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1. Basic Functions of Front-End Electronics

INCIDENT SENSOR PREAMPLIFIER PULSE ANALOG TO DIGITAL
RADIATION SHAPING DIGITAL DATA BUS
CONVERSION

ANNNS> - L /N :>

Pulse shaping can also be performed with digital circuitry:

INCIDENT SENSOR PREAMPLIFIER ANALOG TO PULSE DIGITAL
RADIATION + PRE-FILTER DIGITAL SHAPING DATABUS
CONVERSION
J— /\ DIGITAL
ANNNA> SIGNAL :>
PROCESSOR
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2. Signal Acquisition

® The primary signal in practically all radiation detectors is a current.

Example: Double-sided silicon strip detector (300 um thick, 50 um strip pitch)
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Although the signal currents on the p- and n-side are quite different, the
integrated current, i.e. the signal charge is the same.
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—> For energy measurements the signal processing chain must integrate the
signal current to yield the charge.
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Voltage and Current Mode with Capacitive Sources

Output voltage:

vo = (voltage gain A, ) x (input voltage v; )

Operating mode depends on charge collection time ¢. and the input time constant R.C, :

a) RC, «t,
detector capacitance discharges rapidly
= v, c1(t)

current sensitive amplifier

b) R,C, >t
detector capacitance discharges slowly
= v, i)l

voltage sensitive amplifier

Note that in both cases the amplifier is providing voltage gain, so the output signal voltage is determined
directly by the input voltage. The difference is that the shape of the input voltage pulse is determined

either by the instantaneous current or by the integrated current and the decay time constant.
Goal is to measure signal charge, so it is desirable to use a system whose

response is independent of detector capacitance.

Front-End Electronics for Detectors
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Active Integrator (“charge-sensitive amplifier”) C,

Start with inverting voltage amplifier "
Voltage gain dv,/dv, =-A = v, =-Auy, Q.
l
Input impedance = « DETECTOR °
(no signal current flows O (= s
into amplifier input) d !
Connect feedback capacitor C, A v
between output and input.
Voltage difference across Cy: v, =(A+Dy,
= Charge deposited on C;: Q =Cuv, =C,(A+1)y,
Q, =Q, (since Z;= x)
— Effective input capacitance  C, = Q =C,(A+1) (“dynamic” input capacitance)

l

Gain A av, A-vi_é= A .lz 1
A+1 Cf C

¢ de, C; v G f (4=>D

l

Set by a well-controlled quantity, the feedback capacitance.

Front-End Electronics for Detectors Helmuth Spieler
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Calibration

Inject specific quantity of charge - measure system response

Use voltage pulse (can be measured conveniently with oscilloscope)

TEST IJ—
INPUT AV
_T_ 4
Cp
-l- ? Q-AMP

DYNAMIC INPUT

CAPACITANCE
: C,
Accurate expression: Q, =
CT
1+—
Ci
Typically: C,/C, =10°-

Front-End Electronics for Detectors
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Ci > (C, = Voltage step applied to test
input develops over C,, .

= QR =AV-C,

e [IC_] AV
C

i
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Realistic Charge-Sensitive Preamplifiers

The preceding discussion assumed idealized amplifiers with infinite speed.
In reality, amplifiers may be too slow to follow the instantaneous detector pulse.

Does this incur a loss of charge?

Equivalent Circuit: DETECTOR AMPLIFIER
iin
—>
QC 1o O3
charges moving in detector capacitance
detector change discharges into amplifier

induced charge on
detector electrodes

Signal is preserved even if the amplifier responds much more slowly than the detector
signal.

However, the response of the amplifier affects the measured pulse shape.

Front-End Electronics for Detectors Helmuth Spieler
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10
Frequency and Time Response of a Simple Amplifier
A voltage step vi (¢) at the input causes a current step i, () at the output of the transistor.
For the output voltage to change, internal capacitances in the amplifier must first charge up.

— The output voltage changes with a time constant r.

TIME DOMAIN FREQUENCY DOMAIN

A
INPUT OUTPUT log A,

i AUO

Y —»f

x—

90° PHASE
SHIFT REGIME

A,=1 >
V=V (1-exp(-t/1)) f, wy log ®
The time constant r corresponds to the upper cutoff frequency : 7= 5 1f
72- u
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Input Impedance of a Charge-Sensitive Amplifier

Z, %
= S (A>>1)
A+l A

Input impedance

Feedback amplifiers are typically operated above the
upper cutoff frequency, where the gain vs. frequency

A=-i %
w
Feedback impedance Z,=- 1
o C,
1 1
= Input Impedance Z =- :
o C, ;1%
0
z- L
w,C;

Imaginary component vanishes = = Resistance: Z, - R,

Log A}

11

P
f togeo
Wo s W(A=Y)

Gain-Bandwidth Product

= low frequencies (f <f,): capacitive input
high frequencies (f > f) :resistive input
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Time Response of a Charge-Sensitive Amplifier

12

Input resistance and detector capacitance form RC time constant 7, =RC,
1
T, = -C
l a)ocf D
— Rise time increases with detector capacitance.
Or apply feedback theory: C¢
—
_ C, +C, =
Closed Loop Gain A, = C (A, << A) \ __
f
C @ T
A, zC—D (Cp >>C)) I
f
Closed Loop Bandwidth @A, =, to3 A lf\ / OPEN LooP
N aoses wop
| 1 1 X
Response Time Tmp =—=Cp —— :
0 w,C; 1 N\ -

Same result as from input time constant.
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Input impedance is critical in strip or pixel detectors:
Amplifiers must have a low input

ANVANVANVANVAN
impedance to reduce transfer of Css
charge through capacitance to /||\ /||\ /||\ /||\

neighboring strips

STRIP — — — - . .
DETECTOR T Cb T Cb T Cb T Cb T Cb

1

For strip pitches that are smaller than the bulk thickness, the capacitance is dominated by
the fringing capacitance to the neighboring strips Cgg.

Typically: 1 -2 pF/cm for strip pitches of 25 — 100 um on Si.
The backplane capacitance C, is typically 20% of the strip-to-strip capacitance.

Negligible cross-coupling at shaping times T}, > (2 ... 3)xR.C,, and if C; > C,,.

