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Final Technical Report

+ Introduction

This document is the final technical report for the project “R & D Accelerators: Novel-DC Beam
Current Transformer”. It highlights the completed tasks during the period from 1% of January to 30" of
June 2015. The main objective of the project is to design a Novel DC Current Transformer (N-DCCT) for
the synchrotron SIS100. This accelerator will be part of the “Facility for Antiproton and Heavy Ion
Research (FAIR)” project. The N-DCCT design presented in this project can be considered as an
extension to the primary design of Open-loop N-DCCT device proposed by GSI and University of Kassel
in 2008. The design was based on using magneto-resistance (MR) sensors to measure the DC component
of the ion-beam. A detailed project plan was given in the last report (submitted on 30" of April 2015, see
Table 1).

Table 1 Project Plan

Milestone Description Status

Dismount of old Setup & General Inspection of HW
Re-commissioning and tests with permanent magnet
Remount of PCB to the ring core
Comparative Hall-probe measurement (GMR)
Purchase TMR Sensor
2 Testing New TMR Sensors Design and Realization of Test PCB for TMR Completed
Comparative Hall-Probe measurement (TMR)
Application and measurements with DC wire signal
3 Open-loop N-DCCT Testing Testing with GMR Sensors Completed
Testing with TMR Sensors
Learn DAQ interface SW
Adapt the available DAQ SW at GSI for the N-

4 Data Acquisition System Setup DCCT

DC signal Readings

AC signal Readings

Theoretical Analysis for GMR and TMR noise
Measurement of the sensors noise with the available
PCB

Measurement of the noise PCB mounted to the
toroidal with and without shielding

Usage of two sensors and re-measure the noise
Electric Circuit Modeling on Cadence\ORCAD
Theoretical Analysis

6 Closed-Loop N-DCCT Design Software Modeling (using Simulink\MATLAB) Completed
Search/buy external missing components
Realization of Closed-loop PCB

1 | Testing existing GMR Sensors PCB

Completed

Completed

5 Noise Analysis for MR Sensors Completed

The plan described the project’s milestones: Testing the existing hardware of the N-DCCT,
investigating the characteristics of new MR sensor types, designing a closed-loop N-DCCT and setting up
specialized DAQ for the device readings. Up to 31% of December 2014, testing of the existing hardware
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and setting up the DAQ were completed. The study of new MR sensors and design of the closed-loop N-

DCCT were done theoretically. In specific, the MR sensors theoretical noise characteristic was studied
but without practical measurements. Also, the closed-loop N-DCCT device was theoretically designed but
by then no practical testing had been employed. In this report, detailed description of practical
measurements for these milestones is presented. In addition, future work of the project is discussed at the
end of the report.

% Noise Analysis of MR Sensors

In order to measure the current resolution of the proposed N-DCCT, theoretical and practical studies
for the MR sensors noise characteristics were done. The theoretical study was presented in the last project
report. The conclusion of this study showed that Tunneling MR (TMR) sensors would exhibit more noise
compared to Giant MR (GMR) sensors. Also it introduced a performance evaluation parameter for the
MR sensors called “Detectivity Factor”. It is defined as the ratio between the noise output voltage (at a
given frequency) and the sensitivity of the MR sensor. A low “D Factor” means that the sensor is more
suitable for low magnetic field applications. This factor can be calculated by the following equation:

_ v

Rpy
where ‘D’ is the sensor’s Detectivity in [mT/VHz], ‘\/S_V’ is the noise output voltage of the sensor at a
given frequency in [V/VHz], ‘Rgy’ is the sensor’s sensitivity [V/mT]

Though the TMR noise is higher than the GMR, the value of its “D Factor” is lower. This is attributed
to the fact that the TMR sensor has higher sensitivity. Noise measurements of MR sensors were carried
out at GSI. The measurements were done using LeCroy Oscilloscope with 12-bit resolution and a Fast
Fourier Transform feature. Two measurement setups were prepared for that purpose. The MR sensors are
soldered on dedicated PCBs. These boards were implemented for the open-loop N-DCCT.

In the first setup, each MR sensor PCB is placed inside a cylindrical electro-magnetic shield box. The
noise output voltage is measured while no external field is applied. The voltage supply is turned off and
on to record the noise in both cases. This is done to study the effect of the biasing current. Four MR
sensor models were tested: the GMR sensor “NVE AA002” and TMR sensors “45F, 57F-SOP8 and 57F-
DFN”. Since our main concern is to measure the DC component of the ion-beam, the value of the output
voltage noise power spectral density at DC and low frequencies is measured. The sensor that showed the
lowest noise was the TMR57F-DFN and the highest was the TMR45F sensor.

