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Focus Microwaves is a pioneering engineering company, built
around the innovations of its founder Dr. Christos Tsironis, who
developed his first manual tuner in 1973, and is the inventor of
most existing electro-mechanical tuner families; and the
engineering and manufacturing skill of its highly motivated and
experienced team of Technicians and Engineers, who have been
trained and encouraged to develop new technologies and listen
to and support our customers. Starting in 1988, Focus has
meanwhile become the main supplier of advanced Load Pull and
Noise tuner systems.
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Load Pull Basics




Introduction to Load-Pull

e TR
What is Load-Pull Load-Pull Contours

Source Plane Load Plane
Load Pull Source ta;, _ by,
An accurate measurement of key nonlinear performance parameters, / ﬂ m // /
including output power, gain, efficiency, linearity, etc. as a function of the
fundamental load impedance, which is the key design parameter is H F
typically referred to as load-pull. Source Tuner L Load Z,
b1 a, Harmonic Tuner

Load Pull procedure consists of:

Assessing the performance of the DUT qualitatively under different
impedances

Establishing a condition under which optimal performance can be
obtained

== Why Load and Source Pull ?

Design, optimize RF/uW power amplifiers & transistors
Design matching networks of transistors

Develop a semiconductor process

Synthesize impedances in Smith Chart




Load Pull Measurements

Power and Efficiency

Mag 05977
Ang 1719 Deg
DCRF_PORT_2 = 5359

Impedance control is provided by a passive tuner or an active tuner.

An impedance tuner generates controllable reflection factor (Impedance) over a
certain frequency range.
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The movement of a stub/probe/slug in the vertical The movement of a stub/probe/slug in the horizontal
direction changes the magnitude of the reflection direction alters the phase of the reflection factor

factor




Load Pull setups -Scalar Load Pull

-

The typical scalar load pull setup comprises a signal generator, a power divider, two RF power sensors, a power meter, some DC bias
networks and two fundamental tuners.

Measurements include:
Pin, Pout, Gain,, 4, ACPR,
I r

Load’ " source

Power
Meter

T 5
—{>— I—Coupler DUT — Coupler k
) Auriga
Drl\/.e.r Bias-T CCMT-Tuner ' Power Meter
Amplifier Auriga

Bias-T




Load Pull setups — Vector Load Pull

Measurements include:
Pin, Pout, Gain,4,Gain,,,
PAE, ACPR

I-Load' I-IN

Major advantage:
Speed
Higher dynamic range
Time domain Waveform

DC Power Supply
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Vector Network Analyzer
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Vector Load Pull allows measuring the input and output large signal impedances of the DUT, the input delivered power, the Power added
efficiency, and the real time incident and reflected waves thus not relying on mechanical tuner repeatability
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Load Pull setups — Hybrid Load Pull

-

As per its name a hybrid load pull system includes both an active loop as well as the passive tuners. The hybrid system has all the
advantages of speed and tuning range of an active system as well as the power handling of a passive system.

DC Power Supply

© [C— 0]

Vector Netwaork P.I"I.llj'.!l'.‘r PMA-X
Measurements include:
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The tuning algorithm finds the optimum compromise for tuner loss and P;,; for reaching l'load.




Active Load Pull — Basic Principal

To achieve maximum reflection including the ability to control impedance anywhere, inside and outside of the Smith chart; reduced system footprint and
perhaps most importantly speed, a full active LP system is used. Using the vector receiver architecture, Fundamental and/or harmonic load pull can be
undertaken using a variety of configurations, either employing internal VNA sources or external RF sources and a PLL interface. By employing a
broadband coupler network and in the case of harmonic measurements a reconfigurable multiplexer harmonic data can also be captured for use by
designers.

Source 1 Harmonic Receiver Source 2 Fo Power&Phase

High Power Amp

Driver Amp

I (Fo) I (Fo, 2Fo, 3Fo..)

The disadvantages of this setup is that a very high power active loop amplifier is required to synthesize low impedance points.



