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Abstract

The aim of this thesis to design and characterize a sampling circuit
including a Schottky diode that samples a radio frequency (RF) voltage
by a DC voltage with a precision of 1·10−5 at cryogenic temperature. This
test circuit can then be used to set up a feedback loop which stabilizes
the RF voltage. This then allows us to control the secular frequency
(and thus the motional quantum state) of a charged particle in an ion
trap more precisely. In the end, I achieved to implement and characterize
one sampling circuit, that is a promising candidate for stabilizing the RF
voltage with high enough precision.
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1 Introduction

Radio Frequency (RF) voltage is commonly used to confine atomic ions or other
charged particles in ion traps [1]. Due to the Laplace’s equation it is impossible
to build a static direct current (DC) potential that is trapping in all directions
[2, p. 5]. Therefore, in Paul traps one uses a static DC potential to trap in
one direction and an oscillating RF potential for the other directions. Although
at any instant of time, the RF potential always has anti-confining component
along one direction, this direction of anti-confining is changing periodically. As
a result, the RF potential forms a ponderomotive potential which confines the
ions. Consequently, the ions’ motion has two components: the weak motion
at RF frequency, which is called micromotion, as well as the so-called secular
motion, which has lower frequency and larger amplitude [2, p. 6].

The secular motion is driven by field inhomogeneities in the trapping poten-
tial [2, p. 6] and is very important to control the quantum states of the ions.
The frequency of the secular motion is proportional to the RF voltage amplitude
[1, p. 1].

For various reasons, the RF voltage amplitude in the ion trap, which in our
case operates at cryogenic temperatures, is not stable but can be noisy at the
10−3 level [3]. The main reason for this is that the RF voltage is amplified by a
helical resonator inside the cryostat. However, the properties of the resonator,
such as amplification, resonance frequency and input impedance, depend on
temperature and temperature is usually not stable inside the cryostat. For
example, an atomic oven inside the cryostat will heat up the resonator during
ion loading, and when more (less) rf power is coupled into the resonator due
to better (worse) impedance matching, the temperature of resonator also rises
(drops). Other sources for the variations are the RF signal generator itself and
resistive losses [4].

Consequently, we need to set up a feedback loop to actively stabilize the
RF voltages applied onto the trap, and sampling the RF voltage amplitude is
a prerequisite for that. However, it is difficult to set up a fast feedback loop at
cryogenic temperatures. Furthermore, one needs to be careful not to overload
the resonator with the RF sampling circuit. A solution to this problem is to put
a voltage divider in front of the probe, which protects the resonator from being
overload, and then send the RF signal probe outside the cryostat and then into
a feedback loop. However, this RF signal probe could inject noise into the RF
input cable, thus effectively destabilizing the RF voltage on the trap.

A solution to this problem was found in [1]. One first converts the RF voltage
probe into a DC voltage using a circuit including a diode. After that, one uses
this DC signal to feedback and control the RF voltage. In [1] this resulted in
a 34 dB reduction of trap frequency noise and drift. However, the setup in [1]
operates at room temperature, not at cryogenic temperatures.

Thus, the aim of this thesis is to design and build a test circuit that samples
RF voltage with a precision of 1 · 10−5 at an RF voltage input of around 100 V
at cryogenic temperatures by converting the RF amplitude into a DC voltage,
which then can be measured at room temperature. For this, I first try to
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find a diode, which is cryo-compatible, integrate it into a sampling circuit and
then measure its characteristics and stability both at room temperature and at
cryogenic temperatures. The report will thus first mention general information
on diode modelling and the diodes used, then describe the measurements done
and the results obtained and finally analyze them in order to decide if the
circuit designed and the diode used to sample the RF voltage faithfully and
with sufficient precision.

2 Diodes

On this section, I first describe methods to model diodes and will give some
information on the diodes used.

2.1 Diode modeling

To understand the circuit design, it is necessary to introduce two simple diode
models and their response to an incident RF voltage: the piecewise linear model
[5] and Shockley’s equation [6]. The real voltage current characteristic of the
diode is complicated and cannot be covered by a simple model (for realistic
diode models see for example [7]). However, those easy models turn out to be
sufficient to explain the functionality of the circuit, so I will limit myself to them.
After discussing the diode models, I will briefly introduce the diodes used.

In the so-called piecewise linear model, as described in [5], one models a
diode to be an ideal insulator below a certain voltage vd (therefore also for
voltages applied in the reverse direction). Above this voltage vd, the diode
becomes conducting and behaves like an Ohmic resistance Rd in series with a
DC voltage source with voltage vd. Fig. 1 shows the resulting voltage-current
characteristic.

Since in the piecewise linear model, the diode is only conducting when the
voltage across the diode V is larger than vd, it effectively cuts off the RF voltage
and as a result the current through the diode looks like what is shown in Fig. 2.
It is clear, that this current has a DC component, since the time averaged current
will not be zero anymore. To make this even more obvious, Fig. 3 shows the
fourier transform of the current through the diode. One recognizes that there
is a large contribution at zero frequency which means that the current through
the diode has a DC component.