Table 2 summarizes the first test measurements. The output voltage noise is calculated for a standard
50Q load. Figs. 1, 3, 5 and 7 show the output voltage noise power spectral density -while the supply is
turned off- for the GMR sensor and TMR sensors (45F, 57F-SOP8 and 57F-DFN) respectively. TMR and
GMR sensors are biased at 5V and £8V respectively. Figs. 2, 4, 6 and 8 show the output voltage noise -

while the supply is turned on- with the same order. The TMR45F model has the highest output voltage
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noise. This is attributed to the fact that it has the highest internal resistor value and sensitivity [1].

Turning the biasing on will cause noise resonance at high frequencies. This resonance is triggered by

magnetic thermal noise [2].

Table 2 Output Voltage Noise Measurements at DC using Electro-magnetic Shield

Output Voltage Output Voltage Resistance Datasheet
Sensor Type noise at DC noise at DC (kQ) Sensitivity
(Biasing ON) (Biasing OFF) (mV/V/Oe)
TMR 57F ) i 45 4.9
DENS 88.8dBm 88dBm
GMR AA002 -84.26dBm -125.9dBm 5 3-4.2
TMR 57F i ) 90 4.9
SOPS 81.53dBm 98.16dBm
TMR 45F i ) 80 12
SOPS 61.99dBm 91.85dBm

GMR Sensor using Electro-magnetic Shield (Biasing OFF)
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Figure 1 GMR Sensor Output Noise Power Spectrum (Biasing OFF)
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Figure 2 GMR Sensor Output Noise Power Spectrum (Biasing ON)
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TMRS7F SOPS8 Sensor using Electro-magnetic Shield (Biasing OFF)
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Figure 3 TMR57F-SOP8 Sensor Output Noise Power Spectrum (Biasing OFF)
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Figure 4 TMR57F-SOP8 Sensor Output Noise Power Spectrum (Biasing ON)

TMRA45F Sensor using Electro-magnetic Shield (Biasing OFF)
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Figure 5 TMR45F Sensor Output Noise Power Spectrum (Biasing OFF)
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TMRA45F Sensor using Electro-magnetic Shield (Biasing ON)
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Figure 6 TMR45F Sensor Output Noise Power Spectrum (Biasing ON)

TMR57F-DFN Sensor using Electro-magnetic Shield (Biasing OFF)
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Figure 7 TMR57F-DFN8 Sensor Output Voltage Noise Spectrum (Biasing OFF)
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Figure 8 TMR57F-DFN8 Sensor Output Voltage Noise Spectrum (Biasing ON)
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The second noise measurement setup is done to calculate the open-loop N-DCCT “D Factor”. In this

measurement setup, the MR sensor PCB is placed inside the air gap of the ring core. The air gap width is
for SOP8 and DFN8 sensors were 10mm and 5mm respectively. However, both the upper and lower gaps
are used. Thus, a differential output voltage is measured. To calculate the “D Factor”, both the signal and
noise output voltage signals are measured. The magnetic field density in the air gap and the differential
output voltage of the open-loop N-DCCT is given by:

U
Bgap = Folbeam

Vout = Vsensor1 — Vsensorz = 2AvRBVBgap
where ‘Bgap’ is the magnetic field intensity inside the air gap [mT] and ‘Ipeam’ is the ion-beam current [A],
‘Uo’ is the vacuum permeability [T.m/A], ‘d’ is the air gap width [m], ‘A,’ is the PCB voltage amplifier
gain (10V/V) and ‘Rgy’ is the MR sensor’s sensitivity [V/mT]

Our main concern is to measure the value of the noise signal at low frequencies, particularly at DC.
The sensor that showed the lowest noise was the TMR57F-DFN and the highest noise was measured from
the TMR57F-SOP8 sensor. Table 3 summarizes open-loop N-DCCT noise measurements at DC.

To simulate the effect of the ion-beam current, a wire carrying DC current is placed at the center of the
ring core. The complete setup is placed inside a metallic box for shielding as shown in Fig. 9. It is worth
mentioning that the GMR and TMR sensor’s PCB is supplied using 8V and 5V voltage supply
respectively. To improve comparability, the output signal of the GMR sensor is scaled such that both
sensors would have the same voltage supply value. Table 4 gives the open-loop N-DCCT measured
sensitivity, output noise, “D Factor” and minimum detectable current (calculated from the basic equation
of the N-DCCT). The TMR57F-DFN8 and TMR45F sensors have better resolution compared to other
models. In the following, detailed measurement figures for both the output voltage signal and noise

spectrum are given (Figs. 10-17).

