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Abstract
The development of new detection systems based on arrays of Silicon Drift Detectors (SDD) used for new X-ray
spectroscopy applications, like X-ray Holography and EXAFS experiments, requires the realization of suitable integrated lownoise electronics for the readout of the detector signals. Recently a new VLSI time variant signal processor called ROTOR has
been developed. Despite its time variant nature ROTOR is capable of correctly processing events randomly distributed along
the time axis thanks to the employment of the Concurrent Wheel Technique (CWT). Two different possible solutions for the
ROTOR chip have been developed, both suitable for the CWT working mechanism. A theoretical comparison between the
noise performances of the two filtering methods has been carried out and is presented in this work.
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1. Introduction
In recent years, the availability of intense photon
flux provided by new high brilliance sources, like
synchrotron light source, has brought to the
development
of
new
X-Ray
spectroscopy
applications, like X-Ray Holography [1] and EXAFS
experiments [2].
Such applications require multi-element detectors
with high-rate and high-resolution capabilities. In
particular, detection systems based on arrays of

Silicon Drift Detectors (SDD) with on-chip
electronics [3] have been developed.
These detectors allow to operate with good energy
resolution at high counting rates near room
temperature simply by means of a Peltier cooler [4].
The number of channels (about 1000) foreseen to
fully exploit the intense photon flux generated by a
synchrotron source required the realization of a
suitable low noise integrated readout electronics, in
order to limit the size and the power consumption of
the system.
The main requirements for this electronics are:
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a) capability of handling asynchronous events with
no trigger signal

2. Working Principle of the Concurrent Wheel
Technique

b) energy resolution below 300eV @ 6 KeV, using
a SDD

As can be better understood with the help of
Fig.1, the CWT working principle is based on the use
of a certain number (4 in Fig.1) of processors, called
wheels, working in parallel; each one performs a flattopped weighting function cyclically.
The weighting functions are suitably shifted one
with respect to the other, in order that the sequence of
the flat-tops covers the whole time axis. In this way,
for any arrival time of the signal, there is at least one
wheel that processes it with the maximum gain, i.e.
with its flat-top.
The outputs of the different wheels are
sequentially sampled and held on a common
capacitor at the end of the corresponding weighting
functions. The voltage on the hold capacitor during
the sequence of the different measurements results in
a “staircase-like” waveform. The peak value of this
staircase corresponds to the wheel that has processed
the signal with its flat-top. It can be stretched and
converted by an ADC.
As already mentioned, each wheel must perform a
flat-topped weighting function cyclically. TCYCLE is
defined as the time interval between the beginning of
a weighting function and the beginning of the next
one belonging to the same wheel. It is greater than
the time length of the weighting function TWIDTH,
because some time is needed to acquire the signal and
reset the circuit. It is now clear from Fig.2 that the
minimum number of wheels
TCYCLE
N=
needed to cover the time axis is:
TFLAT − TOP

c) compatibility with monolithic integration in
CMOS technology
d)
maximum
30mW/channel

power

consumption

of

Recently a new VLSI time variant signal
processor, called ROTOR, has been realized [5,6].
Despite its time variant nature, ROTOR is capable
of correctly processing events randomly distributed
along the time axis even if no trigger signal is
available, thanks to the employment of the
Concurrent Wheel Technique (CWT).
This time variant approach makes it possible to
obtain a finite-width weighting function, keeping all
the advantages of the classical continuos time
spectroscopy amplifiers (no trigger required, very
low level discrimination).
Two different possible implementations of the
ROTOR amplifier have been developed, both suitable
for the CWT working mechanism.
The first implements a trapezoidal weighting
function by means of the Switched Current
Technique (SCT). The second performs a quasi
trapezoidal weighting function, obtained by the sum
of eight exponential functions, by means of the Multi
Correlated Double Sampling (MCDS).
In this work we present a theoretical comparison
between the noise performances of the two systems.
The noise coefficients used to evaluate the Equivalent
Noise Charge (ENC) of the two filters have been
calculated and are discussed in this paper. Moreover,
additional causes of loss of resolution due to the use
of the CWT have been investigated, taking also into
account the circuital complexity for the realization of
the two different solutions.

where TFLAT-TOP is the time length of the flat-top.
N decreases as the ratio between the flat-top and the
width of the weighting function increases.
However, increasing the length of the flat-top, the
noise performances of the filter are worsened, as it
will be shown in the following paragraphs. So a
compromise between energy resolution and number
of wheels to be implemented in a practical realization
has to be achieved.
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Eventually it can be stated that the total width of the
weighting function is to be chosen shorter than the
inverse of the counting rate:
TAverage >>TWIDTH
where TAverage is the average time between two input
signals.

