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Abstract—The intrinsic switching nature of Delta-Sigma (AY)
Analog-to-Digital Converters (ADCs) makes challenging to
achieve accurate and effective simulations. In this paper, several
simulation models and methods are proposed and compared
with actual measurements to demonstrate their accuracy. As
an experimental case study, an upgraded design of the DS-22,
presently in operation at CERN to regulate the output current
of the main power converters of the world largest particle
accelerator, the Large Hadron Collider (LHC), is presented.
LHC upcoming upgrade, named High-Luminosity LHC, fore-
sees a performance enhancement of the power converters and,
in turn, its regulation capabilities. A strategy is to upgrade
the DS-22 design by means of a reliable simulation model.
In particular, a noise floor of about 186nV/vHz for the
Power Spectral Density (PSD) of the quantization noise is
achieved showing a good agreement with the measurements.

Index Terms—AY. ADCs, PSpice simulations, Simulink, LHC,
HL-LHC.

I. INTRODUCTION

Many electronic measurements systems requiring very high-
SNR exploit analog to digital converters based on the AX
approach [1]. This is the case, among many others, of high-
quality audio applications [2] or wireless communication sys-
tems [3].

AY. modulators are in general very difficult to simulate
because of the mixed signal nature of the feedback loop. The
most common approaches are based on Spice modeling [4],
solving differential equations analytically and numerically [5],
implementing difference equations based on impulse invari-
ance [6] and using Simulink [7]. Spice simulations usually
begin with macro—level simulations using ideal components to
determine the AY modulator ideal performance. Afterwards,
specific transistor level models, can be substituted for the
macro—level components to observe actual effects such as finite
amplifier gains, parasitic capacitance, and so on. However,
Spice simulations are very time consuming even for macro
models, especially for higher-order AY modulators. AY. mod-
ulators are also often simulated by solving differential equa-
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tions describing the analog circuitry. Although this method
is faster than Spice approaches, building up the system of
differential equations can be quite difficult if reasonably high
level of accuracy is required for the model. Indeed, the more
accurate and complete the model is, the more complex the
equations become. MATLAB/Simulink is a relatively simple
and fast method for such simulations but it is usually used for
behavioral high-level simulations. Indeed, accurate modeling
of deeper effects of A modulators is quite often very difficult
to achieve with this tool. Another approach foresees the use of
the delta transform to determine difference equations of the
AY modulator [8]. These equations allow to determine the
input at the quantizer next sample time by using the quantizer
input and feedback signals at the current sample time. In
conclusion, each simulation method has a trade-off between
speed, simplicity and accuracy and the best method is very
dependent on the specific application. For this reason, a unique
tool cannot be identified for a complete simulation of a AY
modulator.

At CERN, the next upgrade of the LHC, the world largest
particle accelerator, named High-Luminosity LHC [9], needs
a performance enhancement of the LHC power converters
[10]. A measurement chain composed by a current-to-voltage
transducer (DCCT) and a third—order AY. ADC developed
at CERN, named DS-22, is currently used to regulate the
output current of the LHC power converters [11][12]. In order
to achieve the required enhancements for High-Luminosity
LHC, improving the performance of the measurement chain is
crucial. One possible strategy is to produce an upgraded design
of the DS-22. In this framework, having a reliable simulation
model of the current version of the DS-22 is a key point of
the new design.

In this paper, the simulations of a high-resolution third—
order AY, ADC are reported and discussed by referring to the
challenging case study of the DS-22 at CERN. In particular,
in section II, a brief introduction to the design of DS-22 is
reported whereas in section III, the DS-22 Signal and Noise
Transfer Functions are both simulated and derived analytically
highlighting one of the limits of PSpice simulations in this
context. Furthermore, the simulation accuracy is discussed



DS-22 Performance

ER @ 1kS/s (BW =~ 500 Hz) 21 bits
ER @ 50 S/s (BW =~ 25 Hz) 23 bits
Non-Linearity Error (max) <1 ppm

Offset TC
Gain TC
Offset stability (1 week)

< 0.5 ppm/°C
< +0.25 ppm/°C
< 1 ppm peak-to-peak

TABLE I: DS-22 Performance
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Fig. 1: Equivalent block diagrams of the DS-22 A modulator.
The bottom one is used to highlight STF and NT'F.

and the importance of the simulation maximum step size is
highlighted. Finally, in section V, a well-known undesired
effect of AY modulators, the idle tones [13], is simulated.

