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Controlling a telescope chopping secondary mirror assembly
using a signal deconvolution technique
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We describe a technique for improving the response of a telescope chopping secondary mirror
assembly by using a signal processing method based on the Lucy deconvolution technique. This
technique is general and could be used for any systems, linear or nonlinear, where the transfer
function(s) can be measured with sufficient precision. We demonstrate how the method was
implemented and show results obtained at the Caltech Submillimeter Observatory using different
chop throw amplitudes and frequencies. No intervention from the telescope user is needed besides
the selection of the chop throw amplitude and frequency. All the calculations are done automatically
once the appropriate command is issued from the user interface of the observatory’s main
computer. ©2003 American Institute of Physic§DOI: 10.1063/1.1592877

I. INTRODUCTION secondary system as it has been used since its installation at
the CSO. Once the user of the telescope has selected a chop
Chopping scans are widely used in radioastronomy aghrow amplitude(in arcsecondsand frequency, a square
they prOVide an efficient way to reduce the adverse eﬁectﬁvave is sent to the input of a typ|ca| proportiona|_integra|_
that any instabilities present either in the sky signal or somjerivative (PID) electronic controllet, where it is compared
telescope equipment can have on the detection of weak Sigy the position signal of the mirrdobtained through a linear
nals. A chopping scan is defined as a mode of observatiofyiaple differential transformetVDT)]. The processed er-
where the telescope’s secondary mirror is rotated back ang), signal is then sent to a power amplifier, which feeds the
forth through some angle and where the signals from bothy, . and thus continuously repositions the mirror while the
“end” positions are mtegrat_ed separately and §ubtracteq3|D controller acts to minimize the error signal.
from each other. Th|§.mode Is to pe (_:ompared with the so- Because of the relatively slow response of the chopper
called ON-OFF positioribeam switching scan where the assembly, and the nonlinearities inherent to the sy<tsa
telescope actually moves back and forth from one end posi; ec. IV), the parameters of the PID controller cannot be held

tion to the other. Because of the much greater speed at whi . .
: ixed at a given set of values but have to be adjusted by the
the secondary mirror can move compared to the telescope,

the signal subtraction happens much faster and thus an i Iser of the telescope for different chop throw amplitudes and

crease in the ability to detect weak signals. By moving orrequencies. Although this doe; hot present a p.roblem n
chopping the secondary mirror even at a relatively low fre-Principle, it has been the experience that the tuning of the
quency(e.g., 1 H2, one can obtain a significant improve- controller’'s parameters can §omet|mes be a time consuming
ment in base-line quality when compared to a typical beangffort that reduces the efficiency of the observatory. Also,
switch. In what will follow, the secondary mirror displace- since, as will be shown later, the response time of the assem-
ments are in units of arcseconds as measured on the sky. Ply is of the order of the chopping peri¢dr more it is often

At the Caltech Submillimeter ObservatoCSO a quite difficult to find the appropriate set of parameters that
chopping secondary mirror assembly was installed in 1994vill give optimum results. Too often, the outcome of such
and has since been used both for heterodyne receivers aggercise is a reduction in the performance of the chopping
bolometer camera®.g., SHARC and HERTZobservations. assembly; both in its settling time and positioning accuracy.
It is composed, in part, of a carbon fiber mirror mounted on  In the following sections of this article we will demon-
a dc brushless motor along with a system of counterweightsstrate how a signal processing method based on the Lucy
which greatly reduces the amount of vibration noise transdeconvolution technigfewas implemented at the CSO to
mitted to the observatory’s receivers or cameras. The hugsolve this problem and provide a system that requires no
advantage that this vibration suppression technique bringgatervention from the telescope user, while keeping hardware
for the detection of weak signals comes, however, at the cogthanges to a minimum. We will start in the next section with
of an increase in the inertia of the chopper assembly whicky brief exposition of the set of equations that govern the
causes a reduction in the speed and an increase in the settlipgcy deconvolution technique followed by a presentation of
time in the response of the system. the new chopping secondary assembBec. 1. We will

We show in Fig 1 a block diagram of the chopping finjsh by showing how the deconvolution technique was
implemented, along with the needed modifications, and by
dElectronic mail: houde@submm.caltech.edu presenting some results obtained so far.
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FIG. 1. Existing chopping secondary mirror assembly at the CSO. A square-wave signal is sent to the input of the PID controller and compared nith the mir
output position signaffrom a LVDT). The resulting processed error signal is sent to a power amplifier which feeds the positioning motor.

