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The measurement system in situ 
developed at TPS, as Fig. 4 shows, 
is based on laser-positioned com-
ponents and includes a feedback 
system. The Hall-probe carrier is 
moved along a customized rail 
located in the vacuum chamber 
between the undulator magnet 
arrays; its longitudinal position is 
determined with a laser interfer-
ometer. The transverse position of 
the Hall probe can be determined 
with laser beams in two sets and 
position-sensitive detectors (PSD). 
The probe sits on a rail, which is 
movable in the vertical/transverse 
direction with motorized stages; 
the offset of the probe from the 
proper position can be corrected 
automatically. Except for the laser 
system and PSD, the measurement system is enclosed 
in the vacuum chamber. A multiple-axis rotatable 
table allows movement in all degrees of freedom (ori-
entation and displacement); the duration of system 
assembly in the CPMU chambers is brief. 

Installation of CU15
Since 2019 September, the CPMU has been installed 
in the TPS tunnel, as shown in Fig. 5. The first cooling 
proceeded satisfactorily with no electron beam. After 
cooling for 30 h with two cryo-coolers, magnet tem-
perature 80 K was attained.

The temperatures of the magnet array are controlla-
ble within 80 ± 0.4 K; the vacuum pressure reached  
10-8 Pa. The undulator has been tested with electron 
beam 300 mA showing satisfactory performance, but 
some adjustments are necessary to allow operation at 
a greater beam current. (Reported by Jui-Che Huang)

Fig. 5:  CPMU installed at TPS storage ring.

Fig. 4:  In situ measurement system developed for CPMU.

Construction of a 500-MHz, 80-kW RF Transmitter 
with Solid-State RF Power Modules

A n electrical impulse generated with a radio frequency (RF) cavity, which is a metallic chamber containing 
an electromagnetic field oscillating at a radio frequency, drives the acceleration of charged particles within 

the particle accelerators. The associated RF power provided by the RF power amplifier is transmitted to the RF 
cavity to create a high-voltage (HV) AC accelerating electric field. The RF power required for an electron beam 
to circulate inside the vacuum chambers of the booster and storage rings of NSRRC is at present generated with 

This report features the work of Magnet Group, NSRRC.
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in an appropriately cooled environment. To operate 
two transistors in an opposite period of one cycle, the 
single-end input signal must be transferred to two-
end differential signals. For this purpose, a special RF 
component called a balance-to-unbalance converter 
(Balun) is added at both input and output ports for a 
proper push-pull operation, as shown in Fig. 1.   

An additional impedance matching network,1 not 
shown in Fig. 1, can transfer a small impedance at 
the transistor side to a larger impedance at the Balun 
side. The maximum swing voltage at the transistor 
side is merely 50 V; to deliver RF power at 1 kW, the 
impedance must be as small as 2.5Ω excluding the 
reactive part, and be capable of generating high RF 
power with low RF voltage and high RF current at the 
drain side. This key feature of solid-state technology 
conquers the position of vacuum tubes in the wireless 
communication market.

As discussed above, the RF circuits play with imped-
ance transformation magic to transform and to trans-
mit RF power under various conditions. This principle 
is the key technique to manipulate the RF power from 
numerous RF modules for power division and com-
bination. The topology to integrate 100 RF amplifier 
modules with a two-stage parallel combination to 
generate output power 80 kW is shown in Fig. 2.

First, the milliwatt power unit outputs limited RF 
power to a two-way power splitter, followed by two 
identical 100-W preamplifiers; two split RF powers 
are amplified to be 100 W respectively, and merged 
to become output power 200 W with an isolated 
power combiner. The single 200-W RF power is divid-
ed equally to ten output ports with the first ten-way 
power splitter. Ten individual output powers, each 20 

Fig. 1: Schema of push-pull operation of two identical transis-
tors.

klystrons, which are vacuum tubes driven with a high 
direct current (DC) voltage, used for radio-broadcast-
ing stations or telecommunication systems in general.

With the growth of small base stations in the semi-
conductor and mobile-telephone industries, the 
market of high-voltage vacuum tubes is gradually 
shrinking and being replaced with RF transistor chips; 
a vacuum-tube HV RF power amplifier, such as a 
klystron or inductive output tube (IOT), has hence 
became rare and expensive. A klystron delivers RF 
power amounting to tens or hundreds of kW with a 
single high-power HV DC power supply; the opera-
tion of a klystron requires severe protection of both 
the vacuum tube and the HV DC power supply due to 
possible instant damage caused by the high voltage 
or RF power.