Front-End Electronics for Detectors Helmuth Spieler
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2. Resolution and Electronic Noise

Resolution: the ability to
distinguish signal levels

1. Why?

a) Recognize structure in amplitude spectra

Comparison between Nal(Tl)
and Ge detectors

J.CL. Philippot, IEEE Trans. Nucl. Sci. NS-17/3 (1970)
446

Front-End Electronics for Detectors
2007 IEEE Nuclear Science Symposium

COUNTS

106 —

104 —

103 —

102

10 —

14

’/\\‘
\_ /| A\ Nal(T]) SCINTILLATOR
N \\j'a
\/! \t\".
\ ~
N2
\\\
L \*w‘"%ﬁ
}@Lv,,d/” H =
\*“h
Ge DETECTOR "%@
4

\ \
500 1000
ENERGY (k

\ \
1500 2000

eV)
Helmuth Spieler
LBNL



b) Improve sensitivity

Signal to background ratio improves with better
resolution

(signal counts in fewer bins compete with fewer
background counts)

G.A. Armantrout et al., IEEE Trans. Nucl. Sci. NS-19/1 (1972) 107
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What determines Resolution?

1. Signal Variance >> Baseline Variance

SIGNAL % BASELINE NOISE - SIGNAL + NOISE

|
BASELINE BASELINE BASELINE

—> Electronic (baseline) noise not important
Examples: e High-gain proportional chambers
e Scintillation Counters with High-Gain PMTs
e.g. 1MeV y-rays absorbed by Nal(T1) crystal
Number of photoelectrons: ~ N,.~ 810* [MeV'] x E, x QF ~ 2.410*
Variance typically: Ope = N,."?~ 160 and o, / N, ~ 5 - 8%

Signal at PMT anode (assume Gain=10*):  Oy,= Gpyr N, ~ 2.410° el and

\ Osig= Gpur Ope = 1.2710" el
whereas electronic noise easily < 10” el

Front-End Electronics for Detectors Helmuth Spieler
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2. Signal Variance << Baseline Variance

SIGNAL % BASELINE NOISE — SIGNAL + NOISE

BASELINE BASELINE BASELINE
—> Electronic (baseline) noise critical for resolution

Examples: e Gaseous ionization chambers (no internal gain)

e Semiconductor detectors
Edep
3.6 eV

Variance o, =,/F'-N,  (where F'= Fano factor ~ 0.1)

e.g. in Si: Number of electron-hole pairs N, =

For 50 keV photons:  o,,~40el = o&,,/N,,=7.510"

Obtainable noise levels are 10 to 1000 el.

Front-End Electronics for Detectors
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Baseline Fluctuations (Electronic Noise)

Choose a time when no signal is present.
Amplifier's quiescent output level (baseline):

In the presence of a signal,
noise + signal add.

Signal:

TIME

Front-End Electronics for Detectors
2007 IEEE Nuclear Science Symposium

p TivE

Signal+Noise (S/N=1)

h Time

M{\Uf\ i
A

N “U “va

S/ N =peak signal to rms noise
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Measurement of peak amplitude yields signal amplitude + noise fluctuation.

The preceding example could imply that the fluctuations tend to increase the measured
amplitude, since the noise fluctuations vary more rapidly than the signal.

In an optimized system, the time scale of the fluctuation is comparable to the signal
peaking time.

Then the measured amplitude fluctuates positive and negative relative to the ideal signal.

Measurements taken at 4
different times:

Noiseless signal superimposed
for comparison

TIME TIME
S/N =20
Noise affects
e Peak signal
e Time distribution
TIME TIME
Front-End Electronics for Detectors Helmuth Spieler
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Electronic noise is purely random.

: e 1 -
—> amplitude distribution is Ll
Gaussian =

_ _ X 0.78"
= noise modulates baseline -
2
: . 0O

—> baseline fluctuations O 5.
superimposed on signal o
N
-
—> output signal has Gaussian <§E
distribution 4
@)
Z

0

Measuring Resolution

Inject an input signal with known charge using a pulse generator set to approximate the
detector signal shape.

Measure the pulse height spectrum. peak centroid = signal magnitude
peak width = noise (FWHM= 2.35 @»)

Front-End Electronics for Detectors Helmuth Spieler
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Baseline fluctuations can have many origins ...
pickup of external interference
artifacts due to imperfect electronics

.. etc.,

but the (practical) fundamental limit is electronic noise.

Front-End Electronics for Detectors
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Basic Noise Mechanisms and Characteristics

Consider n carriers of charge e moving with a velocity v through a sample of length /. The induced
current i at the ends of the sample is

1=

[

The fluctuation of this current is given by the total differential
ne ’ ev ’
.\ 2
(i’ - (T<dv>j + (7<dn>j |
where the two terms are added in quadrature since they are statistically uncorrelated.

Two mechanisms contribute to the total noise:
® velocity fluctuations, e.g. thermal noise

e number fluctuations, e.g. shot noise
excess or “1/ f“ noise

Thermal noise and shot noise are both “white” noise sources, i.e.

P .
power per unit bandwidth (= spectral density) is constant: % = const.

Front-End Electronics for Detectors Helmuth Spieler
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1. Thermal Noise in Resistors

The most common example of noise due to velocity fluctuations is the thermal noise of resistors.

dP. .
Spectral noise power density vs. frequency f: ﬁ =4RT k = Boltzmann constant
T =absolute temperature
V2
since P = = = I’R R = DC resistance
2 .
the spectral noise voltage density ﬁ =e¢’ =4kTR
i ; dIr?oise 2 4kT
and the spectral noise current density — == = ———
df R

The total noise depends on the bandwidth of the system,
For example, the total noise voltage at the output of a voltage amplifier with the frequency

dependent gain A (f) is
v, = e AX() df
0

Note:  Since spectral noise components are not correlated, one must integrate over the noise
power.

Front-End Electronics for Detectors Helmuth Spieler
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Total noise increases with bandwidth.

SIGNAL

NOISE

24

log f

A
Total noise is the integral over
the shaded region.
A
A

S/N increases as noise bandwidth
is reduced until signal components
are attenuated significantly.

log f

>
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2. Shot noise

A common example of noise due to number fluctuations is “shot noise”,
which occurs whenever carriers are injected into a sample volume
independently of one another.

