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Design Challenges

Scare spectrum resources and higher data rate: OFDM and higher-
order QAM modulation (OFDM &1024QAM: >10dB PAPR)

High output power for large link distance & wide range of Pout
High peak/PBO efficiency for battery life and thermal management
Compact and high integration for low cost

Energy Carrier P —g
>
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Transmit Power Control
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YR powess Linearity Cost &
Lowpower Reliability
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Scaling-Friendly Digital RF

(o o - j + Digital TX

+ Conventional TX sub blocks

BB ]—[ DAC ]—[Modulator (DAC, filter, Mixer, DA & PA) in a

single block
T P/ + Flexibility, MIMO & multi-standard

digital blocks . digital to analog transition

(signal processing) ! (d|g|ta|mput/analogoutput) TXs, Digital calibration
+ Small area, high efficiency

B TR ] ]
DPLL DLOG I_ j + Compatible with CMOS scaling
>

— Quantization noise and sampling

N ( )
BB Digital Modulator P Images
\ J \ S
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Digital Polar & Quadrature TXs

Ip(t) - Ib(t) = tn = | } ....... RFDAC
QD(J[)_'('> o LOI I}-\%—\.” %
@ LOO I:}/l?/l?/ OuT
Phase Modulator Qolt)~~ Tn #IL"“' /i ______ RFDACQ
Digital polar TX Digital quadrature TX
+ High Pout, high n +Wide BW,; no CORDIC, phase
— BW expansion highly-linear phase modulator or AM-PM alignment
modulator — 1/Q combination limits Pout and n
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Efficiency-Enhanced DPAS

Dual-Band Polar DPA
with 6dB PBO n boost
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Polar/quadrature dual-
mode reconfigurable DPA

On-chip

DPA1
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Quadrature DPA with
complex-domain n boost

[1,Q]=[+2N,0],[0,22N] [1.Q]=[£N,tN]
® 0dB PBO @ 3dB PBO

Imlt=2 X Imax qut =2 x Imax
Ri_pa1=R__paz=2R, Re_pa1=4RU(14]),RL_paz=4Ru/(14])
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© 6dB PBO
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Yuan JSSC'16) 1Q Sharing (1/2)

Lser Lser Lser
8C 8C 1C| 7C| 2C| 6C 4C| 4C| 6C| 2C

v vV v VvV

LOQP LOIP LOQP LOIN LOON LOIN
Q _
3 i A

ot | R > | -4 |
\/ \/ \/

Output: 8 +|8 Output: -6 + |1 Output: -2-j4

Conventional quadrature:
| PA cells can only be at state |, Q PA cells can only be at state Q
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[Jin JSSC’17]

Fund. LO; = 4/m Fund. LOq = 4/m

Fund. Amplitude (I+Q) =+2x4/nt

m

Quadrature
1 1
‘ 11
-t 0 ‘ -Tt 0
-1 -1 I

IQSharing Quad.

Fund. Amplitude (I+Q) = 2x4/mt
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-TT 0 I ‘ Q \ -TT 0 I Q _
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Fund. LO = 4/mt Fund. LO = 4/m

|IQ time sharing
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IQ Sharing (2/2)

Baseband Data
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Transformer-based Load Modulation (1/3)

Capacitor-combined VS Transformer-combined
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Transformer-based Load Modulation (2/3)
Capacitor-combined VS Transformer-combined
0dB PBO

senr”
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Transformer-based: 3 efficiency peaks in one quadrant
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Transformer-based Load Modulation (3/3)

0dB PBO 3dB PBO 0dB PBO
N \d 4
o N/2
Efficiency
Ccontours:
3dB PBO =»( <+ 3dB PBO

N/2
7 -N/2 0 N/2 W
0dB PBO 4 0dB PBO
3dB PBO

Transformer-based: 8 efficiency peaks in the I/Q complex plane
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Outline

* Operations of Transformer-Based Complex-Domain
Cell Sharing and Load Modulation
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Transformer-based Cell Sharing