Because the diode behaves like an Ohmic resistance for high RF voltages,
VRF � vd, (see [8]), where VRF is the amplitude of the RF voltage (thus the
voltage across the diode is V = VRF sin(ωt)), as modeled in a piecewise linear
model with vd → 0, the piecewise model is very accurate in this range. Therefore
using the piecewise linear model and with the help of the approximation that
vd

VRF
→ 0, it follows for the DC component of the current through the diode
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Figure 1: Voltage-current characteristic for a piecewise linear diode model with
vd = 0.5 V and Rd = 10 Ω.

Iout,DC :

Iout,DC ∝
∫ π

ω

0

VRF

Rd
· sin(ωt)dt (1)

∝ VRF

Rd
(2)

where ω is the RF voltage angular frequency. Consequently, there is a linear
dependence between the RF voltage amplitude VRF and the DC component of
the through diode Iout,DC for VRF � vd.

The second model, that is necessary to understand the measurement result,
is the so called Shockley’s equation, which describes the behavior of the diode
for small voltages, both positive and negative (see [6]). Shockley’s equation
(derived by William Shockley in [9]) gives the current I through the diode:

I = IS

(
e
V
ηVt − 1

)
(3)

where V is the voltage across the diode, η is the so called emission factor (usually
close to 1), Vt =

kBT
q is the so called thermal voltage. which is around 25 mV

for room temperature and around 0.35 mV at T = 4 K, kB is Boltzman’s
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Figure 2: Current through the diode modelled by the piecewise linear model
when radio frequency voltage with amplitude VRF = 1.0 V and frequency f =
100 MHz drops across the diode.

constant, T is the temperature, q the electron charge, and IS the so called
reverse saturation current. The voltage-current characteristics resulting from
Shockley’s equation is shown in Fig. 4.

The saturation current is strongly temperature dependent. The saturation
current IS is [11]:

IS = ISO

(
T

TO

) 2
η

e
−qψ
kB

(
1
T − 1

TO

)
(4)

where ISO is the saturation current at 0 ◦C, T is the absolute temperature, ψ
the metal-semiconductor Schottky barrier height and TO = 273 K (0 ◦C). As a
result, the saturation current decreases strongly when temperature drops.

If now an RF voltage is applied on the diode with V = VRF cos(ωt), where
ω is the angular frequency of the RF voltage, I can insert this voltage into
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Figure 3: Fourier transform of current through the diode modelled by the piece-
wise linear model when radio frequency voltage with amplitude VRF = 1.0 V
and frequency f = 100 MHz drops across the diode.

Shockley’s equation (3). Assuming that VRF � Vt [6], I obtain:

id = IS

(
e
VRF cos(ωt)

ηVt − 1

)
(5)

≈ Is

[(
VRF cos(ωt)

ηVt

)
+

1

2!

(
VRF cos(ωt)

ηVt

)2
]

(6)

=
Is
4

(
VRF

ηVt

)2

︸ ︷︷ ︸
IDC

+Is

(
VRF

ηVt

)
cos(ωRF t) (7)

where IDC is now the DC component of the current id through the diode [6].
Consequently, if VRF is small, the DC component of the current id through the
diode is proportional to the squared voltage amplitude VRF

2,

2.2 Diodes used

The two diodes used are HMPS2822 from Avago Technologies [10], which is
based on silicon technology and used in the setup developed in [1], and CBS10S30
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Figure 4: Voltage-current characteristics of the HMPS diode modeled by Shock-
ley’s equation with IS = 2.2 · 10−8 A (at room temperature), η = 1.08 and
Vt = 0.025 V (room temperature) (see [10]).

from Toshiba [12], based on silicon carbide technology known to work at cryo-
genic temperatures. Both diodes are Schottky barrier diodes [13], since Schottky
diodes have a small reverse recovery time and thus can switch from conducting
to isolating very fast [14]. Thus, they are a good choice for RF voltages.

For the measurements done, two quantities are of primary importance. The
first is the reverse saturation current IS which is important due to the Shockley’s
equation (equation (3)). Since IS decreases strongly at cryogenic temperature,
thereby decreasing the current through the diode id a larger room temperature
value of IS is a good choice. For the HMPS2822 diode, it is ISO = 2.2 · 10−8

A [10, p. 3]. For the CBS10S30, the reverse saturation current is not stated in
the data sheet. However, by assuming the forward voltage forward current plot
in Fig. 8.1 of [12, p. 4] follows Shockley’s equation, at least below a forward
voltage VF = 0.05 V, one can estimate the reverse saturation current (assuming
η =1). Therefore ISO ≈ 2 · 10−5 A for the CBS10S30 diode.

The second quantity, that this of importance, is the minimal breakdown
voltage VBR. The models discussed above both assumed that in reverse di-
rection, the resistance of the diode is very high (even infinite in the case of
the piecewise linear model). This approximation is only valid if the voltage in
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reverse direction is lower than the minimum breakdown voltage VBR. If this
voltage is exceeded, the diode becomes conducting again and its resistance de-
creases quickly. Therefore my consideration above are not valid any more and
the current through the diode id has a different dependence from the RF am-
plitude VRF . For the HMPS2822 diode VBR = 15 V [10, p. 2]and for CBS10S30
VBR = 20 V [12, p. 1]. However, one will recognize, that the diodes are not
operated in this regime for the measurement described below.

3 Circuit Design

In this section, I will present the circuit design for the two test circuits used and
describe qualitatively how they operate.

