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Sampling	Hardware	

•  ADC	–	Analog	to	Digital	Converter.	Samples	
the	data	and	brings	it	into	the	computer.	

•  An<-Alias	filter	–	filters	noise	close	to	and	
above	the	sampling	frequency.	

•  DAC	–	Digital	to	Analog	Converter.	Outputs	
the	computer	signals.	

•  An<-Image	filter	–	filters	harmonics	close	to	
and	above	the	sampling	frequency.	
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Op<onal	SoQware	Blocks	

•  Compensa4on	blocks	–	Can	also	be	called	
‘calibra<on’	blocks.	These	are	op<onal,	and	are	
used	to	cancel	out	the	analog	frequency	response	
of	sensors	and	actuators	and/or	put	them	into	
meaningful	units.	

•  Matrix	transforma4ons	–	Also	op<onal.	Are	used	
to	put	sensor	and	actuator	signals	into	useful	
coordinate	systems.	For	example,	2	ver<cal	
sensors	next	to	each	other	can	be	combined	to	
give	you	a	ver<cal	(Z)	and	a	rota<on	(roll)	signal.	
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SoQware	Blocks	

•  Control	and	user	interface	–	Where	the	
control	filters	and	control	logic	goes.	Also,	the	
soQware	that	allows	the	user	to	interact	with	
the	control	lives	here.	
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Aliasing	–	<me	domain	
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Aliasing	–	<me	domain	
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Aliasing	–	<me	domain	
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Aliasing	–	frequency	domain	
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‘Con<nuous’	<me	data	



Aliasing	–	frequency	domain	
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Nyquist	frequency	=		
½	sampling	frequency	

Sampled	data	

‘Con<nuous’	<me	data	



Aliasing	–	frequency	domain	
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Nyquist	frequency	=		
½	sampling	frequency	

‘Con<nuous’	<me	data	

Sampled	data	
‘Con<nuous’	<me	high		
frequency	signal	



Aliasing	–	frequency	domain	

149	

Nyquist	frequency	=		
½	sampling	frequency	

‘Con<nuous’	<me	data	

Sampled	data	
‘Con<nuous’	<me	high		
frequency	signal	

Sampled	high	
frequency	data	



Aliasing	–	frequency	domain	

150	

Nyquist	frequency	=		
½	sampling	frequency	

‘Con<nuous’	<me	data	

Sampled	data	
‘Con<nuous’	<me	high		
frequency	signal	

Analog	low	pass	filter	
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An<-Image	filtering	
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Raw	DAC	output,	before	AI	filtering	
0.8	Hz	sampled	sine	wave	



An<-Image	filtering	
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Raw	DAC	spectrum	

Nyquist	Frequency	

Raw	DAC	output,	before	AI	filtering	



An<-Image	filtering	

154	

Raw	DAC	spectrum	

Nyquist	Frequency	

Analog	low	pass	filter	

Raw	DAC	output,	before	AI	filtering	



An<-Image	filtering	
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DAC	output,	aQer	AI	filtering	



AA	&	AI	filters	from	Stanford	
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Nyquist	frequency	

65536	Hz	sampling	



Electronics	
Hardware	
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AA	and	AI	boards	

Input/Output	(I/O)	Chassis	
-  Has	the	DACs	and	ADCs	



AA/AI	boards	

158	

capacitor	

resistors	

RC	circuit:	
pole	frequency		=

1
2πRC



I/O	Chassis	
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From	T1000422	

DAC	and	ADC	cards	



Computers	

160	

											Front-end	computer	
Runs	the	real-<me	control	system	
Receives	signals	from	ADC	
Sends	signals	to	DAC	

Worksta4on	
Runs	the	user	interface	
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162	Stanford	cryo	overview	MEDM	screen	

MEDM	screens	



163	Stanford	cryo	overview	MEDM	screen	

MEDM	screens	



164	OSEM	input	filters	screen	
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Standard	filter	module	

Filter	input	
test	excita<on	

offset	

10	filter	banks	
Up	to	20	poles	&	zeros	each	

gain	 ±	satura<on		
limit	 Filter	output	



166	Stanford	cryo	overview	MEDM	screen	
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OSEM	Sensor	Input	Matrix	



foton	–	install	filters	
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foton	–	install	filters	
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171	

