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ABSTRACT 

Use of lock-in amplifiers for phase sensitive detection (PSD) of motional Stark effect 
(MSE) diagnostic signals is of critical importance to real-time internal current profile 
measurements in tokamak plasmas. A digital lock-in (DLI) upgrade utilizing field 
programmable gate array (FPGA) firmware has been installed on the MSE system of the 
DIII-D tokamak for eventual replacement of largely obsolete analog units. While the new 
digital system has shown a small reduction in electronic noise over the analog, the main 
advantages are reduced cost, hardware simplicity, compact size and phase tracking during 
plasma operations. DLI recovery of MSE polarization angles was accomplished through use 
of reference processing to produce only PEM 2nd harmonic frequencies and electronic signal 
processing to maximize the fidelity of the recovered signal. A simplified discrete analytical 
solution was found that accurately describes the new DLI hardware. The DLI algorithm was 
found to cause a prohibitively large oscillating artifact atop the demodulated signal. The 
artifact was caused by the accumulator interval not containing an exact integer number of 
photo-elastic modulator (PEM) multiplier periods. Successful MSE measurements require the 
minimization of this oscillating artifact amplitude. The analytical solution was used to select 
an appropriate accumulator interval that both reduces the artifact and maintains the greatest 
temporal resolution possible. Sample EFIT equilibria reconstructions, and corresponding 
safety factor profiles showed very close agreement between the analog and digital lock-ins.  
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I.  INTRODUCTION 

Digital lock-in (DLI) detection1 has become a well-established technique for recovering 
AC signals many times smaller than noise. Specifically, DLI detection employing field 
programmable gate arrays (FPGA) has enabled significant versatility in multi-channel 
systems at extremely low cost.2 While the concept of the DLI is far from new,3 implementa-
tion gives rise to application-specific subtleties. This work describes the unique DLI require-
ments of the motional Stark effect (MSE) diagnostic for internal magnetic field measure-
ments of a tokamak plasma.  

A new data acquisition system, installed on five operating MSE polarimeters of the 
DIII-D tokamak, is composed of four D-tAcq multi-channel DLI amplifiers utilizing FPGA 
firmware, as well as four 32-channel 500 kHz digitizers. The digitizers record the raw 
photomultiplier tube (PMT) signal allowing full MSE spectral analysis of magneto-
hydrodynamic fluctuations4 and will not be the focus of this work. The DLI serves an 
identical function as previous analog lock-ins,2 recovering in real time the amplitudes of the 
PEM 2nd harmonics and thus the linear polarization angle. The MSE polarimetry system and 
DIII-D viewing angle geometries are explained in Refs. 5–8. 
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II.  MSE DIGITAL LOCK-IN 

Typical MSE measurements of the polarization angle γ utilize single phase analog lock-in 
amplifiers to recover the 

€ 

sin(2γ )  and 

€ 

cos(2γ )  polarimetry amplitudes from a modulated 
signal detected by a PMT. Demodulation relies on a phase sensitive detector (PSD) to 
multiply the modulated signal by a reference signal.9 This results in signals 

€ 

As1,s2Ar1,r 2 [1−cos2 (2π f1,2 t)] , where 

€ 

As1,s2, 

€ 

Ar1,r 2, and 

€ 

f1,2 are the signal amplitudes, 
reference amplitudes, and frequencies for the MSE PEM 2nd harmonics at 40 and 46 kHz, 
respectively. The DC term, proportional only to 

€ 

As1,s2 and 

€ 

Ar1,r 2, is recovered by filtering 
the PSD signal through a series of active low pass electronic filters. Identically, this 
multiplication and filtering can be done discretely using a digital system.1,10  

The D-tAcq hardware serves the mixing and filtering function of the DLI. Prior to 
demodulation the signals and references are electronically processed. A schematic of the 
entire DLI hardware implementation is shown in Fig. 1.  

 
FIG. 1. Schematic of new MSE data acquisition system showing: signal 
processing hardware consisting of a buffer amplifier, passive high pass filter, 
and gain amplifier; two reference processing Hewlett Packard 3314A function 
generators; and the D-tAcq hardware consisting of a BNC patch panel, twisted 
pair ribbon cable connections to the digitizer and DLI cards, and a slim box 
housing. A dashed line shows the DLI bench testing connection. 