Figure 9 Open-loop N-DCCT Measurement Setup
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Table 3 Noise Measurement at DC (Differential Sensors)

Sensor Type Output Voltage noise at DC

TMR 57F DFN8 -71.06dBm

GMR AA002 -68.97dBm
TMR 45F SOP8 -61.1dBm
TMR 57F SOP8 -55.89dBm

Table 4 Measured Specs of the MR based Open-loop N-DCCT

. Minimum
Sensor Tvpe N-DCCT ?g\}vp#’ZNS ;ecat Detectivity Detectable
YPE  sensitivity [V/A] [uV/?le] y [INT/VHZ] Current at DC
GMR AA002 0.396 80 25.31 202.24
TMR 45F 1.56 200 16.03 128
TMR 57F (DFN) 1.044 65 15.57 62.28
TMR 57F (SOP) 0.794 359 56.5 452.1
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Figure 10 Open-loop N-DCCT Output Voltage vs. Input Current (GMR AA002)
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Figure 11 Differential Output Noise Frequency Spectrum (GMR AA002)
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Figure 12 Open-loop N-DCCT Output Voltage vs. Input Current (TMR57F-SOP8 Sensor)
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Figure 13 Differential Output Noise Spectrum (TMR57F-SOP8)
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Figure 14 Open-loop N-DCCT Output Voltage vs. Input Current (TMRA45F)

Differential Output Noise Measurement (TMR45F)
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Figure 15 Differential Noise Power Spectral Density Measurement (TMR45F)
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Figure 16 Open-loop N-DCCT Output Voltage vs. Input Current (TMR57F-DFN8)
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Differential Output Noise Measurement (TMR57F-DFN)
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Figure 17 Differential Output Noise Spectrum (TMR57F-DFNB8)
% Closed-loop N-DCCT Hardware Implementation

To improve the linearity and sensitivity of the N-DCCT, a feedback loop was designed. The objective
is to deliver a feedback current that cancels the magnetic field of the ion-beam inside the air gap. This
measurement principle is called “Zero-flux” and it is currently used in commercial DCCT. The theoretical
design of the feedback loop was presented in the last project report. By adding the feedback loop, the N-
DCCT device becomes a closed-loop one. Fig. 18 shows the proposed design of the device.

A second PCB is designed to convert the voltage signal of the open-loop N-DCCT to a feedback
current “Igg” using Operational Transconductor Amplifier (OTA). The feedback current flows in “N”
turns winding wire terminated with a resistive load. The voltage across the resistive load “R.” gives a
direct measure of the ion-beam current “lpeam”. The feedback current and output voltage of the closed-
loop N-DCCT is given by:

Ipeam = —Nlpg
RL
Vig = Rplpg = _Wlbeam
OTA
+
Voltage
Amplifier
- Ibeam

Figure 18 Proposed Closed-loop N-DCCT Structure
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The PCB layout for the closed-loop N-DCCT is shown in Fig. 19. It consists of four OTAs that
transform the open-loop N-DCCT output voltage to a feedback current. Multiple parallel OTAs are used
to enhance the overall dynamic range of the N-DCCT. Commercial OTAs from Texas Instruments were
used (OPA860 and OPA861). They have the same transconductance gain but they have different input
dynamic ranges and noise characteristics. Both OTA models are tested; their output voltage and noise are
measured. Fig. 20 shows the fabricated PCB of the closed-loop N-DCCT.

Figure 20 Fabricated Feedback Loop PCB
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1. OTA Signal-to-Noise Ratio Calculation

To calculate the Feedback loop SNR, the noise characteristic of the OTAs used is theoretically studied.
The OTA noise sources are intrinsic ones such as: the thermal, shot and flicker type. The OTAs have
differential input ports, thus they can be modeled using the classical two port network noise model shown
in Fig. 21. The input voltage ‘v;” and current ‘i;” noise sources depend on the internal structure of the

circuit. The output voltage noise of one OTA is given by the following equation:

