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Connecting Minds. Exchanging Ideas.

Microprocessor Transistor Counts

G2 IMS CMOS: Economics Over Performance

Data source: https://en.wikipedia.org/wiki/Transistor_count
100,000,000,000

| | | * Scaling CMOS
10,000,000,000 | 2X/2 years N * Faster, lower loss switch
33,000,000X/50 years Ve st Ate !
/000,000,000 I L  Reduced intrinsic gain
100,000,000 ::h' -
10,000,000 . : * Architectural Changes N
00y’ . . . .
1,000,000 13 Analog/RF/Mixed-Signal Circuits
* 3} ° o . . .
B R AP * More Digital Circuits
10,000 o —
8% y
1,000
1970 1980 1990 2000

Fewer Analog Blocks (e.g.,
2010 2020 Amplifiers)
Goal: Use transistors as switches, or find architectures that do well with
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Interfaces: Analog vs. Digital PA

Baseband
Modem

Analog Interfaces at DAC,
Filter, Mixer, Driver, PA,
Antenna

Q B
J: RFDAC
Baseband _
High Z or

~ Switching Interfaces
everywhere but DPA-to-
Antenna

Modem Digital PA

¢ LOgol+
* Conventional TX: impedance, linearity, noise, gain specs at
every interface; driven by analog performance

Digital PA: high-impedance gate interfaces; driven by digital
switching performance
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o iMS What s a

Connecting Minds. Exchanging Ideas.

L DPA Silicon Chip
it Sgnal _I> A1C0W 7 BINARYTO THERMOVETER
&' Digital Tx ¢ 3 {127 |DPA - Current DPA

Power
Z

Digital PA?

VDPA = Voltage DPA
SCPA = Switched-capacitor PA

Bandpass

Control 7
| D -

Envelope [dBm]

Decoder C
' Amplitud Gt : ’
— Polarl: mplitude ' '
Q PA ||||| |||||
—|Decomp Phase ! ' l ]_ :

Matching

. \ C=2C,; n=1.N

Y\\ Envelope [dBm]

Digital
s

PM . 127 Unary-Weighted Cells Wl
Carrier 4 Modulated —
WWW' RF Signal

e L L LY
......
......
e -
______
S e Y Lt
. =

B R T R )

Analog Tx PM Carrier > I;A H
e, oy =L - = ; ic, 11 c, ll c, 1£ S Crs 1Co
i E‘Vo Veno Voo Voo Voo Voo Voo Vono Voo Venp Voo Vi )
. 1/8 x T e
[7I;r2e;(t)|9,]et. al., 1SSC 3 Binary-Weighted Cells [Kavousian, et. al., JSSC 10/2008] [Yoo, et. al., JSSC 12/2011]

e Sometimes called “RF-DAC”,
— A DAC (Converts complex digita
— A Mixer (Translates signal from

DPA=Digital PA”
-signal to RF-signal)

paseband to RF)

— An Output Stage (PA Predriver or PA)
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G2 IMS  Class-D PA — Ideal CMOS Operation
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[Page, et. al., Proc. IEEE
04/1965] fo=1/(2mLoC,) Output Power:

AW 2 V&,
1IL Pout = —

2
rmeeemonenenenas . T Topt

—Jopt=ioCOS(001)
G L ; Drain Efficiency:

2 Vip
* CMOS Inverter + Series Resonant Filter Topt =" 2p
out

* Input is driven with CE pulse train
* Reduces Drain Voltage/Current Overlap = n=100%
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on IMS Sliced” Class-D PA A
Connecting Minds. Exchanging Ideas. - ﬁ’ﬁf
oanses o fo=1/(2mLeCo) Output Power:
—
2 Vhp
out — 7_[2 Topt

Drain Efficiency:
n=100%

Ront:
pt
In CMOS switches and capacitors can be sub-divided - 2 Vip
— Slices can be unary (= N) or binary (= 2V) weighted Pt 2 Poyy

