Application of a digital phase comparator technique to interferometer data
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Substantial improvements have been made to increase the frequency bandwidth of the UCLA
multichannel interferometer system on TEXT-Upgrade. Recently, a digital phase comparator
technique was implemented that has several advantages over the conventional analog phase
comparator. The probe and reference wave forms are directly digitized and the phase computed in
software using a numerical demodulation algorithm. For the purpose of reducing the data load,
aliasing of the laser difference frequency is employed to vary the time response according to
experimental demands. @997 American Institute of Physid$S0034-67487)64201-X]

I. INTRODUCTION readily adaptable to the specific plasma dynamics being ad-

Among the parameters used to evaluate interferometeqressed' In this approach, the I.F frequency is directly dig'i-
performance, phase sensitivity, spatial resolution, and temp&'—Zecl and the phase computed via a software-based numerical

ral resolution are the most important. Phase sensitivity or th?gonthm. The time response and data load can be tailored to

minimum detectable phase change depends on the stabili € experim_ental need_s by a"aSif‘g the IF frequen_cy while

of the laser and optical/mechanical system, laser wavelengt N recovering ks desw_ed phase mform_ahoq. The d|s_advan-

and the noise associated with amplifiers, detectors, and pha e of this approach is the computation time required to

comparator electronics. Spatial resolution is determinecﬁ“’alualte the phase.

solely by the number and width of chords made available for

the measurement. Temporal resolution is limited by the rell' DEMODULATION TECHNIQUE AND ALIASING

sponse time of the detectors, amplifiers, and method chosen The digitized signal wave form(t,) at an IF frequency

to evaluate the phase. Improved time resolution for densitysy/27, whose amplitude and phase are modulated, may be

measurements is desirable in order to allow investigation oflescribed by

plasma instabilities and perturbative transport phenomena

(e.g., pellet injection, impurity injection, ejc.Fast plasma X(tn) =A(tn) 04 woln + 0(tn)], @

instabilities include the sawtooth collap$80 us), tearing  whereA(t,) and é(t,) are, respectively, the amplitude and

modes(50—1000us), and disruptions. phase modulates at tinte=nAt. This equation may be re-
In a heterodyne interferometer system, it is the phasevritten as

comparator that limits the time response of the measurement. 1 .

The Fr)Jhase comparator is typicaII;) an analog electronic cir- X(tn) = 2A(tn) (XML wotn* O(tn) ]}

cuit that provides an output voltage proportional to the phase +exp{ —i[woty+ 0(t,)1}). 2

between the reference and plasma legs of the interferometer.

. ; A well known technique for evaluating the phase differ-
Electronic systems are attractive because the comparator out- S
. . . . ence between these two wave forms is digital complex
put signals require only simple processing, allow for real-

. . . demodulatiort. In this approach, the phase of the plasma
time data reduction, and demand only slow sampling rates. ) : el ;
S . Signal is obtained by downshifting the IF frequency as is
for digitization and storage. Electronic systems have, how- . . 2 . .
o . ; one in analog demodulation. This is achieved by multiply-

ever, a sensitivity to noise that results in phase errors an

fringes being skipped or added. Unfortunately, the time re-Ing Eq. (1) or (2) by 2 exii—iwoty) producing

sponse of the electronics is often reduced to mitigate this X(t,)2 exg —iwet,) =A(t,)(exdio(t,)]

sensitivity to noise thereby further bandwidth limiting the .