33 pF

1 pF 5 kΩ

HMPS2822

56 pF

2 kΩ

R

HMPS2822

Ctrap

Vamp Vout

Figure 5: Schematic of the test circuit for the HMPS diode, optional components
for the passive temperature compensated circuit dashed, trap dashed in blue.

2.9 pF

5 pF 5 kΩ

CBS10S30

56 pF

75 Ω

R

CBS10S30

Vin Vout

Ctrap

Figure 6: Schematic of the test circuit for the CBS diode, optional components
for the passive temperature compensated circuit dashed, trap dashed in blue.

Fig. 5 and Fig. 6 show the two designed circuits that convert an RF voltage
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into a DC voltage using one diode. The principal setup of both circuits is the
same as the setup used in [1]. The circuit in Fig. 5 uses the HMPS2822 diode
and indeed is the circuit used in [1], but with different passive components. For
ease of implementation, we did not include the second diode (and an additional
resistance), dashed in Fig. 5 and in Fig. 6, for passive temperature compensation
[1] in this test version, which is not necessary for finding out whether these
diodes are cryo-compatible. The second circuit in Fig. 6 uses the CBS10S30
diode. Some passive components of the circuit have been changed compared
to the HMPS2822 test circuit, to fit the different properties of the CBS10S30
diode (e.g. different reverse saturation current).

The circuits consist of three parts. Starting from the input Vamp, there is
a voltage divider and an resistor to ground first. The voltage divider tunes the
input voltage to a range in which the diode can operate. To avoid lowering
the Q factor of the RF resonator by lossy resistors, capacitors are used for
this purpose. The 5 kΩ resistor to ground has another function: Since the input
side before the diode would have only capacitors to ground without this resistor,
this resistor sets the DC voltage for the diode. Without it, the diode would be
DC floating. However, this resistor needs to be considered when choosing the
voltage divider.

The second part of the circuits is the main part: The diode and the sub-
sequent capacitor convert the RF voltage into a DC voltage. As described in
section 2.1, both in the piecewise linear diode model and in Shokley’s equation,
the current through the diode id has a DC component, that is dependent on
the RF voltage amplitude, and higher frequency components (see Fig. 3 for the
piecewise linear model and equation (7) for Shockley’s equation). The capaci-
tor after the diode now forms an RC-circuit with the internal resistance of the
diode, which filters out higher frequency components of the current and so that
the DC component is dominant in the received signal. The higher frequency
components pass the capacitor and flow to ground, while the DC component of
the current flows through the subsequent resistor.

The last part of the circuit is the final resistor. This resistor forms a voltage
divider with the optional, dashed resistance of the passive temperature com-
pensated circuit, which was not implemented here. This voltage divider then
controls the range of measured DC voltage output Vout.

The position of the ion trap, which equivalent circuit is a capacitor Ctrap, is
dashed in blue in Fig. 5 and in Fig. 6. However, it could not be implemented
like shown above, since the loss would be too large. One would need to adjust
the voltage divider to include the trap into the test circuit.

4 Measurement Setup and Results

In this section, I will describe the measurement setups and report directly the
corresponding measurement results. The principal setup for all measurements is
shown in Fig. 7. It consists of four parts: The RF signal generator, the amplifier,
the test circuit and a measurement device.
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RF signal generator Amplifier Test circuit Measurement device

Pin Pamp/Vamp Vout

Figure 7: Schematic of the principal setup for the measurements.

The RF signal generator creates an RF voltage with power Pin and fre-
quency f . I used the RF signal generator TTi TGR1040 from Thurlby Thandar
Instruments. It was able to generate pulses with frequencies f between 10 MHz
up to 1 GHz with a power Pin up to 7 dBm. The peak deviation was set to 100
kHz.

Afterwards the RF voltage is amplified by an Minicircuit ZHL-1-2W-S am-
plifier. This is an active amplifier with a maximum input power of 10 dBm,
powered by 24 V DC voltage. The amplifier was characterized and for an
RF frequency of f = 100 MHz found to have an a linear amplification of
C = (32.90 ± 0.04) dB or a voltage gain of G = 44.1 ± 0.2 assuming that
input and output impedance are equal. For other frequencies, the amplification
varied significantly, so the amplifier was characterized for all frequencies, this
time also taking into account a saturation effect for RF input powers above
Pin = 0 dBm (for more details see appendix A).

After the amplifier the RF voltage with amplitude Vamp and power Pamp is
incident on one of the two test circuit presented in the section before. Finally,
the output voltage of the test circuit Vout will be measured by different mea-
surement devices, corresponding to the specific measurement done. Since the
measurements were done in part at cryogenic temperatures, I first explain how
this was done.

4.1 Measurements in liquid helium

The measurements in liquid helium were done using a dewar of liquid helium,
a long plastic pipe and long cables. The designed circuit was connected to the
long cables and then put deeply into the pipe. After that, the cables running
through the pipe were connected to the respective devices and the devices were
switched on. Finally, the pipe was slowly dunked into the liquid helium dewar
(with the circuit at the lower end) in accordance with safety rules.