3. Switched Current Technique
The SCT [5] allows to realize a trapezoidal
weighting function as shown in Fig. 3. How to obtain
such a weighting function can be better explained
with the help of Fig. 4. The output of the preamplifier
is converted into the two currents I+ and I-, having the
same amplitude, proportional to the input pulse, and
opposite signs. The timing of the circuit, controlled
by a digital shift register integrated on the chip,
consists of four intervals TINT1, TFT, TINT2 and TSERV.
During TINT1 the current I+ is integrated, during TFT
no current is integrated and during TINT2 current I- is
integrated. TSERV is needed to acquire the output
signal VOUT at the end of the second integration and
to reset the circuit. VOUT is equal to:
VOUT =

∫

TINT 1

0

I (t ) −

∫

TINT 1 +TFT +TINT 2

TINT 1 +TFT

I (t )

where I(t)=I+(t)=-I-(t).
Fig. 4 shows the output values at the measurement
time TM for different arrival times of the input signal.
It is clear that if the input signal arrives between
the two integrations (during TFT), it is amplified with
the maximum gain.
If we assume to have a δ-like input pulse, the
obtained weighting function gets closer to the
trapezoidal shape as the output of the preamplifier
approaches the sharp step shape, i.e. as the bandwidth
of the preamplifier can be approximated to be
infinity.

4. Multi Correlated Double Sampling
Fig. 5 shows the working principle of the MCDS.
In this case the signal, instead of being integrated, is
sampled eight times.
Again the cyclical timing of the circuit can be
divided into the four parts TS1, TFT, TS2 and TSERV.
During TS1 the output of the preamplifier is sampled
4 times. During TFT no samples are taken and during
TS2 a series of 4 more samples is taken.
The samples belonging to the two different series
have opposite sign. In this way, at the measurement
time TM, following the last sample, the output voltage
of the filter is:
4

VOUT =

∑
i =1

8

V (i ) −

∑V (i)
i =5

where V(i) is the voltage at the output of the
preamplifier at sampling instant i.
Again it is evident that if the input signal arrives
between the two series of samplings it is amplified
with the maximum gain.
As the output of the preamplifier approaches the
sharp step shape, the weighting function gets closer
to the staircase shown in Fig. 6.
As it will be clear later, this is not acceptable,
because the series noise, depending on the derivative
of the weighting function, would increase
indefinitely. It follows that some bandwidth
limitation of the preamplifier must be introduced to
obtain the smoothed weighting function also shown
in Fig. 6 and reduce the series noise. This is not
necessary in the SCT case.
It is now worthwhile to point out that the limitedbandwidth weighting function of Fig. 6 doesn’t have
a real flat-region. As it will be evaluated in detail
later, this will cause an additional loss of resolution
when processing asynchronous signals with the
CWT. It will be so necessary to find a compromise
between series noise and bandwidth of the circuit.
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wSCT (t ) =

5. ENC and noise coefficients
To make a comparison between the two different
filtering techniques, it is first of all necessary to
evaluate the coefficients A1, A2 and A3 of the well
known expression [7] of the Equivalent Noise Charge
(ENC):
ENC 2 =

bf ⎤
⎡
CT2 A1 + ⎢2πa f CT2 +
⎥ A2 + bτA3
τ
2π ⎦
⎣
a

1

τ

[tu (t ) − (t − τ )u (t − τ ) − (t − ατ )u (t − ατ )
+ (t − (α + 1)τ )u (t − (α + 1)τ )]

where u(t) is the Heaviside function. The function
wSCT(t) is assumed to be normalized to unity peak
value. Max[wSCT(t)]=1.
With these definitions the noise coefficients can
be calculated with (1) as:
A1 = 2

A1 weights the white series noise, A2 the 1/f noise
and A3 the white parallel noise. They can be
calculated using the following time domain
expressions:

A2 =

1

π

[(α + 1) 2 ln(α + 1) + (α − 1) 2 ln(α − 1) − 2α 2 ln α ]

A3 = α −

1
3

+∞

A1 =

∫

A2 =

∫

A3 =

∫

−∞

[ w′( y )]2 dy

(1.a)

+∞

[ w (1/ 2) (t )]2 dt

(1.b)

[ w ( y )]2 dy

(1.c)

−∞
+∞

−∞

where w(t) is the weighting function and y=t/τ is the
time normalized to the shaping time τ. w(1/2) is the
derivative of order ½ of the weighting function [8].
From (1.a) it is clear that the series noise increases
indefinitely as the slope of the weighting function
increases.