system and removing fast density perturbation information Fexp —i[2wota + O(tn) 1)) (3)
from the output. Analog electronic phase comparators typi- A low-pass digital filter is then applied to eliminate
cally operate with 10 kHz bandwidth. Heterodyne far-the 2w, component leavingy(t,)=A(t,)explié(t,)]. The
infrared (FIR) interferometers operate with a difference or phase information is then easily computed as
intermediate frequencifF) between the two laser cavities of 6(t,)=tan }{Im[y(t,)]/Re[y(t,)]}. In principle, this ap-
approximately 1 MHz. In principle, this offers an optimum proach does not require that a reference signal be stored.
system time response ofis. It is the purpose of this article However, in practice, the IF frequency is not known with
to describe the application of a high-speed phase-comparatperfect precision and may drift during the plasma discharge
technique that allows this optimum response to be realizednd, thereby, result in phase errors when downshifting. Con-
with reduced phase noise in a flexible, low-cost systensequently, similar analysis must be done on the reference
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signal with the plasma phase being defined as the differendeequency isf,=1 MHz and plasma information with time
between the two, i.€ fyasm{tn) = 0(t,) = O t)- response of s is desired, then a total system bandwidth of
The demodulation technique employed in this article dif-2 MHz is required, i.e., data sampling must be such that the
fers from digital complex demodulation in that the phaseNyquist frequencyfy=2 MHz. This type of time response
difference between the reference and plasma signals is detenay be important for the investigation of fast plasma events
mined directly? The plasma signal can be expressed in dislike the sawtooth crash. However, for a typical TEXT-
crete form as Upgrade discharge of 500 ms duration with 15 chords of
, phase information plus a reference, this would lead to 32
x(n)=A(njcodwon+6(n)], n=012...N-1, (4) megabytes of memory usage. Fortunately, this type of band-
whereN is the data array length ano, = woAt. First, our ~ Wwidth is not typically necessary for most physics investiga-
goal is to generate a complex time domain signal from thdions. As an example, one way around this problem is to
real plasma signal. This is accomplished by taking the dis@lways operate the 10 kHz bandwidth analog phase compara-
crete Fourier transfornDFT) of x(n) giving tors and utilize the high-speed digital technique for only that
LN portion of the discharge specifically identified for the saw-
, Ciw! tooth study.
X(wo) = N nzo X(me™ 0" ®) Another approach is to reduce the sampling speed

] ] ] ) ] thereby aliasing the IF frequency and reducing the overall
Taking the inverse DFT at this point would just regener-gystem bandwidth. For instance, an & time response

ate.Eq.(4). To obtain a complex time domain signal, we now yquid require a bandwidth of,, =125 kHz. This can be
define a new sequence where achieved by aliasing the IF frequency down to 125 kHz and
N making fy(=f4/2)=250 kHz (or f;=4X%f,,). Hence, by
XD (wh)=X(w}), for O<n=z-1, (6)  choosingf,=875 kHz and sampling af,=500 kHz, an
aliased IFf,=125 kHz is realized. This would also be the
and case forf,=625 kHz with the only difference being that the
N sign of the phase would chand&he IF frequency is chosen
XD (wf)=0, for m<n=N-1. (77  to lie in the band 60&f,<1000 so that the analog phase
2 comparators can also be usedow data for an entire TEXT-
This effectively sets all elements above the Nyquist fre-UPgrade discharge with 16 channels of information would
quency equal to zero. Now, by taking the inverse DFT, d€duire two megabytes of memory while the interferometer
Comp'ex t|me domain Signa' is generatedg(l)(n) bandW|dth WOUId be'|ncreased from 10 to 125 kHZ
« expliwyn + 6(n)]:. The exact same procedure is also ap- When utilizing _thls ap_pr_oach, it is |mportant to_ chodge
plied to the reference signal such that, when al_|ased, it lies _at approxw_naib\wz m_o_rd_er
to realize the maximum bandwidth for a givén Implicit in
y(n)=B(n)cog won+ 6,(n)], n=0,1,2...N—1, (8) the application of the aliasing technique is that the digitizer
bandwidth must be sufficient to recover the unaliased sig-
nals; otherwise information would be lost. As a practical
limit, aliasing the IF below 50 kHzi.e., f;=200 kH2 is not
useful as the IF frequency does shift during the discharge.
xy PV (n)=xP(n)yy®*(n)=C(n)expi[ (n)— 6,(n)]. The IF is tuned remotely between discharges by varying the
9 FIR laser cavity lengths.

yielding a complex time domain signal{*)(n) « exp{i[wyn
+ 6,(n)]}. If we then multiply the conjugate of the reference
by the plasma signal, we arrive at

