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How many basestation antennas are
required to build out the City of San Diego?
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How many basestation antennas are
required to build out the City of San Diego?

2,188 Cell Phone Towers ‘ >700,000 Antenna Feeds
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o0 IMS Network Sustainability

TELECOMS INDUSTRY ENERGY USAGE WHERE IS THE ENERGY BEING CONSUMED?

16% 580m +160%

—>
of Total Global tons of Co2 in total energy
Co2 Emissions! Emissions consumption ™ Basestation Sites
in 20212 2020-2030°

1 Data Center & Core Majority of BS power
consumed by the Radio Unit*

Innovations in RF Signal Processing & Energy Saving Algorithms at the network level required to drive
down power consumption & minimize carbon footprint

1. BCG report Jun 2021

2. |EA press release Mar 2022; total global emissions 2021=36.3Bn tons
3. ABl/Interdigital Report Nov 2020

4. GSMA Intelligence A blueprint for Green Networks, Oct 2022
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More MIMO Extreme M-MIMO
For enhanced spectrum efficiency Required to overcome propagation challenges, increase
layer count
AN A
1GHz 3GHz BGHZ 10GHz 28GHz 40GHz 90GHz+
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™™ Spectrum Expansion

2/4/8 32/64/128 © 25B/512++ Antenna Count

20MHz 100MHz 400MHz Bandwidth
2-4 8-16 32-64 Layers(DL)

More Channels, More Bandwidth, Better Efficiency, Hybrid Beamforming
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m Power Consumption -@-Energy per Bit

Be more Energy Efficient but also Carbon Negative
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* Future Trends in Power Amplifier Architecture
* Future Trends in Linearization System

AMTT-S
IEEE MICROWAVE THEORY &
A TECHNOLOGY SOCIETY



aniIMS Radio Technology

Connecting Minds. Exchanging Ideas.

Integrated Transceiver (TRX) PLLs for Local
Oscillators
and Clocks

Receiver (RX) RX Low-Noise
Amplifier
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* High Efficiency Power Amplifier Architecture.
* Advanced Digital Linearization System.
* Hardware Acceleration Engine.
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1 Aux 1 Main
Delay Line Delay Line
Input - Class-AB Input . : Class-AB
| _ 3 dB Hybrid ) ta, 3 dB Hybrid 3 dB Hybrid A Ia, 3aB Hybrid
|Maln %’—Output —Main ﬂeie —1 Aux ﬂe’v
Input ' Class-AB Class-AB Class-C
Jla, —Jla
_% —— Output — Aux2 > —— Output
Ro Ro
Class-C
Asymmetrical Inverted Doherty Conventional LMBA Pseudo-Doherty LMBA
Inherent bandwidth limitation. Broadband but lower Behaves like a Doherty and offers

efficiency ~40% at PBO. much higher bandwidth.
Linearity degrades.
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 Today’s Workhorse for cellular transmitters.
* Linearizable ~10% fractional bandwidth.
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o0 IMS Pseudo-Doherty LMBA
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3 dB Hybrid 3 dB Hybrid
T
: : jlne
— Output

* Twice the bandwidth compared to Doherty.
« Delay between the paths is optimum for a limited
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o0 IMS SISO Pseudo-Doherty LMBA

Input Offset Line Frac BW 5
PA Configuration Length [cm] DE [%]
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SISO PD-LMBA 11.2 ~55% 3
<55
SISO PD-LMBA 14.8 40 ~55% &
o
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 The Path Forward for Sustainability. "

* Adoption of splitting the main and auxiliary
paths to compensate for phase variation. aof
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Machine Learning Techniques

SAN DIEGO

Most primitive and yet effective form of
implementation.

Phase-invariant non-linear transformation
denoted by NL: C —» R.

K M
zzakm uft + ]+ fult + 7] [,
k:

m:

Hammerstein model combining Taylor series
non-linear functions and linear filters,
targeting diagonal terms.

