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Abstract difference between the full solution and approximated
linear solution is negligible within the frequency range

A digital signal processor is implemented to control thewe are interested (& 100Hz).

resonant frequency of the RFQ prototype in

APT/LEDA. Two schemes are implemented to 2 SYSTEM IMPLEMENTATION

calculate the resonant frequency of the RFQ. One usggq e 1 js a block diagram of the resonant control

the measurement of the forward and reflected fields.,Jq,1e for APT/LEDA.

The other uses the measurement of the forward and

transmitted fields. The former is sensitive and accuratg

when the operation frequency is relatively far from the
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resonant frequency. The latter gives accurate resulfs, s B A sran =
when the o i i & BPF AID 1/Q Decomp. VXI
peration frequency is close to the resonamt % Decimation| 18
frequency. Linearized algorithms are derived to Lo LK s fax pata
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calculate the resonant frequency of the RFQ efficiently
using a fixed-point DSP. The control frequency range isRF o A 10 pecomp.
about 100kHz for 350MHz operation frequency. A & Decimation|_1%
frequency agile scheme is employed using a dual dire¢
digital synthesizer to drive the klystron at the cavity’'s | 16- . To Cooling Sys
resonant frequency (not necessarily the required beam VXI Cont| TMS320C50

resonant frequency) in power-up mode to quickly bring R ‘ DS !
the cavity to the desired resonant beam frequency. Th|s 0
paper will address the algorithm implementation an

error analysis, as well as related hardware design
issues. Figure 1. Block Diagram of Resonant Control Module
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1 INTRODUCTION The RF frequency is 350MHz for APT/LEDA. The

. is 300MHz. The A/D converter clock is 40MHz.
Resonant control of the RFQ and superconducting R%O .
cavities requires accurate measurement of the RF cav ince the IF frequency is 50MHz, the output of the A/D

resonant frequency. For a digital implementation of thS nverter is a data stream consisting of the repeat pattern

resonant control system in APT/LEDA, an efficient and! measured |, Q, -, and -Q components. The output of
g}e A/D converter is fed into a multiplexer that switches

accurate algorithm is needed to provide a real time err :

- ; . .. _every other sample into two parallel paths to separate the

signal to the cavity water cooling system within 16‘”3; Q com oﬁents Thenp each Fc):hannel ofpthe data

desired bandwidth. The algorithm proposed in this pap leam is mplt' I'ed. b +’1 or -1 to remove the
& i ultipli y Vi

utilizes the vector measurement of the forwar ternating sian  accordinalv. The outouts are the
reflected, and transmitted fields to calculate the compleé}! 9 sig gy. P

. . : easured | and Q components of the input RF signal.
load impedance or admittance. Knowing the comple ) ; -
load impr))edance and the loaded quality Qf]actor Q ofpthée major advantage of the above described digital 1/Q

cavity, the discrepancy of the operating frequency a modulation scheme is the single analog signal path f_or
the resonant frequency can be derived accordingly. rhom I_and Q components that ensures a perfect gain-
simple linear relationship between the imaginary part (ﬂ;\atchmg betwgen th? I and Q signals. Secondly, since
the load admittance and error signal (difference betwe ¢ sampled signal is at the IF frequency (50MHz),
operating frequency and the cavity resonant frequencg

is derived by linearizing a general quadratic relatio
between the imaginary load admittance and reson
frequency. Numerical simulations reveal that the

alog DC offsets and drifts do not affect the accuracy

the digital I/Q demodulation. A du&lDS is used to

nerate two off-phase error correction sine waves for
modulation in the frequency agile mode.
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measured fields(20dB Signal-to-Noise Ratio). The
3 RESONANT CONTROL ALGORITHM results are shown in Figure 3. This result shows that Eq.
The resonant control algorithm of APT/LEDA is based5) together with Eqg. (1) gives a satisfactory result
on the vector measurement of the forward, reflected evithin the frequency range we are interested.
transmitted fields. Figure 2 depicts a simplified
transmission model for a cavity driven system. Thi ,xw
complex load impedance of the cavity i€, . The
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transmission line impedance i&,. The forward and

reflected field are measured at and z respectively, 1
which are betweerz =0 and z=1. Herel is the
length of the transmission line from klystron to cavity.
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Figure 2. Waveguide with a length of L and lo&d .