Example: current flow in a semiconductor diode
(emission over a barrier)

Spectral noise current density: 1> =2q,1 q, = electronic charge
I = DC current

A more intuitive interpretation of this expression will be given later.

Note:  Shot noise does not occur in “ohmic” conductors. Since the number of
available charges is not limited, the fields caused by local fluctuations in the
charge density draw in additional carriers to equalize the total number.

Front-End Electronics for Detectors Helmuth Spieler
2007 IEEE Nuclear Science Symposium LBNL



26

Low Frequency (“1/f”) Noise

In a semiconductor, for example, charge can be trapped and then released after a characteristic lifetime 7.

The spectral density for a single lifetime 102 -

S(f) e —— 10'

1+27fr)? _ 4
10° +——
1 _
For 2zfr>1: S(f)c— . 1ot 4 £=01
f e
S L, | ©=0.01
However, o= 10
several traps with different time constants <
can yield a “1/f “ distribution: 107 7
Traps with three time constants of 10
0.01, 0.1 and 1 s yield a 1/f distribution .
over two decades in frequency. 107
6 _|
Low frequency noise is ubiquitous — must not 10 S B B B B
have 1/f dependence, but commonly called 1/f 0.001 0.01 0.1 1 10 100
noise. FREQUENCY (Hz)
: dP, . 1 :
Spectral power density: L% = (typically = 0.5 - 2)
a [

Front-End Electronics for Detectors Helmuth Spieler
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Signal-to-Noise Ratio vs. Detector Capacitance

DETECTOR AMPLIFIER

VELOCITY OF
CHARGE CARRIERS

RATE OF INDUCED dag
CHARGE ON SENSOR "3~
ELECTRODES

QS
SIGNAL CHARGE ds /

@ @ Cdet

if R x(C,, +C,)> collection time,

et

Q _Jidt @

eak voltage at amplifier input V. = =
g J PP Y =0 =" ¢ "¢ +C

T
Magnitude of voltage depends on total capacitance at input!
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The peak amplifier signal V is inversely proportional to the total capacitance at the
input, i.e. the sum of

1. detector capacitance,
2. input capacitance of the amplifier, and

3. stray capacitances.

Assume an amplifier with a noise voltage v, at the input.

Then the signal-to-noise ratio

S Vi 1
- =2 oc —
N v C

n

e However, S/N does not become infiniteas C — 0
(then front-end operates in current mode)

e Theresultthat S/N o« 1/C generally applies to systems that measure signal charge.

Front-End Electronics for Detectors Helmuth Spieler
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Charge-Sensitive Amplifier — Noise vs. Detector Capacitance

In a voltage-sensitive preamplifier
e noise voltage at the output is essentially independent of detector capacitance,

i.e. the equivalent input noise voltage v, =v, [ A,.

e input signal decreases with increasing input capacitance, so signal-to-noise ratio depends on
detector capacitance.

In a charge-sensitive preamplifier, the signal at the amplifier output is independent of detector
capacitance (if C; > C,,).
What is the noise behavior?

e Noise appearing at the output of the preamplifier is fed back to the input, decreasing the output
noise from the open-loop value v, =v A, .

e The magnitude of the feedback depends on the shunt impedance at the input, i.e. the detector
capacitance.

Note, that although specified as an equivalent input noise, the dominant noise sources are typically
internal to the amplifier. Only in a fed-back configuration is some of this noise actually present at
the input. In other words, the primary noise signal is not a physical charge (or voltage) at the
amplifier input, to which the loop responds in the same manner as to a detector signal.

= S/N at the amplifier output depends on feedback.

Front-End Electronics for Detectors Helmuth Spieler
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Noise in charge-sensitive preamplifiers

Start with an output noise voltage U, , which is fed back to the input through the capacitive voltage
divider Cr— Ca.

1 N 1 Cf
XCf +XCd w Cf w Cd 11
Uno - Uni - - Uni II
X, b
o C,
DETECTOR \
U, =0, | 1+ Gy ¢ -A ¢ >
Cf /
Cd E—- Uni Uho
Equivalent input noise charge
Q _ Uno =V C — v v
ni AQ no —f ; = O
Qni = Uni (Cd + Cf)
Q, Q, 1 Q

Signal-to-noise ratio

Q. v.(C,+C) C v

Same result as for voltage-sensitive amplifier, but here o the signal is constant and

o the noise grows with increasing C.

Front-End Electronics for Detectors Helmuth Spieler
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As shown previously, the pulse rise time at the amplifier output also
increases with total capacitive input load C, because of reduced feedback.

In contrast, the rise time of a voltage sensitive amplifier is not affected by the input

capacitance, although the equivalent noise charge increases with C just as for the charge-
sensitive amplifier.

Conclusion

In general

e optimum S/N is independent of whether the voltage,
current, or charge signal is sensed.

e S/N cannot be improved by feedback.

Practical considerations, i.e. type of detector, amplifier technology, can favor one
configuration over the other.

Multi-electrode detectors (strips, pixels) require more complex analysis.

Front-End Electronics for Detectors Helmuth Spieler
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Strip Detector Model for Noise Simulations

Noise coupled from neighbor channels.

Analyze signal and noise in center

32

channel. ] |
Includes: sl T L T | Il
a) Noise contributions from neighbor I R L1
channels : T 1 T 1 1
b) Signal transfer to neighbor channels T T T
c) Noise from distributed strip resistance
d) Full SPICE model of preamplifier
1600 —
See Spieler, Semiconductor Detector Systems |
for discussion of noise cross-coupling
1500 —
Measured Noise of Module: _ i
k)
p-strips on n-bulk, BJT input transistor % 1400 —
2 |
Simulation Results: 1460 el (150 pA)
1230 el (300 pA) >
= Noise can be predicted with good accuracy. 1200 e
50 100 150 200 250 300
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3. Pulse Processing
Two conflicting objectives:

1. Improve Signal-to-Noise Ratio S/N

Restrict bandwidth to match measurement time — Increase pulse width

Typically, the pulse shaper transforms a narrow detector current pulse to
a broader pulse (to reduce electronic noise),

with a gradually rounded maximum at the peaking time 7p
(to facilitate measurement of the peak amplitude)

SENSOR PULSE SHAPER OUTPUT

= [\_

If the shape of the pulse does not change with signal level, the peak amplitude is also a measure
of the energy, so one often speaks of pulse-height measurements or pulse height analysis. The
pulse height spectrum is the energy spectrum.