When dunking the pipe into the dewar, helium absorbs heat from the circuit
and the pipe and gets boiled. After waiting until the system gets steady, one
can assume that the circuit is thermalized with liquid helium and is cooled down
to liquid helium temperature, i.e. 4.2 K. In addition to these measurements, I
also tested the cold start of the circuit in liquid helium.
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4.2 Amplified input power Pamp vs. Output voltage Vout

4.2.1 Motivation

To verify whether the output voltage of the test circuit samples the RF ampli-
tude with sufficient precision (up to 10 mV at an RF amplitude of 100 V, see
Introduction) at cryogenic temperatures, it is necessary to measure the depen-
dence between the amplified input power Pamp, which can be related to the RF
amplitude by the impedance used, and the DC output voltage Vout. The de-
pendency determines how precisely the DC output voltage has to be measured
in order to achieve the intended sampling precision.

4.2.2 Setup

To measure DC output voltages Vout for different amplified RF input powers
Pamp, a Uni-T UT39C multimeter was used as measurement devices. The mea-
surement was done for both test circuits (HMPS2822 and CBS10S30). The
measurement was done at liquid-helium temperature for both test circuits at a
frequency of f = 100 MHz and for comparison for different frequencies at room
temperature.

4.2.3 Results

Room Temperature

HMPS Diode The measured DC output voltage Vout for different ampli-
fied RF input powers Pamp for the HMPS diode circuit at room temperature are
shown in Fig. 8. The measurement was done for different frequencies at f = 40
MHz, f = 60 MHZ, f = 80 MHz and f = 100 MHz.

I observe, that the output varies significantly for different frequencies. Fur-
thermore, I notice an exponential dependence between amplified input power
Pamp and the output voltage Vout.

CBS diode Similar to Fig. 8 for the HMPS diode, Fig. 9 shows the mea-
sured DC output voltage Vout for different amplified RF input powers Pamp for
the CBS diode circuit. Again, the measurements were done at room tempera-
ture and again for different frequencies at f = 40 MHz, f = 60 MHZ, f = 80
MHz and f = 100 MHz.

I notice, that again the output voltage clearly is frequency dependent and
this time the output voltages Vout are much lower compared to HMPS diode
circuit. The dependence between input power Pamp and output voltage Vout
is again approximately exponential with the exception of a visible saturation
above Pamp = 30 dBm for f = 40 MHz.

Liquid-Helium Temperature Test
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Figure 8: DC output voltage Vout for different amplified input powers Pamp and
for different frequencies f for the HMPS diode circuit at room temperature.

HMPS Diode Fig. 10 shows again the measured DC output voltage Vout
for different amplified RF input powers Pamp at a frequency f = 100 MHz
for the HMPS diode circuit, but this time at room temperature and in liquid
helium. One observes that in liquid helium, there is almost no output voltage
Vout measured below -10 dBm input power. Above -10 dBm input power, the
measured output voltage in liquid helium increases, but it is still smaller than
the DC output voltage measured at room temperature at -20 dBm input power.
Finally, there is a huge jump in the output voltage for liquid helium: At Pamp =
29 dBm, the output voltage is Vout = (1.632 ± 0.001) V, while it is Vout =
(9.54 ± 0.01) V at Pamp = 30 dBm. A cold start did not influence the results
significantly.

CBS Diode As above for the HMPS diode, in Fig. 11 the measured DC
output voltage Vout for different amplified RF input powers Pamp is illustrated
at room temperature and in liquid helium for the CBS diode. Again, the mea-
surements were done at a frequency of f = 100 MHz.

One notices that the dependency between the two quantities is complicated.
However, one may observe that the curves for room temperature and for liquid
helium have a similar shape, although the output voltage Vout in liquid helium
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Figure 9: DC output voltage Vout for different amplified input powers Pamp and
for different frequencies f for the CBS diode circuit at room temperature.

is larger than at room temperature. Also, the output voltage seems to vary
more in liquid helium for different input powers Pamp. Again a cold start did
not change the results.

4.3 Stability measurements

4.3.1 Motivation

Stability measurements are central to decide whether the test circuits are able to
sample the RF voltage accurately over long time periods and thus whether they
can be used as a part of an feedback control setup that stabilizes the RF voltage.
For an unstable rectifying circuit, one cannot decide whether a drift in its output
voltage comes from the drift of input RF voltage, and thus needs adjustment, or
from the rectifying circuit itself. In the last case, any adjustment would indeed
destabilize the RF voltage. Therefore, the amplitude of any fluctuation or drift
in the output voltage Vout effectively limits the sampling precision.
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Figure 10: DC output voltage Vout for different amplified input powers Pamp

for the HMPS diode circuit at room temperature and in liquid helium.

4.3.2 Setup

To measure the stability of the output voltage Vout at fixed amplified RF input
power Pamp, an oscilloscope and a spectrum analyzer were used as measurement
devices. The spectrum analyzer was used to watch for fast variations at the
order 1 to 100 kHz. The oscilloscope and a filter, which was used to suppress
remaining RF voltage components, in contrary was applied to look for variations
or drifts on a timescale of τ = 1000 s.

The oscilloscope used was a Tektronix DPO2014B with a cut-off frequency
of 100 MHz. Therefore, an additional filter, consisting of an RC circuit with
R = 1 kΩ and C = 182 pF, was used. The spectrum analyzer was a FieldFox
N9912A. The measurement with the oscilloscope was only performed in liquid
helium, while the measurements with the spectrum analyzer were done both at
room temperature and in liquid helium. Also, the measurement was done only
for the CBS10S30 diode test circuit.