) o Figure 3. The result with noise in the measurement.
Using the transmission theory[1], we can show that the

load impedance is related to the measured forward and |, figure 3, the correction frequency is obtained
reflected fields as when the SNR (Signal-to-Noise Ratio) of the measured
V() __ V'(z) ga) + v (g &) field is 20dB. Notice that the perfect gain-matching in
- 1() - °V+(21) g@h _ V( 2) gz our digital 1/Q demodulation scheme ensures the equal

effect of noise on both | and Q channels. Thus, we can
(1) represent the measured field @+ r)F , wherer is

noise, F is the complex field without noise.

Z

From (1), we have

1 - . . . .
Y == :YLr + Y, (2) Mathematically, this means that the noise correlation
L coefficient between two channels (I and Q) is one.

correction frequency never crosses zero on both sides of
the resonant frequency,. f This indicates that no
ambiguity can exist regarding the sign and/or direction
the correction frequency required. Next we investigated
the correlated and uncorrelated 1/Q noise on robustness
of the algorithm. Here, we assumed that the SNR of the
measurement is only 3dB. Figure 4 is for a completely

w RCw, RC
W, wlLC

Y, =21+ ]
L=l i o

1
Using @, = ﬁ andQ, = RCw,, we have

Y, :i[1+ on(ﬂ—%)]_ (4) correlated noise case. Figure 5 is for a completely
R W w uncorrelated noise case. It is very important to notice
|-, that the correction frequency never crosses zero on both
For Q, >>0, and——— <<1, it can be shown that sides of the resonant frequency for the case with the
completely correlated noise for 1/Q components. This
wY means that when we implement this algorithm in this
wW,-w=Aw= ———Lr (5) case, we always have a correct sign for the error signal.
2Q Y. In contrast, the correction signal for the completely
Eqg. (5) is used to determine the difference between thacorrelated case back does across zero on both sides of
resonant frequency and the operation frequency. the resonant frequency, potentially leading to ambiguity.
As mentioned before, the digital 1/Q decomposition
4 SIMULATION RESULTS scheme implemented in our system ensures the perfect

To verify the validity of the algorithm, a simulation was92in-matching for the I and Q channels which results in
conducted using Eq. (5) and Eq. (1) to get the errépe completely correlated noise for the | and Q channels.

signal vs. Frequency with a random noise added to the
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Therefore, the algorithm applied to our system is vergneasured field to change dramatically during normal
robust. operation.

Reflection and Transmission Coefficients vs. Frequency
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Figure 4. Result for the correlated noise case. Figure 6. Magnitude of the reflection and transmission

coefficients vs. frequency.

go00 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Figure 6 depicts the magnitude of the reflection
and transmission coefficients for an equivalent RLC load
with  Q=3000and f, = 350MHz. From Figure 6,

4000r we can see that using the reflected field algorithm is
” good when the frequency is relatively far from resonance
but the accuracy of the measurement will deteriorate
J ‘ | ‘ when the frequency is close to resonance. However, on
| the other hand, the accuracy of the transmitted field
~2000 i} : algorithm is higher when the frequency is close to
resonance and lower when the frequency is away from
resonance. Based on the above observation, both
algorithms are implemented in our system. The reflected
field algorithm will be activated when the frequency is
8000 L relatively far from resonance and the transmitted field
Freauency Retatve to % algorithm will be activated when the frequency is close
to resonance.
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Figure 5. Result for the uncorrelated noise case.
6 CONCLUSIONS

An efficient and simple algorithm that is suitable

Here, all formulas are derived based on the forward arﬁar . implementa_tion in a digital signal processor is
reflected fields. Similar formulas can also be derive8|r0p9tshed'. The S|mbulatt|onh res_ultsl rev?atlj th?r: ﬂt}he
from the forward and transmitted fields. MathematicalIya.gfz”I Ir/’n 'Z ver):j rlot.us when 'mp er(rjle_n ed w ¢ €
they are equivalent. But some practical issues should a Q emodulation scheme used in our system.
addressed when we decide which set of formulas to use. algorithm gives a good result with a noise level at
in the system implementation. One limitation come dB SNR.
from the finite resolution of the A/D converter. For a

12bit A/D converter, as used in our system, the dynamic

range of measurement is around 60dB. However, due to REFERENCES

some instrumentation limitations, such as isolation of thd] Cheng, K.C., ‘Field and Wave Electromagnetics’,
directional coupler, the dynamic range of the measured Second Edition, Addison-Wesley, 1989.

signal could be 10 to 20 dB lower than the theoreticg?] Ziomek, C. and Corredoura, P., ‘Digital 1/Q
dynamic range of the A/D converter. Given the above Demodulator’, PAC’95, 1995.

consideration we don't want the magnitude of the

5 OTHER CONSIDERATIONS
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