Introduction to RAPID




Load Pull Setups - RAPID

Key Benefits RAPID Load Pull

NI PXle- 1075

Dramatically improve Test-Bench Throughput

Ultra-fast impedance control and measurement
(up to 50 Measurements/Second including DC)

sooollj

Improved Modulated Measurement Capability

100MHz real time bandwidth with wideband
impedance control and/or circuit emulation

QQC‘CJ(A@-QHO B

Ability to de-skew non-ideal tuner impedance
over bandwidth

Reduced Test-Bench CAPEX
Self Calibrating — No VNA required
Real-Time power measurements
Real-Time Spectral/Vector measurements
No Spectrum Analyzer
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Key Specifications

Frequency Range

Active
0.1-40GHz

Passive
10MHz - 110GHz

Dynamic Range

Dependent on Vector Receiver used Ex: PNA-X / ZVA

Wideband Impedance Control

A few hundred MHz

N/A cannot control a wideband impedance

Tuning Range

Gamma >1

Limited by loss of cable from tuner to DUT

Power Handling

High, but the loop amplifier
size is directly proportional to
the DUT's impedance and
Output Power

Passive tuners can handle very high power and
and setup are not affected by the DUT's output |
power. The only power limitation is restricted by
the connector type of the tuner

Integratiblity

Very Good as the user does
not need to worry about loss
between the tuner and the
DUT, the loop amplifier will
conpensate for the loss.

Challenging when going low 1-2GHz. Asthe
frequency of operations becomes lower the size
of the tuner proportionally longer making it more
challenging to mount on a probe station.




Active — Passive Load Pull

RAPID Load Pull Passive Load Pull

NI PCle-107%




Modulation Load Pull

Modulation bandwidth comparison Impedance Skew

/




RAPID LP System

Description




Active Load Pull

The Rapid Load-pull system is a programmable digital, PXI-based, feedback active load-pull tuner that maximizes throughput of a load-pull
bench.

The input and output port of the DUT are fed via a dual-directional couplers to a down converter module.

The baseband data is then processed in an FPGA module and sent to the up converter to form the injected signal.
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RAPID Modular Architecture

1 Frequency Fundamental Diagram 1 Frequency Fundamental Setup
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RAPID Modular Architecture

2 Frequency Diagram 2 Frequency Setup
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RAPID Modular Architecture

3 Frequency Diagram
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RAPID Hardware Architecture

* The RAPID series of tuners leverages the performance and reliability of
National Instrument RF/uW hardware. For basic CW testing, the RAPID
series of tuners requires at minimum a PXI chassis (with 10MHz timing), a
real-time FPGA and Extension card.

* Functionalities like RF pulsed, advanced carrier modulation and DC
measurements can be added to the system by simply adding the desired
PXI module to the PXI Chassis. This makes the system modular and easily

upgradable
‘7 NATIONAL
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S-Parameter & Power Calibration

The system can measure the forward and reverse
travelling waves, so unlike a passive tuner calibration,
there is no requirement for an external VNA.

The first step is therefore to perform a one or two port
VNA calibration, this is performed as a standard SOL,
SOLT, or TRL cal at the desired reference plane.

b
g
k
%
5

A power meter can then be used to calibrate for
accurate power measurements, by attaching a power
meter to the reference plane.




Rapid Active Loop Calibration

The loop calibration must be performed before
attaching the device.

It is used to calculate the error coefficients associated
with the feedback loop.

Once these error coefficients have been found the user
can accurately set any impedance on the smith chart
without the need for interpolation.
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CW - Active Loop Calibration o

RLP Loop calibration - [2port CW 2.csv]
| Settings l Calibration Measurements | Ventication |
Calibration Tasks Live Gamma Plot

) Oplimised Correction Mode

Select Paint Density

‘ P Measure ’

‘ - calibrate Loop J

i
M Clear calibration }
g
il
¢
2.10000000 GHz v
Variable Value
Frequency 2.10000000 GH2
L0ad [Polar} 1001462
Error (Now) -58.99 dB
Error (Peak) -45.46 dB
= Error (Avg) 86.20 B

H s b=t ! X Close |

Finished




RLP Loop cafibration - [2port_CW_2.csv]
l Settings ] Calibration M it

Vertfication ]

Verfication Live Error Piot

Select Frequency
210000000 Giz

Power Level
-10

Tune to options

Error in convergence (dB)

[ Enable Tune-to options

Point Index

Live Gamma Plot

Adapter de-embedding
[7] De-embed adapter

I—4

P start verification ’

A export Results ‘

2K KK
2R KR
LR 0.0 0 8 81
D0 KX
L2220 0.0 0 8.8
K0 KKK X
2R R D 2.0 8 B 8
L2 2.2 2.0 0.0 8 & 8
2K KKK X
IS 2 P 088 8 8 8.3

