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Y- * Cognitive Radio Network — * Circuit-level design and algorithm
Software defined radio implementation in CMOS
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Algorithms & Architecture * ADC: Flash, A, Time-Interleaved

* Game theory based algorithms

for security and reliability * Radio Receiver : A receiver, analog discrete-

| o time processing
* Architectures for communication

systems * RXx building blocks : filter, AGC, ADC, PLL, etc.
* Rx architecture level : discrete- o | | L
time receiver, YA receiver, CS * Digital algorithm : mismatch correction in time-
| Interleaved architecture, digitally-assisted
* ADC architecture : XA , Flash, analog IC

Time-Interleaved
°* Machine learning

* Hardware implementation

°* Al aided design
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Radio Frequency Processing

ICS902 - Digital Predistortion - As the world leader in secure connectivity solutions for embedded applications,
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RADIO POWER SOLUTIONS
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5G mMIMO
Cellular Infra Modules (std / hyb)

High Power Solutions Integrated Power Solutions
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g \What WIll You Learn Today?
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* What is one of the main bottleneck for today wireless telecommunication
systems (for higher data rates) ?

* What is one of the mostly used technigue to improve the situation ?

* What needs to be known for making a proper linearization with the digital
predistortion technique ?
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s \Why DPD? 1/4

a0
’;‘\r 'P PARIS ® Because: . Wireless CiVi I ization e Figure 5: Global mobile network data traffic (EB per month)
In exponential demand for data services [~ "™ T
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Mote: Mobile network data traffic also includes traffic generated by Fized Wireless Access services.

Subscription penetration Global mobile network data traffic and
(percent of population) yvear-on-year growth (EB per month)

Source: Ericsson Mobility Report — 2022 Source: Ericsson Mobility Report — 2024
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M  Why DPD ? 2/4

i;ﬁm' * How to meet the demand ?
e PRARE Increase the channel bandwidth ...
but 8kHz -30GHz spectrum is crowded
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* Increase the network densification ...
® precise spectrum management and
* high guality signals (at the recelver side)
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i \Why DPD ? 3/4
:ﬁm' The energy consumption challenge
GSMA mobile operators vision vision

NXP Worldwide: ...
Electricity consumption:
~1.7 TWh in 2022

Mobile Operators
consumed around 320
TWh of electricity in

2022, or around 1.3% o
global electricity use.

Traditional roll-out

. Breaking the energy curve approach

Source: https://www.nxp.com/company/about-nxp/sustainability-and-esg/environment-health-and-
safety/energy:ENERGY

My 3kWh solar panel

Source https://www.gsma.com/solutions-and-impact/connectivity-for-good/external-affairs/wp- ”": p rOd u Ct | on | N 2 02 2 :
content/uploads/2024/02/Mobile-Net-Zero-2024-State-of-the-Industry-on-Climate-Action.pdf e /

Total network energy consumption

Figure 7 | Electricity use by region

160 80
140 70 ) >
- Network roll-out over time
120 60 ©
¢
- 100 50 E Sustainable Operate
twork evoluti intelli
E 80 40 9 neswork evoiuuon » intelligently
60 30 a
= Breaking the
40 ° 20 E energy curve
- - ;
_ - -I-
Greater North Asia Europe Latin MENA  Eurasia
China America Pacific America oxo
) Expand
H2019 W2022 @ kWh/connection (2022) and modernize
Nota: Connactions nckude mobik, ixed broadbond and xed voice Source: Ericsson Mobility Report — 2024

Source: GSMA analysis based on CDP (2020: 2023) and corporate sustainability reports https://www.ericsson.com/en/about-us/sustainability-and-corporate-responsibility/environment/product-energy-performance

Source https://www.gsma.com/solutions-and-impact/connectivity-for-good/external-affairs/wp-content/uploads/2024/02/Mobile-Net-Z ero-2024-State-of-the-Industry-on-Climate-Action.pdf
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il |\Why DPD 7?7 3/3

WZWH  « The Radio is energy hungry ...
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Vodafone’s example : Energy use (GWh)
Gwh 2019 2020 2021 2022

Energy use . .
(GWh)gy Network base stationsites 3848 4099 4337 4315
Technology centres 1559 1488 1413 1372
3% 1% Offices 317 264 213 197
“ Retall 46 46 33 42
Total 5770 5897 5997 5926
B Network base station sites 4315
B Technology centres 1572
B Offices 197 d o o d b o
B el 4 And Inside base station
Total 5,926

1. Cooling system
2. PA

of the energy

((( ))) Base stations
consumes 75%

Source: Sustainable Business Report 2022 - Vodafone

We must watch out PA efficiency
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Issues In Digital wireless communication
systems
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iyt Issues In Digital wireless communication systems
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* Hardware impairments

Upsampling , Low pass Power %tenna
Shaping Filter . Filter 1Q modulator amplifier
\\ RS
[ \ DAC X S 3
: .’
Digital . Analog .
domain ! domain LO e
Tx design constraints: .=
Power efficiency ..t 77

Nonlinearity \/
Band pass 1Q

Rx design constraints: Antenna Filtler  demodulator :

Power efficiency R Dioital
Nonlinearity ‘> | Digita
Noise % >® <ADC —»Decoding
LNA :
@’I Analog : Digital
L0 domain ! domain

15 Jan. 2024 ICS902 - Digital Predistortion - G.Pham(Telecom Paris)/P.Almairac(NXP)



e Power Amplifier ? What Is it ?
—
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* Abstract view * Device example

B CIMIni-Clroults®
+50VDC
AMPLIFIER CND

ZX60-V63+
0.05.6 GHz

llllllll

S F273201642
§ IN ouT
: +13 dBm MAX

: AMPLIFIER

'& = 0.05.6 GHz
" www.mini¢circuits <o m 1
P LU IR
S F273201642 |
IN OUT &
+13 dBm MAX -

* General circuit model ‘,

D bias

G_match
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CONTEXT: RF Digital predistorsion (DPD)

17.
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POUt an linear zone,
High power
efficiency

Crestpower
Av. power

Linear.zone,
low. power
efficiency

Pin

Application:

Power efficiency / linearity tradeoff
DPD apply to baseband signal the inverse of
PA transfer’s function.