 When all slices are switched, circuit is equivalent to class-D PA

 Resonance constant if RC product from switch-capacitor constant
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Switched-Capacitor PA (SCPA)

e

Connecting Minds. Exchanging Ideas. ve's
RFI[
VC/\
y
| T f@\ Switch at Vg
C:: C:-_. C C:-_. _
o I e D ” V%QWJéRMQ Q1 =nCyVpp
0o ) b b oy ' Switch at Vyn:
yryiyl o oouL & Unit Capacitance:
Full-Voltage SCPA Unit CapaCItance' Qz —_ NCUVC
VC/\ C
N — 11 Cy=Cy= N Charge Conservation:
v__ iR 1 1 LO [ .
T T T T v, ' Q1 =0
NN k; {""{R?Romﬁ s _y
0 ! 2 y Yoo, et. al., ISSC 12/2011 —
@é’ﬂ_ :7,[1 N N il [Yoo, et. a 1 C N DD

Backoff-Voltage SCPA

* Voltage at capacitor top-plate changes due to charge-redistribution
* Very linear = precision capacitors and switches in CMOS
 Can model switch as variable-voltage switch!
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on IMS Conventional TX vs. DPA o5
RFIC

—~ Amplitude
I-DAC>- A\ Decoder
-‘ Modem \
Modem 7T\ Y  Digital Filter /
IgItal Fliter
and @7 |/ II> b _Interpolation
Baseband 1

J Clock and

Phase
Modulator

 DAC + Filter + Mixer + Amplifier + RF « Digital Filter + Mixer + Amplifier +

Filter DAC + RF Filter
* All blocks Mixed-Signal/Analog/RF < All SCPA blocks realized by switching
* Filteris at Analog Baseband e Filter at RF and Digital Baseband
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on IMS SCPA: Output Power o5
RFIC

1l A1) 1l -
Lser C* n/N Lser C* n/N Lser
N*C
= 1 oz -

C*(N-n)/N| C*(N-n)/N

o o

(n/N)Vop  Vano Vbb Venp Voo  Venp
AV 4 AV 4 AV 4 AV
[Walling, et. al., RFIC-V] 12/2018]

* Thevenin Eq.: variable voltage switch in series with RLC

RLC tuned to switch closure frequency, f,,
e Selects fundamental Fourier component of pulsed V:

14 /n 2 m\2V3%,
Vou =5 () Voo Poue = 7z (3) Rop
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o iIMS SCPA: Power Dissipation

Connecting Minds. Exchanging Ideas.

[m— om—T
Lser C*n / N Lser C*n / N Lser
N*C
= 1 oz -

C*(N-n)/N| C*(N-n)/N

o o

(n/N)Vop  Veno Voo Venp Voo  Venp
AV 4 AV AV 4 AV 4

. 2 [Walling, et. al., RFIC-V] 12/2018]
Input power: < Cy, V5p frE

-
-

* L is RF current source = Open if switch closure is fast
N—-n
N2

Input capacitance: C;,, = C

14 /n
Vour = Zn(ﬁ) Vop P
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o IMS SCPA: System Efficiency (SE)

Connecting Minds. Exchanging Ideas.

« SCPA Total Power Consumption:
« Lossy inductor: o

« SW parasitic R: B
- SW parasitic C: Pswc = (n/N)CswVipfrs

 Switch driver: Ppr = (n/N)CDRVIZ)Dfrf .
Benefit

from

. 0
. 2
« Logic Decoders:  Progic = CrogicVppfrs scaling 30 -25 20 15 10 -5 0
Normalized Pout [dB]

« Clock distribution: Pcrx = CCLKVIZ)Dfrf

Pout — 200 -1

Pout+Pin_
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o IMS Multi-phase (M)-SCPA
RFIC

Polar (M=oo) Quadrature (M=4) Multiphase (M>4)

115 11}
Lo Lo Lo
7C| 9C 1C|] 7C| 2C] 6C 1C| 10C] 5C
:: i ROpf :: i l :—\ Ropt :: l :'—\ Ropf

sin(wt +¢(t)) sin(wt +¢1)  sin(wt +¢») sin(wt +¢3)  sin(wt +¢,)
0¥ ho
A A d3 A 1
' ‘A > = >4 ha dsg
[Wa"ing et. al. vd)s [Jin, et. al., JSSC, ¢5 Vd)s (I)7
RFIC-V] 2019 05/2017 and Yoo, [Yuan, et. al.,
et. al., RFIC 2018] JSSC, 05/2017]

Polar = Multi-phase: Rather than phase shift clock, switch capacitors on different phases
with arbitrary weights
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o 1IMS Example: Polar SCPA - |

Connecting Minds. Exchanging Ideas.

