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• Radar
• Rapid scanning without mechanical movement

• Tracking of multiple fast-moving objects

• Easy to mount on different surfaces

• E.g. Autonomous Vehicles

• Communications

• Satellite communication

•  Tracking of Low Earth Orbit (LEO) satellites and robust connectivity for mobile platform

• Connectivity while moving e.g. the satellite, car, train, plane, ship

• Multiple beam for more customers, handover between satellites etc

• Lower interception probability

• E.g. Starlink, OneWeb

• Mobile communication

• Higher data rates

• Direct line of sight 

• Markets : Defense, Aerospace, Telecommunications, Automotive
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Importance of Phased Array Antenna Systems
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Evolution of Phased Array Antenna Systems

(*) : IMEC

(*)

Characteristics

Heterogenous integration

High carrier frequencies

Wideband signals

Characterization and Test

From conductive to over the air
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Evolution of Complexity

https://www.analog.com/cn/resources/technical-articles/an-interview-with-analog-devices-discussing-rf-electronics-for-phased-array-applications.html
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System-level Breakdown
Conductive Over the air

Linear SystemActive System

Radiation pattern

CW

Error-vector magnitude

Modulation

OTA Characterization of 

Complete System is a Must

Active System behaves differently 

with antenna structure connected
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Conductive Characterization

(*) : IMEC

(*)

Interfaces

On wafer probing

Die on PCB probing

Die on PCB with connectors

Chip on PCB with connectors

Module with connectors

De-embedding

Loss / Gain compensation (scalar)

S-parameter de-embedding (vector)

Evolution in Test Signal Complexity𝑡 𝑡
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CW Characterization– Scalar

௖݂ ௖݂ ݅ ௖݂

Power Meter

Spectrum Analyzer1ܣ( ௖݂) )2ܤ ௖݂)
(0)3ܫ

How much signal passes or 

reflects at what frequency?

Not adequate for circuit design
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CW Characterization - Vector

Linear

௖݂ ௖݂

Model (S-parameter) Extraction

2 Separate Measurements

S-parameter (perfect 50 Ohm)

Prediction across non-50 Ohm

Linear design

From lab to test
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Pulsed CW Characterization– Scalar and Vector

௖݂

Power Meter

Spectrum Analyzer1ܣ( ௖݂) )2ܤ ௖݂)
(0)3ܫ

Signal Engineering

Separating different effects

Heat dependency

Trapping Effects
௖݂ ݅ ௖݂
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Why bother about “Nonlinearities” ? 

IN OUT

GaN RF 

power amplifier (PA)

Input power

Output power

Power added

efficiency
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Two-Tone Characterization

௖݂ ௖݂ ݅ ௖݂

Power Meter

Spectrum Analyzer1ܣ ௖݂ )2ܤ ௖݂)
(0)3ܫ

1ܣ ௖݂ , ࢚ )2ܤ ௖݂ , ࢚)
,0)3ܫ ࢚)

௖݂௖݂ …
݅ ௖݂

ܥܦ
Characterization Speed

Understanding 

Nonlinearities  and Memory 

Effects better
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All Signals Equal?

One-tone | CW

𝑡 ݂
Two-tone

𝑡 ݂ 𝑡 ݂
Multi-tone OFDM

Realistic Signal

Multi-tone
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Impact on IMD
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Impact on Gain

Input

Output

Input

Output

Signal-dependent nonlinear 

behavior and linearization

Strong impact on the 

resulting nonlinear characteristics



Realistic Signals during Characterization / Test

Three important factors to consider

Power spectrum

Probability density function (PDF) / CCDF

Tone spacing

Disadvantages of Realistic signals

>30 dB spread in amplitudes (low SNR)

Spectrum strongly depends on 

Information content

Power spectrum

OFDM signal Compact multi-tone
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Gain and Distortion with Realistic Signals

FrequencyFrequency

Input spectrum

|ܷ(݂)| |ܻ(݂)|

Output spectrum

PA
ܷ(݂) ܻ(݂)

ܻ ݂ = ܩ ݂, ܲ(ܷ) ܷ ݂ + ܦ ݂, ܲ(ܷ) + ܰ(݂)Nonlinear distortion

Noise

Sliding 

window

ܲ ܷ ∶ (݂)ܷ ݂݋ ݎ݁ݓ݋ܲ ݁݃ܽݎ݁ݒܣ
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Practical Measurement Setup

VSG PA VSA

f f

BW

Spectral regrowth

Multi-tone characteristics
100 MHz BW

18.25 GHz carrier frequency

2 kHz tone spacing

Baseband VST (PXIe-5820) Up-down converter (PXIe-3622) 

DUT

Alternative VST (PXIe-5842)
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Decomposing the DUT Response
Linear behavior Nonlinear behavior

ܻ ݂ = ܩ ݂, ܲ(ܷ) ܷ ݂ + ܦ ݂, ܲ(ܷ) + ܰ(݂)

ܦ ݂, ܲ(ܷ) ܦ ݂, ܲ(ܷ)

Noise Separation



20

Extending to Over the Air Characterization
AC

ܷ(݂) ܻ(݂)
RC

ܷ(݂) ܻ(݂)
ܻ ݂ = ܩ ݂, ܲ(ܷ) ܷ ݂ + ܦ ݂, ܲ(ܷ) + ܰ(݂)

DUT

Active Circuit

Antenna Elements

Gain pattern DUT

Gain pattern reference antenna

Active Circuit

ܻ ݂ = ܩ ݂, ܲ(ܷ) ܷ ݂ + ܦ ݂, ܲ(ܷ) + ܰ(݂)
Active Circuit

Antenna Elements

Chamber Characteristic

Reference antenna efficiency

Active Circuit

DUT

Radiation Pattern Channel Model
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Practical RC Measurement Setup

VSG + VSAAmplifier + antenna

No positioning / alignment

No mechanical scanning

Less and lower error contributions

Acts like a “fixture” to the DUT
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Inband Nonlinear Distortion Characterization

FrequencyFrequency

Input spectrum

|ܷ(݂)| |ܻ(݂)|

Output spectrumRC

PA
ܷ(݂) ܻ(݂)

Sliding 

window

Analogue EVM = σ௙ ݎܸܽ ܦ ݂ + σ௙((݂)ܰ)ݎܸܽ ܩ ݂ ܷ ݂ 2
Nonlinear distortion + noise Noise-corrected EVM

Analogue EVM = σ௙ ݎܸܽ ܦ ݂σ௙ ܩ ݂ ܷ ݂ 2
Rolain Y. et al. A measurement-based Error-Vector-Magnitude model to assess non linearity at the system level. IMS 2017.
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Analog EVM behavior in an RC
Multitone signal New Radio signal
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Strong agreement between conductive and RC results
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From Conductive to Phased Array Characterization

Nonlinear characterization is essential

Need for Power Efficiency

Need for realistic or pseudo-realistic (multi-tone) signals

Figure of merits (e.g. gain, IMD) depend on the signal type

Active circuitry can be characterized in presence of passive antenna system

Nonlinear distortions can be separated

Figure of merits extend from conductive to over the air characterization

The RF test engineer can bridge to OTA characterization and test
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