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1 Introduction

The Stanford Synchrotron Radiaton Laboratory (SSRL) at the Stanford Linear Accelerator Center (SLAC)
will upgrade its SPEAR storage ring in 2003. In preparation for this upgrade to SPEAR 3, SSRL is devel-
oping a new beam position monitor (BPM) system. This system requires that a standard “test tone” signal
be combined with the input signal from the monitor. The test tone will be used to calibrate the separate
signal processing stages through which each signal from the monitor will pass.

The purpose of this document is to initiate the speci¿cations of the device that will combine these signals.
These speci¿cations are preliminary and will be re¿ned as the problem is studied further, but hopefully this
document can serve as a basis upon which vendors can develop a preliminary design for the combiner.

2 SPEAR Storage Ring

SPEAR is a synchrotron storage ring that accelerates electrons for the purpose of producing x-rays for
experimental users. It is 567=46 p in circumference. The electrons in the ring have an energy of 6 JhY
and travel at almost the speed of light. They travel inside a vacuum chamber which has an approximately
elliptical cross section with a major axis of 75 pp and a minor axis of 4: pp. The electron beam is
focused and steered by magnets which surround the vacuum chamber.

The electrons lose energy in the form of synchrotron radiation as they circle the ring. This energy is
restored by radio frequency (RF) cavities which accelerate the beam with an electric ¿eld of frequency
i ��� @ 7:9=6 PK}. This RF frequency causes the beam to bunch in any one of 6:5 “buckets” which
exactly partition the circumference. In the laboratory frame, the bunches are Gaussian in shape with a
standard deviation � @ 7=: pp. In time, each bunch is Gaussian with a � @ 49 sv.

The electron beam must be kept very stable to preserve the quality of the x-ray beam for the users.
The desired stability of the beam is � 4 �p, or =339( of the minor axis. To maintain this stability, the
transverse position of the electron beam in the vacuum chamber is measured at <3 places along the ring
circumference, and this measurement is input to a feedback system that adjusts the current in :5 steering
magnets to keep the beam in its proper position.

3 Beam Position Monitors

The transverse beam position is measured by <3 BPMs which are regularly positioned around the ring.
Each monitor consists of four capacitive button pickups which are positioned around the chamber cross-
section to provide optimal sensitivity. (If the chamber cross-section were cylindrically symmetric, these
four buttons would be spaced at <3

�

intervals. Since the SPEAR 3 chamber cross-section is elliptical,
the actual spacing is different.) The position of the electron beam is calculated using simple arithmetic
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operations on the measured signal strengths from each button.

3.1 Signal Spectrum

Each bunch carries along with it a transverse electromagnetic ¿eld as it circles the ring. The revolution
frequency of the particles is determined by the RF frequency, and is exactly i � � @6:5 @ i � � 4=5;37 PK}.
Each bunch creates a periodic sequence of impulses which gives a periodic spectrum in the frequency
domain from i � to � 43 JK}, at which point the spectral strengths start to roll off due to the ¿nite width of
the bunch. When more than one bunch is in the ring, the signals from each bunch add with their respective
phase factors at each frequency. Since the bunches must all be in phase at i ��� to be accelerated, the ¿elds
of all bunches are in phase at i ��� and its harmonics.

Each pickup button is a 45 pp diameter disc mounted on the center conductor of a 83  coaxial adapter.
The button has a transfer function that looks capacitive at low frequencies and develops structure related to
its dimensions at frequencies of a few JK}.

The signal coming out of the coaxial connector on the end of the button is then a “picket fence” spectrum
of harmonics, with fundamental frequency i � � 4=5;37 PK}. The envelope of this spectrum increases
in strength from zero at DC to a maximum between 4 and 5 JK} due to the button structure, and then
oscillates in amplitude until about 43 JK}, at which point the envelope falls off due to the ¿nite length of
each electron bunch. The nominal power out of each button at maximum storage ring current at i ��� is
about 43 gEp.

3.2 SSRL Signal Processing

The transverse position of the beam is a non-linear function of the signal amplitudes from each button. In
order to calculate the position, ¿rst the amplitudes from each button must be measured. Since the frequency
spectrum of each button is identical, the position has the same functional dependence on any of the button
harmonics. For technical reasons, the signal at i ��� will be demodulated to recover this information.

The signals from the BPMs will be transmitted over a reasonable quality 83  coaxial cable to the crates
where the signals will be processed. The lengths of the cables vary from � 83 � :3 p. The RF signal
from each button will be ¿ltered around i � � @ 6:5i � , conditioned, then mixed with a local oscillator
(LO) at i ��� @ 698i � to generate an IF of i � � @ 46i � . The IF signal will be further conditioned,
then digitized at a frequency i � @ 83i � , and ¿nally processed with a digital receiver. The reason for
choosing the intermediate and sampling frequencies to be harmonics of i � is that in one revolution period,
W � @ 4@i � , the digital receiver can be programmed to extract the amplitude and phase of only the signal
that was originally at a particular harmonic in the RF spectrum� all of the other harmonics are at zeros of
the digital receiver ¿lter function. In order to maximize the signal to noise of the system, the receiver will
be programmed to extract the IF signal that was mixed down from i ��� .

Although the transverse position is a non-linear function of the button positions, for small deviations
from the desired operating point, the deviations are calculated with the linearized approximation to this
function. The linearized formulae are
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where +Y � > Y 	 > Y 
 > Y � , are the amplitudes calculated by the digital receivers associated with each button.
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4 Four Channel Signal and Calibration Tone Combiner

Since the signals from each button will be processed by independent channels, we want to add a calibra-
tion signal to each channel that can measure variations in gain as a function of time, temperature, etc., in
the four channels. Once these variations are known, they can be removed from the actual beam signal.