Il. LUCY’'S DECONVOLUTION TECHNIQUE go(7—1t) is used in Eq(2) to get a new functiom,(7), and

so on. This process can be repeated as often as desired or
until convergence is attained.

The final set of equations that define this iterative algo-
m can then be written as follows:

An iterative method for signal deconvolution based on
the Bayes rule for conditional probabilities was introduced
by Lucy’ and has been successfully used in astronomy fofith
the processing and extraction of precise photometric infor-

mation from originally blurred images taken under average _

seeing conditiongsee, for example, Ref)3 S‘(t)_J ri(nh(t=7)dr, @
Limiting ourselves to a one-dimensional problem, the set

of equations governing Lucy’s technique is relatively simple. . (7)=r.(7) ﬂh(t— r)dt (5)

Denoting byr (t) ands(t) the input and output signals of a si(t)

linear system, respectively, we know that they are related tg,, =012, ...

each other through the transfer functibfit) of this same Finally, two comments to end this section:

system by the following convolution integral:
e The applicability of the solution to the problem given
_ _ by Egs.(4) and(5) is based on the implied assumption
s(t) f r(nh(t=ndr, @ that the transfer function of the systdr(t) can be mea-
sured independently or is knowan priori. This is true

where the limits of integration in Eql1), and in all of the for the problem of the chopping secondary that will be
integrals that will follow, are from-co to +co. addressed starting in the next section.
The goal of a deconvolut_|on techmqqe is to invert Eq.  , |+ will be noted that the integral in E45) is actually a
(_1) and express(7) as a function of(t) using a new func- correlation. It follows that the algorithm dictated by the
tion g(7—t) as follows: final set of equations can easily be programnfieel,
computer code)t_j using subroutines based on the so-
rn= | st —t)dt. 2 Ca!led fast-Fourler-_tran_sforr(rFFT) mgth_ods for convo-
(7) j (Vg(7=1) @ lution and correlation integrals. This is what we have

. . . . done in the implementation of our technique where we
Lucy's idea was to liken thgreversed time shifted have used Fortran routines presented by Pe¢ss?
transfer functiorh(t— 7) to a Bayes density function of con-

ditional probability. In doing so, the new functiay( 7—1)

can be interpreted as a new density function and readily de-
termined using the Bayes rule by [Il. NEW CSO CHOPPING SECONDARY MIRROR

ASSEMBLY
r(r)h(t—7) . . .
g(r—t)= ———, €) In a simple implementation of Eq&}) and(5) one needs
s(t) a way to generate an input signal to be applied to a given

system, measure the output of the system when subjected to
this input, and finally, evaluate the transfer function of the
r(r)h(t—17) system. In order to accomplish this with our chopping sec-
g(r—t)= Trouh(t=n)dn ondary sys_tem we modified our assembly from that of Fig. 1
to that of Fig. 2. We have replaced the square-wave generator
Evidently, it is impossible to directly determing(=  of our original system by a real time LinlRT Linux) com-
—1) with Eq. (3) since it is expressed as a functionrgf), puter, which is equipped with the necessary input/output de-
which is the unknown that we are trying to evaluate. But thevices(i.e., analog-to-digital and digital-to-analog converters
form of Egs. (1), (2), and (3) suggests a simple iterative to achieve these tasks.
method that can be used to solve the problem. The RT Linux computer also serves as host to the pro-
If we supply an initial “guess’ () for r(7) and insert gram that performs the necessary calculations and measure-
it in Eqg. (1), we find a first approximate solutiosy(t) to  ments that will allow for the determination of the optimum
s(t). We then in turn insersy(t) along withro(7) in Eq.(3)  input to the chopper assembly.
to get an approximatiorgg(7—t) for g(r—t). Finally, Ideally, the sequence of operations would go like this:

or alternatively
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FIG. 2. New chopping secondary controller. The new mirror assembly is the same as that of Fig. 1, but the input signal is now fed to the PID controller from
a RT Linux computer, which hosts the deconvolution program that determines the needed input signal.

