 of 65



N\

Circuit Implementation

® Top schematic
v' 0.13um SiGe BICMOS: f,/f __=350/450GHz

InRut

50 Q GCPW 50 Q GCPW

Lange Coupler

Proposed Doherty Output Network

CC ol

RO VC
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@—E‘»-. kL]

| Biasing Circuit | Biasin

Biasin
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C 66fF - I:1+O VCC 100fF|
R S
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Gy &
M R

I

I
g

| Biasing Circuit| | Biasin
\°J
Modified Three-Conductor Output Modified Three-Conductor
Power Splitter Power Splitter
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Circuit Implementation CE

® Top schematic
v’ Stacked DA/PA stages: VCC=4V

v' Linear-bias circuit

~_
/ DA/PA Core 20 ' ' "\ ( BlaSInq == wi Linear bias \
............................ - yeeeeemeeea] = = w/oLinear bias
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PA stage:
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e Rss:200Q
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Circuit Implementation

® Top schematic

l/

2
’
~
G\\\

v" Power splitting and phase shifting: Lange coupler+three-conductor-based balun.

Lange coupler

Isolated

JCou pled

© 2022 Workshop on IC Advances in China (ICAC)

-

-

Lange Coupler Simulations
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Three-conductor-based power splitter

H 7 um 3.”"‘ 7 um H

|
|
|
|
|
|
25 um |
|
|
|
|
|
|

41 of 65



I///

Circuit Implementation @é
® Chip microphotograph

Frequency: 107-135GHz N
S21,1y: 21.8dB
P\t 22.6dBm @ 120GHz
PEAu: 17.2% @ 120GHz
PEA o pe0: 1.7% @ 120GHz |

Core area: 0.58mm?
ISSCC, pp: 316-318, 2022 v

<X N X X N X
0.77 mm
B F B B B |

< 1.44 mm >
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Measurements CE

® S-parameter measurement results
40 ' ' ' T

e=(D== Meas. S11 = = Sim. S11

30 k 21.8 dB == Meas. $22 = = Sim. $22
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Measurements

® Large-signal continuous-wave measurement results at 120GHz

30

20

Power Gain (dB), Efficiency (%)

25 | f.=120GHz
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Measurements

® Large-signal continuous-wave performance over frequency

© 2022 Workshop on IC Advances in China (ICAC)

P,7 (dBm), Efficiency (%)
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Measurements (é\é

® Large-signal modulation measurement results
v" 8Gb/s single-carrier 16-QAM signal with a 8dB PAPR

MultiView &2 Spectrum X  IQ Analyzer X fc - 131.5GHZ

Ref Level 3.00 dBm RBW 3 MHz
Att 10dB SWT 170 ms @ VBW 10kHz Mode Auto Sweep

16-QAM 8Gb/s .. ...
PAPR = 8dB

AVG = 19.
Ppc.=300mW
. CEave =17.88%

LTS ST PP, .
" RS P

CF 5.5 GHz 1001 pts 728.0 MHz/ Span 7.28 GHz
2 Result Summary

Bandwidth Power
2.000 GHz -7.68 dBm
-7.68 dBm
dth

Lower Upper 15 1 (
-24.40 dBc -28.41 dBc

-1.5 - 0.5 5 1.5
n-pha mplitude
= Measuring... ED:[D]:D] :::—G) D‘Sl%anzaui; Wl PA EVM — 1 1 -60/0
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Measurements (é\\s

® Large-signal modulation measurement results

fc=131.5GHz 64-QAM 2GSym/s (12Gb/s) PAPR=9dB

Amplitude

()
=3
=
5
<
<
F]_)
=
(0]
6_
)
2
()

Quadrature Amplitude

Quadrature

w/o PA w/ PA w/ PA

EVM = 11.0%* Pave = 12.49dBm Pave =13.76dBm
CEave = 6.16% CEave =7.92%
EVM =11.1% EVM =11.9%

*The EVM performance of high-order and wideband modulated signals is limited by the Tx module.
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Outline @\//

