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1 Introduction

The Stanford Synchrotron Radiation Laboratory (SSRL) is developing a new beam position monitor
(BPM) system. An important part of that system is a passive combiner that adds a calibration signal to the
signal path. The requirements for this combiner were given in a report in 2002 and prototype combiners
were specified and purchased. Tests were carried out on these prototypes to compare the suitability of
the different models for our application. This report details the results of the tests of these prototypes and
documents the reasons for choosing the prototype from MAC Technology for the production model.

2 Prototype Vendors

We solicited various microwave vendors to build prototype units to our specifications. These specifi-
cations are contained in a document “Beam Position Monitor Front End Coupler”, written on November
27, 2001. The small quantities of the eventual production order limited the number of interested vendors.
We found two interested vendors capable of producing high quality radio frequency (RF) and microwave
components, MAC Technology of Klamath Falls, Oregon, and Pulsar Microwave of Clifton, New Jersey.
We purchased five prototype units from each vendor in 2002 and tested them in our laboratory. The MAC
combiners use stripline based directional couplers; the Pulsar combiners use ferrite transformer based di-
rectional couplers.

3 Test Results

3.1 Bandwidth

As expected, the bandwidth of the stripline based directional couplers was far superior to that of the trans-
former based units. For a typical channel of the MAC coupler, as plotted in figure 1, at the frequency of
interest, fRF = 476.3MHz, the insertion loss is 0.15dB. Over the 6GHz range of the network analyzer,
the insertion loss is less than 1dB. Consistent with the good transmission is the good match presented by
the coupler over this 6GHz range. The smallest return loss is 15dB. Since the spectrum of the electron
bunch extends to 10GHz, a good match over this bandwidth will prevent revolution harmonics from re-
flecting at the coupler input and propagating back onto the BPM button. Reflections will now occur at the
input of the electronics, which allows the long haul cables to attenuate the high frequency signals before
they reflect back to the button. The transmission properties of the various channels are also very uniform.
As shown in figure 2, the insertion loss of the different channels is virtually identical at fRF . Over the
6GHz analyzer span, the transmission coefficients between channels track to within 0.1dB.

The properties of the typical Pulsar coupler were significantly different (figure 3). Although the coupler
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1. The S parameter magnitudes for one of the channels of the MAC combiner.
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match and insertion loss are acceptable at fRF , the performance of the MAC coupler is noticeably better.
The differences are accentuated at higher frequencies. Whereas the bandwidth of the MAC coupler is quite
broad and seems to be dominated by the losses in the dielectric of the circuit board, the characteristics of
the ferrites probably dominate the bandwidth of the Pulsar unit. The 3dB point of the Pulsar coupler is
at about 2GHz. The return loss reduces to 10dB at 1.6GHz; above 4GHz there is almost total reflection
from the coupler. Use of a transformer based coupler would reflect too much of the BPM signal back onto
the BPM button.

3.2 Isolation

We measured the isolation between the signal channels. Both prototype couplers provided the specified
isolation (> 80dB) between the channels when properly terminated. When all ports are properly ter-
minated, the isolation between adjacent signal channels in the MAC coupler is about 110dB (figure 4).
(Because of the superiority of the characteristics of the MAC coupler, in this report we just present the
isolation data of the MAC prototype.)

In order to achieve this isolation, proper termination is required on the relevant ports, as expected. For
example, when the isolation between signal channels one and two is measured, the network analyzer drives
the input of channel one and measures the output of channel two. When the output of channel one is
unterminated, the typical isolation dropped to 85dB. The isolation in this case was essentially independent
of the termination of the input of channel two, most likely due to the directivity of the path that coupled the
input of channel one to the output of channel two.

As expected, the strongest coupling path between signal channels goes through the couplers that con-
nect the calibration signal to each of the signal channels. The coupler, with the calibration signal input
unterminated, provided the lowest isolation, about 60dB between signal channels (figure 5).

3.3 Thermal Stability

The ring environment is expected to be thermally stable to within ±1 ◦C. The couplers will be installed
on supports mounted on the magnets, so their temperature stability should be dominated by the temperature
of the magnets, which may be slightly better than the ring specification.

Both devices were tested for sensitivity with respect to temperature variations. The couplers were
connected to the network analyzer and clamped to an aluminum plate, which served as a heat sink. The
transmission channel (S21) of the analyzer was zeroed at ambient temperature. The aluminum plate was
heated with a portable heat gun for five minutes, raising the temperature of the coupler more than 20 ◦C.
The difference of S21 after the temperature increase was recorded for both the through signal channel (figure
6) and the calibration to signal channel coupling (figure 7). The change in the amplitude of the transmitted
signal over the temperature range was barely detectable, probably within the error of the measurement
process. The change in the coupling between the calibration port and the output signal port was about
1× 10−3. Since the temperature deviation for the test is more than an order of magnitude greater than the
expected deviation in the ring, we can estimate the deviation in the coupling during normal operation to be
about 1× 10−4, which translates to a positional error of about 2µm. The change in coupling between the
calibration signal and the different signal channels is very similar, however, so the actual positional error
will probably be less than the 2µm number. (Our setup was inadequate to measure the temperature inside
of the coupler, but we did measure the cooling trend of each signal, and the coupling measurements tracked
closely during this time.) The phase change over this temperature range was a few degrees, possibly due to
the change of the effective trace lengths with temperature, but since the operational calibration measurement
depends only on the amplitude, the phase shift does not affect the calibration.
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For comparison, the transformer based coupler showed much greater temperature sensitivity, about an
order of magnitude, between the calibration port and each signal channel (figure 8). Since the phase
between the two ports did not have a correspondingly large change, the cause of the change in coupling
may have been due to a change in the properties of the ferrites that couple the signals together.

