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Abstract Phase and amplitude measurement is one of the most important issues for the phasing system

of BEPC/ linac. Two kinds of PAD, based on analog and digital I/Q demodulator respectively, have

been constructed and tested in both laboratory and the klystron gallery of BEPC/ linac. A calibration

algorithm based on LMS method is used to compensate the mismatches of the analog I/Q demodulator.

Experiments show that both kinds of PAD run stably and can meet the requirements of the phasing system.
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1 Introduction

To reduce the beam energy spread of BEPC/

linac to a level of less than 0.4%, the phase fluctu-

ation of each klystron must be less than ±2◦ centered

by an optimized phase
[1, 2]

. So, it is very important

to construct a stable and accurate PAD (Phase and

Amplitude Detector) for phase and amplitude mea-

surement.

I/Q demodulator can down convert an RF sig-

nal to the base band directly. It’s easy to be used

to measure the phase and amplitude simultaneously,

so it’s a good choice to construct a PAD. Analog

I/Q demodulator suffers from the mismatches such

as DC offset, 90◦ phase imbalance and amplitude im-

balance, which may draw remarkable errors to phase

and amplitude measurement
[3]

. A general calibra-

tion algorithm based on the adaptive LMS (Least

Mean Square) method is used to calibrate the I/Q

mismatches to a rather low level
[4, 5]

. To further re-

duce the influence of I/Q mismatches, a digital I/Q

demodulator[6] is built and tested. It is more accurate

but slower than the analog one.

The greatest challenge for PAD is to work in a

very noisy environment in the klystron gallery. To

minimize the influence of noise, some EMC(Electro

Magnetic Compatibility) methods, such as shielding,

analog and digital filtering are adopted. All of them

run successfully and almost all the noises are re-

moved.

2 PAD design

2.1 Design and calibration of the analog PAD

The block diagram of the analog PAD is shown in

Fig. 1. The analog I/Q demodulator is constructed

by a microstrip circuit board and two mixers work-

ing at the frequency of 2856MHz, which is shown in

Fig. 2(a). The I/Q outputs are low pass filtered and

then sampled by a virtual oscilloscope with the sam-

pling rate of 50MS/s and 12bit of vertical resolution.

The sampled data are transferred to an industrial

computer where phase and amplitude are calculated.

Fig. 1. The analog PAD.
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The error of PAD is mainly from the mismatches

of the analog I/Q demodulator, including DC offset,

phase and amplitude imbalances. To compensate the

mismatches, the frequency of RF signal is changed

to be a little different from the frequency of local os-

cillator (LO) signal. Then the I/Q outputs will be

two sine waves with low frequency. Because of the

mismatches, the two sine waves will have different

amplitudes and phase error off 90◦, and the trace of

I/Q will be an ellipse, which is shown in Fig.2 (b).

Fig. 2. The analog I/Q demodulator.

(a) I/Q demodulator; (b) I/Q trace before and

after calibration.

A calibration algorithm is to draw ideal (I0, Q0)

values from the distorted (I,Q) values measured in

practice, which are voltage signals at the output ports

of the I/Q demodulator. The relationship of (I0, Q0)

and (I,Q) can be written as

I0 = f(I,Q), Q0 = g(I,Q) . (1)

where f and g are functions to be decided by evalu-

ating the I/Q mismatches. A convenient way to get

f and g is to use the Taylor expansion

I0 = a0 +
N∑

n=1

(anI +bnQ)
n
+RI(N),

Q0 = c0 +
N∑

n=1

(cnI +dnQ)
n
+RQ(N).

(2)

Drop the residual items RI and RQ, and combine

the unknown coefficients, Eq. (2) can be rewritten as

I0 = a0 +a1I +a2Q+a3I
2 +a4IQ+a5Q

2 + · · · ,
Q0 = b0 +b1I +b2Q+b3I

2 +b4IQ+b5Q
2 + · · · .

(3)

where an, bn (n = 0,1,2, · · · ) are coefficients to be

decided.

To get the unknown coefficients in Eq. (3), we

sample the I/Q sine waves mentioned above. The

I waveform can be fitted to be a Fourier series (the

residual item has been dropped)

I(t) = IDC +

M∑

i=1

(mi cos(iωt)+ni sin(iωt)). (4)

Assume the desired values of the I/Q waves mea-

sured by PAD to be

Id(t) =
M∑

i=1

(mi cos(iωt)+ni sin(iωt)) ,

Qd(t) =
M∑

i=1

(mi cos(iωt−π/2)+ni sin(iωt−π/2)) .

