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Solid-State Amplifier Technology Overview
Premplifier Power
= Splitter
- RF Power Amplifier
Solid-State Amplifier Technology: _
Advantages: |
€ Modern technology in evolution. RF Power Amplifier
€ No high voltage
# No radiation issues \
@ Price already low and going down. High Power Armry High Power
@ Good optimization possibilities Spliter Transistor combiner
RFin me— o — | ATPHCTS | s RFoUL
€ Redundancy.
. Compact. Power Supply

@ Simple cooling.

# Distributed circulator and load.

@ Low phase noise.

4 No vacuum.

Disadvantages:

@ Not enough experience acquired.

@ Not well known technology.

@ Not enough reliability data.

Circulator

Power Supply ‘
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Supervision

Cooling

\

Water Cooling

Control
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Linux System

Solid-State Amplifier: Simplyfied Block Diagram

\

Power Combiner
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Main Components

RF Power Amplifier

‘r

"
i
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Power Directional Couplers Power Combiners

Master Controller

Power Meter PS Controller

** All components designed by the author in PSI
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Solid-State Amplifier Module Overview

vdd
[V]

44.06
45.99
47.80
45.47
48.00
50.03

e 120 assembled in neighboring company.

e Design made in PSI using BLF578 transistor.

e Simulations made using transistor model created in PSI.
e All tests and alignements made in PSI.

e Circulator is included (IL~4%).

e Maximum output power > 820W (most of the amplifiers)
e Drain efficiency: 62% (average)

e Phase spread among RF amplifiers ~ 1 degree (sigma)

e Return loss < -25dB

Typical Performance Parameters (Module 069)

Pout Pin  Gain Pdc Efficiency Phase(S21) Mag(S11)
(Wl [W] [dB] [W] [7] [°] [dB]
630 146 163 10063 62.6 -172.4 -29.55
630 | 11.7 173 10229 61.6 -169.9 -29.74
669 117 17.6 1100.0 60.8 -168.1 -29.64
674 151 164 10753 62.7 -171.1 -29.41
6749  11.7 17.6 11044 61.1 -167.8 -29.62
890 224 16.0 14689 60.6 -169.4 -29.35

Efficiencuwl®]

Gain[dE]

Mag{s113[dE]

T

RF Amplifier Measurement Results — Step 6 - Module 069

Steps: Module: 069 Efficiencu[%] » Pout[W]
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Stepé: Module: 089 Pout[W] x Pin[W]

Udd=20.UUL ! ! .
P, O e e e T
\dd=40, U
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Stephy Modules0BY Phase{521)[°] % Pout[l]
T T T T
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] ] ] ]
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Pout[i]
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Amplifier Test Set-up

T
1
M A [,
R.Foul ﬁ L~ SATAN Power
B 1 I B heler

B

Measurement using External Bridge

Amplifier under Test

e Tests, alignement, and also acquisition of measured data from

all RF amplifiers assisted by a software specialy designed in PSIL.
e Duration of tests — 3 months.
e Number of RF amplifiers produced — 120.

Full Test Set-up

e Manpower required — 1 technician.
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Vdd=48V

Pin=11.7W
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Performance parameters of all produced RF amplifier modules

Case 3:Fixed Vdd and Pin: Pout[W] x Module-number[#]