Front-End Electronics for Detectors Helmuth Spieler
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2. Improve Pulse Pair Resolution —> Decrease pulse width

Pulse pile-up distorts amplitude measurement. Reducing pulse shaping time to 1/3 eliminates
pile-up.
a a
= =
:
2 2
TIME TIME

Necessary to find balance between these conflicting requirements. Sometimes minimum noise is
crucial, sometimes rate capability is paramount.

Usually, many considerations combined lead to a “non-textbook” compromise.

e “Optimum shaping” depends on the application!

e Shapers need not be complicated — Every amplifier is a pulse shaper!

Front-End Electronics for Detectors Helmuth Spieler
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Simple Example: CR-RC Shaping

HIGH-PASS FILTER LOW-PASS FILTER
‘DIFFERENTIATOR” ‘INTEGRATOR”

>“NVIT

Simple arrangement: Noise only 36% worse than optimum filter with same time constants.

= Useful for estimates, since simple to evaluate

Key elements: ) lower frequency bound (= pulse duration)
) upper frequency bound (= rise time)

important in all shapers.

Analogous functions can be combined in digital signal processors.

Front-End Electronics for Detectors Helmuth Spieler
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Other Types of Shapers
Shapers with Multiple Integrators

Start with simple CR-RC shaper and
add additional integrators
(n=1,n=2,.. n=8).

SHAPER OUTPUT

Change integrator time constants to
preserve the peaking time 7, =7 _ /n

1.0

0.8

0.6

0.4

0.2

0.0

n=8

n=1

n=2

n=4

36

TIME

Increasing the number of integrators makes the output pulse more symmetrical with a

faster return to baseline.

= Improved rate capability at the same peaking time.

Shapers with the equivalent of 8 RC integrators are common.

Usually, this is achieved with active filters,

(i.e. circuitry that synthesizes the bandpass with amplifiers and feedback networks).

Front-End Electronics for Detectors
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Time-Variant Shapers

Time variant shapers change the
filter parameters during the
processing of individual pulses.

A commonly used time-variant filter
is the correlated double-sampler.

1. Signals are superimposed on a
(slowly) fluctuating baseline

2. To remove baseline fluctuations
the baseline is sampled prior to
the arrival of a signal.

3. Next, the signal + baseline is
sampled and the previous
baseline sample subtracted to
obtain the signal

S/N depends on
1. time constant of prefilter
2. time difference between samples

See “Semiconductor Detector Systems”
for a detailed noise analysis.

Front-End Electronics for Detectors
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Pulse Shaping and Signal-to-Noise Ratio

Pulse shaping affects both the

e total noise

and

e peak signal amplitude

at the output of the shaper.

Pulse duration inversely proportional to bandwidth

—> fastshaping = higher bandwidth

Front-End Electronics for Detectors
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increased thermal noise
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Equivalent Noise Charge

e The primary signal quantity is a current.

The basic quantities of electronic noise are current and voltage.
e However, the absorbed energy translates into signal charge.

e Signal processing integrates the signal current and noise spectrum to yield a
measured signal proportional to charge (i.e. energy).

e Output noise can be characterized as an equivalent charge.
e Referred to the input, this is the equivalent noise charge (ENC).

Measurement: Inject known signal charge into preamp input
(either via test input or known energy in detector).

Determine signal-to-noise ratio at shaper output.

Equivalent Noise Charge = Input charge for which S/ N =1.

Front-End Electronics for Detectors Helmuth Spieler
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Ballistic Deficit

When the rise time of the input pulse to the shaper extends beyond the nominal peaking
time, the shaper output is both stretched in time and the amplitude decreases

1.0
Shaper output for an input rise
time ¢t =1 for various values of
C L 0.8
nominal peaking time.
Note that the shaper with 7, =0.5 & 54
peaks at £ =1.15¢ g
—
and % 0.4
<
attains only 86% of the pulse
height achieved at longer shaping 0.2 -
times.
0.0
0 2 4 6 8 10
Ballistic deficit = increased ENC NORMALIZED TIME (t/t))
Front-End Electronics for Detectors Helmuth Spieler
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Dependence of Equivalent Noise Charge on Shaping Time

10000 -

1000 4

EQUIVALENT NOISE CHARGE [el]

100 —T—TT T —T—TTTTrTY —— T —T—T T
0.01 0.1 1 10 100

SHAPING TIME [us]

Noise sources (thermal and shot noise) have a flat (“white”) frequency
distribution.

Why doesn’t the noise decrease monotonically with increasing shaping time
(decreasing bandwidth)?

Front-End Electronics for Detectors Helmuth Spieler
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Shot noise current from detector flows through detector capacitance.

T

G, = i2=2q,I, ©nd
This yields the voltage
: 1 1
€ns = a3 = 2q.1,

(o CD)2 |

nd (a) CD)

= The noise contribution decreases with increasing frequency (shorter shaping time)

Note: Although shot noise is “white”, the resulting noise spectrum is strongly

frequency dependent.

Front-End Electronics for Detectors
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In the time domain this result is more intuitive. Since every shaper also acts as an integrator, one can
view the total shot noise as the result of “counting electrons”.

Assume an ideal integrator that records all charge uniformly within a time 7. The number of electron
charges measured is

N LT
e qe

The associated noise is the fluctuation in the number of electron charges recorded

o = N T

Does this also apply to an AC-coupled system, where no DC current flows, so no electrons are
“‘counted”?

Since shot noise is a fluctuation, the current undergoes both positive and negative excursions.
Although the DC component is not passed through an AC coupled system, the excursions are. Since,
on the average, each fluctuation requires a positive and a negative zero crossing, the process of
“counting electrons” is actually the counting of zero crossings, which in a detailed analysis yields the

same result.

Helmuth Spieler
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Equivalent Noise Charge of a System

Two basic noise mechanisms: input noise current iy
input noise voltage ¢y,
: F
Equivalent Noise Charge: R:=1T, F + C*e TU
S
Where T Characteristic shaping time
(e.g. peaking time) Typical values of F; , F,
E, |, Shape- Factors™ that are CR-RC shaper F;i=0.924 F;=0.924
determined by the shape of
the pulse. CR-(RC)* shaper  F;j=045 Fy=1.02
C Total capacitance at the input CR-(RC) shaper  Fj=034 Fy=127
node
(detector capacitance + input CAFE chip Fi=04 Fy=1.2
capacitance of preamplifier
+ stray capacitance + ... )

Note that F; < F, for higher order shapers.