The references originate at the PEM controllers and are sent via fiber optic transmitters 
from the DIII-D experimental hall to the MSE detection room. The result is a square wave 
reference of arbitrary duty cycle and DC offset. In order to demodulate only the desired 2nd 
harmonics all other harmonics of the reference square wave must be removed. This was done 
by phase locking the reference to an output sinusoid of a Hewlett Packard (HP) 3314A func-
tion generator. This produced a nearly perfect sinusoid reference at the exact 

€ 

f1 and 

€ 

f2  fre-
quencies. The amplitude and phase of these processed references were then adjusted to peak 
the DLI output. In particular, the phase differences between the references and signals were 
adjusted to 0° using the HP 3314A phase shifter. This is possible because the raw signals and 
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references are separately digitized and their phases can be directly recovered through Fourier 
analysis. Because this system permits exact phase matching and easy monitoring of the phase 
evolution during plasma operations, it presents a clear advantage to the single phase analog 
setup, which requires time consuming in-vessel calibrations to re-peak signals. 

The electronic processing of the signal begins with the modulated MSE PMT current 
being transformed into a voltage drop across a 20 kW resistor connected to ground. This 
modulated voltage signal then passes to both the signal processing hardware of the new data 
acquisition system and the analog lock-in amplifiers.  

Tandem operation of the new hardware and analog systems without electrical 
interference was needed to verify successful DLI operation. This electrical isolation was 
achieved by installing a very low noise unity gain Burr Brown (BB) OPA627 buffer 
amplifier as the first element in a signal processing chain.  

The fidelity of the digitized signal is improved by utilizing the full ±10V dynamic range 
of the 16-bit digitizers. Typical MSE signals detected by the PMT contain a large DC compo-
nent resulting from unpolarized background light. This DC component contains no informa-
tion about the polarization angle and is therefore removed through a passive high pass 
electronic filter. This AC coupled signal allows the gain stage amplifier (also, BB OPA627) 
to amplify only the modulated portion of the signal to the full dynamic range of the digitizer. 

The processed signals and references are connected to a BNC patch panel and transmitted 
to the DLI and digitizer computer cards via a twisted pair ribbon cable. Both the DLI and 
digitizer cards are housed in a slim box chassis with a back panel Ethernet network 
connection that transmits the digitized data to be stored in memory. 

Once the processed signals and references arrive at the D-tAcq cards they are first 
digitized at 500 kHz. Then the firmware algorithm multiplies the digitally sampled signal 

€ 

S (n,m)  with the sampled sinusoidal references 

€ 

R1,2 (n,m)  and then sums these values over 
a predefined accumulator interval L to filter out carrier frequencies, such that the lock-in 
outputs 

€ 

X1,2 (n)  become, 

€ 

X1,2 (n )= S (n,m) •R1,2 (n,m)
m=1

L

∑    . (1) 

The subscript 

€ 

n  indexes the values of the lock-in outputs in time, and the subscript 

€ 

m  
denotes the local accumulation operation. Both 

€ 

n  and 

€ 

m  are positive integers. 

For the MSE DLI we have chosen to digitize the PMT signal once and demodulate the 

€ 

f1 
and 

€ 

f2  components using separately digitized references. While the full spectrum of the 
MSE contains many PEM harmonics as well as beat frequencies, the following analysis was 
simplified by only considering the 2nd harmonics. This means the digitized signal takes the 
form 
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€ 

S (n,m) = As1 cos 2π f1dt (n−1)L+m[ ]( )
+As2 cos 2π f2dt (n−1)L+m[ ]+φ( )    , (2) 

where 

€ 

dt  is the time between samples and 

€ 

φ  is an arbitrary phase difference between the 

€ 

f1 
and 

€ 

f2  components. The sampled references of the 

€ 

f1 and 

€ 

f2  2nd harmonics are,  

€ 

R1,2 (n,m) = Ar1,r2 cos 2π f1,2 dt (n−1)L+m[ ]( )    . (3) 

By inserting Eq. (2) and Eq. (3) into Eq. (1) a unique analytical solution was found. For 
the 