Pout[W] x Counts

680

17.8

680 - ; ; ;
- *
660 |- ~
* . - * * o
— 640 |- *® - e @ -
= - Rt o . %
= L . - . . . . . B
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. e e T e K3 3 3 e v v
600 -7 & & S . - - % .0 R S . -
580 |- & L ad - » ce ™ 4
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560 L
0 20 40 60 80 100 120 140 560 580 600 620 640 660
Module-number[#] Pout[W]
Case 3:Fixed Vdd and Pin: Gain[dB] x Module-number[#] Gain[dB] x Counts
17.8 10
*
17.7 >
*
176 * . PS * PPN 8
= L ‘e o
@ 7S o R g * e *e A I
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17 0 I I
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Module-number[#] Gain[dB]
Case 3:Fixed vdd and Pin: Efficiency[%] x Module-number[#] Efficiency[%] x Counts
64 * T T T T 10 T T
. * : I
el N - * - 0“.‘: * . - hd . . * 8
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*
59 * 0 |
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Module-number[#] Efficiency[%]
Case 3:Fixed Vdd and Pin: Phase(S21)[°] x Module-number[#] Phase(S21)[°] x Counts
-165 12
- *
-166 . * 10
z . .
= 167 8
— * - n
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@ -168 * * ’ -* * * . * 56
T *
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Case 3:Fixed Vdd and Pin: Mag(S11)[dB] x Module-number[#] Mag(S11)[dB] x Counts
20 7
25 * . . . pon . “i‘ o e - 6
—_ *
o e o >
RSN TP A PN U S 4 ey o hod *e 5
= - hd * oY 2. - :0 -~ * o o - 9,
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= - PS AR g
-45 *> * 1
‘ I
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Module-number[#] Mag(S11)[dB]

** some serial numbers not used.

2016 ESRF

The European Synchrotron

Paul Scherrer Institut « 5232 Villigen PSI

M. Gaspar — June 2016 - 7/20



== PAUL SCHERRER

INSTITUT

CWRF

High Power Combiner

10kW Directional Coupler

3D View — Complete Combining Structure

Insertion Loss and Return Loss vs Frequency

—
d I 9-Way 10kW Power Combiner I

I 6-Way 60kW Power Combiner I

2-Way 70kW Power Combiner

Complete Combiner Structure:

Insertion Loss[dB] and Return Loss[dB] vs Freq[MHz]

2016 ESRF

The European Synchrotron

Performance Parameters of Combiner Components

’ Combiner Component RL 1L BW (RL<-25dB)
500.94MHz;-0.032dB S [dB] [dB] [%]
10 Complete Combiner Structure -30.65 -0.031 2.94
"5 9-Way Combiner -35.6 -0.018 5.53
20 E
£ | 6-Way Combiner -39.7 -0.01 7.15
25
2-Way Combiner -373 -0.005 7.98 **
-30
300.54Mrz 30,6508 w 1 5/8 Directional Coupler -30.9 -0.002 -
20 0 P 500 a0 0 a0 a0 1000 6 1/8 Directional Coupler -36.8 -0.007 -
Freq[MHz]

**Value limited by the measurement set-up.
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Input Power Splitter Components

Produced Devices

g B

Z waf splifrer

Type 2 Type 2 3 Type 1

Performance Parameters of Splitter Components

Splitter Component RL 1L BW (RL<-25dB)
[dB] [dB] [%0]
9-Way Splitter 426 -0.063 5.28
6-Way Splitter 227 -0.01 6.34
2-Way Splitter 358 -0.051 192

Paul Scherrer Institut « 5232 Villigen PSI
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Power Supply Controller

(and Complete Monitoring System)

Main Features

Output Power: 1.2kW

Output Voltage Range: 23V to 53V
Input Voltage Range: 85Vac to 265Vac
Power Factor Compensation: PF > .98
Efficiency: ~ 90%

Pqut[\/\/] X Pin_'nﬁins.[\/\/]
Can be Remotely Programmed and Monitored Efficiency[%] x Pin_meins{W]

1200 100.00

Extra Analog and Digital I/0s
Multi-tasking Script Operating System (SOS)

Interlock Reaction Time: ~ 1uS

o - - -90.00

.-
1000 4 -

-80.00

- 70.00
800

-+ 60.00

Full Monitoring Loop Time: ~ 150mS 150.00

-+40.00

Efficiency[%0]

+30.00

~+20.00
200
g POUH W] === W= = = Efficiency(%)  +10.00

Vdd=48V

T T T T T 0.00
0 200 400 600 800 1000 1200 1400

Pin_mains[W]
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Master Controller

