¢ Brookhaven

National Laboratory
BNL-101442-2014-TECH
RHIC/RF- 23;BNL-101442-2013-IR

Design and test of a phase shifter utilizing phase loop lock (PLL)

D. Rosignoli

October 1994

Collider Accelerator Department
Brookhaven National Laboratory

U.S. Department of Energy
USDOE Office of Science (SC)

Notice: This technical note has been authored by employees of Brookhaven Science Associates, LLC under
Contract No.DE-AC02-76CH00016 with the U.S. Department of Energy. The publisher by accepting the technical
note for publication acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form of this technical note, or allow others to do so, for
United States Government purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



RHIC/RF-23

RHIC Project
BROOKHAVEN NATIONAL LABORATORY

RHIC/RF Technical Note No. 23

DESIGN AND TEST OF A PHASE SHIFTER UTILIZING
A PHASE LOCK LOOP (PLL)

D. Rosignoli
J. Rose

October 1994



DESIGN AND TEST OF A PHASE SHIF TER UTILIZING A PHASE LOCK LOOP
(PLL)

D. Rosignoli
J. Rose

INTRODUCTION

The purpose of this research was to phase shift a 26.7 MHz sinusoidal voltage with
an analog control voltage . This paper covers work done with a phase shifter implemented by
a Phase Locked Loop (PLL). The purpose was achieved to the extent that the waveform was
phase locked and phase shift was done over a limited range less than 180°.
CONTENT

In order to phase shift a sinusoid of frequency f1 using a PLL, it was necessary to
create the circuit shown in Figure 1. The control voltage (Vadj) adjusts the phase by
changing the frequency of the VCO. But before the circuit can phase shift, it must first be
locked in frequency (i.e., when f1=f2). In order for lock to occur, the summer and active
loop filter must be designed to meet the requirements of the Phase Detector (PD) and the
Voltage Controlled Oscillator (VCO). Since the PD & VCO were pieces of equipment found
in the lab that were not specifically designed for use in a PLL, the characteristics of these
pieces had to be determined. More specifically, the input and output power (& voltage)
requirements of the VCO & PD, as well as the output voltage-to-phase relationship of the PD
and the input voltage-to-FM relationship of the VCO, were considered.

The voltage-to-phase relationship of the PD is shown in Fig. 2. From the data points

it can be seen that in the first quadrant the plot is linear from about 19° t0125° within



positive slope. The PLL is not expected to phase shift much more beyond this range since
the PLL loses lock once the PD output becomes highly nonlinear. The slope of this line is
8.04 mv/° (=Kd). Now, the VCO FM relationship was found to be programmable, so the
maximum setting was used (Ko=100 kHz/volt). The maximum setting was used since it was
shown that the higher the FM setting, the smaller the phase jitter. The RF input power into
the PD from the Stanford Research Systems (SRS) frequency generator was set to 11.21
dBm, whereas the output IF voltage of the PD was found to be 2.67v pp. However, the max
input to the VCO was +/- 1v. It’s output power was set to +10dBm. Using this data, the
voltage summer and adjustable circuits were made as shown in Figure 3. The adjustable
voltage had a range of +/- 280mv.

Originally, the active loop filter used was just a Bead-Pull integrator circuit found in
the lab (see Figure 4). However, using this circuit prevented the PLL from locking. (Note:
the method used to determine if the PLL was locked was to take f1 (as channel 3 input on
the scope) and to trigger the scope with it. Using f2 as channel 4 input, it could be
determined if the PLL was locked by just seeing when f2 was triggered and became the same
frequency as f1, although not necessarily the same phase as f1.

In fact, the PLL locked, as evidenced by the error voltage remaining after the
integrator was driven to an average of zero, but a large amout of phase jitter remained. This
was due to the output of the Bead Pull integrator which had an unwanted AC voltage
component on the error voltage with a value of 40mv pp (Max) and a frequency that shifted
anywﬁere from 588 Hz to 1.7 kHz, depending upon the adjustable voltage applied. The AC

component acted to phase modulate f2. As a result, a new active loop filter was designed