Often primary degrees K € [1,2,3,4,5] are
sufficient to achieve good performance for
low-power wireless transmitters.
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o IMS Direct Synthesis of Volterra
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* A more accurate generalization of Volterra series for
medium to high power wireless transmitters.

—H NL [ Hpiol-)
7 ’ ' * Example choice of NL operation.
— | e 3 Hpt) - — NL: C— R, followed by H: R — C implementing the delay
z w | operation and applies non-linear transformation using LUT.
u { § o ) ) — LUT-based generalized memory polynomial model.
71 E S — M M Q
I_' TE % NL [ E Hi(-) » vlel = Zﬂu[t + 0] - @(lult + ]| K, @) + ZD;JU[E +Tm] - @ (|u[t + Tq']l!‘!(: Umq,kc)s
o0 ’ » m= m=0g=
7! 20 .
— = e 3 M) * Another example of NL operation.
—i— ' — NL: C - C producing high-order frequency-dependent non-
‘ : 0 linearities.
— | NL [T Hy(-) > . o .
’ T — Dynamic deviation reduction terms, u2D,u and uD,u?.
Mac.:i;l:ne Learn}ﬁé TechniqL;é; v o o
v[t] = Z Zuz[t] At + ] - @t + o] | Ky ctmgie) + Z Z ale] - w2t + ] - @t + 1q]], K, amq).
m=0g=0 m=0 gq=0
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F: RF/Analog impairments
u (w)
 How do we approximate function F? _’ :

— Linear regression model as a weighted sum of J - I features F(u) = Z§ i ajifji(u)
— «a is the coefficient, and  denotes the basis function known as variable.
* Model coefficients are solved by minimizing

N

2.

n=1

K 2

U= ) i)
k

=1

+ AL(a) or argmin, (lI‘t? — Bal3 + HL({I}),
e Solution to be derived as

— Closed form solution to quadratic cost function

a=(p"p+A)Bv
— |terative method of gradient descent update

a1 =a;+ B
* Direct form polynomials, orthogonal polynomials, PWL functions, arbitrary bases.

All Supported by Today’s Software Defined Radio !




o0 IMS Multi-Stage Network

 Each cascaded model comprises different linear regression models or Volterra-
based models.

* Solve the non-linear problem using
— Gradient descent

i — ENL ;EH+(-) > — A NL | Hpsol- )
— Back propagation > Ly et Ly )| Hora
propag S : - :
&—— w [ | NL [T | Hpul) [— $—— w [T | NL | Hpul")
. . 1 — 4 1 = 14 14 v
F: RF/Analog impairments z 5 g 5 RN
u »~ _:;_: R N -~ E ; ;
u (YY) F,(..F(w)) 5 N NL [T Hol-) | + 5 WNL [ Hol-) | +
— N —— > > @ ’ - ~ o § ]
z* c 7! c
2 3 3 o0 > >
— I NL T Hal) — | NL T Hal)
: . 14 - : 14 14 -
71 s : 71 s s
argm]nﬂk (Fk (ij "'F]_ (Hllﬂl(u:})) + -’:lfL (Hk:}).a — ) E < NL 3 Hy(-) N T > : 3 NL < Hy(-) N

Machine Learning Techniques
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o0 IMS Linearized Output Spectrum

 Linearized efficiency 57% = vs 45% (typ.) 237 Watts saving per RU

Ref Offset51.78 dB
Ref 30.00 dBm

-5 SdBe

Span 800.0 MHz
#Res BW 220 kHz VBW 22 kHz Sweep 4104 ms

Total Carrier Power 42.012 dBm/ 196.00 MHz ACP-IBW

Carrier Power Filter  OffsetFreq  Integ BW iB iB iB Filter
100.0 MHz 98.00 MHz |-53.04 -1395 5384

51.50 MHz 1.000 MHz -7047 -31.38 -71.01
200.0 MHz 986.00 MHz -53.17 -14.08 -54.87

AMTT-S
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* Including both Academia and Industry