So that the signal sent to the antenna is as
linear as possible

RF digital predistorsion
—

NO DPD

Regular
DPD
Human

controlled

Advanced |
DPD
A

controlled

(dBMmYM2)

sity (

Merit factor:
Adjacent Channel Power ratio
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i Impact of nonlinear distortions
—
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°* Time domain * Frequency domain

Evolution temporelle des signaux
: 1; % ;f ' ' -30
. : | —— Entrée

—— Sortie (normalisée) 40 L

50

-0 F

70 F

80 F

Amplitude (V)

90

-100 F

Power spectrum density (dB)

ABE ] -110

-2 Y : - ; > . 50 40 @0 20 10 0 10 20 30 40 50
Temps (us) Frequency (MHz)
* Signal quality degradation * Adjacent band interference
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Fundamental metrics
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i  |INnput/Output characteristics

T | | o
e ° Quasl-static characteristic
- °* Galn
= P
D_ \ r T G — RFout,avg
S T | U e - = P RFin,avg
OPBO ' | Q. | o
T R | D * Drain efficiency
' | =2 P P
1N e n RFout,avg RFout,avg
E .,< — —
P P DC,avg VDC,avg X IDC,avg
P * Qutput power back-off (OPBO)
N P
p OPBO 45 = 101og10( RFO““"‘C*)
i max 52! PrFoutsat

* Signal property : Peak-to-average power ratio (PAPR)
PRFinmax)

P RFinavg

PAPR g = 1Olog10(
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s |Nput/Output characteristics — Visualization tools

mEE
@lPPARls ¢ M/AM and AM/PM PIOtS
60 | 220
58 | 210
56 200
[=)
)
~ )
0 =
sl =
A= P
& 2
(T
' i =
\ o
48
46 150
44 140
-40 -35 30 -25 -20 -15 -10 -5 0 -40 35 -30 25 -20 -15 -10 -5 0

Input Power (dBm) Input Power (dBm)

Sources: 2015 - Ghannouchi, Hammi, Helaoui - Behavioral Modeling and Predistortion of Wideband Wireless Transmitters
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Input/Output characteristics

Third order
intercept point
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Sources: 2015 - Ghannouchi, Hammi, Helaoui - Behavioral Modeling and Predistortion of Wideband Wireless Transmitters
22 Jan. 2024 ICS902 - Digital Predistortion - G.Pham(Telecom Paris)/P.Almairac(NXP)



gy Output characteristics — Mathematical expression

a0
eraes  * Adjacent Channel Leakage (or * Error Vector Magnitude (EVM)
Power) Ratio (ACLR/ACPR/ACP)
-30 -30 Scatter plot
-40 -40 |
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S o e
S 100 S 100
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50 -40 -30 20 -10 0O 10 20 30 40 50 50 -40 -30 20 -10 0O 10 20 30 40 50 T o5 0 05 !
Frequency (MHz) Frequency (MHz) In-Phase

‘2

1 ‘

— S R

P d N Z . |Pactuali ideal,i
: 2

swaa; P () df V D Siaeas
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ACP /| SEM CONSIDERATION

Magnitude (dBm)

: ' | Input (a)
A ke Output (b)
1 ) OSSR SUSNMRURUUUS SONN (susit SO | SSSSSs T .................
) ESSSRSRIR: AN SN S S 1 S S T ................................... i
40k .................................... -
50 L .................................... i
€0k .................................... i
J0 - .................................... _
90 L- ............................... i

100 I;requencly

Spectral regrowth

ACP: Adjacent Channel Power
ACLR: Adjacent Channel Leakage
power Ratio

ACLR =
(dBc)

Power of adjacent channel

Power of main channel

and —

SEM: Spectral Emission Mask,

3GPP defines ACLR targets &

SEM targets

h o
L |

24



EVM CONCEPT

LTE signal processing chain (simplified)

_ (p) o
< Base station PHY > A\ < Moblle phone >

Encoding QAM Modulation IFFT  CP CFR OL PA )
Modulation Mapping Up conv. Mod. ‘
7 oo
o Frequency domain - o Time domain -~ > D — \,\/\/\'\/ o | .* 0100 11 ..
~> A User O
1T :
User O , Q Sfm
O+ e 0 g
0100 11 .4 O L C 7
f o
© @ ’ (V MWW £ D
O
3 serl  \ NV —s+e— 1001
O
User 1
o | @ 7<R 30.72 3072 1.8 1.8
‘ f§§' ™ VVWA f237Msps Msps  GHz GHz
10 00 01 , >§ [ AN
5o 3 %/ 238 0dBm  48dBm
A=TD EVM
<> 1 symbol @
f() @A: FD EVM

@A: BER
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TD EVM CONSIDERATION

Transmitted

((( ))) Signaln T
AT Y Y
‘ U JRA I

_______________________________________________

7 A
MWW |

=

U

Received Sampling Amplitude Time synchronization T
signal at the same rescaling :
sampling Amplitude

)
30.72Msps

2 input and autput

Ime
Domain
Error
Vector
Magnitude

0.6

time

-0.3

| I | | | |
1.4884 1.4886 1.4888 1.489 1.4892 1.4894

Time
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FD EVM CONSIDERATION

AQ EVM — \/Z]E1 |Séder1£,m — STHEESHTEdrml‘?
16QAM modulation o1 | Sideatm|?
mor Error Vector FD EVM = distance between
(o) (o) (o) received signal vs expected signal
Q EVM
reference /
___________ /’/ Error Vector
’ T Phase
@ @ @ L‘%rhase @ 3GPP TS 36.104 V12.11.0 (2016-03)
Q