Switch,
Drivers,
ik

Jojoeden

e

Aell

SW

G

10

* First voltage-mode DPA! . : S _ -
* 90nm 6b segmented (4bU + 2bB) array —— ¢ I I T T O 1T seection
e Cap array in MiM layer g "Gk | * (@maryo-Tnermometor becoser) |1 |80 4 e
* Cascoded switch = higher n " e o550 ,: ervetone

Input ¢ BnfA)  Input

[Yoo, et. al., JSSC 12/2011]
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o0 IMS Example: Polar SCPA - I

28

N
-

-]

Output Power (dBm)
rS

: 60 :
f0=2.25 GHz _— f0=2.25 GHz
/'/ 45 SCPA7 ------
/ o 30 /
/ : |
(a
15

/

.~ Class B

0 0 _/ __________________ |
0 16 32 48 64 0 7 14 21 28
Input Code Output Power (dBm)

« EVM =2.6%-rms @ P, = 17.7 dBm (SE = 27%)
* Phase Modulation input from ESG
« Amplitude Modulation = digital pattern generator

Vector Signal

AM Signal Analyzer

VSV Michay,
o

7
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=
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o2 IMS Example: Cartesian SCPA - |

Connecting Minds. Exchanging Ideas.

Conventional DAC Mapping Proposed RFDAC Mapping

Mid-Rise Mid-Tread * Offset Mid-Tread

: : i E i i i No Unary/Binary
Error [ Abrupi Unary i E ! E i Mismatchi«——
Code Tran$|t|on ; i Np Error} : E : :

, * Segmented DACs have large errors
fﬁi during unary =2 binary transitions

Analog
Analog

Offset

‘LLL'AJ Analog
) SR

e e /\\/\ * Erroris similar when using traditional
Proo | ! TR ' IR Digital! : :
[zilgg';il 010 ;11 100 101 [zi%?. 0?0 j—' 1c§o 1?1 D(I%)|i 010(§Ji§ 101 AA DAC COde mapplng
' f No It\JApar;//tBi'?ar; ﬂ_:—'A f> ' Output
F-é' | ﬁ Prottal P o [Yoo, et. al., ISSCC 2020]
X___*Change

Unary to blnary cell splitting

_____ ‘ c= 02(1/2) +=<
Splitted C k=1 63c
]_|_+J_|_ cc.c Lc.cc cc.c
. . S < 1 3 2 4 128 128128 4 2 2 4 128 C ¢« C = C Pout
e Can modify the mapping by g% I I L.L.3 % %“’
o O
. . . U U — —— : ‘
driving cells anti-phase so that c2 o Holel |l lalal oo olol lal lalilel 1o £
(S = LX) ({=] [{=} eee | O ({] oo ({e] . o~ oo
. 52 ﬂ+_|_[ il i o E B IE|R @ |m @l |=[TF "] . [4phaseLo
the|r Charge Ca ncelsl g 1o ['ia i lalig iaTiq o] [a] q Q 10 Generator
3= ¥ ¥ g sp e 0 0 e 45 46 ‘ R - 1
e | Logic |
Ll L Pairs for 180° OOP data removal Binary Control Unary Control LVDS RX
I R S 5 & 5 & i
1<6:0> Q<6:0> K12:7> Q<12:7> 2xf

p
TAMTT-S -
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o IMS Example: Cartesian SCPA - Il

Connecting Minds. Exchanging Ideas.

=r
=
S

802.11ax 20-MHz 1024-QAM :ZﬁiZ.ZII;IlelefZZIZI?ZIZI:ZZ:Zf
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EVM (dB)

_45 wl el we e ale 4 me @ aial»(eiw o )s (8w 4 wlie 2 wleny
P T e I T S I R e N N P L R I E N R

Fla) s R & e(x(Ful) % iv()x (¥ (| R)F )32 ()78 et al e w A (lol =) *()bls

] 21dB k e R S R

wiial) e Oad o) w (JE()E (L el m()aw(e(i 2 =) a( e a(im()a (e a)> (& )40)d()ra

No DPD B SR R R S E S R S S S

P e O O S I T T O N N T T
-50 L O I e T S S I LT L S eI

w8 % e m e n( o al ) e a k() X)) m(E e ww P e W w al
-30 -25 -20 -15 -10 -5 0 5 w50 7008 (w2 =0e0% a0 O r(e(20x(% =) a0a e a0 e 0% MG
P dB Fm e a COROBCw (1w ()& (w190 F o 18w s (e F)a()20r ¥ 0a wl)a
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[Yoo, et. al., ISSCC 2020] EVM = -42.2dB (@Pom = -3.0dBm)

* 65nm TX achieves < -40 dB EVM over 21 dB of power backoff
* Full digital transmitter occupies < 0.26mm?
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Connecting Minds. Exchanging Ideas.