E Save ‘ H Save as.. ’

Finished

X dose




Long Term Stability

Average Repeatability
66.45dB

DEVICE TESTING

Long Term Stability

Repeatablity (dB)

e Test conducted with a DUT present 1204, - - - -
> : i A yrement N\:m.’wl(. : 10
. 1.0 + Measured Gamma
* Power and impedance were swept for a O Target Camma
65 hour period.
0.5 a8 B By
. . B m8 B &
¢ Desired tolerance is set to 50dB. LA A e
& EBEBBB * BBEE Bm EE
EE
= 0.0 s:::mma&agam . N
Load Pull Pattern Ble o n, B, E
EEIBBEE ® BE’ @ BE
- EBBEEEEEB 0.5 s
0.5 B mm B

T T T T 1 T T T 1
1.0 05 0.0 05 10 1.0 05 0.0 [X] 1.0

'””_][0 T - ™ T Start of Test After 65 Hrs
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Passive Load-Pull

* note that passive tuner cannot
quite reach the edge of the
desired 5 ohm circle, but active
can overcome this issue.

RAPID Load-Pull

Power Sweep Measurements

Pout (dBm)
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Measurement Comparison X%

Passive Load Pull RAPID Active Load Pull

I o Contour Legend
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between two systems




Modulated Signal

Measurements




RLP Loop calibration - [Mod Zport 2pl GHz.csv*]

’. Scttinos- Calibration Measurements | Test Measurements

Calibration Tasks Live Gamma Mot

Select Point Density

Medium Density v
P Measure } . - "“‘ 2 4 -
: | o\ X 5 ks o R
+— Calibrate Loop ‘ . G - - 2 e Q 2 . ,’
' Tone (1Hz)  Av. Error (dB) ‘ q\ Q%* = ® @ % ’\. I ;9
o’ » _g X & S N8 \9
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Modulated — Verification

- .

Example 20MHz LTE Pattern Verification

Measurement Setup
Select Waveform - dif
LTE20MHz tdms

“4

Mode @ Window Discrete

DN WISARM | paia LRy Yluss

Windowed | Discrete Tones |
Window Settings (read only)
No. of Carriers = 1
15t Carrier Summary
Offset Freq (MH2): 9
Bandwidth (MHz): 16

Windows: 4
Threshhold (dB): .20

X Window Seftings
J = = n = =

Sclect Frequency L . L - - <F-’

Powcer Level (dBm) |-500 S

Messurement Consale

P Start verification

V| Enable Wovetorm Measurements

T A VAT

X dose

' i
-10 0 10 20 30 20

Frequency (MHz)

I save calibration I save calibration as...

-30 =20

Finished




Modulated — Verification

e
Example 2x20MHz LTE Pattern Verification

Measurement Setup

Select Waveform Edgit
LTE2x20MHz_11.tdms v
Mode @ Window Discrete

viindowed | Discrete Ton:sl

Window Settings (read only)

No. of Carriers = 2

HOUN WIOSARMA | A pEI) Ylis

15t Carrier Summary

Offset Freq (MHZ): -10
Bandwidth (MHz): 15 L ] L ) L L »
Windows: 3
Threshhold (d8): -6
= ] L w -
Window Settings
3% IR e o
Select Frequency [ ] [ ] - L] L
)

Powrer Level (dBm) |-5.00 S

Measurement Console
‘ P start Verification

L

/| Enable Waveform Measurements

‘ X close

] 1 1 |
-30 -20 10 0 10 20
Frequency (MHz)

40

8.

l H Save Calibration ‘ E Save Calibration as...

d &

Finished




Modulated - Measurements (]

-
Example 20MHz LTE ACPR Measurements

Settings | Medulated Measurements

Modulated Waveform Properties

X
LTE2x20MHz_11.tdms
LTEZxSMHz_101 tdms
LTESMHz tdms
TestWavetormiMHz tdme
userPulseWFMdms

Messurement Mode

Select Waveform Modify

»