6.5.2 Error Vector Magnitude

I The Error Vector Magnitude 1z a measure of the difference between the ideal symbols and the measured symbols after

the equalization. Thiz difference 1s called the error vector. The equaliser parameters are estimated as defined in Annex
E. The EVM rezult 15 defined as the square root of the ratio of the mean error vector power to the mean reference power
expressed in percent.

measured

For all bandwidths, the EVM measurement shall be performed for each E-UTEA carnier over all allocated resource

blocks and downlink subframes within 10ms measurement periods. The boundaries of the EVM measurement periods
@ @ @ @ need not be aligned with radio frame boundariez. The EVM value 13 then calculated as the mean square root of the
measured values. The EVM of each E-UTEA carrier for different modulation schemes on PDSCH shall be better than

the limits in table 6.3 2-1:

Table 6.5.2-1: EVVM requirements

Modulation scheme for PDSCH Required EVM [%]
QPSK 17.5 %
160AM 12.5 %

54C1AM 2 %
(o) (o) (o) (o) S560AM 3 5%
NMOTE:  The EWM requirement for 256C0.AM applies to Home BS,
| ocal Area B5, and Medium Range BS.

27 y



gt Linearity requirements for 3G/4G/5G base stations

EE

@ e eais Standard UMTS [37]  WIMAX [38] LTE[39]  LTE-A[40]
Multiplexing Type WCDMA OFDMA OFDMA, OFDMA,
Single-channel 5 1.25, 5, 1.4, 3, 5, 20
bandwidth (MHz) 10, 20 10, 15, 20
Maximum aggregated 60 (12-band) 20 20 100 (5-band)
bandwidth (MHz)
In-band requirement <=12.5 <h =12.5 <12.5
EVM® (%)
Out-of-band requirement
ACLRT (dBc) <—45 <—45 =—45 <—45
ACLR2®(dBc) =-50 =-50 <45 <—45

* Based on the 16-0AM modulation SChaéma,
& Refers to the first adjacent channel leakage power ratio,

© Refers to the second adjacent channel leakage power ratio.

Sources: 2014 - Guan, Zhu - Green Communications: Digital Predistortion for Wideband RF Power Amplifiers

‘- These requirements are challenging, solving them requires tons of engineering work

Now way to solve them without help from digital ... Let’s talk now about DPD concepts
28 Jan. 2024 ICS902 - Digital Predistortion - G.Pham(Telecom Paris)/P.Almairac(NXP)
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DPD concept
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DPD PURPOSE

he PA should operate at Pout level to ensure maximum efficiency to save power during BS operations.
But, in order to meet LTE system requirements, the PA shouldn't degrade :

- ACP below a point to infringe spectrum emission mask (typically -45dBc)

- EVM below a point where receiver cannot decode received message (typically 5% EVM (ETM3.1))

Linear Non linear Non linear
range range range
SEM © Thiird IdealSEM ® Inverse function Third
order ' £ Typical —> order
EVM © EVM ® o SEM ©
_ j efficiency ® efficiency © —
5 TOIP 5 —= EVM ©
z, / = efficiency ®
o o
2 DPD 2
?'.. Typical main E.' Typical
-l =
g f » effect » B
o o >
IMD3 4 Linear Range
ﬁ
Input Power [dBm] Input Power [dBm]

DPD system targets to extend the linear range of a PA
to enable a better SEM/EVM/efficiency tradeoff

30
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iy Concept of Inverse
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°* Inverse function... What is it !?
* Definition
e g(x)isthe inverse of f(x) when g(f(x)) = x
* g(x) is usually denoted f~1(x) by mathematicians

D=

e g(x)does not always exist ! Particularly true for nonlinear functions.
* g(x)is only possible for a limited range of x
°* Example
e f(x)=x% ;g(x)=+/x onlyforx >0
* (Note the different "nature” of f(-) and g(-)
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DPD PRINCIPLES

Vin (t) Vout (t)

PR

V., and V,  have different values of Gain
and Phase.

PAs are not ideal devices :
the AM/AM and AM/PM plots are not linear

To make the PA work more linearly,

create the Digital Pre Distortion block:

It adjusts the PA input to produce the desired
outpult.

Need of a block that changes V;, to V4
Vapa Wil be the corrected PA input.

Vi, (1) Vipa (1)

> out (t)
~PA

Predistoter Result
. AM/AM AMIAM AM/AM
3 E | =
2 1 :
E S 3
D @ =
: 5 :
- & > = Q. »
Power In (dBm) Power In (dBm) Power In (dBm)

The challenge is then to understand the PA non linearities and to
model them

Or to model the “behavior” of the PA...

H() = PAtransfert function
H() = PAtransfert function estimate
H1(-) = PAtransfert function estimate inverted

‘- But what are those non linearities ? 35 ¥
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Origins & Impacts of non-linearities — Further details
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ORIGINS AND IMPACTS OF THE NON LINEARITIES 1/5

Odd IMDs
Memory effect A
Even order IMDs g Fing
+ BB resonance £
+ H2 =
Others S | fin2 fing UTNPRAITE
= } !
= Y 7Y
5 " )
2fin1 - Fin2 2t N2 " TiNg 2f1N1 2f N2
Analog input frequency [MHz]
fine fine  Fundamentals of the input tones
fnit fine 2" order IMD products

finet 2fine 3@ order IMD products
2finy 2fne Second Harmonics

IMD3 are the more concerning
- IMD3 amplitude not negligible
- frequencies close to the useful signal

IMD even order are generally too far aways to be a concern (NB)
(at least in a first approach)

Quadrature

AR AM

L=] - ~a L] R o La7] |
I I T T I T

025"
0.2}
0.15/
0.1},
0.05!

-0.05}
0.1}
015}
0.2/
0.25¢

IMDs effects

COAMAM

=]

Input magnitude

i i i
0.3 0.4 0.