Voo~ Vi, PAV Voos VoozT  Vooa[™ AA
Vinpd[C = > A<M, A< Mg = >
Vin N v Voo _ B
w0 e w e S T~ »
o gy APty Wl LT
o W > ATEM: LM, VoSR. >
: I - INANANAD
Vinn—1L My V /\ [\ q B—[LM; B[ Ms Vo
$ L U U VAVAVAVAVAVS

[Nguyen, et. al., accepted to TCAS-2]
e Original SCPA limits high-frequency operation:
e PMOS transistors are slow

* Parasitics must be (dis)charged every cycle = Power loss « f

e Solution: Use multiple phases in edge-combining (XOR)

&‘ MChouy,

® § ’73‘2
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G2 IMS  Generalized Edge-Combining (EC)

- - RFIC
(o
wd[ e[ s~ [ il
................. 5
din+1)/2 'CI E D(n+1)/241 'CI E bn-1)/2 '4 : CN I—N
| Vol I—55 Pin-1)/2
a + dn+1)2
e R | o = [ Vo
One+1)/2 —l E Dne1)/241 —I E D(n-1)/2 —l : -
V V A4

[Nguyen, et. al., accepted to TCAS-2]

* Expand XOR to more than two inputs
* Generalize 2 combining by adding N-branches with N-phases

* Allows reduced frequency clock generation for given output = Also,
no device must switch at output frequency
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o2 IMS EC Tripling Class-D PA

Connecting Minds. Exchanging Ideas.

32 45
128
1oa a2f
-20§ %39.
116 %
9 129 236-
: 6 Pout 8 33f ACLR {08
Level Level i 3r SE 4 EVM
: - 0 : : . : : 0 30 : : :
Shifters, Shiftes, 3 36 895 43 465 5 535 57 20 40 60 80 100
Output Output . Frequency [GHz] Frequency [GHz]
Stage Stage ey 4
34 - Supply Freq. Pout SE/PAE/
» g \//\\/ Ref.  Topology Tech "™ (GHzl  (dBm]  mi%]
Multiphase Clock Generation and Distribution | < o\: ol i VT/Z':k Class-D  65nm 24 4.5 223 30.2
S [17] Class-D* 65nm 2.1 33 23 35
i}
1r — & 39GHz | | [18] Class-D"  65nm 3.0 4.5 26.7 27
4.2 GHz
——*——45GHz [19] Class-D  180nm 1.8 0.6 21 47
0 1 1 1 1 1
3.6 3.9 42 45 438 5.1 5.4
Frequency [GHz] [Nguyen, et. al., accepted to TCAS-2]

* Fabricated 65nm prototype (MiM + UTM)
* Achieves operation at 4.5 GHz (fin=1.5GHz) Pout =22 dBm @ SE = 30%
* Non-CE BPSK modulation shows good EVM/ACLR

QU My,
&

4'
2
‘MTT-S 5 A2
- -— ~d =
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OG0 IMS mmWave SCPA: Implementation - |

Connecting Minds. Exchanging Ideas.

A

@ o
PR M ww W,
— {‘@\‘ p]_’z’)g P1/S1 E E E_- N
A
—> ) P2/S2 ; :
@ 0 ' (] >
%40 Hie P3/s3 f : :
5o 3 = - .
> $1,2,3
* Twelve phases generated at f; [Nguyen, et. al., ISSC 04, 2022]

* Fed to the Edge-combining DLL network
* Input at fi=fo/9=3.111GHz

o o |n||mm.,,{%r
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G2 IMS mmWave SCPA: Implementation - |l

Connecting Minds. Exchanging Ideas.