2
S — R - R
Vo= ||2v7 + RZi? + 4kTR] ﬁ + |REiZ + 4kTRG] |+
S ES
Im

gm
Where “Rs” and “Rg” are the source resistances of the positive and negative terminals respectively, “gm”
is the OTA transconductance gain, ‘k’ is Boltzmann’s constant, ‘T’ is temperature in Kelvin and “R.” is

the load resistance

2V;2
i | Noiseless -
OTA
72

Figure 21 Differential OTA Noise Model
Before measuring the noise of the OTAs, the PCB functionality was tested. The supply voltage used

for the OTAs was £5V. The OTA differential input was connected to a signal generator. The output node
was connected to a 5kQ resistor load. The input voltage of the OTAs was set to a sinusoidal signal at 1
kHz and 80mVpp amplitude. Both the output voltage of the OTA was measured as well as the noise
spectrum. The results are shown in Figs. 22 and 23 for single OTA model OPA860.

Single OTA model OPA860
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Figure 22 Measured Output Voltage (Single OPA860)
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Single OPA860
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Figure 23 Measured Noise Spectrum (Single OPA860)

The output voltage and noise spectrum of a single OTA OPA861 are shown in Figs. 24 and 25
respectively. The output voltage is 688mVpp and 728mVpp for the models OPA860 and OPAS861
respectively. The output noise power spectral density at DC is -63.76dBm and -45.23dBm for OPA860
and OPAB861 respectively.

Since the ion beam current is in the range of few Milli-Amperes to Amperes, a large number of turns
are needed. However, this will cause the parasitic elements to increase and may lead to unstable system.
Thus, multiple OTA circuits are used (‘m” OTAs) to increase the magnitude of the feedback current. Four
OTAs were used and tested under the same conditions. The output voltage and noise spectrum of four
parallel OPAB860 is shown in Figs. 26 and 27 respectively. The noise at low frequencies was less in case
of four OTAs in parallel compared to using only one. This is attributed to the fact that the output voltage
noise is scaled with the factor “1/sqrt (m)” [3]. The PCB output voltage for OPA860 model is 1.81Vpp
and the output noise power spectral density at DC is -73.02dBm.
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Figure 24 Measured Output Voltage (Single OPA861)
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Single OPA861
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The output voltage and output noise voltage spectrum of four parallel OPA861 is shown in Figs. 28

and 29 respectively. The PCB output voltage for OPA861 model is 1.9Vpp and the output noise power
spectral density at DC is -55.83dBm. The signal to noise ratio for the OTA models is summarized in
Table 5.

Four OPA861
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Figure 28 Measured Output Voltage (Four OPA861)
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Figure 29 Measured Noise Spectrum (Four OPA861)

Table 5 Signal-to-noise Ratio for the Closed-loop PCB

OTA Model and Number OPAS860 OPAS861
One 73.52dB 55.48dB
Four 91.18dB 74.41dB
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2. Feedback Loop Measurements

The design of the closed-loop N-DCCT was implemented using commercial 1Cs. To check the system
stability, the transfer function of the system was derived theoretically and simulated using MATLAB. A
test setup was prepared at GSI using the same equipment shown in Fig.9, while adding ‘N’ windings and
‘R’ resistive load. The value for ‘N’ and ‘R’ was set at 50 and 620€Q respectively. Four OTAs were
used and they are biased using £5V voltage supply. Since the OTA has a differential input, two TMR
sensors were used for this test. The sensors were placed in the upper and lower air gaps of the ring core.

An offset current is introduced to the system to cancel the remanence effect such that the OTA input
terminals have the same common mode value. In this test, TMR45F sensors were used. The offset current
value was set at 256mA. The common mode voltage at the OTA’s input terminals was set at -1V and their
differential voltage is zero.

Since the OTA positive and negative input resistances are not the same, the DC gain of the closed-loop
system was re-derived using circuit analysis. The exact DC gain of the closed-loop N-DCCT after taking
into consideration the non-idealities and parasitics of the electronics circuits used in the system is given
by:

MGmoRoutzRevAve(RzRinz = RyRin3)
NMGmoRout2RBvAve(RzRinz — RyRinz) + RxRyR;

I[pg(S=0) = -

beam

Ry = MR, + Routz

Ry = mRyy + Rinz

R, = mRoyts + Rins
where “Gpo” is the OTA’s transconductance gain [A/V], “Rou” is the OTA’s output resistance [Q],
“Rinz” 1s the OTA’s positive terminal intput resistance [€2], “Rins” is the OTA’s negative input resistance

[Q2] and “Royut1” 1s the voltage amplifier’s output resistance [€2]