5

-
+ Input | |
. . . M
. - . .
) - ) -
0.2 -0.1 0 0.1 0.2
In-Phase

(a) Constellation of input

PA introduces
constellation rotation and compression

Quadrature

Input (a)

Output (b)

IMDs causes spectrum regrow

4+ . .

Qutput | -

In-Phase

(b) Constellation of output
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ORIGINS AND IMPACTS OF THE NON LINEARITIES 2/5

Odd IMDs
Memory effect
Even order IMDs
+ BB resonance
+ H2

Others

AM/AM

L= - 2 Lo - on o0 |
T T T T T T

Cuadrature

No memory effect

i i i i i i
0 0.1 0.2 0.3 04 0.5 06

Input magnitude

*  Output without memory effect | -

=, | - -2 -1 0 1 2 3 4
In-Phase

(a) Output constellation without memory effect

Quadrature

Memory effect

i
= — (& w I~

ANIPM

1 1 | 1
n = (8] M2 —

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Input magnitude

3-’ |

=  Qutput with memory effect | }

e s ¥ P
ﬁ ~
% ‘ PO

In-Phase
(b) Output constellation with memory effect

AN ’\/\/\/\/
Memory effect

The PA output depends not only on the
Instantaneous input, but also on the previous
Inputs.

It means also that the characteristics of PA’s
behavior change with the frequency.
Origins:

Thermic semiconductor effect

Trapping effect

Impedance matching delay

Skin effect

Wideband
Others...
Pi f.ﬁ’ Aﬂ) f 3
/> b
/1 f,
> Pi > P

(a) AM/AM frequency dependent distortion (b) AM/PM frequency dependent distortion
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ORIGINS AND IMPACTS OF THE NON LINEARITIES 3/5

Odd IMDs
Memory effect
Even order IMDs
+ BB resonance
+ H2

Others

CLRWREI

*RBW 100 kH=z

*3%WBW 1 MH=z

I l
*

Ref 40.3 dBm “Att 5 dB £ SWT 2 s GaN4.0 NI/780 board
RNEE REAIE INENEERND

| w Att |Pout Eff
-2 e m_
" 45 48.09 3.216 417 _
-0

level (dBm)

IM13

IMK4

INI15
IM

600 800

IM3
IM5
IM6 l
Ma
1M1}
1M 1§

f1

In

IM1p,

110
P

IM1D

frequency (MHz)

IM spectrum
f2
IM3
IM5 M2
2f1 2f2
| itz
M6
M4 M2
IM11
IM12 IM13
IM14
IM16
M18
‘ M20
| (| |

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400

LVL

NOR

3DB

IM4

IM15

For 2xLTE20MHz
365MHz IBW

OL 1983MHz
IMD10 & IMD12
fall into the band
And their levels
aren’t negligible
for Gan 4.0 device

IM6
IM8
IM10

4600 4800 5000 5200 5400 5600 5800 6000



ORIGINS AND IMPACTS OF THE NON LINEARITIES 4/5

Odd IMDs
Memory effect
Even order IMDs
+ BB resonance
+ H2

Others

LNA Driver Final

- |

BB resonance
f,

y
fl'f

f+f

|
= B

Potential presence of H2 unfiltered
tone

OHz 30MHz

1800MHz

H2 products

1
Zfl-fZ

P

2f2'f1

of,

of,

OHz

1800MHz

3,6GHz
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ORIGINS AND IMPACTS OF THE NON LINEARITIES 5/5

Odd IMDs
Memory effect
Even order IMDs
+ BB resonance
+ H2

Others

Setups related (driver, passive)
Boards related
- BF decoupling,

- Power supply filtering
- shielding

@ \Which PA behavioral model can be used to represent them accurately ?

38
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Nonlinear Modeling : functions and fitting
methodology
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sy Preliminary questions
R fig

W2 IP PARIS

°* What is a model ?
* A mathematical function (for example a polynomial)

°* What Is a good model ?

* A good model allows to accurately reproduce the behavior of a system.
ldeally, the output of a model should be identical to the measurements.

* Mathematical models must be practical and easy to manipulate
* Complexity has to be taken into account
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i Modeling method and accuracy metrics
—

V& P PARIS

Signal Generator

x(n) OS y . (n
Performance

assessment

y model (ﬂ)

metric -
calculation ; | Osdilloscope

Hi Li . ..:. .-:-l -:. l
; E Ih-.-'l. YL 4, P oM

Messurement setup used for PA characterization.

Model

* Time domain metric
* Normalized Mean Square Error  NMSE = 1Olog10(

%=1 ‘Ymodel (l) — Ymeas (l) ‘ 2)

%zl‘ymeaS(l) ‘2

°* Freguency domain metric : frequency domain
NI\/I%E Y 1 Y

* Similar to time domain NMSE

° Extra degree of freedom :
Inclusion/exclusion of specific components
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gy Characterization methods
mH

V& P PARIS

* Behavioral modeling flow chart

Select stimulus type
and parameters

'

Aquire DUT input
and output signals

Signal Generator
prm—— -

De-embbed data from - Osdilloscope
~ measurement planes Select model structure ‘ | - s JT—
¢ + EWi 1-;35'1:',;-. ." ¢ — T

Messurement setup used for PA characterization.

|dentify model <+— Select model dimension =

'

Evaluate model
performances

Sources: 2015 - Ghannouchi, Hammi, Helaoui - Behavioral Modeling and Predistortion of Wideband Wireless Transmitters
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Non-linear models
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Nonlinear models — the most popular

* Baseband equivalent signal
x(t) = At)el?W(A(t),0(t) € R)

°* Memoryless Systems

y(©) = x(t) - G{A(D)} = A()G4{A(t)}e/ @ctADI+6(®)

 Polar Saleh Model * Polynomial
N — Memoryless Systems
G A = —2— D fA(t)) = ——
A} =1 PlA@Y = 15— .
—Originally developed to mimic the y(t) — 2 ak‘x(t)‘k_lx(t)
behavior of TWTAS k=1
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i Nonlinear models — the most popular
—