5.1. SCT Noise Coefficients
Fig. 7a shows the definitions used in the
calculation of the noise coefficients for the SCT
weighting function wSCT(t).
Defining the shaping time τ as the time interval
corresponding to the first integration, (α-1)τ as the
flat-top length and (α+1)τ as the total width of the
weighting function, wSCT(t) can be written as:

Fig. 8 and 9 show A1,A2 and A3 as functions of α, i.e.
as functions of the flat-top length. As we can expect
A1 is constant, since the slope of the flat-top is zero,
while A2 and A3 increase logarithmically and linearly
respectively.
We can conclude that the 1/f noise and the white
parallel noise increase as the flat-top length increases.

5.2. MCDS Noise Coefficients
We have calculated the SCT noise coefficients
without taking into account the effects of the finite
bandwidth of the circuit. In other words, we have
supposed to have a sharp step waveform at the output
of the preamplifier, as the response to a δ-like input
pulse. In practice it is possible to choose a
preamplifier sufficiently fast to make the effect of its
finite bandwidth negligible. This is not possible in the
MCDS case, since a bandwidth limitation must be
introduced to limit the series noise. It follows that a
parameter describing the bandwidth of the circuit
should appear in the expression of the weighting
function.
Under these consideration the MCDS folded
weighting function wMCDS(t) can be written as:
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t

1

1

−
− (t − τ )
1
1
wMCDS (t ) = [(1 − e q )u (t ) + (1 − e q 4 )u(t − τ )
4
4

+ (1 − e
− (1 − e
− (1 − e
− (1 − e

1 1
− (t − τ )
q 2

−

t −ατ
q

1

3

− (t − τ )
1
3
)u(t − τ ) + (1 − e q 4 )u (t − τ )
2
4

)u (t − ατ ) − (1 − e

1
1
− (t −(α + )τ )
q
2
1
3
− (t −(α + )τ )
q
4

1
1
− (t −(α + )τ )
q
4

1
)u(t − (α + )τ )
4

1
)u(t − (α + )τ )
2
3
)u(t − (α + )τ )]
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With regard to the coefficient A2, it has been
necessary to make a numerical integration with the
PC. Table 1 reports the obtained values. It is possible
to see, also from Fig. 10 and 11, that A1 is almost
independent on α and A2 and A3 increase with α
approximately with the same trend as in the SCT
case. A1,A2 and A3 are then decreasing functions of k.
What is really important to notice is that A1, and
therefore the series noise, increases indefinitely as k
decreases, i.e. as the bandwidth of the circuit
increases. On the other hand it must be considered
that in the MCDS case a real flat region doesn’t exist,
since also the nominal flat-top has a non-zero slope.
Limiting the bandwidth of the circuit the series noise
is reduced, but the slope of the flat-top increases.

wMCDS(t)1 is normalized in such a way that:
lim Max[ wMCDS (t )] = 1

6. Effects of the non-zero slope of the flat-top in
MCDS case

As shown in Fig. 7b the shaping time τ is defined as
four times the time interval between two samplings
of the same series. q is the time constant of the
exponential functions (depending on the bandwidth
of the preamplifier), (α-1)τ is the nominal flat-top
and (α+1)τ is the nominal width of the weighting
function.
Putting k=q/τ, A1 and A3 can be determined as:

Since the input signals have a random occurrence
in time, they can hit any point of the flat-top and a
big slope can result in significantly different output
amplitudes related to the same input pulse.
The flat-top expression is:

q →0

1

−
−
1
A1 =
[ 4 + 6e 4 k − e
16 k

+ 2e
−e

−

A3 = α −

−

3
4k

3+ 4α
4k

− 3e

−

4α −1
4k

1 −
e
4

+

1 −
e
4

− 4e

−

+ 4e

−

1
2k

α
k

− 3e

−

− 2e

1+ 4α
4k

−

2α −1
2k

− 2e

−

1+ 2α
2k

]

5 1 3 −
+ k[ e
16 4 4

+

4α − 3
4k

3+ 4α
4k
4α − 3
4k

+

1 −
e
2

+

1 −
e
2

1+ 4α
4k
1+ 2α
2k
2α −1
2k

−1− e

−

1
2k

t

−e

−

1
1
(t − τ )
2
kτ

3

3 − 4k
e
2

1

−e

−

1
3
(t − τ )
kτ
4 ]

(2)

where τ≤ t≤ ατ.
Considering the input events uniformly distributed in
time, i.e. considering the arrival time of the signal a
random variable T with distribution