4.3.3 Results

Spectrum Analyzer The result of the spectrum analyzer measurement is
shown in Fig. 12. The plot shows the Fourier transform of the power Pout
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Figure 11: DC output voltage Vout for different amplified input powers Pamp

for the CBS diode circuit at room temperature and in liquid helium.

at the output of the circuit for frequencies from 100 Hz to 100 kHz for room
temperature and in liquid helium. One observes that the output for both tem-
peratures is around -80 dBm for all frequencies, with a slow increase to -70 dBm
towards 0 Hz. However, this measurement result cannot be distinguished from
the measurement without any input at the spectrum analyzer. Thus, I conclude
that there are no visible fluctuations in the frequency range from 100 Hz to 100
kHz.

Oscilloscope Fig. 13 shows the total output voltage Vout,Tot in dependence
of time t at fixed input power Pin = −10 dBm. 125,000 data points were taken
in a time period of t = 1000 s.

One recognizes, that all values are inside a large bulk with an amplitude of
around 0.001 V, that varies slowly around 0.970 V. These variations happen on
a timescale of 100 s, and do have an amplitude of circa 1 mV. One also notices,
that these variations occur quite randomly.
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5 Analysis and Discussion

In this section, I will analyze the results described above with the aim of verifying
whether the test circuit can be used to sample the RF voltage precisely enough
at cryogenic temperature or not.

5.1 Amplified voltage on the circuit

It will be useful to plot the output voltage Vout against the RF voltage amplitude
Vamp incident on the circuit for two reasons. First, and more importantly, the
aim of the thesis is to verify if the test circuit sample the RF voltage amplitude
precisely enough. Therefore, it is convenient to plot the DC output voltage Vout
against the amplified RF voltage amplitude Vamp. Secondly, one will be able to
decide, in what range one can describe the diode by the piecewise-linear model
or by Shockley’s equation.

In general, one has to consider two effects when calculating the amplified
voltage incident on the circuit Vamp since the input impedance of the designed
circuit is not 50 Ω. First, a part of the power Pamp is reflected on the circuit
and thus not propagating into the circuit. Furthermore, the incident voltage
depends on the input impedance, for a certain amount of input power.

To calculate the input impedance exactly is not possible, since the diode
is a non-linear element and does not have aa well-defined impedance. Thus,
I will make the assumption that the diode has an infinite impedance. This is
motivated by the fact that the diode is not conducting half of the time (at least),
see Fig. 2. So the effective, time-averaged impedance of the diode will be very
large. Besides, the fact that the obtained Vamp are reasonable with respect to
the measured DC output voltages, as can be observed in Fig. 16, supports the
assumption.

If I assume the diode has an infinite impedance, I can easily calculate the
input impedance Z of the circuit and the ratio of power reflected by the circuit
and the total input power R. I get:

Z =
1

ıωC1
+

1

ıωC2 +
1
R1

, (8)

where C1 is the capacitor directly after the input of the circuit, C2 the subse-
quent capacitor to ground, R1 the resistor in parallel to C2 and ω the angular
frequency of the RF voltage. Correspondingly the ratio of power reflected by
the circuit is:

R =

∣∣∣∣Z − Z0

Z + Z0

∣∣∣∣2 , (9)

where Z0 is the impedance of the wire, i.e. 50 Ω. I find that for both diodes
more than 95 % of the power is reflected.
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Finally, I can calculate the amplified voltage on the circuit, assuming the
diode has infinite impedance. It is:

Vamp =

√
R · 10

Pamp[dBm]

10 dBm · Z ·W
1000

·
√
2 (10)

Consequently, one may observe the main dependencies between DC output volt-
age Vout and RF input voltage Vamp.

In this formula, I also assume an infinite wire, such that there is no standing
wave in the wire that reduces the power transmitted into the circuit. In section
5.2.3, however, I conclude that there is indeed a standing wave in the wire. Since
the length of the wire and the standing wave in it was not further investigated,
I cannot include this effect into the calculation. Therefore, the calculated values
could be shifted by at least 2-3 dBm as explained in section 5.2.3.

5.2 CBS Diode

5.2.1 Amplified voltage vs. output voltage at liquid-helium temper-
ature and at room temperature.

Fig. 14 shows the dependency between amplified input voltage Vamp and DC
output voltage Vout at f = 100 MHz both at room temperature and at liquid-
helium temperature for the CBS10S30 test circuit. One recognizes, that like in
Fig. 8, the output voltage at room temperature is much smaller compared to the
HMPS2822 test circuit. This has a simple reason: One recognizes in Fig. 6 the
test circuit for the CBS10S30 diode has a voltage divider of around 1:3, while
there is an almost 1:1 voltage divider in the HMPS2822 test circuit. Further-
more, the saturation current and the value of the final resistor are different, so
one cannot compare the outputs directly.

The room temperature curve in Fig. 14 shows a quadratic dependence below
Vamp = 5 V, a linear dependence between Vamp = 10 V and Vamp = 15 V
and then slowly saturates. The quadratic behavior at RF voltages is consistent
with Shockley’s equation, while the linear slope is consistent with the piecewise-
linear diode model. For the saturation, there are several possible explanation:
Most likely, it is due to a saturation of the amplifier, which was not taken into
account here (see appendix A). Another explanation is that, since the reverse
breakdown voltage of the CBS10S30 diode is 20 V, at Vamp = 25 V, I came
closer to the breakdown limit, but taking into account the 1:3 voltage divider,
not significantly close. However, there could be an effect due to this.