II. CONCEPT DESIGN OF THE CERN DS-22

The DS-22 is a high-resolution 3"¢ order AY, ADC fully
developed at CERN. Its metrological performance, reported in
[14], is summarized in Table 1.

Two equivalent simplified block diagrams of the DS-22 AY.
modulator are sketched in Fig.1.

It is composed by an input analog circuitry, Hy(f), which
is devoted to input buffering and a preliminary filtering of the
out-of-band noise, followed by a chain of analog integrators,
Hy(f), whose number defines the order of the modulator.
The integrated input is then quantized by the series of a 1-
bit ADC and a 1-bit DAC which can be modeled as additive
quantization noise as sketched in the lower side of Fig.l.
Finally, the quantized output is fed back to the input of the
chain of integrators. It is worth mentioning the presence of a
gain stage (G) which is fundamental for stabilizing the loop.

The simplified schematics of the DS-22 is depicted in Fig.2.
The input signal X is filtered by a 2" order low-pass RC
filter and then buffered before entering the chain of three
integrators. The first integrator also performs an inversion
whereas the other two are non-inverting. It is worth noting that
the presented A3 loop is composed by the cascade of three
integrators without intermediate feedback loops [12],[15] even
though less common in literature. After being integrated, the
input signal is compared with a triangular dither signal for
idle tones suppression [13]; in this stage the signal is inverted
again. In this design, the comparator represents the 1-bit ADC
which quantizes the input signal. This has the big advantage
of exploiting the very high linearity of a 1-bit ADC to digitize

the input signal [16]. To close the feedback loop, the digitized
signal has to be converted back to the analog domain. This
is done by the 1-bit DAC depicted in Fig.2 for which similar
considerations on the linearity of the 1-bit ADC remain valid.
In order to uniquely define the switching instants a specific
guard pulse is used to enable the NAND gates. It is worth
mentioning that the PSpice default level for Analog-to-Digital
interfaces (e.g. flip-flops, D-latches or logic gates) is set to 1.
This enables the generation of the intermediate logic levels,
called R F, and X, when the input falls within the voltage range
[VILpyax , VIHpy ] at the sampling instants. To disable
this unwanted feature, level 2 is used. Finally, the XOR gates
allow injecting a precise charge into the capacitor of the 15¢
integrator by connecting the £Vrgpr to the resistor network
R7, Rg, and Rg.

III. SIGNAL AND NOISE TRANSFER FUNCTIONS

Both noise and signal transfer functions, NTF and STF,
can be derived by looking at the equivalent block diagram
depicted in Fig.1 (bottom):

_ HyH 1
Y=16m Xtiom ¢
AY _ Hi-Hs
{STF SX =16 o
A _ 1
NTF - ? - 17G-H2

It is worth noting that H> has a negative DC gain as will
be shown in equation (3). For the DS-22:

e Hi(s) is the transfer function of the second order low-
pass filter implemented in the input stage.

1

H =
) = I G+ BGa + i) FRCRC,
)

o H(s) is the transfer function of the cascade of the three
integrators. From Fig.2 it can be computed to be:

_ G1(s) Ga(s) (RQ-Q—RZ-Q—%)
Hy(s) = = I+sR3C3[1+G1(s)] Ri[1+G2(S)]+R;’+:54 -(3)
G (s) (Rs+ )

.R5[1+G3(S)]+ﬁ

where G1(s) (for OPA627) and Ga(s) = Gs(s) (for
OPA2604) are the simplified models of opamps taken
from their datasheets: nominal open-loop gain and single
time constant low-pass behavior.