In contrast to a klystron, a solid-state RF power 
generator combines in parallel tens to hundreds of 
small and low-voltage RF power units to fulfill the 
requirement of RF power. The solid-state RF power 
generator also benefits from a low voltage, no vacu-
um, no X-ray, high redundancy, low sideband noise, 
a brief maintenance period and a capability for fu-
ture upgrade. To ensure the long-term operation of 
particle accelerators at NSRRC with no impact from 
gradually missing klystrons, the RF group of NSRRC 
began the solid-state RF power-generator project in 
2009. The system architecture and the construction 
of a solid-state RF power generator are described in 
the following.

The overall performance of a solid-state RF power 
generator is dominated by the architecture of a sin-
gle solid-state power-amplifier module. To achieve 
high efficiency, small sideband noise and minimal 
interference from harmonics, a push-pull operation 
was determined to serve as the working principle of a 
solid-state power-amplifier module. A schema of the 
selected architecture is shown in Fig. 1; two posi-
tive-bias transistors operate at the opposite period 
of one cycle. The class-AB bias point can improve its 
DC-to-RF conversion efficiency with a small quiescent 
current (standby current) and little cross-over distor-
tion. At present, a laterally diffused, metal-oxide semi-
conductor (LDMOS) is the most powerful metal-ox-
ide-semiconductor field-effect transistor (MOSFET) 
that can handle a DC voltage up to 110 V, compara-
ble with a CMOS or GaAs process transistor. Also, the 
LDMOS has a switching speed greater than 1 GHz.

A commercial transistor operating at 500 MHz can 
typically deliver RF power more than 1 kW contin-
uously with a DC-to-RF efficiency greater than 60% 
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al units and non-equivalent power distributions 
of splitters, the final output power is diminished. 
Because of the non-equivalent power distribu-
tion, some SSPA modules might operate near 
the margin. To avoid overdriving, the input pow-
er must be limited. The final RF output power is 
eventually about 80 kW and having the maxi-
mum output power of 85 kW is achievable.

Figure 3 shows a picture of the designed and 
manufactured SSPA module. It includes a 1000-
W RF power transistor, input and output match-
ing network and Baluns, a 1000-W circulator, 
an output directional coupler and a 1200-W 
microstrip line load. The available and stable RF 
output power of SSPA module is typically about 
900 W, limited by a commercially available 
circulator. The performance of a SSPA module is 
shown in Fig. 4. The circulator is used to protect 
the RF power transistor while some reflected 
power comes from the output port. Under these 
conditions, the circulator would be unable to 
handle both forward and reverse power at a full 
power level as they would both flow through 
the same port of the circulator.

The operation of a SSPA module requires wa-
ter cooling for appropriate heat dissipation of 
the transistor and the microstrip line load. The 
base of the circuits has a water-flow channel for 
direct cooling with least thermal resistance. The 
nominal rate of water flow is about 10 L/min 
per module. As it is not practical to supply simul-
taneously 1000 L/min for 100 modules, both 
serial and parallel connections of water-cooling 
channels are necessary to decrease the total 
water volume.

Considering the pressure drop of water chan-
nel for each SSPA module, the water pipes of 
six modules are connected in series to have a 
pressure drop about 3 kgf/cm2 for flow rate 10 
L/min. As shown in Fig. 5, each SSPA module 
contains four straight water-cooling channels in 
the cooling base; the cooling channels are con-
nected in serial between modules. Four cooling 
channels of each SSPA module have both wa-
ter-flow directions to eliminate a temperature 
difference between modules. The coincident op-
eration temperature of a SSPA module helps to 
stabilize the RF performance and to extend the 
lifetime; both serial and parallel connections can 
also decrease significantly the number of water 
pipes from the main tube to each SSPA module.

Fig. 2: The topology of a high-power SSPA system comprises 100 
power units.

Fig. 3: 500-MHz SSPA module of output power at 900 W.

W, are fed separately into ten drive amplifiers to generate 
ten 300-W output powers. After another ten sets of ten-
way power splitters and ten 900-W solid-state power am-
plifier (SSPA) modules, 100 ports of saturated RF power at 
900 W are generated. Every ten ports of 900-W RF power 
are merged with a single ten-way power combiner2 to 
attain single output power 9 kW. Another ten-way power 
combiner integrates 10 ports at 9 kW to have final output 
power 90 kW – theoretically, but, because of transmission 
loss, non-coincident output power and phase of individu-
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SSPA modules are arranged as two 6 x 10 arrays 
with ten water channels; the RF combiner is placed 
between two SSPA arrays as shown in Fig. 6. In total 
120 slots are available for the installation of the 
SSPA modules. 112 slots are occupied by the devices 
shown in Fig. 2, including preamplifiers, drive ampli-
fiers and final-stage power amplifiers. In the remain-
ing slots are installed spare modules, so that, when 
a module malfunctions, a simple cable switching to 
the spare module can quickly resume the operation. 
A picture of a SSPA tower is shown in Fig. 7, two DC 
power-supply racks can be seen on the right hand 
side.  Each power-supply rack contains 45 2-kW 50-V 
DC power supplies; nine DC power supplies connect-
ed in parallel can deliver maximum DC power 90 kW 
to the SSPA tower.