Loading	filter	banks	

Filter	input	
test	excita<on	

offset	

10	filter	banks	
Up	to	20	poles	&	zeros	each	

gain	 ±	satura<on		
limit	 Filter	output	



Real<me	code	designed	in	Matlab	
Simulink	
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Real<me	code	designed	in	Matlab	
Simulink	
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Simulink	diagram	compiled	to	C	code	
On	real-<me	computer		



Real<me	code	designed	in	Matlab	
Simulink	
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CRYO	block	



Real<me	code	designed	in	Matlab	
Simulink	
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CRYO/OSEMINF	block	



Making	Measurements	

176	

Diagnos<c	Test	Tools	(DTT)		-	Measure	TFs	and	ASDs,	etc	
	
Dataviewer	–	<me	data	plots	in	real	<me		



DTT	–	make	measurements	
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178	
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Dataviewer	–	real<me	data	

180	



Dataviewer	–	real<me	data	
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Dataviewer	–	past	data	

182	



Dataviewer	–	past	data	
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Filters:	Con<nuous	to	Digital	
Conversion	

185	

!y+ ay = x

!y ≈ y(k +1)− y(k)
dt

y(k +1)− y(k)
dt

+ ay(k) = x(k)

y(k +1) = dt x(k)− ay(k)[ ]+ y(k)

Differen<al	equa<on:	con<nuous	<me	

Approxima<on	of	deriva<ve,		
where	k	is	the	current	sample	

Approxima<on	of	EOM		

Difference	equa<on:	digital	



Z-Transform	

186	

Analogous	to	the	Laplace	s-transform	for	con<nuous	systems	
d/dt		->		s			for	con<nuous	systems	
k+1			->		z			for	digital	systems	



Z-Transform	

187	

Analogous	to	the	Laplace	s-transform	for	con<nuous	systems	

y(k +1) = dt x(k)− ay(k)[ ]+ y(k)
Difference	equa<on	

d/dt		->		s			for	con<nuous	systems	
k+1			->		z			for	digital	systems	

Digital	 Con4nuous	

!y+ ay = x
Differen<al	equa<on	



Z-Transform	

188	

Analogous	to	the	Laplace	s-transform	for	con<nuous	systems	

y(k +1) = dt x(k)− ay(k)[ ]+ y(k)
Difference	equa<on	

yz = dt x − ay( )+ y

d/dt		->		s			for	con<nuous	systems	
k+1			->		z			for	digital	systems	

Digital	 Con4nuous	

!y+ ay = x
Differen<al	equa<on	

z-transform	 s	transform	
ys+ ay = x



Z-Transform	

189	

Analogous	to	the	Laplace	s-transform	for	con<nuous	systems	

y(k +1) = dt x(k)− ay(k)[ ]+ y(k)
Difference	equa<on	

yz = dt x − ay( )+ y

d/dt		->		s			for	con<nuous	systems	
k+1			->		z			for	digital	systems	

y = dt
z+ dt *a−1

x

Digital	 Con4nuous	

!y+ ay = x
Differen<al	equa<on	

z-transform	 s	transform	

y = 1
s+ a

x

Transfer	func<on	 Transfer	func<on	

ys+ ay = x



Z-Transform	

190	

y(k +1) = dt x(k)− ay(k)[ ]+ y(k)
Difference	equa<on	

yz = dt x − ay( )+ y

y = dt
z+ dt *a−1

x

Digital	 Con4nuous	

!y+ ay = x
Differen<al	equa<on	

z-transform	 s	transform	

y = 1
s+ a

x

Transfer	func<on	 Transfer	func<on	

ys+ ay = x

Frequency	domain	interpreta<on	 Frequency	domain	interpreta<on	

z = e
i2π
fs
f

s = i2π f



Z-Transform	

191	

y(k +1) = dt x(k)− ay(k)[ ]+ y(k)
Difference	equa<on	

yz = dt x − ay( )+ y

y = dt
z+ dt *a−1

x

Digital	 Con4nuous	

!y+ ay = x
Differen<al	equa<on	

z-transform	 s	transform	

y = 1
s+ a

x

Transfer	func<on	 Transfer	func<on	

ys+ ay = x

Frequency	domain	interpreta<on	 Frequency	domain	interpreta<on	

z = e
i2π
fs
f
≈
1
fs
s s = i2π f

where		

fs >> f



Complex	plane	pole-zero	map	
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Digital	 Con4nuous	

y = 1
s+ a

xa	=	0.5	rad/s	
dt	=	0.1	s	y = dt

z+ dt *a−1
x



Complex	plane	pole-zero	map	
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Digital	 Con4nuous	

y = 1
s+ a

xa	=	0.5	rad/s	
dt	=	0.1	s	y = dt

z+ dt *a−1
x

Stability:	
Poles	must	be	inside	unit	circle!	