4.1 Calibration Tone Characteristics

The characteristics of the calibration tone will be chosen so that it has minimal impact on the RF signal to
be measured while still providing an effective method to calibrate the signal. The frequency is chosen so
that when the calibration signal is used, the digital receiver can be programmed to extract the amplitude
and phase of the beam signal in 5W � while notching out both the other beam harmonics and the calibration
signal. A second digital receiver chip in the receiver channel will be programmed to extract the amplitude
information of the calibration signal while notching out all of the beam signals. Any frequency which is
an odd multiple of bi � @5 satis¿es these criteria. In order to test the signal processing path as close to the
measured signal frequency as possible, the calibration signal will be a pure sinusoid that is either at 6:4=8i �

or 6:5=8i � .
The amplitude of the calibration signal will be chosen so that it is large enough to be accurately detected

by the digitizer and digital receiver, but not so large that it signi¿cantly impacts the dynamic range of the
signal processing channel. Our current thinking is that the signal level of the calibration tone will be
� �53 gE below the level of the RF signal. We will generate this signal externally and adjust its strength
as needed to maintain the desired signal strength ratio.

4.2 Hardware

SSRL is soliciting quotes from vendors who can design a hardware module that will add this calibration
tone to the four RF signals from each BPM module. As stated above, the speci¿cations given here are pre-
liminary and will be revised, as necessary, as we learn how different engineering choices for this hardware
affect the cost and performance of the entire system.

We now imagine that the combiner will appear as shown in ¿gure 1.

4.2.1 Electrical Properties

Our main desire for the electrical performance of the combiner is that it stably couples the calibration signal
onto the four channels and keeps the coupling ratio constant to much better than =339( over the over the
expected operating conditions. The RF signal strength under these conditions may vary from �43 gEp to
.43 gEp, and the calibration signal will be approximately 53 gE lower. The environmental conditions are
described below (4.2.2).

The coupler should also not introduce any error large enough to corrupt the ability to determine the beam
position to the =339( level. One, and perhaps the largest, source of error will be the parasitic coupling
of one signal channel to any other. If the coupling between the channels is totally random and varies
with time, this parasitic coupling between channels needs to be less than �;8 gE. If part of the parasitic
coupling is deterministic and does not vary with environmental factors such as time, temperature, etc., then
it may be possible to modify equations (12) using different scale factors that account for the coupling yet
still maintain the sensitivity and resolution of the system to the =339( level. Once the vendor furnishes us
with the V-parameters of the coupler along with their dependence on environmental factors we will be able
to re-evaluate the �;8 gE requirement. We expect that enough of this coupling will be deterministic that
we will be able to relax this requirement.
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Our knowledge of the V-parameters of the combiner are also important for the rest of the system design.
In particular, we need this information in order to be able to specify the value of V ��� of the component
downstream of the combiner. ReÀections from this component will enter the combiner through one of the
four output ports and can couple to the other ports.

The input signal strength of the calibration tone must also be determined. Although in principal we
have no limit on the strength of the signal that can be sent to the combiner, we do not want this signal to be
so large that it is, by far, the strongest signal into the combiner. For example, if the RF signal is .43 gEp,
the calibration tone strength is �53 gE with respect to this signal, the coupling factor of this tone into each
signal is also �53 gE, and the tone is split four ways before the coupler, the total input calibration tone
power will be

S ����� @ .43 gEp �53 gE .53 gE .9 gE

@ .49 gEp =

We would not want to have to input more power than this for the calibration tone. Hopefully we could
meet our performance speci¿cations with a lower power calibration signal and a stronger coupling from the
calibration channel to the output signal. The total strength of this calibration signal must be driven at its
source and travel along its coaxial cable for the 83 p �:3 p run where it is bundled with the four output
cables. Because of the location of the combiner in the storage ring housing, it may only contain passive
components.

4.2.2 Environmental Conditions

Each combiner will be placed close to (within a few meters of) its associated BPM module. It will be
within the radiation shielding walls that enclose the electron storage ring. As such it will not be in the
direct strike of the x-ray fan generated by the electron beam, but will experience enough radiation that

the use of the material TeÀon
R�

may not be acceptable in this hardware because of the deterioration that

TeÀon
R�

undergoes when exposed to radiation of these levels. Polyethylene has acceptable properties in
this type of environment.

The temperature and humidity inside of the storage ring housing is typical of an industrial environment.
The temperature of the system is dominated by the temperature regulated low conductivity water that Àows
through cooling passages in both the vacuum chambers and the magnet coils. The nominal water temper-
ature is 63

�

F. Although diurnal changes cause the temperature inside of the housing to vary only 	5
�

F
over any 57 hour period, seasonal changes in the external ambient conditions are expected to cause a varia-
tion of as much as 	43

�

F over the course of the year. The couplers should comply with the speci¿cations
given above over this temperature range.

4.2.3 Physical Requirements

The physical requirements of the coupler are very open. As currently envisioned, the couplers will be
mounted on a metal panel. A space of ; lq by ; lq is reserved for two couplers mounted on top of each
other. If necessary, additional space can be allocated for the combiners. With these dimensions, the
construction of stripline dividers and couplers is a possibility.

The packaging of the combiner should be compatible with the cable runs to and from the combiner. The
short cables from the BPM all come from one direction. These cables will be terminated with SMA plug
connectors, so we prefer that the input connections on the left hand side of ¿gure 1 be SMA jack connectors.
The other ¿ve cables, carrying the calibration signal input and the four combined output signals, are all long
haul cables that arrive at the module from the same direction, the right hand side of ¿gure 1. These cables
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will be terminated with Type N plug connectors, so we prefer that these ¿ve connections be Type N jack
connectors.
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1. Preliminary diagram of hardware module that combines a calibration tone with four RF signals from a
BPM.
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