Smith Chart View | wiaveform View | Tabular View [ Spectral Measurements

Pop.out

Console

Single

Sweep

Powrer Level (dBm) 0.00

Powies [(1Bm]

o Window Discrete
DC Biaz Control

Windowed | Discrete Tones |

Window Settings (read only) Vi -2000 5

No. of Carriers = 1 v2 5000 3

1st Carrier Summary » A a P

- V1 = -2.000,11 [mA] 0026

Offset Freq (MH2): 0 n & a @ V2 = 5.000,12 [mA] = 36339 130

Bandwidth (MH2): 16 n a ! i 1 1 1 ] 1 ] _;

Windows: 4 " a a & -70 60 -40 -20 20 40 60 0

Threshhold (dB8):  -20 Frequency [MHz2]

A ] Gamma Target
X . " @ X e —
l x Window Settings P - Load Settings l | _ EditSettings Save
H/AW Status ® - Results
® Target Mag 0400 "
Tvoe Bandwidth Offset Power Power
Busy )  RFONOFF Target Angle  0.000 b [MHz) (MHz] (aBm) (d8c)
Adjacent 18 -20 -15.19 -26.00
StOp Hardware Adjacent 18 20 -15.3 -26.35
X Target Load ®  load Gans ¥ Gammaln |




ACPR_low with 1 dB compressed peaks

Passive system Rapid system

Contour Legend -
= | (1}Rpd_LTE10MHz_1d.. Ipwave

3_comp_peaks_with_EYM Ipwaye 1_peaks_all_data - Copy pwave

*Passive measurement result contours are somewhat “noisy”. This can be reduced by averaging
or by reducing resolution bandwidth of the signal analyser which increases measurement time.




ACPR- Comparison RAPID and Passive LP setups

ACPR_low with 1 dB compressed peaks

Rapid system

Passive system

Contour Legend -
5 | (1}Rpd_LTE10MHz_1d....Ipwave
ACPR_h_wavefarm

1_peaks_all_datas - Copy lpvwave

3_comp_peaks_with_Evh wwaye

*Passive measurement result contours are somewhat “noisy”. This can be reduced by averaging
or by reducing resolution bandwidth of the signal analyser which increases measurement time.




Digital Predistortion

Digital Predistortion

The system hardware is implemented \ | RF out
within an NI PXl vector signal | = VSA |
transceiver (VST). | > VSG : RE n
| | ‘ ( RF.. ..)
This VST is able to support upto 1 GHz ! » | = % aj j aq Pt Gate
signal bandwidth up to a maximum Z g = g bl | 5‘?1__.‘53 b4 R Py " Bias
operational frequency of 6 GHz. :6 5 %a bé ' E E b, 2 S
= 5?25‘12: RG % : Drain
The proprietary DPD algorithm s | P g 5D > Qset : ~ P Bias
implemented in a NI software package | A e RE,,; RF;, py
called RFIC. : Signal || '
E Processing |, Injection !
""""""" Amplifier




Both systems utilize PXI chassis-based
components.

All of the RLP and DPD software is
controlled using the in-chassis
controller.

Fast PCl based backplane provides the
ability to stream and process data to
and from both the RLP and DPD

systems.

Real Time Analysis
AM-AM
AM-PM
ACPR

Q)

20dB coupler Circulator

Bypass Capacitors

Drain
Bias



(1) Pout34-without Ipd
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Digital Predistortion

0.4750157
-41.85dbc

OPT—
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[op7= 0.4730153.4




Digital Predistortion under Non 50Q

ACPR-Low
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Digital Predistortion under Non 50Q

The measurements of a 10W GaN HEMT device have highlighted a large difference in
contours with and without DPD.

Without DPD the Pout and ACPR contours have different optimum impedances.

With DPD applied both Pout and ACPR contours have aligned hence yielding max Pout
and max linearity at same optimum impedance

The measurements demonstrate that this system combination can be used as a
valuable tool in RFPA design to fully characterize the device under realistic modulated
and impedance conditions




Conclusion

-

The RAPID system is an advanced load-pull tuner that can replace the passive tuner and some measurement
equipment in your load-pull bench.

It has the ability to accurately measure impedance and power, for longer periods of time (tested up to 65
hours).

Measurement speed with full input and output measurements is orders of magnitude faster than existing
load-pull techniques.

System is also suitable for modulated measurements with 100MHz of instantaneous bandwidth offering the
ability to de-skew passive measurements, present wide-band active loads and/or emulate circuits over
modulated bandwidth.

A fully documented API, compatible with most modern programming environments is available for tuner
automation.

Fully automated measurement applying DPD under non 50o0hms also presented.