@ e eanis °* Memory polynomial based models

* Memory polynomial g
Yuap () = > apex(n = m)lx(n — m)[<!
k=1
=0

* Generalized memory polynomial

Mg

Yemp(n) = Z Ampx(n —m)|x(n —m)|*!

o
P

45 Jan. 2024 ICS902 - Digital Predistortion - G.Pham(Telecom Paris)/P.Almairac(NXP)
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g  Memory polynomial variants
m A
e * Memory polynomial based models

°* Memory polynomial

M

K
Yup (1) = D aiex(n = m)lx(n = m)[<?
k=1

m=0

* Memory polynomials odd orders only

M

K
Yuap () = > Gy (n = m)x(n — m)
k=0

m=0

* Memory polynomials real-valued expression

M

Yaap (1) = Qi (. — m)x(n — m)*
; k

m=0
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i Nonlinear models — the most popular
—

V& P PARIS

* Volterra series models (real-valued)

2 2 h,(my, - mk)l_[x(n m])

ml—O m =0

Yvolterra (Tl) —
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VOLTERRA SERIES BASED DPD Input
estimated
Mathematical background mgr)d data.
Need to find f=H-1,i.e. input=f(output) or y=f(x). v(n)

The output depends on the current and previous values.
y(n) = (X, Xy,...,X,.) With X,=x(n-kAt) and At — 0, (At = 2ns for 491Msps DPD)
+ 00

y('l’l) — z fk(x0;x1;---;xoo)
k=0

Model of
PA Iinverse

output
‘ Feedback (FBK)
X(n) x(n-2ns) x(n-4ns) ..
Xo Xq X2

10 !

) = ) 2= g(x(n— @l arq)

(r,q)€S )
r delay on the signal r = q = O static polynomial 1
g delay on the envelop r = q > 0 memory polynomial = )
F, o polynomial function with complex coefficient a, r #q  cross term % T
S = set of (r,q) delays combination I
2
example
3
~ 2 2 -
y(n) = agooXo + Aoo1Xo” + A110¥1 T A111%1° + Ap10X0X1 + A100X1X0 N ‘
ol s | | i i i i 5
: 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Statlc M em Ory CrOSS Input magnitude
term term terms

4 8 y

AN EM



MEMORY POLYNOMIAL

Static Memory Cross Example caser=2k =2

term term terms
y(n) = AggoXo + Aog1Xo” + A110%1 + A111X%1° + Ag19X0X1 F @100%1X0 Generalized Memory Polynomial
y(n) = agooXo + Aoo1Xo” + A110X1 + A111%1° Memory Polynomial

Memory polynomial

K-—1

K— K—
y(n) = 2 Aok, OxO 2 1kx1 : z rer

k=0

Memory Polynomial model is a simplification of Volterra
Still good In term of linearization performances

Models correctly the memory effect

Simpler to implement in real time system

h o
L |
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VOLTERA SERIES COMPLEXITY - MP

memory order

K —R | 1 2 3 4 5 6 7 8 9 10

Ord=1 1 / 3 { o 3 K s g 10
Ord=2/ z o H 14 2 2 30 4 4 o oo
Ord=23 2 91 19 24 ok 0 3 114 1o 2149 2050
Ord=4 4 14 54 oY 122 20U 229 494 14 1000
Ord=>o o 200 22 1250 221 4del f91 1zve | 2001 2007
Ord=a o 27 w3l 209 del Y230 171o) 2002 2004 o 00
Ord=" do2o 11 229 79l 1715 24510 edzd 114239 19447
Ord=a o 44 1ed ] 494 1286 30020 edsd 12869 24309 43757
Ord="Y 9 o4 219 414 2001 H004 114239124209 458619 SZ227
Ord=10 10 o2 Zg2 1000 2002 0007 19447 423757 922377 1lod /o3
development order
Number of coefficients to estimate depending 1 DPD iteration ~ 10s  200s

on the development order and the memory order

@~ Need simplification

h o
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i Nonlinear models — the most popular
—

V& P PARIS

°* Many variations

* Comparison between =) (4]
memory polynomial based g sl § ol
models. 5 ia| o
* (a) Weakly nonlinear o el

memory effects, performance ' Perbrmance
[1L] (b
° (b) mildly nonlinear I
memory effects, N —
* (c) strongly nonlinear B 7
memory effects | | [

Perfbrmance
[ E]

Sources: 2015 - Ghannouchi, Hammi, Helaoui - Behavioral Modeling and Predistortion of Wideband Wireless Transmitters
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52

Nonlinear models — the most popular

* Box-Oriented models
* Wiener

yw(m) = Gy {lxw @)} - xpy(m) ] LinearFIR

‘ X,,(N)

xyy(n) = zM a,x(n —m)

m=0
* Hammersteln

Memoryless
nonlinear

function |

‘ X, (n)

M x(n) | Memoryless
_ nonlinear
Yu (Tl) — E AmXH (Tl o m) function

m=0

xp(n) = Gu{lx()[} - x(n)

Linear FIR
filter

Jan. 2024 ICS902 - Digital Predistortion - G.Pham(Telecom Paris)/P.Almairac(NXP)
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53

Nonlinear models — the most popular

* Neural network based models

* Example: Feedforward Neural Networks
(multi-layer NN)

0f (k) = flnetf ()}, ¢ =1,--,L —1
neti (k) = wp - x(k) + b}

N
netf(k) = z 1Wl-lj : 0}_1 (k) + bl-l
J:

° Qutput of the FFNN:

N
y(k) = ) wh;-0Ft (k) + bt
i=1

Jan. 2024

[nput Hidden Output

layer layrer layer
[nput 1
[nput 2
[nput 3 Ouput
-
[nput 4
[nput 5
Bias
i b
I O— 1N
Activate
function  Output
[nputs ¢ T2 o0—— U2 z - f - U

Eh O— Uy
Weights

Sources: http://tex.stackexchange.com/a/132471
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LINEARIZATION TECHNIQUES AND PA MODEL CHOICE

Linearization techniques

l
Backoff

1990-2010’s techniques

Chose |IF DPD, tradeoff performance / implementation

Chose indirect architecture bc no inversion

Don’t use LUT bc doesn’t address memory effect,
too memory costly & too slow to update

Voltera model too complex to implement

Hammerstein Weiner model sub-optimal

for memory effect
Use memory polynomial, pruned version

+NXP chosen models DPD

l l l
LINC Feedback Feedforward

l

Predistortion

l

Analog PD

Digital PD

Baseband PD

=

PO |RF PD

Direct architecture | |Indirect architecturejﬁ>>

! !