Stability:	
Poles	must	in	leQ	half	plane	(LHP)!	



Complex	plane	pole-zero	map	
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Digital	 Con4nuous	

y = 1
s+ a

xa	=	0.5	rad/s	
dt	=	0.01	s	y = dt

z+ dt *a−1
x



Complex	plane	pole-zero	map	
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Digital	 Con4nuous	

y = 1
s+ a

xa	=	0.5	rad/s	
dt	=	0.01	s	y = dt

z+ dt *a−1
x

zpole ≈1+ dt * spole

For	small	dt,	the	region	around	
z=1	looks	like	the	con<nuous	<me	
complex	plane		



Matlab	has	various	conversions	from	
Laplace	to	Z	

196	

Digital_filter = c2d(HAM_ISI,0.001,’ZOH’)! First	order	hold	

Digital_filter = c2d(HAM_ISI,0.001,’tustin’)!

Digital_filter = c2d(HAM_ISI,0.001,’matched’)!

	2.63e-10	z	+	2.629e-10	
		----------------------	
		z^2	-	1.998	z	+	0.9984	

1.315e-10	z^2	+	2.629e-10	z	+	1.315e-10	
		---------------------------------------	
										z^2	-	1.998	z	+	0.9984	

2.629e-10	z	+	2.629e-10	
		-----------------------	
		z^2	-	1.998	z	+	0.9984	

																				1	
		----------------------------	
		1900	s^2	+	3092	s	+	1.258e05	

Con<nuous	<me	TF			HAM_ISI	=		

0.001	=	sample	<me	(s)	



Digital	TF	Bode	Plots	

197	Frequency	(Hz)	

HAM-ISI	force	to	displacement	

nyquist	



Digital	TF	Bode	Plots	

198	Frequency	(Hz)	

HAM-ISI	force	to	displacement	

nyquist	



Lecture	3	Summary	

•  ADCs	and	DACs	are	used	to	sample	signals	and	
move	them	into	and	out	of	the	computer.	

•  An<-alias	and	An<-image	filters	smooth	over	the	
transi<ons	through	the	ADC	and	DAC	to	remove	
unwanted	high	frequency	content.	

•  LIGO	has	various	soQware	tools	for	controlling	
and	interfacing	with	real<me	systems.	

•  The	z-transform	is	the	digital	equivalent	to	the	
Laplace	s-transform	(needed	since	sampling	is	
nonlinear).	
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Lecture	3	–	Backups	
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Oversampled Signal Flow	

202	

Nyquist	frequency	

The	ADC	and	DAC	sample	at	65536	Hz,	the	controller	samples	at	4096	Hz		



Sampling	Phase	Loss	
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Nyquist	Frequency	
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ISO	Block	
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General	BackUps	
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Advanced	LIGO	
A	single	output	chamber	is	complicated!	

HAM5 

Signal Recycling 
Mirror 
Small Triple Suspension 

Signal Recycling 
(Mirror) 3 Output Faraday 

Single Suspension 

Lots of practical stuff removed for demonstration 
•  Vacuum chamber 
•  SUS sensors  
•  EQ stops, Lockers 

Hydraulic Pre-Isolation 



BSCs	–	core	op<cs	

24	Aug	2014	-	Stanford	-	G1400964	 207	

active isolation 
platform  (2 stages 
of isolation) 

hydraulic external pre-
isolator (HEPI)   (one 
stage of isolation) 

quadruple pendulum (four 
stages of isolation) with 
monolithic silica final stage 
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5
6

7
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€ 

TM

Hybrid	Systems	
Advanced	LIGO	-	The	Design	

4
5
6

7

•  7 Stages of Isolation 

•  Hydraulic Preisolation 

•  Blade spring and wire flexures 

•  Monolithic Final Stage 

•  6 DOF sensing on stages 1 – 4, 3 DOF on 5 – 6  

•  Inertial and displacement on stages 1-3 

•  Displacement only on stages 4 - 6 

•  6 DOF DC - 1kHz actuation on Stages 1 – 4, 3 DOF on 5 
- 7  

•  (6+6+6+[3*6+4]) = 40 out of 42 Trans./Rot. resonant 
modes sensed and controlled 