€ 

f1 reference this solution takes the form 

€ 

Xi (n )=
Ar1
4

AS1csc 2π f1d t( ) 2Lsin 2π f1d t( ) + sin 2π f1dtC1( )[ −sin 2π f1dtC2( )]+

AS2 csc π f1 + f2( )dt[ ] sin π f1 + f2( )dtC1 +φ[ ]− sin π f1 + f2( )dtC2 +φ[ ]{ }+

AS2 csc π f1 − f2( )dt[ ] sin π f1 − f2( )dtC1 −φ[ ]− sin φ −π f1 − f2( )dtC2 −φ[ ]{ }

 

 

 
 
 

 

 

 
 
 
 (4) 

where 

€ 

C1 =1+2nL , 

€ 

C2 =1−2L+2nL . From this expression one can readily change parameters to 
those of the MSE experiment, enabling quick analysis of various attributes of the algorithm. 

A number of bench tests were carried out, which insured the analytical solution of Eq. (4) 
correctly represents the new hardware. The first bench test used the setup seen in Fig. 1, 
where the 

€ 

f1 reference was also connected to the signal input of the patch panel instead of 
the modulated signal. The accumulator 

€ 

L  was arbitrarily set to 125 data points per lock-in 
output value, which for the 500 kHz sample rate of the digitizer corresponds to a 4 kHz data 
throughput rate for the DLI. These DLI parameters, along with the signal frequency of 
40.561 kHz and amplitudes 

€ 

As1 ≈ Ar1 ≈ 4V   and 

€ 

As2 ≈ Ar 2 ≈ 0V  were entered into Eq. (4). 
In Fig. 2 it can be seen that the analytical solution agrees with the DLI data both for the 
overall DC recovered amplitude, and the fine oscillating structure after an arbitrary phase 
shift is applied to the result.  

 
FIG. 2. Red represents the DLI output for a synthetic function generator 
signal input at the PEM frequency. Black represents the analytical solution 
computed for the same input parameters as the red synthetic signal. Blue 
dashed line represents the normalized DLI output for a 40.000 kHz 
synthetic input. 
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III.  OSCILLATING ARTIFACT 

The oscillating artifact seen in Fig. 2 is not acceptable for real-time MSE polarization 
angle 

€ 

γ  measurements. In an initial plasma data comparison with the analog lock-ins the 
DLI, with accumulator 125, showed a factor of 5 greater variation in the recovered 

€ 

γ , due to 
this oscillation. 

This artifact is caused when the accumulator interval does not contain an exact integer 
number of multiplier output periods. For the example shown in Fig. 2 the dimensionless 
expression f1dtL must be an integer to avoid the oscillating artifact. Note, when f1dtL and 
f2dtL are integer values, Eq. (4) simplifies to an expression containing only the desired DC 
value proportional to the signal amplitude and accumulator interval,  

€ 

X1 =
As1Ar1L

2
   . (5) 

Further confirmation of this non-integer multiple effect was found by adjusting the function 
generator frequency of the DLI input signal and reference to 

€ 

f  = 40.000 kHz. The 
accumulator parameter 

€ 

L  was again set to 125 points, and 

€ 

dt  = 0.002 ms. These DLI 
parameters give an integer value for 

€ 

f1dt L  of 5, and result in the complete elimination of the 
oscillating artifact seen in the normalized output of Fig. 2. Note that this test only considers a 
single signal frequency. Including an additional signal at 

€ 

f2  with a non-integer value for 

€ 

f2dtL  would cause another artifact to appear on the 

€ 

f1 DLI output. 

Tuning the PEM frequencies such that 

€ 

f1dt L  and 

€ 

f2dtL  are integer values is not pos-
sible. The frequencies of the PEMs are inherent to the crystal dimensions and, to a lesser 
degree, environmental conditions. For example, the tangential MSE PEMs have 2nd harmonic 
frequencies of 40.561 and 46.404 kHz, and these frequencies slowly change by 7 to 10 Hz 
over a given run day as temperatures in the DIII-D experimental hall vary. Therefore, the 
only adjustable parameter of the 

€ 

f1dt L  and 

€ 

f2dtL  expressions is the accumulator interval 

€ 

L .  