LUT DPD Parametric DPD+ Mixed effects model5%>>

!

Volterra Hammerstein Wiener

Memory Polynomiaﬁ{>>

lJ

Pruned%>>
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Fitting approaches (ldentification methods)
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ldentification methods for linear-in-parameters models

—
e p o
- 7’
'~
Pl

W2 IP PARIS

* Memory polynomial example

M
K
Yup(n) = E ) Gyex(n = m)x(n — m) <!
k=1
m=0

o

y(n) = y,()T - A

V() = [x()x(n — 1) x(n — M)x(n) - [x()x(n — 1) - [x(n — D]~ x(n — M) - [x(n — M)[¥7H]T

—_

- T
A= [a01a11a21 "t Ap1Ap2Aq2 Ay
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g |[dentification methods for linear-in-parameters models

* For aset of N + 1 samples: y(n)=r,(n)-A
x(n) x(n—1) x(n)|x(n)] x(n—1|x(n—1)
I'.(n) = x(n — 1) x(n —2) o x(n—1)|x(n—1)| x(n—2)|x(n—2)
x(n N) x((n—1—-N) -- x(n—N)\.x(n—N)I x(n—1—-N)|x(n—1—N)|

x(n — M)|x(n — M)|*~1
x(n—M—1D|x(n—M—1)|%1

x(n—M — N)\x:(n — M — N)|¥1

Model identification < Compute A ... but [’y is not invertible
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gsi  |dentification methods for linear-in-parameters models
X

W2 IP PARIS

* Exercise
* Write the matrix for

—

A = lag1a9z - Aggaqq - aMK]T

° EXxercise
* Write the matrix I'y In the case of the Generalized memory polynomial
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gsi  |dentification methods for linear-in-parameters models

* Approximate solutions

N —
* Least-squares (LS): m_;n”y(n) — I, (n) AH
* Common approaches: Moore— A
Penrose pseudo-inverse AT = (AHA)_lAH

decomposition, SVD

* Significant computational complexity
(O((M X K)*))

* Least-mean-squares (LMS): minE Hy(n) — A" . )_,)x(n)‘ ]
* |terative approach:

e(n) = Y(n) AH (n) - Vx(n)

°* Reduced computational complexity _

°* Convergence issues (L)
59 Jan. 2024 ICS902 - Digital Predistortion - G.Pham(Telecom Paris)/P.Almairac(NXP)
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60

* Recursive (weighted)

ldentification methods for linear-in-parameters models

k

least-squares (RLS): mﬁ"z PR=|y(@) — AR (D) - o ()1
* |terative approach: =0
e(k) = y(k) — AH (k — 1) - 7, (n)
s() =Sk —1) -y ()

s (k)
1+yH(n) - sk)

Kk (k) - kH (k)
A+ yH@) - s (k)

S(k) = % S(k—1)

k (k) = ACk) = Ak — 1) + e* (k) - 1 (k)

* Increased computational
complexity (O((M x K)#))

* Robust convergence

Jan. 2024 ICS902 - Digital Predistortion - G.Pham(Telecom Paris)/P.Almairac(NXP)



Digital predistortion: Theory and implementation
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Learning architectures
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PA MODEL TOPOLOGY- DIRECT /INDIRECT LEARNING

Direct learning topology Indirect learning topology

‘PA I Forwaro

= Nout ~.|data
input ] > H PUL — 1 > H >
DPD t Forward error T “r4( )estimated feedback
data Recopy [ forward data
| Model of the
stinatdc | PA Inverse
Inversion putput Convergence algorithms: l/
"LMS Model: Volterra Series, Memory
-Newton & quasi Newton Polynomial, LUTs, ANNs, ...
Model of the PA -GC.A
Minimize the delta bw esfimated output and effective Minimize the delta bw forward data and estimated
The inversing of H(.) to H" is done numerically and hence forward data.
Implies additional approximations. No more need to inverse a transfer function
- more complex @ W) = PA transfert functi - less complex @
. — transfert function
- €ITor prone H(-) = PAtransfert function estimate - less error prone

H=1(:) = PA transfert function estimate inverted + «
H=1(:) = PA transfert function estimate inverted + error on inverse

H-1() = PA inverse transfert function estimate 6 3 }

L |



LUT VS PARAMETRIC VS MIXED MODELS

Forwarc

. data
input g > H >

error

1.2

stimated feedback

Recopy [ forward data
| 7 Model of the
. : Y PA inverse
Convergence algorithms:| /

-LMS Model: Volterra Series, Memory

‘ETD” & quasi Newton|  |pounomial, LUTs, ANNS, ...

LUT

DPD indirect learning LUT scheme consists to
store into memory lookup tables static coefficients
to transform FBK into F\WD data estimated.