The slope of the linear part of the curve is roughly 0.08. Assuming that
one can measure the DC output voltage with a precision of 1 mV, one obtains
a precision of around 8 · 10−4 at Vamp = 15 V (corresponding to Pamp ≈ 33.5
dBm). One will recognize below, that this is worse than the HMPS2822 test
circuit.

The liquid-helium temperature curve in Fig. 14 has a more diverse shape
than the room temperature curve. One cannot divide the curve easily into three
regions. However, one recognizes, that there is a relationship with the room
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Figure 14: DC output voltage Vout for different amplified input voltages Vamp

assuming 50 Ω impedance for the CBS diode circuit at room temperature and
in liquid helium.

temperature curve. At liquid-helium temperature, some additional fluctuations
and drifts seem to have added to the curve.

The reason for this variations could be thermal fluctuations and heating.
Since a current flows through the test circuit, this current could heat up the
liquid helium around the circuit slightly and thus change its properties. Since the
measurement was started at low input power and then successively increasing
it, I could have slowly heated up the liquid helium around the circuit.

Between Vamp = 13 V and Vamp = 18V , the 4 K curve is roughly linear
with a slope of around 0.1. As above, assuming I can measure the DC output
voltage up to a precision of 1 mV, this results in a precision of around 5 · 10−4

at Vamp = 17 V (corresponding to Pamp = 34.5 dBm). This is one order away
from the precision required for the experiment (around 1 · 10−5 at VRF = 100
V).

To conclude, the CBS10S30 test diode circuit is promising for both room
temperature and liquid-helium temperature. If the CBS10S30 test diode circuit
is stable enough at liquid-helium temperature (maximal variations of the order
1 mV in the DC output at constant RF input), this circuit could be useful for
the experiment.
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5.2.2 Stability

For the spectrometer measurements (Fig. 12) I observed that there are no sig-
nificant fluctuations in the range from 100 Hz to 100 kHz. Therefore, one can
conclude, that for short timescales, the output voltage is indeed stable, only an
RF voltage component remains, that can be filtered out easily.

For the oscilloscope, one observed in Fig. 13, a large, slowly varying bulk
of measurement points. The bulk comes from the RF voltage component. Al-
though a filter was used, the RF amplitude was not completely suppressed due
to noise pick-up of the oscilloscope. Therefore, the oscilloscope, which was able
to resolve the RF voltage, randomly took a measurement at some point in the
RF voltage curve, resulting in this bulk. I could confirm that the bulk is the
RF component with the oscilloscope by measuring the frequency of the fastly
oscillating curve which produces the bulk.

Of greater importance, are the drifts of this bulk. Those variations have an
amplitude of 1 mV and appear quite randomly. An explanation for these varia-
tions could be thermal variations both around the circuit in liquid-helium and
around cables and devices at room temperature or at intermediate temperatures
in the pipe. Since thermal variations in liquid helium are usually small due to
the properties in liquid helium and this time the applied power is kept constant,
so there is no significant heating, it is likely that those variations come from
cables and devices at room temperature or from cables in the pipe.

In conclusion, variations are of the order of 1 mV, so the precision of around
5 · 10−4 at Vamp = 17 V is correct. This is one order larger than desired.
However, if one manage to stabilize the circuit further, for example by stabilizing
temperature, one can achieve better precision. By using a highly stable voltage
reference (as done for the HMPS2822 in [1]), one can measure DC voltages on
the µV range and thus achieve the desired precision. Therefore the CBS10S30
diode test circuit is a good candidate for further testing.

5.2.3 Frequency dependence

In Fig. 9, where DC output voltage Vout is shown in dependence of amplified
power Pamp at different frequencies, I observed above an approximately expo-
nential behavior for all frequency (with the exception of f = 40 MHz). This
corresponds to a linear dependence between amplified voltage Vamp and output
voltage Vout as predicted by the piecewise-linear model. Here the saturation of
the amplifier was taken into account (see appendix A) and as a result, except
for a frequency of f = 40 MHz, I observed no saturation. Hence, the saturation
at f = 100 MHz described in Fig. 14 (where the saturation of the amplifier
was not taken into account) for the room temperature curve is indeed due to
the saturation of the amplifier. For f = 40 MHz, I found a deviation from the
exponential behavior, which corresponds to a saturation. However, this effect
could be due to a broken cable connection in the measurement for f = 40 MHz.

Above I also mentioned that the results vary significantly for the different
frequencies. One reason for this is the unmatched impedance on the test circuit.
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Figure 15: DC output voltage Vout for different amplified input powers Pamp

for the CBS diode circuit at room temperature at a frequency f = 100 MHz for
a short and a long cable.

Consequently, the fraction of the amplified power Pamp transmitted into the test
circuit is dependent on the ratio l

λ where l is the length of the cable between the
amplifier and the test circuit and λ the wavelength of the RF frequency used.
Therefore, the fraction of the amplified power Pamp transmitted into the test
circuit is different for different frequencies, which then results into the different
DC output voltages Vout as observed above.