1

−

1

−
− (t − τ )
1
w flat , MCDS (t ) = [4 − e kτ − e kτ 4
4

f T (t ) =

1
(α − 1)τ

α

−

−
1 − 4k
e
+e k
2

+

3 −
e
4

4α −1
4k ]

———
1
The use of the folded expression is justified by simpler
calculations ant it doesn’t affect in any way the obtained results.

in the interval τ≤ t≤ ατ, the probability density of the
flat-top values wflat that process the signal can be
calculated from (2) with the transformation method
[9]. It turns out to be:
f W Flat ( w flat ) =

k
(α − 1)(1 − w flat )
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with wMCDS(τ)≤wflat≤wMCDS(ατ)
It is clear that the standard deviation σw,flat of this
distribution decreases as α increases, but –as seen in
the previous paragraph- the noise increase as the flattop gets wider. Moreover σw,flat goes to zero with k,
but the series noise increases indefinitely.
The signal to noise ratio can be expressed in terms
of r.m.s. values as:
S
=
N

QIN
2
ENC 2 + QIN

σ W2 , flat
2
w flat

It is now important to point out that the noise term
at the denominator depends also on the input charge
QIN. The shape of the spectrum of the signal at the
multichannel analyzer is not gaussian anymore and
depends on the input charge. The spectrum is now the
convolution of the gaussian waveform due to the
electronic noise with the distribution of the output
values ρout2:
f Qout ( ρ out ) =

k
(α − 1)(QIN − ρ out )

where QINwMCDS(τ)≤ρout≤QINwMCDS(ατ), due to the
slope of the nominal flat-top.
We should have such a σw,flat that makes the term
QIN

σ w, flat
w flat

small with respect
to
the ENC term for any
possible charge in the dynamic input range.
Given k and α, to estimate the maximum error, we
evaluate the line broadening related to the maximum
input signal. For example with k=0.076, α=2 and an
input charge of 8333 electrons (corresponding to 30
KeV using a SDD), it is:

QIN

σ w, flat
w flat

This is a relatively high contribution that may not be
tolerated in high-resolution X-ray spectroscopy with
SDDs.
Since, as already stated, we cannot vary the
parameters α and k beyond certain limits because of
the electronic noise, we must operate in a different
way, in order to reduce the loss of resolution
associated to the non-zero slope of the flat-top. Given
suitable values of α and k, we define an effective flattop (Fig. 7b), shorter than the nominal one, in which
the change of the gain between the minimum and the
maximum value is less than a given quantity
εMax[wMCDS(t)] (with e.g. ε=1%). We must now
cover the time axis with the sequence of the effective
flat-tops, instead of the nominal ones. Obviously in
this way more wheels may be needed.

7. Comparison between SCT and MCDS using the
CWT
A possible comparison between SCT and MCDS
can be made using the systems with the same
counting rate, i.e. equating the total width of the two
weighting functions. Fig. 7 shows the parameters
used to make the comparison. Given α, ε and k the
width of the effective flat-top in MCDS is:
FTMCDS,Eff=(α-1)τ(1-δ)
where δ=δ(α,ε,k).
Table 2 reports the values of δ for different values
of α and k with ε=1%.
The time interval between the beginning of the
nominal flat-top and the effective one is (α-1)τδ. In
the same way the weighting function takes a time
equal to (α-1)τδ from the point (α+1)τ (nominal
width) to reach an amplitude value whose difference
from zero is approximately εMax[wMCDS(t)]. So we
can define the effective width of the weighting
function for MCDS as:
WMCDS,Eff=τ[(α+1)+(α-1)δ]

= 15 electrons r.m.s.

———
2
Output values have here the dimension of a charge, since the
weighting function is normalized.

The ratios between the effective flat-top (equal to the
nominal one in SCT case) and the total width of the
weighting function for SCT and MCDS are
respectively:
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R SCT =

FTSCT
(α − 1)
=
W SCT
(α + 1)

N SCT =

n SCT W SCT
(α + 1)
= n SCT
Flat − Top SCT
(α − 1)

and
and
RMCDS =

FTMCDS , Eff
WMCDS , Eff

(α − 1)(1 − δ )
=
(α + 1) + (α − 1)δ

Fig. 12 shows RMCDS as function of k.
Now we can consider the TCYCLE of the two
systems proportional to the nominal length of the
weighting functions:
TCYCLE,SCT=nSCTWSCT

N MCDS =

n MCDS W MCDS
(α + 1)
= n MCDS
Flat − Top Eff , MCDS
(α − 1)(1 − δ )