•  Many-control-loop system 

•  Sensor blending, Feed back, Feed forward, Sensor 
Correction, Heirarchical control 

•  Versatile 800 kg payload 

•  Stage 1 – 3 “Performance limited by sensor noise,” 
Stage 4 – 7 “Performance limited by direct 
transmission of platform motion”   
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1.00mm Kaman
1.00mm MicroSense
0.25mm MicroSense
0.70mm BOSEM
0.70mm AOSEM
10.0mm LVDT
3.00mm EUCLID

Sensor	Noise	
Displacement	Sensors	

G1200556-v1	
J.	Kissel,	GWADW,	May	17	2012	 209	24th September 2010 G1000825-v2 Slide  10

Optical Sensor Development

Advanced LIGO
Controls Prototype (Hybrid OSEM)

Advanced / Ultra LIGO
Interferometric Sensor (EUCLID)

Advanced LIGO
Noise Prototype & 
Production BOSEM

Interferometeric,	
U	of	Birmingham	
Prototype	(As	yet	
Non-UHV	Comp.)	

Shadow	Sensor	
aLIGO	SUS	Top	Stages	
AEI	10m	SUS	Top	Stages	

Shadow	Sensor	
aLIGO	SUS	Lower	
Stages	

Induc<ve	
aLIGO	Pre-isolator	
Stage	

Induc<ve	
VIRGO	/	GEO	/	KAGRA	SAS		

Capaci<ve	
aLIGO	Stage	1	
ISIs	

Capaci<ve	
aLIGO	Stage	
2	ISIs	

Linear	
Range	
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Sensor	Noise	
Iner<al	Sensors	

!

VIR–0128A–12 Advanced Virgo TDR

The list of the components, the cable arrangement inside the towers and the technical choices
for the purchasing of each component are described in a technical report concerning the
cabling procedures in Virgo [373].

11.1.4.15 Crossbar LVDT sensors

Standard Virgo LVDTs [348], with displacement sensitivity of 10−10 m/
√
Hz and dynamic

range of ± 1 cm, will be adopted.

11.1.4.16 Accelerometers

The horizontal ACCs [374] are based on a mass suspended by means of a low resonant
frequency spring system (see Fig. 11.29). A feedback loop keeps the mass on a reference
position. Acceleration is derived from the correction signal applied to the ACC. The vertical
ACC is based on the same principle as the horizontal one. The mechanics is different to
achieve a low resonant frequency while compensating for the acceleration of gravity (see
Fig. 11.30). These ACCs show a high sensitivity level in the low frequency region down to
about 10 mHz. A measured value of the acceleration spectral sensitivity of about 7× 10−10

m/s2/
√
Hz below 10 Hz was reported [374].

Figure 11.29: CAD renderings of the horizontal ACC.

11.1.4.17 Tools

Special tools are necessary for the production and the quality control of the SA chains. Here
we list all the necessary tool sub-items followed by a brief description. The tools are divided
in two groups: tools that have been used for Virgo/Virgo+ and are therefore already available
and tools that have to be provided for AdV.

445

aLIGO	Pre-isolator	Stage	

aLIGO	Pre-isolator	Stage	
aLIGO	Stage	0	&	1	ISIs	
AEI-SAS	Vert.	Witness	

iVIRGO	
F0,	F7		

aLIGO	
Stage	1	
&	2	ISIs	

aLIGO	
Stage	1	
ISIs	

the molten layer (about 5mm thick) of material produced
by the EDM sparks. EDM-reaming of all four couples of
joints in a single step gives the best possible parallelism and
positioning. The SEM micrograph of a monolithic Cu–Be
50mm flexure is shown in Fig. 7. The accelerometer was
designed with the load almost exactly balanced on the two
arms; by using 50 mm thick flexures we expect that the
instrument’s behaviour would be dominated by the

restoring force of the joints. In our approximation the
resonant frequency of the system reduces to

o0 ’
ffiffiffiffiffiffiffiffiffiffiffi
k

Mel
2
p

s
. (7)