with a lower cutoff frequency.>* The resulting circuit is shown in Figure 5. There
were several major changes made in this circuit that made it differ from the Bead
Pull circuit. One change made was that capacitors (2 pF & 10 pF) were added
across each op amp, from the output to the input, as well as 220 Q resistors added
to the output of each op amp. These two changes were made to eliminate feedback
that would cause unwanted oscillations. Another change made was that 2 kQ
resistors were added to each input of each op amp to reduce the input bias currents.
This change reduces the error caused by drifts in offset currents due to temperature
changes. A more significant change made was that two cutoff frequencies (100 Hz
& 800 Hz) were introduced, both of them being much lower than the Bead Pull’s

cutoff freq. These changes were based on:
1/R2C = 1/160Hz C=4.7uF R2=1.3kQ

1/((R1/2)C3) = 1/800Hz C3=0.022uF R1/2=10 kQ

Making the cutoff frequencies for the active loop filter this low would
eliminate the 588 Hz- 1.7kHz phase jitter. Lastly, a change was made by adding a
resistor in series with the 4.7uF feedback capacitor across the op amp.This not only

slowed the integrator down, but also created a low pass (LP) filter. As shown on



page 39 of the Phase Locked Loop Circuit Design book, using this filter reduces the

phase jitter and suppresses thei high frequency components by introducing an
additional pole. The resulting circuit is shown in Figure 6. The attenuators are used
to reduce noise and to make the power levels of both signal generators the same.
The LP filter used takes out the 53 MHz (2 x 26.7MHz) component from the PD.
The PLL locked, but only with the addition of a small voltage. Phase shift
was possible by adjusting the voltage only a few millivolts, positive or negative,
around zero. The maximum range of phase shift was about 160°. This covers the
range of the linear region of the PD & a little beyond that (see Fig. 2 and Fig. 7
for a comparison; Fig. 7a shows the maximum absolute phase difference attained,
with Fig. 7b showing the maximum amplitude deviations, while Fig. 7c shows a
more conservative measurement). The tolerance of the phase is about +/- 4°,
whereas the magnitude of the waveform is very stable, mainly due to the high
accuracy of the HP VCO. Looking at the frequency response in Fig. 8, it can be
seen that the two cutoff frequencies are at about 200 Hz and 1.1 kHz. This is
slightly higher than the calculated 100 Hz & 800 Hz. Also, there seems to be
higher order terms that cause the filter to pass some higher frequency components.
Looking at Fig. 9, the curve fit poles and zeros seem to corroborate this fact.
(Note: The frequency response curves were obtained using the 3562A HP Dynamic

Signal Analyzer in the setup shown in Fig. 10, whereas the phase & magnitude



measurement curves were obtained using the HP 8573C Network Analyzer, in the
setup shown in Fig. 11.)

It should be mentioned that when adding the voltage to get the PLL into lock,
the voltage adjustment must be a slow transition, or else the PLL does not even
lock. Once possibility for this happening is that when the cutoff frequencies were
made too low, it reduced the bandwidth of the PLL by so much, that rapid changes
in voltage were sacrificed, since once you are outside the bandwidth, you lose lock.
So, there may be a compromise between the phase jitter and the bandwidth. In fact,
the VCO must have at least w2 = wl +- df2/dt for a frequency range. Since
Vadj modulates Aw2 while modulating 02 (& since Aw2 = d§2/dt & since w2 =
wl + Adfo/dt). 62(t) = (1/Kd) Vadj if PLL has K > = 2 Bm, where Bm = PLL

bandwidth.?
Another thing which should be mentioned is that the critical value of DC voltage
driving the VCO required for lock is:
(Pull-in voltage) Vp = Kd [ Aw/K -V(Aw/K)*2 - 1]
where K = KdKoKh (Kh = gain of active filter)
Aw = w2 - wl

The only problem is that experimentally it is difficult to measure some of these parameters.’

CONCLUSION

The intended goal to phase shift a sinusoid with an analog voltage using a phase



locked loop was achieved to the extent that phasé shift was done over a range less than 180°
and with a tolerance of +/- 4°. However, the PLL as a whole was extremely sensitive to
changes in the control voltage. only a few millivolts, or were needed to change the phase in
a dramatic way. Any attempts to place the entire PLL circuit into a small project box should
consider this applied voltage. Any phase jitter due to low (& high) frequency components
should by attenuated as much as possible using low pass filters. It may be possible to reduce
some of the phase tolerance by limiting the cable lengths. Also, when constructing such a

compact PLL, a high accuracy VCO should be considered as well.
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