So we have:
N MCDS =

nMCDS
1
N SCT
nSCT (1 − δ )

and
In the ideal case:
TCYCLE,MCDS=nMCDSWMCDS
where nSCT≥1 and nMCDS>1.
This corresponds to the real case in which, in
order to modify the width of the weighting function,
we change the clock that controls the timing of the
switches of the system. In this way, to change the
shaping time of the filter, we change the TCYCLE of
the wheel.
As an ideal case nSCT could be equal to 1, and the
weighting functions of the same wheel could be one
just next to the other. Actually, as already mentioned,
we need some time to acquire the output signal and to
reset the different stages of the circuit. With regard to
nMCDS it can’t be 1 even in the ideal case, since, from
the instant the weighting function reaches its nominal
width, we have to wait at least (α-1)τδ before the
beginning of the next weighting function.
So in the ideal case it is:
n MCDS =

(α + 1) + (α − 1)δ
(α + 1)

Under these assumptions it follows that the
number of wheels NSCT and NMCDS needed by the two
systems to cover the time axis are respectively:

N MCDS =

(α + 1) + (α − 1)δ
N SCT
(α + 1)(1 − δ )

(3)

Obviously, if ε and k are such that δ=0, it is
NMCDS =NSCT. It can be noticed that NMCDS/NSCT is
equal to the ratio RSCT/RMCDS.
It is now convenient to plot the curves of the ENC
of the two systems as functions of the total width WT
of the weighting functions. It will be in this way
possible to compare the two implementations when
they are working with the same counting rate.
The detector-preamplifier noise parameters used
to plot the curves are
a=1.28⋅10-27 V2/Hz
b=8⋅10-31 A2/Hz
af=5⋅10-12 V2
bf=0
Ct=270 fF
All the values of δ refer to ε=1%.
Fig. 13a shows the MCDS and SCT curves for
α=2 and k=0.076. In this case δ=0 and we have the
same number of wheels in the two systems. However
ENCMCDS is bigger than ENCSCT for every value of
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WT. In particular at WT=1.6µs (a reasonable value for
ROTOR applications) it is:
ENCSCT=17 e-

and

ENCMCDS=20 e-

At this point, to reduce ENCMCDS we must reduce
the bandwidth of the circuit. On the other hand,
increasing k, RMCDS decreases (δ increases) at the
same time. For example (Fig13b ) with k=0.2 and
α=2 at 1.6µs ENCSCT=ENCMCDS=17 e-. In these
conditions δ=0.447 and NSCT=2NMCDS. So if we use 4
wheels to cover the time axis with SCT, we should
use 8 wheels with MCDS.
As it is evident from (3) and table 2, increasing α,
NMCDS/NSCT decreases. With k=0.2 and α=3 (Fig.
13c), ENCSCT is still very close to ENCMCDS at 1.6µs.
Now δ=0.23 and NMCDS=1.43NSCT. So, again, if
NSCT=4 we should use 6 wheels with MCDS.
However, having increased the flat-top length, ENC
has also increased for both the systems (19 e-). Fig.
13d shows the ENC curves for different values of k
and α=2.

converter needed in SCT and to the tolerance of the
integrated resistor needed to do the conversion.
It is also worthwhile pointing out that a MCDS
system for synchronous signals has already been
successfully implemented in CAMEX Amplifier used
in ESA’s XMM-Newton Mission. So, if SCT shows
better theoretical noise performances (especially at
high counting rates), MCDS finds, up to now, a
simpler circuital implementation.
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Fig, 1. Concurrent Wheel Technique working principle.

Fig. 2. CWT parameters for one wheel.

Fig. 3. SCT weighting function.

11

Fig. 4. SCT working principle. a) the input signal arrives before the first integration. b) the input signal arrives between the two integrations c,d) the
signal arrives during one integration.
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Fig. 5. MCDS working principle.

Fig. 6. MCDS folded weighting functions.
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a) SCT
Fig. 7. Definitions used in the calculations.

Fig. 8. A1, A2 and A3 for SCT as functions of α.

b) MCDS

Fig. 9. A2 for SCT.
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Fig. 10. A1 and A3 as functions of α and k for MCDS

Fig. 11. A2 for MCDS.
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Fig. 12. Ratio between the nominal flat-top and the nominal length of MCDS weigting function.

a)

b)

c)

d)

Fig. 13. ENC curves for SCT and MCDS with different values of α and k. δ refers to ε=1%.
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Table 1. Noise coefficients for MCDS rounded off to the second decimal place. A2 has been calculated numerically. Note that for the chosen values
of k, the coefficient A1 doesn’t change within the considered α range, at least up to the second decimal place.

Table 2. δ as function of α and k with ε=1%.