Modelling the flexures by using the Tseytlin [20] formula
for thin circular notch hinges the angular stiffness is

k ¼
Eat2

16 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:215ð2R=tÞ

p" # (8)

where a is the sum of the width of all the joints, t is the
thickness at the centre, R is the radius of curvature and E is
the Young’s modulus of the material. With the design
parameters of a ¼ 40mm, t ¼ 50mm and R ¼ 5mm, we
have measured a resonant frequency of 540mHz in
aluminium accelerometers, 440mHz in Cu–Be device. Both
the experimental data, obtained by measuring the free-
decay oscillation of the pendulum, are in good agreement
with the model. With such a high angular stiffness, the
tuning mass turns out to be almost ineffective; therefore

ARTICLE IN PRESS

Fig. 5. Details of the two pendulum arms: (right) the simple pendulum; (left) the inverted one.

Fig. 6. Three quarter view of the accelerometer. The well on the front face
houses the position sensor between the frame and the moving mass. An
identical structure is machined on the opposite side for the feedback
actuator.

Fig. 7. SEM micrograph of a 50mm thick flexures.

A. Bertolini et al. / Nuclear Instruments and Methods in Physics Research A 556 (2006) 616–623 621

AEI-SAS	Horz.	Witness	
(Waq	Linkage)	

aVIRGO	Mul<SAS	
Horz.	Witness	
(Waq	Linkage)		
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Sercel L4C (Spec)
LIGO/GeoTech GS13 (Meas)
Nanometrics T240 (Meas)
Strekheisen STS−2 (Spec)
Virgo ACC, LVDT R.O. (Meas)
AEI ACC, LVDT R.O. (Meas)
Nihkef ACC, IFO R.O. (Horz. Spec)
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CPS	
MicroSense’s	Capaci<ve	
Displacement	Sensors	

Used	On:	HAM-ISIs	and	BSC-ISIs	
Used	For:	≤	0.5	Hz	Control,	Sta<c	

Alignment			
Used	‘cause:	Good	Noise,	UHV	

compa<ble	

IPS	
Kaman’s	Induc<ve	Posi<on	

Sensors	
Used	On:	HEPIs	

Used	For:	≤	0.5	Hz	Control,	Sta<c	
Alignment			

Used	‘cause:	Reasonable	Noise,	
Long	Range	

T240	
Nanometric’s	Trillium	240	

Used	On:	BSC-ISIs	
Used	For:	0.01	≤	f	≤	1Hz	Control	
Used	‘cause:	Like	STS-2s,	Triaxial,							
no	locking	mechasim	->	podded	

GS13	
GeoTech’s	GS-13	

Used	On:	HAM-ISIs	and	BSC-ISIs	
Used	For:	≥	0.5	Hz	Control	

Used	‘cause:	awesome	noise	
above	1Hz,	

no	locking	mechanism	->	podded	

L4C	
Sercel’s	L4-C	

Used	On:	All	Systems	
Used	For:	≥	0.5	Hz	Control	

Used	’cause:	Good	Noise,	Cheap,	
no	locking	mechanism	->	podded	

STS2	
Strekheisen’s	STS-2	
Used	On:	HEPIs	

Used	For:	0.01	≤	f	≤	1Hz	Control	
Used	‘cause:	Best	in	the	‘Biz	

below	1	Hz,	Triaxial	

“Low”	Frequency	

“High”	Frequency	

DC	

10		mHz	

1			Hz	

800		Hz	

SEI	Sensors	and	Their	Noise	



Sensor	size	and	noise	

(Courtesy	of	
Brian	Lantz)	

212	From	G1400311	



Magnet	Types	(M0900034)	
• 	BOSEM	–	10	X	10	mm,	NdFeB	,	
SmCo	

			10	X	5	mm,	NdFeB,	SmCo	
• 	AOSEM		–	2	X	3	mm,	SmCo	

			2	X	6	mm,	SmCo	
			2	X	0.5	mm,	SmCo	

Op<cal	Sensor	ElectroMagnet	(OSEM)	

Birmingham	OSEM	(BOSEM)	 Advanced	LIGO	OSEM	(AOSEM)	
	-	modified	iLIGO	OSEM	
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HS1	Geophones	
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hqp://www.geospace.com/hs-1-industrial-geophone/	



Geophone	Schema<c	
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Source:	hqp://newsline.linearcollider.org/readmore_20070809_Qr1.html	