Assuming NmeoRoutZRBVAVO(RzRinZ — RyRm) > RyRyR,, the feedback current can be

approximated to the value of:

1
IFB = _Nlbeam

The step response of the feedback current was simulated using MATLAB using the value for ‘N=50’.
The value of the transfer function parameters (from Datasheets) are given in Table 6. The result is shown
in Fig. 30 for different number of OTAs connected in parallel. The values of the parameters taken from
the datasheet are subject to temperature change. The voltage op-amp parameters are calculated based on
the 3-dB BW given in the datasheet. The step response of the closed-loop N-DCCT output voltage was

also measured while having an input voltage as a square wave of 2Vpp amplitude (test wire current peak-
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to-peak of 320mA), 1.6V offset and 1 kHz frequency. The result is shown in Fig. 31 and 32 for the OTA
model OPA860 and OPAB861 respectively. The system is stable from simulation and measurement results.

Table 6 Values of the Parameters used for the Closed-loop N-DCCT

N 50 m 4
R, 620Q Rout 8Q
Rinz 455KQ Ring 10.5Q
Rouez 54kQ Grmo 95MAIV

Step Response

0.025
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o
(=]
g
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Time (sec) x 10

Figure 30 Step Response of the Closed-loop System feedback Current using MATLAB (m=no. of used OTAS)
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Figure 31 Step Response of the Closed-loop N-DCCT Output Voltage (OPA860, m=no. of used OTAS)
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Figure 32 Step Response of the Closed-loop N-DCCT Output Voltage (OPA861, m=no. of used OTAS)

Further tests were done for the feedback system including application of sinusoidal and ramp signals
with the same specifications as the square wave signal mentioned above while varying the signal’s
amplitude. Both OTA models show the same results. The output voltage for OPA860 while applying
input signal with different amplitudes is shown in Figs. 33 and 34 for sinusoidal and ramp signals
respectively.

The output voltage of the closed-loop N-DCCT was also measured while introducing a DC voltage
signal with an offset 1.6V. The DC offset was varied from 0.4V to 2.8V and this corresponds to a DC
current changing from 0.064A to 0.448A. The output voltage is shown in Figs. 35 and 36 for the OTA
model OPA860 and OPA861 respectively. The theoretical sensitivity for the closed-loop N-DCCT is
calculated based on the ICs parameters given in the datasheet. The value of the “D Factor” for the closed-
loop N-DCCT is calculated from the noise measurement.

Output voltage of Closed-loop N-DCCT
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Figure 33 Closed-loop N-DCCT Output Voltage with Sinusoidal Input Signal (Four OPA860)
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Output voltage of Closed-loop N-DCCT
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Figure 34 Closed-loop N-DCCT Output Voltage with Ramp Input Signal (Four OPA860)
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Figure 35 Output Voltage Measurement Result (OPA860) with DC input voltage
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Figure 36 Output Voltage Measurement Result (OPA861) with DC input voltage
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Table 7 summarizes the measurement results for the closed-loop N-DCCT. The MR sensor used for

this test is TMR45F model. The theoretical sensitivity is calculated at a given nominal value for the
feedback system components. However, deviation from this value can be caused by change of the design
parameters. For example the “Gmo” IS given in the datasheet as a range between 80-110mA/V and the

theoretical value is calculated at 95mA/V (this is also valid for the parasitic values).

Table 7 Measured Specs of the MR based Closed-loop N-DCCT

Theoritical Measured  Output Noise Minimum
OTA Tvpe N-DCCT N-DCCT at low Detectivity Detectable
yp Sensitivity [V/A] Sensitivity frequency [NTANHz]  Currentat DC
y [VIA] [UV/AHZ] [WANHZ]
OPA860 -7.4852 (Single -5.02 74.7 1.86 14.88
OTA) to -11.2985
OPAB861 (Four OTA) -4.93 40 1.014 8.11

« Future Work
After the success of implementing a closed-loop N-DCCT device using discrete electronics
components, the following research ideas could be investigated:
Real-time testing of the device at GSI and comparing its performance with commercial ones
Improving the device sensitivity
Improving the device dynamic range
Design the system in one ASIC.

o~ w0 N PE

Design of a digital feedback loop for higher dynamic range and higher resolution

The project team has applied for a new project fund to investigate these proposed ideas. The project
proposal was submitted on April 2015 for the “German-Egyptian Research Fund Grant”. The proposal
was submitted in partnership with “The German University in Cairo”. The proposal is still under

evaluation.
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