The phase difference between the plasma and referencf
legs is then easily determined from,sma0(n)— 6,(n)
=tan {Im[xyY(n)]/Re[xy*(n)]}. Unlike standard digital For the digital phase comparator technique described in
complex demodulation, there is no requirement for a low-Sec. Il, detector output from the reference and plasma legs of
pass filter because no second harmonic components are pithre interferometer is directly digitized using a LeCroy 6810
duced. This approach actually represents a modified form aiave form recordef12 bit) with 5 MHz bandwidth and vari-
digital complex demodulatiofsee Eq.(2)] where the signal able sampling speed up to 5 MHz. The heterodyne multi-
and reference wave forms are reduced to terms proportionghannel interferometer system is described elsewhtho
to exdi[woty+ 0(1,)]} and exgi[wgt,+6(t,) ]}, respec- bandpass filtering was applied to any of the results described
tively. Here the terms above the Nyquige., terms with—i below.
in the exponenthave been set to zero. This effectively filters In Fig. 1(a), the line-integrated plasma density for a cen-
out the 2vy component. Now, by multiplying the signal tral chord from both the analog and digital phase comparator
wave form by the complex conjugate of the reference weoutput is shown. A particularly poor TEXT-Upgrade dis-
arrive at a quantity <exp{i[6(t,) —6.(t,)]} or simply charge was chosen where the plasma position control mal-
xexp{i Oplasmdtn)}- This modified form of digital complex functioned and the plasma was terminated prematurely by a
demodulation can result in improved computing efficiency. disruption. This provided abrupt dynamic changes in the

When applying this software-based phase comparatgplasma density that are useful for comparing the phase de-
technigue, one must be aware of demands being made on thkection techniques. Both the analog and digital results are
computer system memory and computation time. If the IFseen to be in excellent agreement. For the digital phase com-

ﬁ. APPLICATION TO INTERFEROMETER DATA
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Time (msec) positions range from-10 (top) to 11 cm(bottom with 3 cm spacing be-

tween chords(b) Comparison of analog and digital phase comparator output

FIG. 1. Line-integrated density froif@) digital and analog phase compara- during a sawtooth crash.

tor. (b), (c) Expanded time comparison of digital and analog phase compara-
tor output. with output from the analog phase comparator. The digital
phase comparator is able to resolve the sawtooth crash time

parator, the data were sampled at 500 kHz with the IF aliasegf approximately 3Qus. For chords located inside the inver-

to 125 kHz. The analog data were sampled at 20 kHzjon radius, the crash time varies depending on the position

whereas the digital data plot was smoothed by 10. of them=1 precursor. By taking a Fourier transform of the
Expanding the plot about 120 to 150 ms shows that thejensity trace one can generate the spectrum of the high-

agreement is still good on a much smaller scale, as shown iffequency density fluctuations.

Fig. 1(b). The faster time response of the digital technique  As a final example, the output of the digital phase com-

indicates higher-frequency structures on the density trace.

Here, all the digital data points were used. Expanding even

further reveals that the fast structures are much more clearly X=-26 om |

observed on the digital phase comparagtae Fig. {c)]. The

analog fringe counter either integrates over the fast density

changes or misses them completely. A delay of approxi- —

mately 100us between the digital and analog data is consis- :;

SN’

tent with the 10 kHz bandwidth of the analog system. For the =

digital system, phase noise on the density trage,# <10 =
—2

cm -

In the next example a TEXT-Upgrade discharge with
sawtooth activity was chosen. Results from several chords 1.0 | | | | I
using the digital phase comparator are shown in Fig).2 188 190 192 194 196 198 200
Note them=1 tearing mode activity immediately prior to Time (msec)
and after the sawtooth crash. A clear phase change is ob-
served in them=1 perturbation about the magnetic axis. In gig. 3. pigital phase comparator output during tearing mode activity. Note
Fig. 2(b), three of the channels are expanded and comparetle evidence for higher harmonics on the low-field side.

n,
)
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parator is shown for a TEXT-Upgrade plasma with large-tentially significant savings of computation time and will be
amplitude tearing mode activity as shown in Fig. 3. Largethe focus of future development. The digital technique is
oscillations at a few kHz are observed prior to a locked-modeeadily applied to both the interferometer and polarimeter
phase that occurs around 195 ms. Phase changes are givase data from TEXT-Upgrade.

served across the plasma profile with higher harmonics being

seen on the low-field side. As in the previous cases, the INACKNOWLEDGMENT

proved time response of the digital phase comparator allows
one to investigate these dynamic plasma responses in greaﬁg
detail. ’
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In summary, the digital phase comparator technique de-zJ- Howard, Infrared Phys4, 175(1993. _

scribed in this article is simple and inexpensive to implement i‘sﬁuﬁ:r‘;ﬁigég{fg"%’ W.A. Peebles, and N. C. Luhmann, Jr., Rev. Sci.
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