Comparison Table
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SAN DIEGO

This Work [1] [2] [3] [4] [5] [6]

Year of Publication 2023 2022 2022 2022 2023 2020 2020
RF Center Frequency (MHz) 3500 3840 3500 2140 2300 3200 3300
Signal Instantaneous Bandwidth (MHz) 200 280 200 100 100 120 80
Signal PAPR (dB) 8 8 - 8.5 8.5 7 10
Maximum Output Power (dBm) 50 47 50.2 45.3 40.5 45 43.7
Average Output Power, Pout (dBm) 42 38.8 41.5 36.2 31.8 37.3 33.0
Linearized Output PBO (dB) 8.2 8.7 9.1 8.7 7.7 10.7
Output PBO - Signal PAPR (dB) 0.2 - 0.6 0.2 0.7 0.7
Linearized Drain Efficiency (%) 57 45 55.1 54.5 34.2 53.3 48.2
Worst-Case ACLR (dBc) -53.0 -50.5 -51.0 -45.7 -48.2 -50.4 -45.2

1. K. Chuang et al., “Radio challenges, architectures, and design considerations for wireless infrastructure: creating the core technologies that connect people around the world,” IEEE Microw. Mag., vol. 23, no. 12, pp. 42-59, Dec. 2022.

2. MaxLinear, “MaxLinear teams with Qorvo to enable high-efficiency power amplifiers for massive MIMO radio solution,” 2022. Accessed: May 1, 2023. [Online]. Available: https://investors.maxlinear.com/press-releases/detail/469/.

3. H. Zhou et al., “A generic theory for design of efficient three-stage Doherty power amplifiers,” IEEE Trans. Microw. Theory Techn., vol. 70, no. 2, pp. 1242-1253, Feb. 2022.

4. C. Chu et al., “High-efficiency class-iF-! power amplifier with enhanced linearity,” IEEE Trans. Microw. Theory Techn., vol. 71, no. 5, pp. 1977-1989, May 2023.

2. M. Li et al., “Bandwidth enhancement of Doherty power amplifier using modified load modulation network,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 67, no. 6, pp. 1824-1834, Jun. 2020.

AMTT-S
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J. Pang et al., “Analysis and design of highly efficient wideband RF-input sequential load modulated balanced power amplifier,” IEEE Trans. Microw. Theory Techn., vol. 68, no. S, pp. 1741-1753, May 2020.
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Linearized Output Spectrum

A half dB power back off.
* Near optimal behavioral modeling of power amplifier at 55% efficiency.

Ref Offset51.47 dB
Ref 30.00 dBm

Center 3.5000 GHz
#Res BW 220 kHz

Total Carrier Power

Carrier Power

|EEE MICROWAVE THEORY &

TECHNOLOGY SOCIETY

41.503 dBmv/ 196.00 MHz

Filter  Offset Freq
dE 100.0 MHz
51.50 MHz

VBW 22 kHz

ACP-IBW

Lower Upper
Integ BW dBc dBm dBc dBm

98.00MHz -5471 -16.13 -5549 -16.91

Filter

1.000MHz 7166 -3308 7247 3389 -3

Span 800.0 MHz
Sweep 410.4 ms
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« Summary
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* The next Wave of radio deployment is in Centimeter Waves,
expecting hundreds of antenna feeds per Radio Unit.

e Continued Innovation is required in
— Integrated Radio Transceiver SoC,

— Advanced Linearization Systems,
— Broadband PA Architectures.

* Require Network Energy Saving features in concert with mobile
data traffic demand.
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Sustainability ‘ . Intelligence Everywhere

Wireless networks must be The catalyst that delivers the
carbon negative to thrive value of the network, more

autonomy in every node

Radio Technology

Enables energy-efficient .
air interface by Collaboration

minimizing power Combination of technologies

consumption of network. . ' required. Win-win outcomes.

Co-Innovation &
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