The firmware of the DLI allows the accumulator 

€ 

L  to be set to any integer value between 
2 and 5000. By varying 

€ 

L  between 250 and 750 in Eq. (4), and setting 

€ 

As1, 

€ 

As2 , 

€ 

Ar1, and 

€ 

Ar 2  to about 4V an identical trend in the standard deviation of the artifact was found for both 
the 

€ 

f1 and 

€ 

f2  DLI outputs. This trend is shown in Fig. 3. In addition to the general trend of 
decreasing artifact amplitude with increasing 

€ 

L , the standard deviation of the artifact 
approaches zero at six nodes (e.g. 

€ 

L  ~ 431). Each of these nodes correspond to 

€ 

L  values that 
allow both of the 

€ 

f1dt L  and 

€ 

f2dtL  expressions to approach integer values. For example, at 
the 

€ 

L  = 431 node the 

€ 

f1dt L  and 

€ 

f2dtL  expressions approach integers 35 and 40, 
respectively. Also, the nodes 

€ 

L  values were found to be invariant with respect to 

€ 

φ , 

€ 

As1,s2 
and 

€ 

Ar1,r 2. However, the overall standard deviation of the artifact does vary when the ratio 
of the signal amplitudes is changed.  
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FIG. 3. Blue line represents analytically calculated 
amplitude of the oscillating artifact for 

€ 

f1 , and red line 
represents the same result for 

€ 

f2 . Dotted lines show the 
region of analog lock-in electronic noise. 

The 

€ 

L  = 431 node was found to be the smallest accumulator interval that reduces the 
DLI oscillating artifact beneath the electronic noise (

€ 

1~ 4×10−3 in Fig. 3) of the analog 
system for both the 

€ 

f1 and 

€ 

f2  signals. At a temporal resolution of ~0.9 ms, this accumulator 
is comparable to the 2 kHz rate at which the analog units are sampled. 

Recall, the simplifying assumption that the MSE spectrum only contains 2nd harmonic 
components. For our setup the 2nd harmonic amplitudes are about an order of magnitude 
greater than the odd harmonics and beat frequency amplitudes. It is likely that this 2nd 
harmonic dominated spectrum allows this simplified analysis to successfully characterize the 
artifact reduction. However, Eq. (4) may no longer be representative of the DLI output if 
other harmonics and beats have a greater proportion in the spectrum. 
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IV.  SAMPLE MEASUREMENT 

By setting 

€ 

L  to 431 for the tangential MSE array, the DLI recovered 

€ 

γ  now matches that 
of the analog system for all channels. A few examples of this agreement are shown in Fig. 4. 
The channel 7 standard deviations from ~ 3800 to 4000 ms were 0.12° and 0.10° for the 
analog and DLI, respectively. The difference in averaged 

€ 

γ  values for both systems across all 
channels was less than the 0.1° – 0.2° uncertainty of our measurement.6  

Using DLI-recovered 

€ 

γ s, EFIT11 equilibria were computed and showed very good overall 
agreement with equilibria computed using analog data. Figure 5 compares the equilibria of 
the analog and DLI for shot 142349 at 4000 ms. The magnetic axis of both the analog and 
DLI were computed to be 3.6 cm below the machine midplane. The major radius of the 
magnetic axis showed only a 3 mm difference between the two cases.  

   
FIG. 4. Black represents DLI-recovered 

€ 

γ . 
Red/gray represents analog lock-in recovered 

€ 

γ  
(shot 142349).  

FIG. 5. Black represents the EFIT equilibrium using 
DLI data. Red/gray represents an EFIT equilibrium 
from analog lock-in data (shot 142349). 

Also, significant agreement of the DLI- and analog-computed safety factor profile was 
observed. Both systems show 

€ 

q -min ~ 1.1, with only 5% difference between them. The 
safety factor at normalized 

€ 

ρ  of 0.95 shows only a 3% difference. The internal inductance 
measured by both systems was ~ 0.7.  

These observations demonstrate, with careful consideration of the accumulator interval, 
this compact, inexpensive, and simple multi-channel DLI can provide an identical real-time 
MSE measurement to its analog counterpart.  
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