Motivation

Power Combining Doherty PA Architecture
Slotline-based Power Combiner

Circuit Implementation

Measurements

Conclusion
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Conclusion

® Comparison with the state-of-art D-band PAs

I\

¢

: Philippe Li Petricli Rao Li
FERIEIEE Ui LAt 1SSCC'20 RFIC'21 MWCL'21 MWCL'21 JSSC'21
Technology 130nm SiGe | 16nm FinFET 45”28:\"08 55nm SiGe 90nm SiGe 130nm SiGe
8-way 4-way 8-way 4-way 4-way
Architecture Slotline-based TF-based TL-based Common-base Wilkioson Slotline-based
Comb. Doherty Comb. Comb. Comb. Comb.
Gain (dB) 21.8 25.6 24 24 224 18.2 30.7
28 21 34 25 35 40
BW.;q5 (GH2) (107 to 135) 22 (130 to 151) (125 to 159) (125 to 150) (110 to 145) (142 to 182)
Freq. (GHz) 110 | 120 | 130 135 140 135 135 130 161
Psar (dBm) 22.7 | 226 | 224 15 17.5 17.6 19.3 21.9 18.1
PAE,;rx (%) 18.7 | 17.2 | 16.1 12.8 13.4 17.5 13 12.5 12.4
PAE at 6-dB PBO (%) | 121 | 11.7 | 9.8 <5* <5* 8.5 6.7 <5* <5*
Area (mm?) 1.11 (0.58*%) 0.041* 0.43* 0.18** 0.26** 1.71 0.42
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Conclusion As
® Comparison with the state-of-art D-band silicon-based PAs
25
20 L @110 GHz ] v Silicon-based Doherty PA
— @120 GHZ\* This work
2 MWCL'21 3 @130 GHZ\* - above 100GHz
= ~ L |1sscc22
g 15[ JSSC'22 1 ¥ 22.7dBm Py,
L ISSCC'20 O
A o 2 B v 18.7% Peak PAE
o. RFIC'21 170
- ESSCIRC'19
01 - 1 v 12.1%PBO PAE
MWCL'20
510 1l5 2l0 2.5 30

Psar (dBm)
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Conclusion GE
® Comparison with prior mm-wave Doherty PAs and D-band Txs

: Wang Liu Kaymaksut Hamani
Reference This Work JSSC’21 IMS'21 T-MTT15 SSCL'20
Technology 130nm SiGe 130nm SiGe 130 nm SiGe 40 nm CMOS 45 nm CMOS SO
Architecture 8-way Slotline-based Multi-Primary Quadrature-Hybrid | 8-way TF-based Tx Front-End
Comb. Doherty DAT-based Doherty Doherty Comb. Doherty | (IF AMP+LO+Mixer+PA)
Modulation Scheme 64-QAM 16-QAM 64-QAM 64-QAM 64-QAM 16-QAM 64-QAM
8 Channels | 8 Channels
Freq. (GHz) 131 131.5 28 54 72 CH5: 150.7 | CH5: 150.7
Data Rate (Gb/s) 4.8 8 1.2 6 0.6 7.04 10.56
PAPR (dB) 9 8 6.5 7.35 N.A. N.A. N.A.
Pavc (dBm) 13.8 13.7 20.9 14.6 15.9 0.1 0.1
8 (CE) 7.9 (CE) 21 (CE) 0.24 0.24
0
PAEavs (%) 7.9 (PAE) 7.8 (PAE) 18.4 16 (PAE) 1.2 (PoutPpc) | (PoutPoc)
EVM (%) 10.9 11.6 5.6 4.7 5.5 6.8 8
Area (mm?) 1.11 (0.58**) 4.19 1.62 0.19* 2.98
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Conclusion
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® Output power comparison with the state-of-art silicon-based PAs

Saturated Output Power vs. Frequency (High Frequencies)

40
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[H. Wang et al., Power Amplifiers Performance Survey 2000-Present]
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Conclusion @g

® Low-loss slotline-based combiner for energy-efficient PA is proposed.

v" A practical alternative to the conventional transformer with a compact layout.

® A D-band PA with proposed combiner is implemented

v" Power combiner loss is less than 1dB.
v Achieves over 18dBm Pg,; with 12.4% peak PAE at 161GHz.

® A D-band Doherty PA is implemented

v' Achieves 22.7/22.6/22.4dBm P, with 18.7/17.2/16.1% peak PAE and
12.1/11.7/9.8% back-off PAE at 110/120/130GHz.

v" Supports 16-QAM and 64-QAM signals and achieves 13.81/13.74dBm Py, and
8.01/7.88% CE 6.
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