......................................... Frequency Tripling
) E :-.'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-"': R (F2 = 3xF1)
© " ) -H'E-) Logic ' v - v - v - v
AAO =~ | X3 -@ +Mix X3 ; por/spafe o 8 v 8 [ |
\/ ‘ H1Eq +Shifter ; ' >
) ""I-L ; A
—> © L i T YT — L D P v - - . ; - '
PD2/SD2 : H : H :
e . a M a - a >
(=) ol ottt A ' ' .
N7 BB s KOS s :
) ) 4..-:..-:-) =3 +Shifter !
............. SD1,2,3 cmmmmmmm———————————

 DLL multiplied frequency by 3

* Multiphased output shifted with 30 degree phase-shifted
* f,=f/3=9.333GH:z

* Tri-phased shifted -> Logic Mixer

48 0F MiCkp,
‘3‘&

%@,‘4’

. & =%

- ,

QIEEE ®RXMTT-S B s
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O IMS mmWave SCPA:

Connecting Minds. Exchanging Ideas.

=1 Logi E E PN1/SN1 _
X3 —®—> +c|>\l?il)((: X3 i A
_> :

+Shifter f— E
— pp2/sp2 | | |

PN2/SN2

---------------_-; ------ SP1,2 3'“““““‘: PP3/SP3
Logic |— I

X3 —@—} +Mix | X3 ' PN3/SN3
—| +Shifter = "
1

* Logic Mixer -> Buffed signal + level shifted signal
* Delay adjusted by the delay chain
* Optimization based exatraction simulation

& IEEE RRMTT-S
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G0 IMS mmWave SCPA: Implementation - IV

Connecting Minds. Exchanging Ideas.

) %}@%@ E OB >_||_ﬁ o ([L[LTLTLTLILILLLL

() B o
! Lo OB, >‘||‘* I\

* Output phases shifted to 90deg.
* Impedance transformation after the capacitor array

v

g
—
—

* |/Q combination at the output

< o of llurmgn,,{%r
Ry W
< IEEE RRXMTT-S Zdney
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Connecting Minds. Exchanging Ideas.

Global
D= Multiphase
Oscilator

Edge-
Combining

Edge-
Combining

Top-level Block Diagram

Capacitor Bank &
Power Combiner

o ok MiCky,,

&
}
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00 IMS  Single-slice mmWave SCPA Design

Connecting Minds. Exchanging Ideas.

D)))]

(S

FIC
|

R
* Euler path for matching unit switched capacitor cel

* Deep-N-Well EGU- SLVT devices are used for faster

Edge- ] switching and obtain better performance
Combining !

* Coupled-DLL network provide in-phases for all
unary unit-cells

DLL Matrix Network Unit-Cell Construction
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=
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o IMS mmWave SCPA Layout

Connecting Minds. Exchanging Ideas.
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Metal Ol Metal JA Metal LP . Via Ol-JA

Metal C5 Metal C4 Metal C3 Metal C1

-7 By

~” 16-Bit Diff-DAC
Partition A

”
- Bio

-
“  16-Bit Diff-DAC
Partition B
Bz

”
16-Bit Diff-DAC
Partition D

Stacked-
Overlaped

Yy
/7"’#00 Transformer <
6‘4“ ,;p - . .
KNS it
Y o Re,
e
Custom
AP-MOM Metgl C1
Capacitor Unit High Q Shield
C3-C5 Factor
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O IMS Measurement: Static Performance |

e

Connecting Minds. Exchanging Ideas. ve's
RFI[
30
20}
- X
5 * P_.=21.2dBm @ 27.9GHz
= o
3 Of o . . o
o’ £ * Drain Efficiency (DE) = 36.7%
10}
-20 : : : : : : . : :
0 20 40 60 0 20 40 60 80 100 120 140
ACW Pout ( 40 . 40
—e—n (DE)
_'_PAEdriver
30 PAElObuf 30
|:'AEIonw
—e—SE

e System Efficiency (SE) = 22%

Efficiency (%)
N
o

Efficiency (%)
N
o

)

o

0 10 20 30 40 50 60 -20 -10 0 10 20
ACW P ut (dBm)
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O IMS Measurement: Static Performance i

Connecting Minds. Exchanging Ideas.
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o

INL (LSB)
DN W

o

16 32 48 64

Voltage(V)
=

1
m L
5| (3 0.5
= 0ot
Z 05
Q - []
0 - - - - - - -1 : - '
0 10 20 30 40 50 60 0 16 32 48 64

ACW Input Code
e AM - AM obtain nearly perfect linearity
* DNL=+/-0.5LSB; INL =+2/-1LSB
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G2 IMS Measurement: Dynamic Performance

Connecting Minds. Exchanging Ideas.