Shapers can be optimized to reduce current noise contribution relative to the voltage noise
(mitigate radiation damage!).
Minimum noise obtains when the current and voltage noise contributions are equal.

Front-End Electronics for Detectors Helmuth Spieler
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Equivalent Noise Charge vs. Shaping Time

—_—
o
N

EQUIVALENT NOISE CHARGE (e)
)

1/f NOISE
i CURRENT VOLTAGE
NOISE NOISE
10? +——— L
0.01 0.1 1 10 100
SHAPING TIME (us)
Front-End Electronics for Detectors Helmuth Spieler
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For a practical circuit:
DETECTOR BIAS
Cb

PREAMPLIFIER PULSE SHAPER

BIAS
RESISTOR

OUTPUT

DETECTOR Cy

ENC using a simple CR-RC shaper with peaking time 7':

2
Q ~ HZqI +4£—T+L j-T - (4kTRS+efm)-% + 4A.C;

P
current noise voltage noise 1/f noise
o 7 ocl/T independent of 7T’
independent of C, oc C? oc C?

Front-End Electronics for Detectors
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2

4kT+i3@j-T + (4kTRS+e§a)-g + 4A.C;
T

>~ || 2¢.1,+
Qn |:(qed R

P

T T T

current noise voltage noise 1/f noise

e Current noise depends on detector bias current I, and resistance R, shunting the input.

Also includes noise current amplifier (spectral density ¢__).

Increases with detector size, strongly temperature dependent.
Is independent of detector capacitance, consistent with the notion of “counting
electrons”.

Voltage noise increases with detector capacitance (reduced signal voltage).

Nose sources: Amplifier voltage noise (spectral density e ) and series resistance R

1/f noise is independent of shaping time.

In general, the total noise of a 1// source depends on the ratio of the upper to lower
cutoff frequencies, not on the absolute noise bandwidth.

For a given shaper topology this ratio remains constant.

detector leakage current and FET noise decrease with temperature

= Si and Ge detectors for x-rays and gammas operate at cryogenic temperatures.

Front-End Electronics for Detectors Helmuth Spieler
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Equivalent Noise Charge vs. Detector Capacitance (C = Cq + Cy)

Q - \/ 2FT +(C, +C, e’ F -

T
2C ¢*F 2
dQn B den v?
dC, JﬁET+«&+QQ%ﬁQ;
If current noise inZFl-T is negligible, i.e. voltage noise dominates: Zgn ~ 2e,
d
Zero intercept: @, |,  =C,e, F,/T T
input
stage

@ @n

SHAPER 1

SHAPER 2

@n(Ca)

Front-End Electronics for Detectors
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9. Examples: Photodiode Readout
(S. Holland, N. Wang, I. Kipnis, B. Krieger, W. Moses, LBNL)

Medical Imaging (Positron Emission Tomography)

1" Square Photomultiplier Tube

~a

Array of 64
Photodiodes

O

3
3

1Il

FEEEN

<@— 64 BGO Crystals

3 mm square

FSNSENENE.
FESNSENEN
FE..

Read out 64 BGO crystals with one PMT (timing, energy) and tag crystal by

segmented photodiode array.

Front-End Electronics for Detectors
2007 IEEE Nuclear Science Symposium
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!00 B T T T | T T 1 ] i 1 L) l T T T | T ]
Requires thin dead layer on photodiode to g 80 F -
maximize quantum efficiency. > I
9 i
S 60 B
2 - -
& i 1
o 40 F b
Thin electrode must be implemented with low g 3 '
resistance to avoid significant degradation of 5 I ]
electronic noise. 8 0r ]
0 [ TR R SN N SUNNY NN TRUNY A SR SR S N S N S R i
200 400 600 800 1000
Wavelength (nm)
10? 1Ty 100
E 107 : Current ]
Furthermore, low reverse bias current 3 3 N\ d
critical to reduce noise. > [\
z 107 -;/ 710
L . N
Q s ‘\‘- :
= : el .
Photodiodes designed and fabricated in 2 10"k ""}‘""“'”‘““""'"‘ i
i = F
LBNL Microsystems Lab. S : G e .
]0']2 I PN DIk N T SO TR A N TR SHUN N T TR S NN S S 1
0 20 40 60 80 100
Voltage (V)
Front-End Electronics for Detectors Helmuth Spieler
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Front-end chip (preamplifier + shaper): 16 channels per chip, die size: 2 x 2 mm?, 1.2 um CMOS

continuously adjustable shaping time (0.5 to 50 us)

Noise vs. shaping time Energy spectrum with BGO scintillator
2407 9mTc SPECTRUM
L .
©)
e
< 200 -
< n
th T =
0 5
> 160 o) 12.1% FWHM
= O
Z J
-
< 120 4 CAPACITOR
)
e i
LLl

80 T T

0.1 1 10 PULSE HEIGHT
PEAKING TIME (us)

Note increase in noise at long shaping times when
photodiode is connected - shot noise contribution.
Front-End Electronics for Detectors Helmuth Spieler
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Example: Short-Strip Si X-Ray Detector
(B. Ludewigt, C. Rossington, I. Kipnis, B. Krieger, LBNL)

Use detector with multiple strip electrodes not for position resolution,
but for segmentation — distribute rate over many channels
= reduced capacitance
— low noise at short shaping time
=

higher rate per detector element

For x-ray energies 5 — 25 keV = photoelectric absorption dominates
(signal on 1 or 2 strips)

Strip pitch: 100 um

Strip Length: g i 1 [“-p*B-implant
2 mm (matched to ALS) Lo 10um— |—
VA n - Si 300 pum A
: A
¥ — N* polysilicon
NN N N N NN W N N N U W W L N N N N 1.2 um
Al electrode

Front-End Electronics for Detectors 0.1 pm er
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Readout IC tailored to detector

Preamplifier + CR-RC? shaper + cable driver to bank of parallel ADCs
(M. Maier + H. Yaver)

Preamplifier with pulsed reset.