Fig. 5: Connection of the water-cooling channel for an accept-
able total water volume, pressure drop, flow rate and 
complexity.

Fig. 6: Layout of the SSPA modules. 
Inlet/outlet water pipes and RF 
dividers/combiners also work as 
a SSPA power-amplifier stand.

Fig. 4: The left plot shows RF output power as a function of drive power under varied drain voltage; the right plot shows DC-RF effi-
ciency as a function of drive power with varied drain voltage.

As the SSPA is assembled, integrated and tested for its connection of wa-
ter pipes, electric power and RF phases, the RF output power can attain 
the desired level 80 kW under a specified DC voltage above 50 V.3

As mentioned above, the unbalanced power distribution directly limits 
the maximum available RF power. To prevent a short lifetime of a SSPA 
module resulting from overdriving, the RF output power can be about 
80 kW under a specified DC voltage above 50 V.3 With the inconsistency 
occurring at RF cables, power splitters, drive amplifiers or SSPA modules, 
the RF combination efficiency would be less. The larger is the inconsis-
tency, the less is the combination efficiency. The characteristics of a SSPA 
module would be tuned to be similar during manufacturing while the 
power distribution can be measured and adjusted to have an even power 
distribution. Typical defects of SSPA modules can generally be identified 
from continuous operation for 48 hours in the power-saturation mode. A 
long-term reliability test is successfully performed with continuous oper-
ation for two weeks in the full-power mode after excluding the defected 
modules. The redundancy can be tested on switching off a few modules 
manually. The combined RF power and the DC-RF efficiency would be 
degraded by 11.2 kW and 4% respectively on switching off seven mod-
ules. A malfunction of an individual SSPA module has no impact on the 
overall operation of a SSPA tower while a single defective SSPA module 
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Fig. 7: SSPA tower with its power supply racks.

Fig. 8: RF output power vs. DC voltage of a constructed SSPA 
module.

Fig. 9: Sideband noise as a SSPA module operates at output power 80 kW.

merely decreases the total RF output power by twice 
the nominal output power of a single module. The 
decreased efficiency results mainly from the power 
reflected toward the power-off modules, while the 
reflected power is almost equivalent to its nominal 
power of a single SSPA module either.

The 80-kW SSPA stand has proved its reliability and 
redundancy with smooth RF power and degradation 
of efficiency as particular SSPA modules become 
faulty earlier. The RF output power as a function of 
drive power on sweeping the drain voltage is shown 
in Fig. 8. The sideband noise is also shown in Fig. 9 
to be -77.8 dB, one tenth that of a klystron-type RF 
power source. The test results have proved that the 
developed SSPA can deliver stable and reliable 80-
kW saturation RF power with 100 SSPA modules and 
appropriate redundancy. Since the results are satisfy-
ing, the adoption of this SSPA technology to replace 
klystrons would improve the availability of the beam 
time of Taiwan Photon Source and decrease the 
maintenance effort of the related staff. (Reported by 
Tsung-Chi Yu)

This report features the Solid-state RF-power Module 
Project led by Tsung-Chi Yu.

References
1. T.-C. Yu, L.-H. Chang, M.-H. Chang, L.-J. Chen, F.-T. 

Chung, M.-C. Lin, Y.-H. Lin, C.-H. Lo, M.-H. Tsai, C. 
Wang, T.-T. Yang, M.-S. Yeh, Proc. IPAC’12, WEP-
PD075 (2012).

2. T. C. Yu, C. Wang, L. H. Chang, 
M. S. Yeh, M. C. Lin, C. H. Lo, 
M. H. Tsai, F. T. Chung, M. H. 
Chang, L. J. Chen, Z. K. Liu, C. L. 
Tsai, F.-Y. Chang, Proc. IPAC’16, 
MOPMY031 (2016).

3. T. C. Yu, C. Wang, L. H. Chang, 
M. S. Yeh, M. C. Lin, C. H. Lo, 
F. T. Chung, M. H. Chang, L. J. 
Chen, Z. K. Liu, F.-Y. Chang, S.-W. 
Chang, Y.-D. Li, Proc. IPAC’19, 
THPTS074 (2019).


	2019-net_total