0 i 1 '
ACLR = 30.8dB EVM = 3.3%

-10 F . ® €& & 2 & & 9

~20 0.5¢ e ® ¢ & & » O @

® ® ® @ & B & ¢

5—30- ® & & & & € & 9
— o 0

2 _10 & & 8 ¢ & o @ &

® % & & & g & @

—EOM “HIMN ~0.5 F * & 2 & 6 & & &

&0 ® & & @ 92 & ¢ 9
-70 -1

27 . 28 28.5 29 -1 -0.5 0 0.5 I
Frequency (GHz) |

- EVM = 3.3% at (2.4Gb/s) with ACLR = 30.8dB
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o iIMS Outline

Connecting Minds. Exchanging Ideas.
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e Background and Motivation
* Switched-Capacitor Power Amplifier (SCPA) Introduction
* Recent Demonstrations of SCPAs

* mmWave SCPAs
— Frequency multiplying class-D
— Frequency multiplying SCPA

* Conclusions

« OF MICRg
‘3‘\‘ L7

& =%

de — 2z,

@ IEEE MMTT-S wﬁ
7/ HinmBam B V% B i vicrowavE THEORY &

DENVER2022




o IMS Conclusion

Connecting Minds. Exchanging Ideas.
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* SCPAs can be versatile, complete digital transmitters = Baseband
to mm-Wave

* SCPAs are inherently linear and do not suffer compression like
linear PA and current-mode DPAs
* Lack of interfaces makes them inherently broadband
* Switching operation makes them energy efficient

* Frequency limitations can be overcome by embedding frequency
multiplication into the output stage
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Questions
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o IMS Power Amplifier Efficiency

Connecting Minds. Exchanging Ideas.
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Generic CMOS Power Amplifier

L <V
=) Bandpass
Matching
Network
VDC + Vy rog
Ntot = Ntop * Ndiv * Nmatch
v

* Three primary drivers of PA efficiency, n:
— Topology (e.g., class-A, -B, -D, -E, etc.)
— Voltage/current division at drain node
— Loss in bandpass impedance matching network
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o IMS PA Efficiency Breakdown

Connecting Minds. Exchanging Ideas.

* Topology: e Output division:
— Current-mode (A: 50%, B:78.5%) — Current division:
* Determined by conduction angle
— Switching/Voltage Mode (100%)
* Achieved via pulse shaping

 Matching Network:

— Losses in passive components (inductors)

Ty = ( Topt
div —
Yopt T Tsw

— Qu 2 dictated by impedance transform:
1 QNW

Q ind,shunt R ntenna

Quw = -1
1+ QNW N Ropt

Qind,series

€X.: Nmatch =

& IEEE RRMTT-S
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G2 IMS Mixed-Mode TX — Slice Based Desi

Connecting Minds. Exchanging Ideas. g

sm:;:: i IOJ_
INARY-T( I ————————————————— ‘
THERM( Q
Sk ; S |—|_| 1
w = ‘_
s it - Q:I“- “‘: g § Q
SEASE s
) ]
i M13VDD' o : LQV_QJ_I
% ;‘5 kg = Shifter
§M14|—{_<4W»‘ +
) L = apa 5 Q o
ls L4 " JlAGW Bits || oK Vool o f f
Current-Cell [Presti, et. al., 5§38
e Q
JSSC 7/2009] ) O ' fé&
wirl
0€. ] 2 z z |

e Single SCPA slice is designed and re-used:
— Focus on precision timing
— Optimize one cell and tile it up to desired resolution!
— No internal analog/RF interfaces!
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o2 IMS Tripling EC Class-D PA

Connecting Minds. Exchanging Ideas.