Requires learning PA phase
Introduces quantization as f*(LUT size) @

Doesn’t model memory effects

Parametric PA model

Volterra

Volterra model is based on Taylor series decomposition
Almost optimum In term of linearization performances
Models efficiently the memory effect

Very complex to implement in real time system
Searching for simplification 4

Memory Polynomial model

Memory Polynomial model is a simplification of Volterra
Still good In term of linearization performances

Models correctly the memory effect
Simpler to implement in real time system «
Searching for simplification

=

h o
L |
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i |dentification of the DPD (=fitting of the inverse)

—hd fii
G trrans Mostly identical to PA Behavioural modeling
* Performance assessment
XM | DPD |Yorpi™ x (1) Lin(?;; E(ﬂB)ain Vi ia(™)
(idE!El) Performance Performance
ESSESE':”EM : DPD PA Y sim(™ assessment
(n) metric E Model Mode metric
DPD | PPpes calculation I calculation
Model DPD YL meas™)
! Model
°* Models °* Computation methods
° Memoryless ° LS
°* Memory-aware ° LMS
°* Box oriented ° RLS
° Neural networks °* (NN learning methods)
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DPD Implementation
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V& P PARIS

* Transmitter with DPD

N\

Power Antenna
Filter ' modulator amplifier

. Predistorter >

Digital
domain

Upsampling : Low pass
Shaping Filter "

1
oo
=)
=)

* Predistorter’'s nonlinear characteristics and the PA must match

°* Nonlinearity of the PA varies with time due to changes in the drive signal,
aging, or drifts

* Update the predistortion function

Y Jan. 2024 ICS902 - Digital Predistortion - G.Pham(Telecom Paris)/P.Almairac(NXP)



it Different types of DPD
—hd fii

W2 IP PARIS

°* High performance Lab DPD
* Custom transcelver + custom DPD algorithm and models

* On-the-shelf instrument (oscilloscope) + custom DPD algorithm and
models

* Automatic instrument based DPD

* Production sites : transceivers
°* BTS
° Constrained hardware system
* Mobile handset
* Strongly constrained embedded system
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EE% Implementation for transceivers
—

V& P PARIS

°* Regular base station implementation

'
|

Predistorter

Ti

Upsampling : @j
Shaping Filter ,
A
o
I\ eNAY | A
t i
A
A 0

| Adaptive >
Algorithm CAN

| Digital = ~ o] 1 [l
Decoder [«— CANX % - R \ %

Digital Analog @—T
domain * domain
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BB-IF-RF CONSIDERATIONS FOR DPD

8x30.72Msps

Baseband

B

Option 1 BB DPD

@ Works a low sampling rate,
Low complexity implementation

Works before CFR,
then low DPD efficiency

OR

1=

307.2Msps
491.52Msps
983.04Msps

1.8-3.5GHz

1Q
Mod

=

9

RF

Driver PA

—OH0

DeM ¢
od

256Msps

©

Option 2 IF DPD

Works a medium sampling rate,
medium complexity implementation

Works on composite signal after CFR,

then good DPD efficiency

<

OR

o

Option 3 RF PD

@Sampling rate too high,
too complex implementation

pe

70
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i |Mplementation for Labs
—h i
% e pamis * Tones signal (CW, dual, multitone) — Static Characterization

Attenuator
Stimulus DUT Output Signal
Generator Acquisition

°* Modulated signal

Digital baseband

waveform generator
Data Processin
'y 10 L

DAC & Iinf T Qin I-::-utT f Qnut
Frequency Up-Conversion

Dual-Channel Receiver
(Oscilloscope)

» Data De-Embedding Is critical
—power adjustment
—time alignment

» DUT » | oad
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DFE SETUP - 0 - “INVERTED LOAD”

Spectrum Analyzer

1dB step
attenuator

| Splitter
| -3dB

2 Sub optimum

20dB coupler

Digital Front End T circulator Driver circulator PA Coupler 500W Pw load  Power meter & its probe
-11dBm +33dBhider test +48dBm +7dBm
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DFE SETUP -1 - RECOMMENDED SETUP

Spectrum Analyzer

Feedback

Driver

~6 dB

J
"\ POWER / -
pa G » sd
S \v-.‘ : /t:‘:,:‘.

Digital Front End o circulator Driver circulator | PA +88m500W dways +Bm Power meter & Its probe
-11dBm +33dBMnder test Pw load Splitter

» » »
73 N



DPD IMPLEMENTATION OTHER CONSIDERATIONS

- Real time vs non real time systems,

- Narrow band vs Wide band DPD

- Pout levels for NB & WB,

- DPD setup considerations (driver, circulator, load, SRX levels)
- Calibration

74
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Conclusion
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i Conclusion
=hed i - |
@ 1o oars * Trans-disciplinary domain

* theory and signal processing
* digital communications

° programming

° circuit design

* frontend baseband/RF

°* hardware

* Many design and system elements are
interacting with each others

* Multi-level approach is required

* New approaches are required for
Integration with key technologies for 5G

* Massive MIMO
°* mmWave
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Backup slides
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il Wideband DPD in high power BTS

We: |P PARIS

* ADC issue

. \MxBW ~ 500MHz

Upsampling

LTE-A 100MHZJ_L
Shaping Filter

T \ : Predistorter
| —
| Adaptive

Algorithm

TX path
Lo MxBW ~ 500MHz
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i  \Videband DPD in high power BTS

— ot Ll
.})lp PARIS
* DAC Issue
Predistorted LTE-A ~500MHz H_‘\MXBW ~ 500MHz
Upsampling ©_

Shaping Filter |

T _\ :|Predist0rter:| DAOX| A ’_I_zj.__:b

f—

TX path
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i Closed loop Adaptive DPD
—

V& P PARIS

xin(n) Dlgltﬂl 1"’(tru.ﬂ(n)
Predistorter

Adaptive
algorithm

11G

* Usually exhibit slow convergence and high computational complexity
° No direct relation between the error signal and the predistorter's coefficients