(5)

Note that the order N and M selected in Eqs. (2)

and (5) is decided by the requirement of accuracy.

Define the vectors

ã = [a0,a1,a2,a3,a4,a5, · · ·]T ,

b̃ = [b0, b1, b2, b3, b4, b5, · · ·]T ,

ũ = [1, I,Q,I2, IQ,Q2, · · ·]T ,

(6)

then the adaptive LMS method is used to get the un-

known coefficients in Eq. (6). For example, to get the

coefficients ã, follow the steps

i) ã = 0.

ii) k = 1,2, · · ·

eI(k) = Id(k)− ãT(k−1)ũ(k),

ã(k) = ã(k−1)+µI ũ(k)eI(k). (7)

where eI is the error item and µI is the convergence

factor.

The I/Q trace after calibration is shown in

Fig. 2(b). Most of the mismatches are canceled by

the calibration algorithm.

2.2 Design of the digital PAD

It is very hard to improve the accuracy of the ana-

log PAD. After calibration, the analog PAD still has

a phase error of about 1.2◦ (Fig. 4). A PAD using

the digital I/Q demodulator is constructed to reduce

the phase error.

Fig. 3(a) shows the diagram of the digital PAD.

Both the reference signal and the RF signal to be

measured are down converted to intermediate fre-

quency signals. The two intermediate frequency (IF)

signals are band pass filtered and then digitized di-

rectly by a virtual oscilloscope. In the industrial com-

puter, digital algorithms are used to demodulate the

signals and then calculate the phase and amplitude.
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Fig. 3. The digital PAD.

(a) Diagram of the digital PAD; (b) The I/Q

trace of the digital PAD.

The DC offset is canceled by a digital high pass

filter. Hilbert transformation is used to get an accu-

rate 90◦ phase shift of the reference IF signal, and the

3-dB power divider of the I/Q demodulator can be re-

alized by simply dividing the two IF signals by
√

2.

With these digital algorithms, the phase error of the

PAD is reduced to a level of less than 0.5◦ (Fig. 4).

Fig. 3(b) shows the I/Q trace of the digital PAD.

3 PAD test

3.1 PAD test in laboratory

To evaluate the phase errors of PAD, we insert a

phase shifter, which is calibrated by the HP8720ES

network analyzer, into the RF channel of PAD. Tune

the phase shifter and measure the phase change with

both kinds of PAD, then compare it with the results

calibrated by the network analyzer, and the phase

errors of both kinds of PAD are shown in Fig. 4.

Fig. 4. Phase errors of PAD.

The digital PAD has a phase resolution of 0.15◦,

and the analog one is more sensitive, it has a phase

resolution of 0.05◦. Both kinds of PAD are not sensi-

tive to the environment temperature. The phase drift

due to the temperature change is less than 0.1◦/◦C, so

both kinds of PAD are stable enough for the phasing

system of BEPC/ linac.

The dynamic range of the PAD can be evaluated

by measuring the phase errors for different RF input

power. Fig. 5 shows that the analog PAD has a dy-

namic range of about 20dB, while the digital PAD

has a dynamic range of more than 25dB.

Fig. 5. The dynamic range of PAD.

The I/Q demodulator can measure the phase and

amplitude of the input RF signal simultaneously. The

amplitude errors of the analog and digital PAD are

shown in Fig. 6.

Fig. 6. Amplitude errors of PAD.

From the above test results we can see that the

analog PAD has a higher resolution and speed but a

lower accuracy and smaller dynamic range, while the

digital PAD has a lower resolution and speed but a

higher accuracy and larger dynamic range. Both of

them run well when the input RF power is between

−15dBm to −5dBm.

3.2 PAD test in the klystron gallery

To reduce the influence of the klystron noises, the

following measures are adopted in the PAD chassis

1) Power filter is used to remove the noises in the

supply power.
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2) A new shielding box is used to avoid the radi-

ation noises into the virtual oscilloscope.

3) Two band pass filters are added into the two

2856MHz channels.

4) Adaptive digital filters are adopted in the phas-

ing program to remove the residual random noises.

Fig. 7. Phase measured by the analog and digital PAD.

With these measures, almost all the noises are re-

moved. Fig. 7 shows the phase of the klystron #1

measured by both the analog and digital PAD in the

klystron gallery.

4 Summaries

I/Q demodulator is a good unit to form a PAD,

but it suffers from the mismatches. A LMS calibra-

tion algorithm can reduce the phase error to a low

level. Digital I/Q demodulation algorithms can fur-

ther reduce the phase error. Both kinds of PAD run

stably and successfully, and they can meet different

requirements of the phase and amplitude measure-

ment.
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