Shaping time continuously variable 0.5 to 20 us.

CHARGE-SENS. CR RC RC VARIABLE GAIN OUTPUT
PREAMPLIFIER

INTOUT
VFB GI
— VREF |
RST - G |: - p p b
a —i| I I
SIGIN s ﬁ
ww——t’ =TS
T = i
L0 > D>
ot d l VCR + VRC u
MERERNE
Front-End Electronics for Detectors Helmuth Spieler
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Noise Charge vs. Peaking Time

e Open symbols: preamplifier
alone and with capacitors
connected instead of a
detector.

e Connecting the detector
increases noise because of
added capacitance and
detector current (as indicated
by increase of noise with
peaking time).

e Cooling the detector reduces
the current and noise
improves.

Front-End Electronics for Detectors
2007 IEEE Nuclear Science Symposium

EQUIVALENT NOISE CHARGE (e)

80

60

40 -

20 -

55

® DETECTOR, 22C
B DETECTOR, -5C

/A PREAMP ALONE, -5C
] 0.38 pF, -5C

O 0.75 pF, -5C

! | ! | ! | ! | ! | ! |
1 2 3 4 5 6
PEAKING TIME (us)

Helmuth Spieler
LBNL



56

Second prototype

Current noise negligible because g DETECTOR AT -25C
of cooling. 0 30 -
O
“Flat” noise vs. shaping time EE
indicates that 1/f noise 5
dominates.
ominates (,_}_,) 20 4 _e
O
Z
|_
P ]
“ 10 -
<
2 -
)
g
LIJ -
0 - I - | ' |
0 2 4 6
PEAKING TIME (us)
Front-End Electronics for Detectors Helmuth Spieler
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Numerical expression for the noise of a CR-RC shaper
(FET input, amplifier current noise negligible)

(note that some units are “hidden’ in the numerical factors)

2
Q:=121,7 + 6-105R£ + 3.6-10" e % [rms electrons®]
P

T  shaping time constant [ns]

I, detector bias current + amplifier input current [nA]
R, input shunt resistance [kQ)]

e equivalent input noise voltage spectral density [nv/~Hz ]

C total input capacitance [pF]

@, =1el correspondsto 3.6 eVin Si
29¢eVinGe

Front-End Electronics for Detectors Helmuth Spieler
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“Series” and “Parallel” Noise

For sources connected in parallel, currents are additive.
For sources connected in series, voltages are additive.

= In the detector community voltage and current noise are often
called “series” and “parallel” noise.

The rest of the world uses equivalent noise voltage and current.

Since they are physically meaningful, use of these widely understood terms is
preferable.

Front-End Electronics for Detectors Helmuth Spieler
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4. Some Other Aspects of Pulse Shaping

Baseline Restoration

Any series capacitor in a system prevents
transmission of a DC component.

AMPLITUDE

A sequence of unipolar pulses has a DC
component that depends on the duty factor, i.e. /\

the event rate.

=  The baseline shifts to make BASELINE T _J NI AN TV 1=
the overall transmitted charge equal zero.

Random rates lead to random fluctuations of the baseline shift =  spectral broadening

e These shifts occur whenever the DC gain is not equal to the midband gain
The baseline shift can be mitigated by a baseline restorer (BLR).

Front-End Electronics for Detectors Helmuth Spieler
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Principle of a baseline restorer:

Connect signal line to ground during the absence of a signal to establish the baseline
just prior to the arrival of a pulse.

IN — : ouT

R, R,

{

R, and R, determine the charge and discharge time constants.
The discharge time constant (switch opened) must be much larger than the pulse width.

Originally performed with diodes (passive restorer), baseline restoration circuits now tend to include

active loops with adjustable thresholds to sense the presence of a signal (gated restorer).
Asymmetric charge and discharge time constants improve performance at high count rates.

e This is a form of time-variant filtering. Care must be exercised to reduce noise and switching artifacts
introduced by the BLR.

e (Good pole-zero cancellation (next topic) is crucial for proper baseline restoration.

Front-End Electronics for Detectors Helmuth Spieler
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Tail (Pole Zero) Cancellation

RF
Feedback capacitor in charge
sensitive preamplifier must be | I | )
discharged. Commonly done g 2
with resistor. r =
I;IEJ
TIME
Output no longer a step, but decays exponentially !
Exponential decay superimposed on shaper output. . )
= undershoot %
v
= loss of resolution £
due to baseline %
variations Rz
A = A
n TIME
_ _ e | B 1
Add R, to differentiator: o
Ra 5
|_
8
i
“zero” cancels “pole” of preamp when RrCr = R,,.Cy =
Technique also used to compensate for “tails” of
detector pulses: “tail cancellation” -
Front-End Electronics for Detectors Helmuth Spieler
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Bipolar vs. Unipolar Shaping

Unipolar pulse + 2" differentiator

—> Bipolar pulse

Electronic resolution with bipolar shaping
typ. 25 — 50% worse than for corresponding
unipolar shaper.

However ...

e Bipolar shaping eliminates baseline shift
(as the DC component is zero).

e Pole-zero adjustment less critical

AMPLITUDE

0.4

0.3

0.2

0.1

62

BASELINE \\/

T y T y T y 1
2 4 6 8
NORMALIZED TIME ¢/ T

e Added suppression of low-frequency noise (see Part 7).

e Not all measurements require optimum noise performance.
Bipolar shaping is much more convenient for the user
(important in large systems!) — often the method of choice.

Front-End Electronics for Detectors
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2. Timing Measurements

63

Pulse height measurements discussed up to now emphasize accurate measurement of

signal charge.

e Timing measurements optimize determination of time of occurrence.

° For timing, the figure of merit is not signal-to-noise, but slope-to-noise ratio.

Consider the leading edge of a pulse fed into a threshold discriminator (comparator).

The instantaneous signal level is modulated

by noise.

= time of threshold crossing fluctuates

0 _ Gn ~ tr
‘~ dV| "~ SIN
dt |,

t =rise time

Typically, the leading edge is not linear, so the
optimum trigger level is the point of maximum
slope.