(1) Calibration of the system: signals of constant level aresubjected to. That is to say, that the transfer function of the
sent to the input of the assembly and the correspondingystem changes with the input signal and that the system
output levels are measured. In this manner, the “gain”reacts differently to different chop throw amplitudes. More-
and “offset” of the system are determined and applied toover, it is also the case that the sign of the chop throw will
all subsequent input/output operations. affect the shape of the transfer function. Simply stated, the

(2) Evaluation of the transfer function: this is done by send-system has hysteresis and, therefore, does not go “up” the
ing a step input signal of a given amplitude to the chop-same way it goes “down.”
per assembly and calculating the normalized time deriva-  This will be made clear with the results presented in Fig.
tive of the corresponding output signal. This is a very3. In Fig. 3 we can see the effect that the nonlinearities have
simple way to evaluate a transfer function since the conen the transfer function of the system. The transfer functions
volution of an arbitrary function with a unit step function shown were measured using the method discussed earlier
is equivalent to the primitive of the original function. using rising(“up” ) and falling(“down” ) step functiong90
This is the technique we use although it should be notedrcsec in amplitudeat two different rest position® and 180
that we also smooth the resulting time derivative with aarcsec for the top and bottom graphs, respectjvely

Savitzky—Golay filtet to reduce the impact of noise in From this it is clear why the algorithm defined by Egs.
the application of the Lucy deconvolution technique. We
will show some examples of measured transfer functions . position = 0", throw = 90"
in the next section. Py '
(3) Determination of the desired or targeted output signal iy R
s(t). ' B
(4) Determination of the optimum input signal: to do so one
would (i) choose an arbitrary wave form as a hypotheti- % 1
cal input of the assemblyr o(7) in Egs.(4) and(5)]; (ii) 2 Ll '
calculate the corresponding output respossi¢) of the .
system using Eq(4); and (iii) calculate a new input & !
r1(7) using Eq.(5). Repealtii) and(iii) [usingr;(7) and )
s;(t), withi=1,2,..., instead ofry(7) andsy(t)] until "
convergence to the best inpy{( 7) signal is attained. ; . 1 r"-.\.IJ___L_; ey Mty Al
(5) Finally, r¢(7) is applied to the input of the assembly to . i i .
produce the outpus(t) that most resemble the desired 0 " t v'{x- . T &
OUtpUts(t)' position IT;U"T“[;JNH =]
¥ LI |
We have tested this technique on simple linear systengs, 0.02 il
electricalR C filters) with very good results. However, when - darw
applied to our chopping secondary mirror assembly the tech sois| | 1
nique did not work in general. It was determined that the g
nonlinearities in the system’s response were the cause of thi & !
failure and forced us to bring some changes to the algorithmy oot -
discussed here. E
E 0.0 -
IV. IMPLEMENTATION OF THE METHOD - :
A. Nonlinearities o T e A ot
o il TN et i e sl P W e

Since we have a dc motor as one of the main compo- —_—
nents of the chopper assembly, it is not surprising that the ’ b ) '

system should include some nonlinearities in its response. As

. [ FIG. 3. (Color) Effects of the nonlinearities as seen through transfer func-
one should expect, the magnetic core of the motor is II’]herﬁons obtained with rising“up” ) and falling (“down” ) step functiong90

ently n_onlinear as it will experier?ce different amou_nts_o_f arcsec in amplitudeat two different rest position® and 180 arcsec for the
saturation depending on the amplitude of the excitation it iSop and bottom graphs, respectively
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(4) and(5) would be doomed to failure. The same two equa- __ throw = 60" freq = 1 Hr eff = B4X, error RMS = 0.6"
tions can, however, be easily adapted to the problem at han Lo |

and make it possible to use the Lucy deconvolution method
(albeit somewhat modifigdor this kind of nonlinear system.

B. Modifications to the Lucy deconvolution method

on [arcsec.)

As was mentioned in the last section, the fact there does< =
not exist a single transfer function that defines the systen \ |
does not imply that we cannot use the Lucy deconvolution ® I Iy ™ / uncarrected oulpidl
technique to achieve our goal, but we must acknowledge the oF 1= I
existence of a family of transfer functions that are dependent .
on the input signal to the system. That is to say, we should !
replaceh(t) by h(t;r), the aforementioned dependence on > os
the input signalr(t) now being made explicit. In practice, ek
this means that we now have to measure the transfer func
tions of the system along a sufficiently refined two-
dimensional grid of different step amplitudgsositive and
negativg and rest positions. Four examples of such measure:
ments were shown in Fig. 3. For the results that will be
presented later in this section, we have used a grid where th
step amplitude ranges from240 to 240 arcsec with a reso-
lution of 30 arcsec and the rest position spans a similar do-
main with half the resolutiorii.e., 60 arcsec It should be
noted that this measurement of the transfer functions require
a fair amount of timelas much as 15—-20 min for the grid
defined above But, on the other hand, it needs to be done !
only once and does not have to be repeated for differentcho; " % as -
throw amplitudes and frequencies. e