3.4 Signal Distortion

The final measurement of coupler performance tested the signal distortion introduced by the coupler. A
standard receiver parameter for this distortion is the “third-order intercept”, IP3. Because of the limitations
of our equipment, we could not measure IP3, but were able to measure the second-order intercept, IP2,
and used this as a measure of the distortion introduced by the coupler.

We do not expect much distortion to be introduced by the calibration tone, itself, since the calibration
tone will have a fixed amplitude of no more than +10dBm. We are more concerned about the distortion
in the “through” channel which connects the BPM button to the electronics. The signal from the button
is a series of sharp impulses, each of which can have an amplitude of many volts. This amplitude is large
enough that each of these impulses can introduce distortion in a non-linear device.

The test setup used to measure the distortion is shown in figure 9. Two high quality filters were needed
to remove harmonics introduced by the measurement apparatus. (Since we did not have these filters
available for our design frequency of 476.3MHz, we used a pair that worked around 365MHz, close to
the fRF of SPEAR 2.) The band pass filter at 365MHz filtered out harmonics produced by the generator.
The band pass filter at 723MHz passed the second harmonic distortion produced by the device under test,
while rejecting the much higher power 365MHz fundamental, so that it did not produce harmonics in the
spectrum analyzer.

If the amplitude of the second harmonic output power is plotted vs the input power, one obtains an
equation of the form

P2 = 2Pin + Pintercept

where P2 and Pin are in units of dBm, and Pintercept is in units of dB. IP2 is the input power level at
which the distortion amplitude is projected to equal that of the input signal

Pin = 2Pin + Pintercept

Pin = −Pintercept.

For a +10dBm power level into the coupler, the transformer based coupler produced a second harmonic
with a power of −91.7dBm, leading to a measured IP2 of +112dBm. With this same input power, the
stripline based coupler did not produce a measureable distortion, down to the −140dBm noise floor of the
spectrum analyzer. Therefore, although we could not measure the IP2 of the device, we can place a lower
limit of +160dBm on the IP2 of the device, significantly higher than that of the transformer based coupler.

4 Conclusion

We have purchased, tested, and evaluated two different types of couplers for the SPEAR 3 BPM system,
one based on stripline technology and the other based on transformer technology. Our tests measured
parameters relevant to the performance needed from these couplers in order for our BPM system to achieve
its desired accuracy. One of the tests measured the insertion loss of the devices, both at the nominal
frequency, fRF , and across a much wider band, corresponding to the broadband signal seen by the BPM. In
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these tests, the stripline couplers had far superior performance. Another test measured the isolation between
channels of each coupler. Both couplers performed well in these tests, with characteristics significantly
better than the 80 dB isolation specification when all ports were properly terminated. Another test measured
the temperature stability of the couplers. Again, the performance of the stripline couplers was noticeably
better than that of the transformer coupler, with the performance of the stripline coupler predicting micron
level stability with respect to temperature. The final test measured the non-linearities of the devices. While
the transformer based couplers had a low, but measureable non-linearity, any non-linearities of the stripline
coupler were below the sensitivity of the measurement apparatus. Based on the results of all of these
tests, the stripline coupler prototype from MAC Technology was the superior device and should meet all
performance requirements of the SPEAR 3 BPM system. The shortcomings of the transformer coupler for
this application make it unacceptable.
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2. Transmission vs frequency for two different channels of the MAC coupler.
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3. The S parameter magnitudes for one of the channels of the Pulsar combiner.
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4. Coupling between channels 3b and 4a on the MAC prototype coupler. In the upper trace, ports 3a and
4b are unterminated; all ports are terminated in the lower trace.
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5. Coupling between channels 3b and 4a on the MAC prototype coupler. In the upper trace, ports 3a, 4b
and the calibration port are unterminated; all ports are terminated in the lower trace.
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6. Deviation in S21 of the signal channel of a MAC coupler over more than 20 ◦C temperature variation.
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7. Deviation in S21 from the calibration input to the signal channel output of a MAC coupler over more
than 20 ◦C temperature variation.
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8. Deviation in S21 from the calibration input to the signal channel output of a Pulsar coupler over more
than 20 ◦C temperature variation.
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9. Block diagram of setup used to measure IP2 of the couplers.
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