Main Features

Output Isolated Power: 15V 1A
External Connections: USB and RS232
Interlock Monitoring through Signaling Lines

TO Interface

Main Features

Optoisolated Analog I/0 Channels: 3

Optoisolated Digital I/0 Channels: 4 or 8
Multipurpose Application: PLC/Crate/Daughter Card
Interlock Reaction Time: < 1uS

Full Monitoring Loop Time: ~ 70mS
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SOSDAQ - Supervision System User Interface i

PABL STRERRER INSTITUT

[}‘E] High Power Solid State Amplifier

PABL SCRERRER INSTITUT

High Power Solid State Amplifier
Conmol

‘Datz Acquisiion Monitoring ezd Control ‘Deta Acquisition Mewiioring zad
SOSDAQ v5.0 Sysytem Console SOS DAQ v5.0 System Overview
Coi 505DAQ Status = e o e f e T [ o s [ o [ i | N o e | |
Sustem Overview System Overview [2075-04-10_17:43:17 [2001 [daq_run [daq_level [daq_teveltarget [daq_ilock [daq_error [daq_device_error [
e Smm‘- Start o Rsalll [201512-15_11:34:38 [0 0 o n o o [
PR AT [27015414-10_175522 [2013 [Pittotal [PFtotal i iz VB ie 0 2 [Ei fio FF1 pFz [PF3 [PFO
Device Editor SOSDAQ Operation Level | Pevice Eeror [2015-12-15_11.34:41 [5001 [1 65 1.00 [328s 3472 [23518 o6 Poz oz 0oz [0z [o70  [0:26[087 [0.00 |
|| et el [2015-05-20_11:19:45 [2008 losed_ [KM2Ciosed (DS o5 [psvs
SR ik Level 4:System_Off Target 0 New Target | Set S T Y [2075-10-78_16.27.56 [3001 0 ) 0 0 0 ) 1
[ ion Editor Edito [2015-05-20_11:38:03 [2012 [inletTemp1 inietTemp2 [outietTemp1 [outietTempz [waterFlow 1 [waterFiowz SSlockt [SSlockz
SOSDAQ Interlock Status [poiE-T2-18 111247 [3002 o o o o o 1
et L et oS [ovs (RO oz T T o8 e
System Log Interlock 0 System [2015-12-15_11:34:39 [3003 O o 0 o o o
[2015-05-20_11:30:59 2006 [WaterFlow
Active Interlocks (2) [2015-05-28_10:56:08 [3004 fo.003
e : : ; r D [2015-05-28 10:58:10 [3005 [0.003 [ [
(Cevel § | I [2015-08-20_11:32:49 [2007 [0t [Psysoutt [ [
Commerns [« @n 1 WE«SAMs 11:34:00? [0 00000 k2000 Commenss [ote-ianis_it3e0 [3008 o T 0
‘ e i o [so02 porsiz-1s 113400 o7 o 00,000 2000 3 it [BOT5-04-10_15 2543 [2008 [rimer0
$0SDAQS0. MOmpat SR [2015-12-15_11:34:42 [6001
[2015-04-10_18:25:42 [2014 [Poutdbm i Ucempout [cmpouten  [RST
[2015-12-15_1134:06 [4002 123 00 [ 1 [1.00
[2015-12-15_11:40:22 [4003 p20 00 [ 1 [.00
‘2015—12—15711 33:22 4004 0.01 |3.00 ] 1 1.00
[2015-12-15_11:34:06 [4005 [o.346 is o 1 [1.00
[2015-04-10_18:25:42 2010 [RFSwifich [RFSwitchStatus.
[2015-12-15_11:34:07 [7001 B
‘2ﬂ15—ﬂ4—10j7:l2 32 jooz a1 a2 |vad [vddset [Vbias Pwron Pdc IPin |Pout Q1
[2015-12—’157’11 34:07 ‘ZDO [7.837 [0.294 1302 15.0 0.000 u |2458 Ir 103 [21.8 297 |0 |0 |8585
[otszs_mazT 267 o268 [ eo 4200 i e o7 [los [s03 [w0® [0 [0 [e7at|
[20151215_11:33:28 6 jp.290 0:289 78 &80 2200 i re 7 [l03 [¢15 [907 o [0 [s760
[2015-12-15_113328 79 oz o285 =0 [250 [4200 fi Ese p7 oz [les [s4e [0 [0 [err2|
[o15-12-1513408 58 o338 EEE) [e7: [2s0 [4200 i EE e [0 [@6 [0 [0 [e7er
System Conso|e [2015-12-1511 :ufos [z foze2 0250 =X [250 [4200 i B0 p7 03 [23 .34 [0 o [e7ss
[2015-12-15_1134:05 68 [p.265 0268 [s0 [es0 [az00 T 55 7 [los eg5 33 [0 [0 [se1
[2015-1215_11:33:29 [101 Jo.288 o288 Je7e [so [4200 h re 7 s [s1s [32 o o [eiz
[201512-15_11:34:09 59 [o252 =) [7e [es0 200 i e p7 o0 [¢15 @9 [0 [0 [s770]
. [201512-15_11:33:29 [67  [0.313 [0:288 78 250 @200 i 83 7 03 [iz3 [36 [0 [0 [s766
SOSDAQ system performance par ameters [201512-15_11:33:30 [111 jo.280 o.290 [sa1 [250 [a.200 i Rrs 7 o0 s 22 [0 o [e7ee
[2075-12-15_1133:30 [109_[o.289 0289 ex] [eso 4200 T o1 o7 floo ers 31 [ [0 [srre
[2015-1215_11:34:10 130 fo2s0 o289 () [eso [4200 h [re 7 103 132 [e30 [0 [0 [e77z
[2015-12-15_11 3411 27 o286 o265 (= [E) [4200 1 pse 7 o5 [¢15 [s36 [0 [0 [e758
Parameter Value [2015-12-15_11 3411 [128 [0313 [0zs0 7= ) 4200 i [8s  p7 o3 32 [@38 [0 [0 [s7e0
[201512-15_11:33:31 96 j0.313 fo.289 [ss0 [250 [a:200 0 [z8e 7 103 [s15 [s28 o [0 [e7e0