Q
L
D
J
« Square : conventional quadrature « 1: No cell sharing
» Circle : polar « 2. Q PAcells are shared at state |
« Diamond: cell-shared quadrature  3:1PA cells are shared at state Q

Cell-shared quadrature:

| PA cells can be at state | or state Q, Q PA cells can be at state | or state Q
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Transformer-based load modulation @State A (1/2)

At state A (Four 0dB PBOs):
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Transformer-based load modulation @State A (2/2)

At state A (Four 0dB PBOs): ® ®
+ NOPAL - Inax 100
/O |£N/2 . 1 1
Q A sl @ ®
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Imax o o D 35 60 -
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4 efficiency peaks
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Transformer-based load modulation @State B (1/2)

At state B (Four 3dB PBOs): N . . . -100
. NDPAL  Imaxf2
F% 1 g Ni2| B
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Transformer-based load modulation @State B (2/2)

At state B (Four 3dB PBOs):
DPAL  Imaxh2 2
=+ —> 100- o o
I +N/2 o
— SR N n @ 80 -
maxhZ\ [ Le el s > 60
E Ss00 @
Imax/rjz 8 40 -
+ —_— Iout\ E
=+ ”0.
Q [EN/2 w29
T e E— = Oa
DPA2 Imaxlfji N
* lout = V2 % |0 Input Q Code NN Input | Code

* R ppa1 = R ppa2 = 50v2 Q

4 efficiency peaks
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Transformer-based load modulation @State C (1/2)
At state C (Four 6dB PBOs):

DPAL1l Imax/2 DPAL1l Imax/2
L — | —
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Transformer-based load modulation @State C (2/2)
At state C (Four 6dB PBOs):

N - ; - 1100
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@) o~
O 100 = 60-
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4 efficiency peaks
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Transformer-Based Complex-Domain Cell Sharing and Load Modulation

N o 100 ® O © ®
Py 100- "y G
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« The same peak output power as polar architecture
« 12 efficiency peaks (A/B/C states) in the I/Q complex plane
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Outline

« Circuit Implementation
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Block Diagram
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15-bit resolution:
two 14-bit sub-DPAs
with hybrid unary
and binary arrays

I/Q cell sharing:

LOI and LOQ signals
are fed into both
sub-DPAs

Compact parallel-
combining
transformer (PCT)
power combiner
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DPA Groups

IBits|Bits]
Bit6

10

T1

T2

Group 0-15 Group 16

« Each sub-DPA: 16 hybrid groups (Group 0-15) and 1 binary group (Group 16)
 Each hybrid group: 7 thermo + 2-bit binary-coded cells
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Differential Cascode Unit PA Cell

Group 0-15  Rit5  Loo p 1C E 2.4V"
. 2.4V 0
/B't5 \ 4» i : Level "115'\-/" J:
G0<14:0 ) i o
'I'I::ig<<6:0>> /B't6 /.:> 2C : sl o |
U Iin _\
MSB|/Q/ © [ ' Q. 'I;— T [ )— L2Vl
Bit5|Bit5, 0
Bit6 : } S2D L N
To ' oLoT o ]
0 Delay —||| >— , :
: LOQ ovSuL 0
4C =0
X /Qin = [(Gi & T) | Gisa] | MSB  for DPAL/2 0
0 /Qin = [(Gi & T)) | Gis1] & MSB  for DPA2/1 -To diff. branch :

* 1/Q cell sharing: logic circuit selects the state (I or Q) of each unit PA

« Cascode inverter Class-D topology to obtain high output power
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DPA Group Floorplan
Sub-DPA1 Sub-DPA2

« “Snake” traverse movement: improve the differential nonlinearity (DNL)
* 1/Q cell sharing: I/Q sighals have inverse movements
 Good symmetry in the switching sequence
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Matching Network (1/2)