Front-End Electronics for Detectors
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=
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Pulse Shaping

Consider a system whose bandwidth is determined by a single RC integrator.
The time constant of the RC low-pass filter determines the

e rise time (and hence dV/dt)

o amplifier bandwidth (and hence the noise)
Time dependence: V.it)=V,1- e™t'")

The rise time is commonly expressed as the interval between the points of 10% and
90% amplitude

t =221
In terms of bandwidth
L =292 7= 2.2 _ 0.35
2z f, f,

Example: An oscilloscope with 100 MHz bandwidth has 3.5 ns rise time.

For a cascade of amplifiers: ¢ =~ \/ £+, + ..+

rn

Front-End Electronics for Detectors Helmuth Spieler
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Choice of Rise Time in a Timing System

Assume a detector pulse with peak amplitude V), and a rise time ¢. passing through an
amplifier chain with a rise time ¢,,.

1. amplifier rise time > signal rise time:

Noise o ,/f, o« ti
dV 1
o

increase in bandwidth = improvement in dV /dt outweighs increase in noise.
2. amplifier rise time <« signal rise time

increase in noise without increase in dV /dt

Optimum: The amplifier rise time should be chosen to match the signal rise time.

Differentiation time constant: choose greater than rise time constant
(74 =107, incurs 20% loss in pulse height)

Front-End Electronics for Detectors Helmuth Spieler
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Time Walk

For a fixed trigger level the time of threshold §
crossing E
depends on pulse amplitude. o
<
= Accuracy of timing measurement limited by
e jitter (due to noise)
Vr
e time walk (due to amplitude variations)

TIME

—»

AT = “WALK”"
If the rise time is known, “time walk” can be compensated in software event-by-event by
measuring the pulse height and correcting the time measurement.
This technique fails if both amplitude and rise time vary, as is common.

In hardware, time walk can be reduced by setting the threshold to the lowest practical level,
or by using amplitude compensation circuitry, e.g. constant fraction triggering.

Front-End Electronics for Detectors Helmuth Spieler
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Lowest Practical Threshold

Single RC integrator has maximum slope at 7= O: %(1 —e') =

67

e—t/r

1
T

However, the rise time of practically all fast timing systems is determined by multiple time

constants.

For small ¢ the slope at the output of a single RC integrator is linear, so initially the pulse

can be approximated by a ramp « .
Response of the following integrator
V=at - V=alt-1)-are’

= The output is delayed by 7
and curvature is introduced at small ¢.

Output attains 90% of input slope after
t=2.3r.

Delay for n integrators=nr

Front-End Electronics for Detectors
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Additional RC integrators introduce more curvature at the beginning of the pulse.

1.0

Output pulse shape for multiple RC 08

integrators
0.6
(normalized to preserve the

peaking time, 7, =7, /n) 04

SHAPER OUTPUT

0.2

0.0

TIME

Increased curvature at beginning of pulse limits the minimum threshold for good timing.

= One dominant time constant best for timing measurements

Unlike amplitude measurements, where multiple integrators are desirable to improve
pulse symmetry and count rate performance.

Front-End Electronics for Detectors Helmuth Spieler
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Example

y -y coincidence (as used in positron emission tomography)

PREAMP TIMING
Positron annihilation emits ox (FAST) DISCR.
two collinear 511 keV At ‘> | . )
hotons.
Each detector alone will ;
register substantial CAMPLE & 2 x Sitkev ) \, FAST
background. ' CONADENCE
Non-coincident background 7% _ﬂ_
can be suppressed by ) l >_ i ] &
. e . RA‘TE h’_
requiring simultaneous _ )
signals from both detectors. o < N gemi;e‘m.
(Stow)
e Each detector feeds a
fast timing channel. I M = Ax
e The timing pulses are SLOW CHANNEL

combined in an AND
gate (coincidence unit). The AND gate only provides an output when two timing pulses
overlap.

e The coincidence output is used to open a linear gate, that allows the energy signal to
pass to the ADC.

Front-End Electronics for Detectors Helmuth Spieler
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This arrangement accommodates the contradictory requirements of timing and energy

70

measurements. The timing channels can be fast, whereas the energy channel can use slow

shaping to optimize energy resolution (“fast-slow coincidence”).

Chance coincidence rate

Two random pulse sequences have some probability of coincident events.

If the event rates in the two channels are n; and »,, and the timing pulse widths are A,

and 41, the probability of a pulse from the first source occurring in the total
coincidence window is

P =n,-(At, +At,)
The coincidence is “sampled” at a rate n,, so the chance coincidence rate is

nc :Pl.nz
n,=n,-n, (At +At,)

i.e. in the arrangement shown above, the chance coincidence rate increases with
square of the source strength.

Example: n,=n,=10°s"

At =At,=5ns = n_=10"s"

Front-End Electronics for Detectors Helmuth
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Fast Timing: Comparison between theory and experiment

Time resolution o« 1/(S/N) 1000 =

At S/N<100 the measured curve lies
above the calculation because the 2 4004
timing discriminator limited the rise time. ]

S rms)

MEASURED

At high S/N the residual jitter of the time CALCULATED

digitizer limits the resolution. 10 3

TIME RESOLUTION

1 Ll Ll IIIIIII Ll Ll IIIIIII

10 100 1000
SIGNAL-TO-NOISE RATIO

For more details on fast timing with semiconductor detectors, see

H. Spieler, IEEE Trans. Nucl. Sci. NS-29/3 (1982) 1142.
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Digital Signal Processing

0.5 —
< 04—
2 i
Sample detector signal with fast digitizer to 5 05
reconstruct pulse: 2
o i
;.’ 0.2 —
Then use digital signal processor to perform 5 y
mathematical operations for desired @ 0.1+
pulse shaping. ®
0.0 ' | ' | ' |
0 10 20 30
TIME (ns)
DETECTOR PREAMP ADC DSP
INCIDENT
RADIATION PUBLICATION
AN ——>

DSP allows great flexibility in implementing filtering functions.

However: increased circuit complexity
increased demands on ADC, compared to traditional shaping.

Front-End Electronics for Detectors Helmuth Spieler
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Important to choose sample interval sufficiently
small
to capture pulse structure.

Sampling interval of 4 ns misses initial peak.

With too low a sampling rate high frequency
components will be “aliased” to lower frequencies:

Applies to any form of sampling
(time waveform, image, ...)