Another important thing to realize is that, contrary to FiG. 4. (Color) Results obtained with our deconvolution technique for a
instances where one uses the Lucy technique to deconvolviow of 60 arcsec at a frequency of 1 ktep). The residual error signal is
astronomical image%we are here free to use the system toplqned in the‘ bottom graph and its rms \{al(ﬂa_ﬁ arcserwas calculated

. . . . using data points located between the vertical liesthe flatter parts of the
measure its response to any given input signal and not forceéirve which represent about 84% of a peiod
to calculate it through Eq4). This means that the original
set of Egs(4) and(5) can be reduced to only one equation,

t

n
o

carreeled aulpul

Lol W Wi 'I|"r o ln"l-'lq."

error (aresec.)
=
-
=

namely, determine a new input signa} (7). Repeat), (ii), and
(iii ) [usingr,(7) ands;(t), with i=1,2,..., instead of
ri+l(7'):ri(7')f s(t) h(t—7r,)dt. 6) ro(7) gnd sq(t)] u.ntil convergence to the best input
si(t) r¢«(7) signal is attained.

With these modifications, the sequence of operations define® Finally, r+(7) is applied to the input of the assembly to
produce the outpus;(t) that most resemble the desired

in Sec. Il now becomes
outputs(t).

(1) Calibration of the system: signals of constant level are
sent to the input of the assembly and the correspondingVe have applied this technique to our chopping secondary
output levels are measured. In this manner, the “gain”mirror assembly at the CSO with success. We show typical
and “offset” of the system are determined and applied toresults in Figs. 4 and 5 for chop throws of 60 and 300 arcsec,
all subsequent input/output operations. respectively, at a frequency of 1 Hz. For this, we chose the
(2) Evaluation of the transfer functions: a set of step inputinitial input signalry(7) to be a square wave with corre-
signals of differing amplitudes and rest positions are sesponding amplitudes and frequency, the system’s response to
guentially sent to the chopper assembly and the transfethis input is labeled “uncorrected output” in the legends. The
functions are measured by calculating the normalizedlesired or “targeted output” signals correspondingsia)
time derivative of the corresponding output signals. A(also shown on the graphs Eq. (6) in both cases ris¢or
Savitzky—Golay filtet is applied to the functions to re- fall) at the same rate of 3 arcsec per millisecond when not

duce the impact of noise on the deconvolution. constant. A comparison of the “uncorrected outp[isy(t)]
(3) Determination of the desired or targeted output signalwith the “corrected output]s;(t)] shows the power of this
s(t). deconvolution method when applied to this type of problems.

(4) Determination of the optimum input signal: to do so oneln both cases the improvement is significant. Furthermore, it
would (i) send an arbitrary wave formy(7) to the input  would have been next to impossible to guess which form
to the assembly(ii) measure the corresponding output should the final input signal;(7) (shown by the “applied
responsesy(t) of the system; andiii) use Eq.(6) to  input” curves in the graphstake to obtained the desired
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throw = 300", freq = 1 Hz, eff = BO%, error RMS = 1.1"

throw = 80", freqg = 4 Ha. off = 53X, error BMS = 2.17
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FIG. 5. (Colon Results obtained with our deconvolution technique for a FIG. 6. (Color) Results obtained with our deconvolution technique for a
throw of 300 arcsec at a frequency of 1 Hap). The residual error signal is  throw of 60 arcsec at a frequency of 4 Ktop). The residual error signal is
plotted in the bottom graph and its rms val(fel arcsecwas calculated  plotted in the bottom graph and its rms val(®1 arcsecwas calculated
using data points located between the vertical liesthe flatter parts of the  using data points located between the vertical lifesthe flatter parts of the
curve which represent about 60% of a pejiod curve which represent about 53% of a pejiod

outcome. The residual error signal is also plotted in the botPut”to the final output signafi.e., “corrected output” on the

tom graph of each figure. As can be seen, the rms errggraph is rather significant. In fact, we can see from the bot-

calculated on flatter parts of the curves are in both case®m graph that for about 53% of a period the response is at

small (=1.1arcsec). most within a few arcseconds from the desired position; the
Referring to Fig. 3 we see that the transfer function offms value of the error on that portion of the signal is 2.1

the system settles down in about 0.5 s, which is exactly equaCS€ec.

to half of the period of the signals displayed in Figs. 4 and 5.
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