Fig. 15 demonstrates the effect of the unmatched impedance on the DC
output voltage Vout. Here, the DC output voltage Vout was measured at a
frequency of f = 100 MHz at room temperature for a short cable, connecting
the amplifier and the test circuit, and a cable, that was about 0.5 m longer.
Other properties were not changed. I observe that the curve for the short cable,
compared to the curve of the long cable, is shifted to the left by 2 to 4 dBm.
Since the fraction of the amplified power Pamp transmitted into the test circuit
depends on l

λ , the variation of the frequency can result in a similar shift than
observed here.

To conclude, the unmatched impedance on the test circuit results in different
DC output voltages Vout for different frequencies as observed in Fig. 9. From
Fig. 15, I conclude that these variations are at least in the order of 2 to 4 dBm.
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Therefore, it is possible that the frequency dependency observed in Fig. 9 arises
only due to the unmatched impedance. However, from the measurements done
here, it is not possible to decide whether the unmatched impedance is the only
effect contributing to the frequency dependence. In particular, I cannot decide
whether the test circuit itself produces a frequency dependent or a frequency
independent DC output voltage Vout.

5.3 HMPS Diode
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Figure 16: DC output voltage Vout for different amplified input voltages Vamp

assuming 50 Ω impedance for the HMPS diode circuit at room temperature and
in liquid helium.

As Fig. 14 for the CBS10S30 test circuit, Fig. 16 shows the output voltage
Vout for different amplified voltages Vamp at a frequency f = 100 MHz for
the HMPS2822 test diode circuit at room temperature and in liquid helium.
I observe, that for room temperature there is a linear relationship between
output voltage Vout and amplified voltages Vamp, at least above Vamp = 1 V.
This behavior is consistent with the exponential dependence between output
voltage Vout and input power Pamp in Fig. 8.

Therefore, the piecewise-linear model, which produces a linear relationship
between RF amplitude VRF and the DC component of the current through
the diode IOut,DC (see equation (2)) and consequently (considering an Ohmic
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resistance) the output voltage Vout, is valid in this range at room tempera-
ture. Below Vamp = 1 V at room temperature, the dependence is not linear, a
quadratic dependence as predicted by Shockley’s equation (7) is possible.

The frequency dependency in Fig. 8 is similar to the observed dependency in
Fig. 9 for the CBS10S30 diode. As a consequence, I can conclude that the un-
matched impedance on the test circuit contributes to the frequency dependency
of the DC output voltage Vout as observed for the CBS10S30 diode. However,
from the measurements done, I am again not able to decide, whether the circuit
itself contributes to the frequency dependency or not.

The slope of the linear part of the plot in Fig. 16 at room temperature is
roughly 1.4. Therefore, if I am able to measure the DC output voltage up to
a precision of 1 mV, I can measure the RF voltage amplitude with a precision
of 0.7 mV. Assuming that is true at an amplified RF input voltage of 4 V, this
means a precision of around 2 ·10−4. However, this is only true, if the variations
in the DC output voltage at constant RF input voltage are significantly smaller
than 1 mV.

For the liquid-helium measurement, no such linear relationship is observ-
able. As observed before, the DC output voltage is much smaller than at room
temperature at the same RF input voltage. An explanation for this is the low
saturation current of the HMPS2822 diode at room temperature. At cryogenic
temperature it further decreases, thus effectively decreasing the current through
the diode. Therefore, the diode has a higher resistance and the output voltage
becomes smaller.

Furthermore, the jump in the output voltage observed before in Fig. 16, is
also visible here. Due to the large slope, this is a potentially interesting region.
However, I think, this jump is due to some heating effect. The measurement
was done starting at low input powers and then successively increasing the input
power. So, a slow heating of the circuit due to the relatively high input power,
could have happened, thus leading to a higher saturation current (and lower
resistance) and therefore a higher output voltage. Therefore the slope would be
useless. However, further investigation could be useful.

To conclude, the HMPS2822 diode test circuit is able to sample the RF
voltage amplitude at room temperature with a precision of 2 · 10−4 at 4 V
amplified RF voltage, while at liquid-helium temperature further investigation
is needed. If the jump corresponds to a heating effect, than the low slope and
the sudden jump make it very difficult to use this test circuit. If the jump is not
a temperature dependent effect, than the diode could be a possible candidate.
Therefore, the diode was for sure a good choice in Maryland [1], since they are
operating at room temperature, but for our setup that operates at liquid-helium
temperature additional measurements are necessary.

6 Conclusion

Finally, I showed that the CBS10S30 diode is cryo-compatible, while the HMPS2822
diode is not. Furthermore, I concluded that the CBS10S30 diode test circuit
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samples the RF voltage faithfully and with a precision of 5 · 10−4 at Vamp = 17
V, which is one order away from the desired precision of 1 · 10−5 at Vamp = 100
V. By using a highly stable voltage reference and stabilizing temperature, the
precision can be increased and this qualifies the circuit for further testing.

A next step, beside temperature stabilization and introducing a highly stable
voltage reference, is to set up a feedback loop with the test circuit, inject noise
into loop and measure the noise reduction due to the feedback loop both at
cryogenic temperature and at room temperature (for comparison). Furthermore,
one needs to investigate if the temperature compensated circuit proposed in [1]
is working at cryogenic temperatures and if this circuit further increases the
precision significantly. If all measurements show respective results, one can
finally think on how to set the voltage divider in order to achieve large enough
precision, avoid overcharging the ion trap and not to distract too much power
from the ion trap.