Voo [ Vo, Voo Chip Boundary
By I:V|4 Mg]p-C, Mag|b-B; AA ‘ 5 >_|
Driver EC 3xf

LVDS

>
Ap’q EVl?’ Mg b-CP Clock [ @ Class'D PA Output RF
VD ] Icser A B In > Match Out
| § |

Multiphase EC 3xf;

N > Clock RX Ring Oscillator Driver] [ClassD PA
T g Csiips
l—sh
YV

BN_”:V|1 ME I-CN M7:||-BN
A4 A4

* A tripling class-D PA was fabricated to demonstrate potential for Edge-
combining

e XOR cell is compacted and reduced to minimize parasitics and save power

g5y

g5y

[Nguyen, et. al., accepted to TCAS-2]

* Multiphase signals are generated using multiphase injection locked ring
oscillator
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Testbench Setup and Die photo

R&S GW INSTEK GW INSTEK
SMA100A PPT-1830 PPT-1830
G:rlngr::tlor HEEEE Power Supply | | Power Supply |
©0O0 0 (> SEE2 =888 cocs ocooo
o9 09 00 o ’ ([ ’ 09| W |E====
— == oom |Spectrum
==2 = | Analyzer
| MPI =" =
TS160-THZ Marki O
\) I _ PD-0165 | SACLCAC)
@ @ ° Power
Divider J——
—E — Ke)
HP HP DUT o £
Baseband © ag]l i jppooe= E
Data =omom| High-
Generator mmWSCPA N T gpeed w0
=== cope -
PCB Test Board 500hm === =
High Speed DATA Flo_in Termination — © 0000
© © 400MS/s — 2.4GS/s With 0.5V Vem = eveiant
LVDS " eysig
Bias . DSAV334A
© © 0.8V - 1.6V Tee Optional
GW INSTEK
Marki PPT-1830
Balun
Waveform Eoooo Balun — Power Supply
SEEEE }E EEEEIEEEE
©O® 0 G —— 90 00 00
Keysight .
N51738 Flo_in
3.111GHz -

Analog Signal Generator

* The prototype: 2x1.5mm2 on single FDSOI 22nm die
e Qutput is probed with the T40-THZ MPI
* Chip-on-Board assembly for input signal and power supplies
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00 IMS Dpigital Power Amplifiers : Polar Amplifiers &

Connecting Minds. Exchanging Ideas.
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S

A

Baseband Digital
Modem PA

) >

I “Spectral Mask
" Shoulder A s

* |na polar RF DAC, inputs are the amplitude
code:

Power (dB)
A
—

A@®) = I2(0) + Q%(D)
 The phase modulated RF clock/LO:

-BU z z z
@(t) = tan —1(Q( ) 0 10 20 30 40
I(t) Frequency (MHz)
* Bandwidth expands due to non-linearity How much signal bandwidth do we

need to include?
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O2IMS  Polar SCPA: Timing Mismatch A~ ¢

Connecting Minds. Exchanging Ideas.
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A

Baseband Digital
Modem PA

) >

* Delay between A and ¢ leads to spectral
distortion

Output PSD (dB/Hz)

e Distortion can be estimated as 3™ order
intermodulation (IM3D):

e IM3D = 21 - (BWxr + AT)?

-50

BW,, = Signal Bandwidth 2.2 2.225 2.25 2.275 2.3
* At - Delay between A and ¢

Frequency (GHz)

[L. Ye, et. al., JSSC 12/2013]
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onIMS MP-SCPA: Slice modification

Connecting Minds. Exchanging Ideas.

* To implement multiphase in an SCPA, only a
minor modification to the polar slice:
* AND gate is replaced by NAND-NAND MUX
* Logic enforces ENy, != EN,,

* Synthesized decoder modified to enable
switching on phase ¢, or ¢,, or to ground cell
— fine phase interpolation with amplitude
control

[Jin, et. al., ISSCC 2015]
[Yuan, et. al., JSSC 05/2016]
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o0 IMS Polar vs. Cartesian DPA

A

Baseband Digital
Modem PA

) >

x Requires conversions from |,Q

Baseband to A,¢ (CORDIC or Look Up
Table)

x Bandwidth Expansion
x Delay Mismatch

v Achieves highest power efficiency

IEEE /WXMTT-S
© IEEE MICROWAVE THEORY &

I
Q

Baseband Quadrature
Digital
Modem PA

v No baseband conversions are required

v No bandwidth expansion
v No delay mismatch

x -3dB peak output power compared to
Polar = reduced efficiency
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