°* Prone to divergence if the PA Is driven into saturation

* Direct learning technique to identify the predistorter’'s coefficients
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iyt Open loop Adaptive DPD

mHE
* Direct learning architecture °* Indirect learning architecture
Q}) IP PARIS
X,(N) Hl Digital "“} X, pal) PA Y, {N) X,(n) \ Digital X pall) PA YoulN)
i Predistorter | . Predistorter |
SrsnEssnptssssaansnnsnnns fﬂm .......... | TSP, * — 3
Coefficients update: . N Coefficients update ™-... 1/G
Model 1/G
Inversion +
(algorithm) @'— Post-inverse
A

\ +
"'-.____ PA ___® \
Model

Identification | |
L algorithm
|dentification |
algorithm

*  Amplifier's model is identified; then the DPD function is built by inverting the * the predistortion function is directly derived by calculating the post-inverse of
PA model the amplifier
*  Suitable for memoryless systems *  Suitable for systems with memory
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NARROW BAND DPD - MIL- RDB — NB XCVR

Tx Buffer: loads waveform N ar rOWb an d Tr a'n S Celver

number of samples ~ Multiple-Frame ~ 40ms Tx-VSPA: Unity pass-through (Playback Mode)
Sampling rate= 307.2 MSPS

1 sample ~ 3ns

DFE - RDB

______________________ PA Lineup

Etherne
Port

/—IITIZ;UITII—IITI

Feedback from PA

Narrowband XCVR
SRx Buffer: captures waveform, - 1Q Rate= 307.2 MSPS

number of samples 2K~120K
Sampling rate= 307.2 MSPS
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4G-5G-6G ENERGY PERFORMANCE JOURNEY

Early (LTE)

4 Power

Analog (PA)

Digital (BE)

Focus on power
amplifier Idle mode

Today (NR) Future

& Power Focus on thermal

4 Powar 5lze and welght

/

Micro-sheep
Lean MR

standard

Digital

FOCUS On energy Operational cost
proportional computing and carbon emission

Sources: Ericsson massive-mimo-handbook--2023
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DPD SETUP
CALIBRATION
CONSIDERATIONS




WB XCVR - BLOCK DIAGRAM

DFE
digital

Board

|IF TRX Transceiver

IF filter

-
\

SV

@

DAC
ADC

1

==

Tx LO

IF filter

=

LNA

V%

Rx LO

&

&
®

LNA

TX

-
Hil§ port

SRX

&

— BN i SMA

Hili port

y
85 A



TRANSCEIVER IMPAIRMENTS - BASICS (I11)

Gain Imbalance (Tx shown)

o [ 6a J

! {
g X »?

Cos(wt)

Sin(wt) |

2
w [ ea]
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Phase Skew (Tx Shown)

Constellation
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Ripple across band

« RHW 10D HH=x
« YHNW 1 ME=x
ot £l .6 AdEm « AT 15 41 - ENT EDD mo

y

Hmﬂ

Center =.51 LHr =4 MHx/S Span =40 MH=
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@ Spectrum SRx @ Spectrum SRx
_40 _40
-0 -kl
-al] -ail
=100 -1
= _Elzrltgu#-# _F:IFEIEH: -E-.-E-E-#DT, -1 2.114%2 -:IEIFE - =t = _Elzrltgu#*l _F:Iﬁla:lll'jﬂ: 5.50 |:I|:I 4, -1 2.11-5DE.D9 -:IEIFE - =t

- With correct CAL parameters “images” are minimized on SRx captures (shown in GUI, Spectrum SRXx)
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* RBW 30 kH=

* VBW 300 kH=

. — :PB:S —10.9606 dB’;Att R — R CH1 —f-93 dBm
o L I D
— Load Signal * . Tolial _j fi Ziz
| Select & Load Waveform | | Select XCWR Cal file | . | porpowmmwnan - . N S B
' ‘. = GotrectCAL 5
Shift (MHz) -S0 | IPAPR(B): 65414 == EEEE EEE BEE DR B R - » | e g
e / 100 bbb S R
Digital Level (dBF 3] -15 . Lol fon o] e an
File: LTE_491p52MSPS_80MHz_8pSdB_OMHzZOF ., (] ' 10111 |
FSET_mi1SdBFS_25800pts. mat ) [ 1 2ol il kel fonte b S
100 0 100 i
— [DPD Control
@ Gen 2 () Gen 3 DPD Rate= 4591.52 MHz @ TX CAL Enable T O Y
Mumber of DPD kerations 200 Adaptation Factor 0.2 ‘@ RX CAL Enable ("""; """""" ‘\:J
I —110
I Centexr 2.09 GH= l 50 MH=z=/ Span 500 MH=
Run OFPD Pause DF'D] l Reset Model Stop DPD l l T ON l [ TX OFF e S
o e ee e LO Leakage
— :EZS —1p.ppes dB*Att — — ms/ 3111 — 93 dBm
== ’ f N [
= 710 I S R
Center Freq on SA =2140- 50 (MHZz) e
. . Exampl & F
LO leakage shows at 2140 MHz. With correct CAL this should be _BOBad CAl s
minimum (won’t be 0) T
Images should also be minimized
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DPD PRACTICAL TIPS

- Average Power of PA : P3dB — PAPR (PA should not be clipping)

- PA should be able to provide peak output power across the band of
operation

- IMD Products

- Symmetry: Should be symmetric upper/lower side (Within ~2 dB for best
performance)

- Two Tone Test with increasing BW: IMD variation should be limited (< ~
2dB)

- Group delay variation of Lineup (PA) across 125% of DPD bandwidth
< Clock period of Output TX rate

- DPD performs better if PA exhibits Monotonic AM-AM & AM/PM
Fewer coefficients may be needed (smaller Polynomial Order
will be sufficient)

- PA should be properly shielded. This is especially critical with
wider bandwidth use cases

Gain - dB

: L?c kTﬁ

o2r

o1r

0] 200 400 600 800 1000 1200
Sanype#

Pout=43.34 dBm

L ¥ L i - . ; . i i
15 20 25 a0 35 A0 45 il
Envelope Power - dBm
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