Channel update rate

Number of channels

Number of operating levels 5
Average time to change level 5s
Fast interlock reaction time 10ns
Slow interlock reaction time Ss

Server request rate (minimum) | >100 requests/s

~ 2000 channels

~ 200 channels/s

System Overview

® A web-server is used to provide the user interface by means of standard web-browsers giving access
to the different services provided by the SOSDAQ, such as, system console, system overview,
hardware access, variable editor, system configuration editor, datalogger, etc.

® [anguages: Only Shell-script, C and Javascript. Full cross-platform compatibility. Less
vulnerability to software updates and upgrades.

® Distributed processing, supervision and monitoring system.

® Successful efficiency optimization of the complete system using the proposed software.

Paul Scherrer Institut = 5232 Villigen PSI
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Performance Results of the Complete System

2016 ESRF

The European Synchrotron

** Wall plug efficiency: ratio of RF power delivered to load (Pout) to mains AC power consumption (Pmains).

Pout [KW] x Pin [W]

60 % -“// &
E 40 /7 10 E s PoUIE: \/d d =50V
2 /- g>~ -------- Pout: Vdd=48V
E » // SO i
20 //f 20
0 [}
[+] 5 10 15 20 25 30 35 40
Pin[W]
Full 65kW Amplifier System Measurement Results:
Pout and Efficiency vs Pin
Gain [dB], Efficiency [%]x Frequency [MHz]
65kW 500MHz Amplifier System in Operation. ” ; K
355 I el B 50
— ] L - K
65kW 500MHz Amplifier System Performance ' \ | ——an oz
g 1] \ E‘ -------- Gain: Pout="50cW
. Efficiency|% Efficiency|% . g ) ® oL e o
VAVl Pout[kW]  Pmains[kW] el YL pinpw) T o e
(wall plug) (DC to RF) L — \
48 67 124 54 60.4 36.6 * “
Frequency [MHz]
50 68 129.2 52.6 58.8 37.3
Full 65kW Amplifier System Measurement Results:

Gain and Efficiency vs Frequency

Paul Scherrer Institut « 5232 Villigen PSI
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Efficiency Performance of Various Components

System Component RL IL Efficiency
[B] | [dB] [%]
Transistor RF power amplifier - - 61 - 64
(including circulator)
High power coaxial cables <-35 -0.084 98.10
Complete Combiner Structure -30.65 -0.031 99.29
PS Controller - - 88-91
(AC/DC converter + Supervision)
9-Way Combiner -35.6 -0.018 99.59
6-Way Combiner -39.7 -0.01 99.77
2-Way Combiner -37.3 -0.005 99.88
9-Way Splitter 42.6 -0.063| 98.56
6-Way Splitter -22.7 -0.083 98.10
2-Way Splitter -35.8 -0.051 98.83
1 5/8 Directional Coupler -30.9 -0.002 99.95
6 1/8 Directional Coupler -36.8 -0.007 99.84
Other Components (E stimated) - -0.1 98
Total (Estimated for Pout=65kW) - - 51-54

** Precision of measurements limited by specific measurement set-ups.

2016 ESRF

The European Synchrotron
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Efficiency Optimization
Psi B00MHz 65kW Solid-state High Power Amplifier

SSPA Example: Efficiency optimization at 30kW (black marker) and Maximum Efficiency Operation (red marker)

Step6: Efficiency([%] x Pout [kW] Step6b: Vdd[V] x Pout [kW]
60 T T T 60 I ]
50 ~ f&‘/(:d:--\ G | g b e e b e e e s R b S e -
= 40 Maximum a0 -
g s Efficiency >
o 30 ff /o A o :
. Y / / 3 Maximum
o, " / ~10% Efficiency Improvement!! = 30 Efficiency
U i/ ]
fe] /4
vdd=23.0V
10 vdd=30.0V - 20 ~50% Voltage Adjust
vdd=40.0V Range Needed!!
vdd=50.0Vv
0 : : : ' 10 ! L 1 |
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Pout [kW] Pout [kW]
Comparison: Klystron Amplifier (incl. accessories) vs. SSPA (with efficiency optimization)
Drain Voltage Adjusted for
Booster (pulsed) Storage Ring (CW) Efficiency Optimization
Duty cicle:50% Beam current: 400mA
Klystron SSPA Klystron SSPA Vdd
Amplifier: BO 1x60kW System  Amplifier: SR3 2x60kW System
Pout 36kW 36kW 100kW 100kW
Effici 0 o 0 . RF in oul
(walﬁlglr:,icgy) 11.2% 46.5% 40% 52% s @] RF Amplifier —
Pin i i Pout
Price 1.8MCHF 400kCHF 1.8MCHF 800kCHF
Estimated

Paul Scherrer Institut = 5232 Villigen PS
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Output Frequency Spectrum

Delta 2 [T1] REW 1 Hz  RF Att 20 dB Marker 1 [T1] RBW 200 Hz  RF Att 20 dB
Ref Lvi -76.91 dB VBW 1 Hz Ref Lvl -14.80 dBm VBW 200 Hz
-10 dBm -50.10020036 Hz SUT 500 s Unit dBm ~10 dBm 500.00010020 MHz SUT 125 s Unit dBm
10 -10)
| vifim ~18] 72 dBm| gn vilrT) "1 60 dor| B
495.99939B00 HHz sop . 00010p20 MHz
= el RS —TE[OT o -20)
-50.10020p36 Hz
-30 ol 1] =08 4 dB _30]
160 30080)124 Hz
-40) -4
_50) -50)
60| -60)
) -
—a0 - -80
9| — -90)
" i b ol |
_piola linawls 1 ”“‘ mh NS R 1 o
Center 500 MHz 100 Hz~ Span 1 kHz Center 500 MHz 100 kHz/ Span 1 MH