Nyquist condition:
Sampling frequency > 2x highest signal frequency

Front-End Electronics for Detectors
2007 IEEE Nuclear Science Symposium

SIGNAL CURRENT
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®
0.0 T I T I T I
0 10 20 30
TIME [ns]
ACTUAL ALIASED
WAVEFORM WAVEFORM
T T, T, T, T, T T, "

SAMPLING TIMES

Helmuth Spieler
LBNL



74

—> Requires

e Fast ADC +

e Pre-Filter to limit signal bandwidth

DETECTOR PREAMP PRE-FILTER ADC DSP

Front-End Electronics for Detectors Helmuth Spieler
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e Dynamic range requirements for ADC may be more severe than in analog filtered system
(depending on pulse shape and pre-filter).

¢ Digitization introduces additional noise (“quantization noise”)
If one bit corresponds to an amplitude interval A, the quantization noise
Al2 2 2
U A
o = J. — dv =

v A 12

—A/2

(differential non-linearity introduces quasi-random noise)

e Electronics preceding ADC and front-end of ADC must exhibit same precision as
analog system:

Baseline and other pulse-to-pulse amplitude fluctuations less than order
0,110, i.e. typically 10 in high-resolution systems.

For 10 V FS at the ADC input this corresponds to <1 mV.

—> ADC must provide high performance at short conversion times.

Today this is technically feasible for some applications, e.g. detectors with moderate
to long collection times (y and x-ray detectors).

Front-End Electronics for Detectors Helmuth Spieler
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Digital Filtering
Filtering is performed by convolution:

S (n) = NZIW(/@) .S.(n—k)

W(k) is a set of coefficients that describes the weighting function yielding the desired pulse
shape.

A filter performing this function is called a Finite Impulse Response (FIR) filter.

This is analogous to filtering in the frequency domain.

In the frequency domain the result of filtering is determined by multiplying the responses of
the individual stages:

G(f) =G, (f) - Gy(f)
where G,(f) and G,(f) are complex numbers.

The theory of Fourier transforms states that the equivalent result in the time domain is
formed by convolution of the individual time responses:

gt)=g,@)*g,1)= [ g,()- g, -dr,
analogously to the discrete sum shown above.

Front-End Electronics for Detectors Helmuth Spieler
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Benefits of digital signal processing:
Flexibility in implementing filter functions

Filters possible that are impractical in hardware

Simple to change filter parameters

Tail cancellation and pile-up rejection easily incorporated

Adaptive filtering can be used to compensate for pulse shape variations.
Where is digital signal processing appropriate?
e Systems highly optimized for
Resolution
High counting rates
e Variable detector pulse shapes

Where is analog signal processing best (most efficient)?
e Fast shaping (e.g. LHC)
e Systems not sensitive to pulse shape (fixed shaper constants)
¢ High density systems that require small circuit area or low power

Both types of systems require careful analog design.
Progress in fast ADCs (precision, reduced power) will expand range of DSP applications.

Front-End Electronics for Detectors Helmuth Spieler
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8. Readout Systems

Example: Si strip detector

On-chip Circuits

PREAMPLIFIER SHAPER ANALOG PIPELINE ADC
TOKEN IN
——1 ANALOG SIGNAL PROCESSING -
SPARSIFICATION
——1 ANALOG SIGNAL PROCESSING CONTROL
DIGITAL «—
——1 ANALOG SIGNAL PROCESSING CONTROL DATA OUT
——1 ANALOG SIGNAL PROCESSING ouTPUT
DRIVERS TOKEN OUT
—— ANALOG SIGNAL PROCESSING >

TEST PULSE GENERATOR, DACs, R/ W POINTERS, etc.

Inside a typical readout IC: 128 parallel channels of analog front-end electronics
Logic circuitry to decode control signals, load DACs, etc.
Digital circuitry for zero-suppression, readout

Front-End Electronics for Detectors
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Readout of Multiple ICs

STRIP DETECTOR

IC3

IC2

IC1

|_ T

jjas

79

» TOKEN
PASSING

CONTROL BUS

) DATABUS

IC1 is designated as master.

Readout is initiated by a trigger signal selecting appropriate time stamp to IC1.
When all data from IC1 have been transferred, a token is passed to IC2.
When IC3 has finished, the token is passed back to IC1, which can begin a new cycle.

Front-End Electronics for Detectors
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ATLAS Silicon Strip system (SCT): ABCD chips mounted on hybrid
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ATLAS SCT Detector Module

BeO FACINGS

HYBRID ASSEMBLY

SLOTTED WASHER

«

BASEBOARD TPG
DATUM WASHER CONNECTOR
BeO FACINGS

SILICON SENSORS

Front-End Electronics for Detectors Helmuth Spieler
2007 IEEE Nuclear Science Symposium LBNL



82

TN
o

R PR T

gl ¥ 1 -
Yl FMigmiTe

|
oty B gt B |

Fron, eler
2007 1£EE Nuctear dclence SYmposium LBNL



83

Cross Section of Module

READOUT ICs Cu-POLYIMIDE FLEXIBLE CIRCUIT (0.27)
AIR GAP (0.4)
BeO FACING (0.25) \
k 7770 7777\ [
— 111 Ni1i—— 11 111 111
I < AW
/ A\
07 1 O 11l I T S\
/ ) [ovd v \ s e veza
COOLING BLOCK SILICON SENSORS (0.285)
CONNECTOR CARBON-CARBON BRIDGE (0.3) TPG HEAT SPREADER (0.38)
1mm WITH PARYLENE COATING (0.01) WITH EPOXY COATING (0.02)
10mm
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9. Summary

Front-end electronics critical to obtaining high energy and time resolution.
Equivalent noise charge increases with detector capacitance.

Pulse shaping is compromise between low noise and pulse rate.

Fast shaping = Higher noise

Pulse shapers can be implemented with both analog and digital circuitry
Digital processing well-suited for small scale systems
In high-density systems where size and power are crucial,
analog processing is more efficient.
Detector systems utilizing high-density integrated circuits are widely used in high-energy
physics (10° — 10° channel systems) and now in astrophysics (e.g. GLAST).

Technology making its way into medical imaging and light source applications.
Successful systems rely on many details that go well beyond “headline specs”.

Crucial technology for many applications, well into the future!
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