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100 kW Very Compact Pulsed
Solid-state RF Amplifier

Development and tests
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Summary

- SSPA technology

352 MHz Amplifier
design

52 MHz Amplifier
test results
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Solid-State RF O
State-of-the-art

RF module . Cgscading. architecture

with >100 inputs

Lose ~ 0.5% efficiency @

each cascade

* Impedance between
cascades tuned “by
hand”

+ Broken modules drop
efficiency significantly

Power combiner

« Standard 300-600 W RF boards with one
transistor — copies from evaluation boards

* Tuned by hand matching circuits

« Circulators (lose 5% to 7% efficiency)
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Solid-State RF O
State-of-the-art

RF module . Cgscading. architecture

with >100 inputs

Lose ~ 0.5% efficiency @

each cascade

* Impedance between
cascades tuned “by
hand”

* Broken modules drop
efficiency significantly

Power combiner

« Standard 300-600 W RF boards with one
transistor — copies from evaluation boards

* Tuned by hand matching circuits

« Circulators (lose 5% to 7% efficiency)

* Bulky system

+ Hardly scalable

- Complete redesign for new frequency
« Wall plug efficiency = tubes

+ Complex maintenance

+ High cost

DELTA-SIGMA INC
250 kW &
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352 MHz Amplifier for ESS Spokes @

352.21 MHz, 400 kW
3.5 ms pulse
14 Hz repetition rate
4 x 4 x 4 x 4 x 5% d.c.
Capacitors [§ Capacitors Capacitors J| Capacitors

Modules Modules Modules Modules Withstands full reflection at any
phase

Power
Distribution
Module

6 x RF 6 x RF 6 x RF 6 x RF
L [oYe [T] (=T Modules Modules ) [oYe [T] (=T
System

4 x 4 x 4 x 4 x
Capacitors j| Capacitors Capacitors | Capacitors
Modules Modules Modules Modules

Modules arrangement in cabinets

352 MHz system external view

TMD

Page 6 12/10/2016

This document and the information contained herein is proprietary it ion of TMD ies Ltd and shall not be disclosed or reproduced without the
prior authorization of TMD Technologies Ltd




1

-
pEemnae e s
o s

.
S
. .
- o
Poane e
i S
- L
o oo
- L
- o
- -
-
-
.
- o
-
-
-
-

- o
- -
S
- w.ﬁ.ﬁ.%ﬁw/
-

-
-

-

L i .
S, -

L -
L -
- .
. -
-
-
-
-
-
-
-

[ ]
ROSATOM

-
-
-

. -
.
-

Ma. &

i .

SR -
el e 0 proaons
... o

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

prior authorization of TMD Technologies Ltd

Page 7 12/10/2016

Ltd and shall not be disclosed or reproduced without the

iner

measured, and tuned

b

iners

1 power comb

4

in is propi

1 power comb

This document and the information contained herei

1 RF power combiners manufactured
1 RF power combiner manufactured, measured, and tuned. Losses are

less than 1%

i-directional coupler manufactured, measured, and tuned
All coaxial waveguide components are delivered and assembled

4x 12

i-directional coupler
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Development status

High RF Power Components
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Production for 100 kW subunit completed

Input/output splitter/combiner

DC distribution
MCU, power detectors

= 4 x2 transistor pallets
RF switches



352MHz RF Module G
Series prototype tests

3 5 ms pulse shape at 8 kW

Gain and PAE dependence on Pout

l-ll Il s D
58 65
60
6 55
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®
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> 52 s
T:' k] 35
3 ]
£ w0
]
50 25
20
sl - 8 15
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46 5
45 50 55 60 65 70 75 a5 50 55 60 65 70 75
Pout, dBm Pout, dBm

Heat dissipation at full reflection with “worst” phase
Short circuit test | HI
117.8 19.6

1 L
ShLay

0 30 60 90 120150180210240270300330360

TMD |
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Test Stand Arrangement and :
Connections o

Amplifier Cabinet Aux. Cabinet

Ethernet -3.91 dB
<— -73.0dB Power

¥y Analyzer

USB » Capacitors Rack 1

vy v

SCERELXel:  Spectrum

Power Meter " Analyzer

A
|
1
1

-69.16 dB

RF
Generator

Splitter

S B

-70.4 dB

t o+t

Capacitors Rack 2

Load

Oscilloscope SRRl

AC Meter

Power Supply

380 VAC
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RF amplifier web-interface
screenshot at 100 kW

RF modules reflection values are

caused by RF power combiner
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Test Results. Pulse Shape

Support

File Acquisition Setup Messure Tools

BL

Measure Trigger [
Source
Minimum L A
Sweep
Peak Trig'd
Slope
Average Pos
Peak To
Average
Holdoff
Duty Cycle Tus
PRI Menu
PRF
Fall Time
Rise Time
| >

Clear | Avg | Auto-Scale

Delay Measurement
Spacing Measurement

Marker A
Marker B

Delta Amplitude
Amplitude Ratio

Status | Measurements | Markers | X-Y Position | Droop | Limit Test | Log

Rise time is 100 ns*
Fall time is 36 ns*
Pulse flat top drop during pulse is ~5%

* Measured within 10-90% boundaries
** Pulse leading edge overshot and falling edge trailing tail are
caused by RF generator behavior

This document and the information contained herein is proprie

File  Acquisitio

Setup Measure  Tools  Suppor

DEX -  oOlllliss BN

Center Ref(1) = 65.00d8n

-155 u

Delay leasuremert
Spacing Measurement

-105u -550m =50 n 450 n 950 n 145 u
Time (s)

Marker A
Marker B
Delta Amplitude
Amplitude Ratio

Status | Measurements | Markers | X-Y Position | Droop | Limit Test | Log

Fle Acquistion Setup Messure Tools

249886 m

Status | Measurements| Markers | XY Position

349986 m

Marker A

Marker B
Delta Amplitude
Amplitude Ratio

Droop | LimitTest [ Log
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RF amplifier plug efficiency at 100 kW

output RF power is 47%
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(DC efficiency is 55%)
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Plug efficiency value include continuous power
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consumption (~700 W) for supporting subsystems like
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Test Results. Spectrum

RF amplifier spectrum at 100 kW

S0
90

80 80dBm @ 352 MHz
80 80dBm @ 352.21 MHz
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30
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w
S
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]
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10 -78 dBc @ 1056 MHz

-83 dBc @ 1760 MHz

-10 M

-20
300 400 500 600 700 800 ©S00 1000 1100 1200 1300 1400 1500 1600 1700 1800 1S00 2000
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S
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Test Results. Output Power and Phasegy
Dependencies

-3dB bandwidth is +15.5 MHz

79.5

79.0

RF Power, dBm
~
@
©

78.0

77.5

77.0

Phase dependencies on output RF
power and frequency

Phase, deg

Phase, deg
»
5

8
6
4 L
2 e
0 e
0 -
-
2 E
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6 o e
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-10 e
69 70 7 72 73 74 75 76 77 78 79 80 81 349 150 151 152 353 154 155 356 s
Pout, dBm Frequency, MHz 0
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Conclusion

Achieved results

» Output power up to 104 kW (3.5 ms pulse, 5% duty cycle)

* Plug efficiency of 47% at 100 kW of RF power
« Harmonics are less than -49 dBc

» Spurious are less than -65 dBc

« -3dB bandwidth is £15.5 MHz

* Pulse rise time is 100 ns, fall time is 36 ns

» Pulse drop during 3.5 ms pulse is about 5%

Operation without circulators
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