In addition to this, one could also investigate other diodes and test circuits
and the jump observed for the HMPS2822 diode with the aim of increasing the
sampling precision further. However, the CBS10S30 diode test circuit, according
to the measurements done in this thesis, is a promising candidate.

Appendices

A Amplification

To measure the amplified power Pamp, the RF source was connected directly
to the amplifier. The output of the amplifier was then connected to the spec-
trum analyzer. The spectrum analyzer then measured Pamp for different input
powers Pin. This is easier than measuring the RF voltage amplitude with the
oscilloscope, since one has a large amount of power reflected to the unmatched
impedance in this case.

To calculate the amplified power Pamp for the plots two methods were used:
For the measurements comparing room temperature and liquid helium temper-
ature at f = 100 MHz (i.e. in Fig. 10, Fig. 11, Fig. 16 and Fig. 14) a linear
fitting was applied to Pamp vs. Pin plot. As described in subsection A.1, this
resulted in a gain of C = (32.90±0.04) dB, which was then simply added to the
input power Pin to obtain Pamp. Since a linear fitting was used, any possible
saturation of the amplifier was not accounted for.

For the frequency dependent plots, a different method was used: The ampli-
fied power Pamp was measured for different frequencies at different input powers
Pin. The amplified power Pamp corresponding to the applied input power was
then used in the plots (i.e. in Fig. 8, Fig. 9 and Fig. 15). This is described in
subsection A.2. Here, the saturation of the amplifier is taken into account, since
I use the measured values of Pamp directly.
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A.1 Linear fitting of the amplification for f = 100 MHz

In Fig. 17, one can see the power coming out of the amplifier Pamp in dependence
of the power at the input of the amplifier Pin for a frequency of f = 100 MHz.
One recognizes, that the measured data is in good accordance with the linear
fitting curve y = x+ C where C = (32.90± 0.04) dB.
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Figure 17: Amplified power Pamp against unamplified power Pin for a frequnecy
of f = 100 MHz.

Since the amplification agrees quite accurately with the fitting curve, there is
a linear amplification of C = (32.90±0.04) dB. If one converts this amplification
into gain factor for voltages, one considers the conversion formula for power in
dBm P [dBm] to the corresponding voltage V in V assuming input and output
impedance of the amplifier to be equal:

V =
√
P [W]R =

√
1W

1000
· 10

P [dBm]
10 dBm ·R (11)

where P [W] is the power in W. So if one assumes the amplified power Pamp =
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Figure 18: DC output voltage at f = 100 MHz at room temperature for the
amplifier used for the measurements at different temperatures, labelled ”Am-
plifier A”, and for the amplifier used to determine the amplifier gain, labelled
”Amplifier B”.

Pin + C, than for the amplified voltage Vamp, one obtains:

Vamp =

√
1W

1000
· 10

P [dBm]+C
10 dBm ·R (12)

=

√
1W

1000
· 10

P [dBm]
10 dBm · 10 C

10 dBm ·R (13)

=

√
1W

1000
· 10

P [dBm]
10 dBm ·R ·

√
10

C
10 dBm (14)

= Vunamp

√
10

C
10 dBm (15)

where Vunamp is the unamplified voltage, andR the input and output impedance.

So one obtains a linear amplification with a gain factor G of G =
√
10

C
10dBm =

44.1± 0.2.
For this measurement, the amplifier used, was different from the one used for

the measurements on the DC output voltage at different temperatures. However,
both amplifiers were of the same type (Minicircuit ZHL-1-2W-S), only a different
exemplar was used, so one may still assume linear amplification. Only the
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constant C or the gain factor G may have changed. Fig. 18 shows the DC
output voltage at f = 100 MHz at room temperature for the amplifier used for
the other measurements, labeled ”Amplifier A”, and for the amplifier used to
determine the gain, labeled ”Amplifier B”. It shows that the DC output voltage
Vout of the different amplifiers is different. So, the constant C may indeed have
changed. However, the unmatched impedance on the circuit could also have
contributed to this difference, since the cables used for the measurements of the
different amplifiers were of different length.

A.2 Direct plotting of the amplifiied voltage
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Figure 19: Amplified power Pamp against unamplified power Pin for different
frequnecies.

Fig. 19 shows the amplified power Pamp for different input powers Pin at
different frequencies. The amplifier was again a Minicircuit ZHL-1-2W-S, but a
different exemplar than the ones mentioned in A.1. However, the same amplifier
was used for the frequency dependent measurements (i.e. Fig. 8, Fig. 9 and
Fig. 15), for which this measurement was used. So the plots are consistent.

As described above, in the frequency dependent measurements, the DC out-
put voltage was measured for a particular input power Pin. Then, the corre-
sponding value for the amplified power Pamp (shown in Fig. 19) was plotted
against the DC output voltage Vout. If the DC output voltage was measured
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for some intermediate value of Pin, for which Pamp has not been measured, the
average of the two nearest measurement points was used.

B PCB design of the test circuits

Figure 20: PCB design of the HMPS2822 diode test circuit. Grid size is 1.27
mm. C3, the variable capacitor was removed in the final setup. In R3 no resistor
was put (possible resistor for temperature stable setup).
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Figure 21: PCB design of the CBS10S30 diode test circuit. Grid size is 1.27
mm. C3, the variable capacitor was removed in the final setup. In R3 no resistor
was put (possible resistor for temperature stable setup).
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