2nd harmonic level: -45dBc¢

Pout=63kW

3rd harmonic level: absent

Paul Scherrer Institut = 5232 Villigen PSI
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Cooling System #1% ESRF
Temperature in various components at Pout=63kW Temperatures[°C] vs. Water Flow{l/min]
Component Temperature Remark &0 Degraded X .
° grade
[°c] Cooling Single Cooling Bar
Cooling Bar A4000 aluminivm 31.7 Top 50 ?Z;t;iﬁ(:\{s oC
Efficient Coolin inlet=6.2°
High Power Cable 44 10cm from 9-Way Combiner Input < J > Twater_inlet=6.2°C
40
Water Inlet 7.9 System Inlet —
8 ws Temnp_CoolingBar_middle
Water Outlet 13.7 System Outlet g Temn eter e
i 4 5 30 = TempQiflange_mean
E wes TempRS_mean
Cooling Bar A4000 aluminium 11 Water Pipe Inlet, 20cm from Top :‘g’_
(d
Cooling Bar A4000 aluminium 16.7 Water Pipe Qutlet, 20cm from Top T
]
"
9-Way Combiner Neck 425 !
10 -
9-Way Combiner Back 435 4 .
1€ Chosen Operating
2-Way Combiner Neck 392 0 Water Flow
10 20 25
2-Way Combiner Back 375 Water Flowfl/min]
2-Way Combiner Middle 316
. Operating parameters at Pout=63kW
6-Way Combiner Neck 40.8
Output Directional Coupler 422 Last Coupler, After 2-Way Combiner Water Flow up to 150 Vmin
Output High Power Coaxial 42.1 1m from Qutput Directional Coupler Water Pressure up to 3 Bar
9-Way Splitter 284 Input Connector Side RF Amplifier Power Loss Pa_loss=340W
(Average all amplifiers)
9-Way Splitter 282 Cover Side
RF Module Output Power Pout=610W
PS Controller Capacitor 390uF 450V 554 (Average all amplifiers)
PS Controller Resistor R1=0.01Q 57.8 RF Amplifier Current Measurement Temperature Difference AT FH~9.3°C
Transistor Flange to Heatsink -
Transistor Q1 Flange 40.0 Averaged from All Transistors
Thermal Resistance Rth FH=0.027K/W
Resistor R5 Flange 29.8 AllRS5 Avg., Reflected Power Measurement Transistor Flange to Heatsink -
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Good agreement with theory:

. 2

P! N Kk )
Corp ==L = E Pm 1 = [K
eff Po — N ] Pm

No damage with continuous operation up to 8 RF Amplifiers switched off.

INSTITUT

Gracefull Degradation Tests

Pout [kW], Efficiency [%] vs Number of RF Amplifiers Switched Off

65

60

w
ol

/'

f(x) = -0.430x + 52.349

Pout [kW]

1 RF Amplifier damaged when 10 RF Amplifiers were switched off, due 50 039

to high reflected power in all amplifiers.

The same results obtained independently of the choice of which RF Amplifiers

45

were switched off, i.e., randomly chosen or all connected to the same 9 Way

output power combiner.

Pout
10kW
20kW
30kW
40kW
50kW

60kW

a0
0 1 2 3

() = -1.006% + 60.119
K2 =0,998

[%] Aousiog

6 7 8 9

Number of RF Amplifiers Switched Off

Full Reflection Tests

Operating time Remark
15min No damage
15min No damage
15min No damage
15min No damage

Imin No damage
30s No damage

Measurements performed by placing a
short circuit at output of the system.

Duration of measurements
limited by the cooling system.
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Thank you

) |

=77 /\E

65kW 500MHz Amplifier System Installed in SLS.
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