B e ° ' - '
e -y S — A compact single-transformer footprint
OUT-  OUT+ « Good differential symmetry

« Magnetic enhancement and increase Lpr
« Size reduction and lower loss
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Matching Network (2/2)

Simulated insertion loss of
passive network

Simulated impedance trajectories
of DPA1 and DPA2
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Outline

e Measurement Results
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Chip Photo & Measurement Setup
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« PAE = Pout /Pdc(all blocks)
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Measured CW Performance (1/3)
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Frequency (GHz)

e Peak Pout : 29.3dBm @0.85GHz
« Peak PAE : 43.1% @0.85GHz
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Measured CW Performance @0.85GHz (2/3)

Pout (dBm) Pout (dBm)

32766 295 29 5

) 18.0 Linear & 18.0
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S -5.00 g -5.00
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£ -16383| -39.5 3 .39.5
-51.0 = -51.0

32708766 16383 0 16383 32766 0> % 45 o0 45 9o 625

Input | Code Input | Code (dB)

« Comparable peak Pout with polar architecture:
— 29.3dBm at state A where I/Q cell sharing is performed
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Measured CW Performance @0.85GHz (3/3)

0)
Measured PAE (%) - Comparable peak PAE with polar

32766 . . . 50 . _
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Measured AM-AM & AM-PM Nonlinearity
For 15-bit diamond:
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Measured 10MHz 64-QAM LTE Signal
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1 Graph

Measured 20MHz LTE/WLAN Signals

Disp Center 850.00 MHz

#Chan Det: Normal, Offs Det: Peak

Span 80.000 MHz
2001 pts

2 Table

1] Ref Carrier Power

21.01dBm/ 19.5 MHz

Start Freq Stop Freg
9750 MHz  10.25 MHz
10.26 MHz ~ 20.00 MHz
20.00 MHz ~ 30.00 MHz
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100.0 kHz

dB

-25.08
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Upper
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Outline

e Conclusions
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Comparison with Prior Works
This Work JSSC 2016 [1] | JSSC 2017 [2] ISSCC 2017 [3] RFIC 2019 [7]
Architecture Quadrature with Complex- Class-G Quadrature with | Quadrature with Quadrature with
Domain load modulation Quadrature |1Q sharing |Q sharing Class-G Doherty
On-chip Balun No No 1 transformer 2 transformers
Frequency (GHz) 08 | 2.0 0.8 2.5 2.2
Resoluton (bity f 15 | 7 6 11 12
Peak Pout (dBm) 20.5 13.9 28.6 27.8
Peak PAE (%) 20 40.4 35 32.1
20-MHz
. . LTE 10MHz, LTE 10MHz, , ,
Modulation Signal LTE 10MHz, 64QAM WLAN 20MHz SingleCarrier
64QAM 16QAM
1024 QAM
Pavg (dBm) 14.5 6.97 17.3 21
PAE (%) 12.2 29.1 11 18.4
EVM (dB) -25.6 -28.9 -25.9 -27.3 -43
W/ DPD Yes Yes No Yes
Supply Voltage (V) 1.2/2.4 1.2/2.4 1.1 1.1 2.55/1.25
Die Area (mm?) 1.15X1.04 1.75X1 1.66 X 0.66 1X1 1.07*0.845
Technology 55nm CMOS 65nm RF CMOS| 28nm CMOS 28nm CMOS 65nm CMOS

TResults measured with a 500hm GSG probe.
2022 The Workshop of IC Advances in China (ICAC)
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Conclusions

A 15b quadrature DPA with transformer-based complex-domain
cell sharing and load modulation Is presented.

« A PCT power combiner is introduced for high output power,
back-off efficiency enhancement and compact implementation.

 The quadrature DPA achieves:
— 15b resolution, 29.3dBm peak Pout, 43.1% peak PAE
— 12 efficiency peaks in the I/Q complex plane
— Comparable average Pout and average PAE with polar DPA
— Wide dynamic power range w/o DPD
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