IV. PSPICE SIMULATION
A. AC Simulation: Transfer Functions

A simplified circuit, shown in Fig.3 has been considered
for this PSpice simulation aimed at comparing results with
the NTF and STF derived in equation (3). The ADC and
DAC (comparator and logic gates net in Fig.2 respectively) are
omitted in this simulation as they are transparent with respect
to these transfer functions. It is worth noting that the Vrpr
noise generator, discussed in section IV-B, has no impact on
this simulation. The STF is obtained by connecting an AC
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Fig. 2: Simplified DS-22 Schematics (used for PSpice transient simulations).

source to the modulator input X (and shorting € to ground).
Analogously, the NTF is simulated by connecting an AC
source to € and shorting X to ground. As it can be observed
in Fig.4b, PSpice gives correct results down to 10 Hz, where
the loop gain is very close to —200 dB. Below this point,
the simulation accuracy becomes poor probably because of
numerical stability issues at such high attenuations.

B. AC Simulation: Noise Floor

In this simulation, the noise floor of the DS-22 was sim-
ulated in its flar region (10Hz to 300 Hz) with a PSpice
noise analysis, ran at a temperature of 300 K. In Fig.3, the
schematic used in this simulation is reported. As shown, only
the analog circuitry was simulated, thus no quantization noise
as well as no contribution from the logic net is included.
An important contribution to the overall noise is given by
the circuit generating the reference voltages (£ Vzgr). This
is obtained with the state-of-the-art ultra-low noise voltage
reference (LTZ1000) and a conditioning system to scale it
to £5V. This was simulated separately and demonstrated to
be properly modelled by a white noise generator of roughly
40nV/ VHz, equivalent to a 100 k{2 resistor in series with the
signal path, and a buffer, needed in order not to modify the
loop gain. Finally, the noise obtained at the output node (Y)
has to be scaled with respect to the full scale. This is done by
multiplying it by the factor gg 1;8

The result of this test shows a noise floor in the flat region
of about —134.4dBV/v/Hz (=~ 1911V /v/Hz), in very good
accordance with the measurements carried out on a real DS-

22 unit (blue curve in Fig.5) showing —134.6 dBV/\/}E (~
1861V /v/Hz). This is an important result which allows to
verify with very quick simulations the impact of individual
components on the noise floor. As an example, experimental
tests on the real device showed that scaling down all the gain
resistors (R3, R7, Rg, and Ry) by a factor of 8 would lower
the noise floor to about 1500V /v/Hz. Coherent results were
reproduced in simulation with the above-mentioned model.

C. Transient Simulation: Noise Power Spectral Density

The aim of this DC simulation is to reproduce the noise
performance of the actual device. Thus, the more complete
(and complex) simulation model reported in Fig.2 was used.
The input of the DS-22 is shorted to ground and the output
of the modulator is saved and used to calculate the PSD of
the noise. It is worth noting that the first ms of data obtained
in PSpice are not saved in order not to consider the initial
transients of the AY modulator. In particular, the stream of
bits out of the modulator is scaled back to Volts considering
the modulation factor of 80 % when the DS-22 is fed with
10'V; this is equivalent to having an analog F'S ~16.5V (it
must be noted that DC gain of the whole loop shown in Fig.
1 is equal to 1/G).

The PSD of the simulated DS-22 with shorted inputs
is then calculated and compared with the one produced by
an acquisition of a real unit opportunely scaled (blue curve
in Fig.5). This has been done for different values of the
maximum step size. As it can be observed, when the maximum
step size is set to 10ns (black curve), the simulation results
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Fig. 3: DS-22 Schematics for PSpice AC simulations.

O PSpice Model
Theoretical

Magnitude [dB]

-100 -

-120 [

-140 : : :
1072 10° 102
Frequency [HZz]

(a)

50 T

O Pspice Model
Theoretical

-100

-150

-200

Magnitude [dB]

-250

-300

-350 . . . .
102 104
Frequency [Hz]

(b)

Fig. 4: DS-22 Signal and Noise Transfer Functions: (a) Signal Transfer Function and (b) Noise Transfer Function.

are affected by numerical errors which have the effect of
increasing the noise floor of about 35 dB V/+/H z with respect
to the real modulator. This gap reduces as the maximum step
size is reduced but clearly the simulation becomes slower and
slower. With a maximum step size of 500 ps (red curve) the
simulation gives results compatible with respect to the real
case highlighting a noise floor of roughly —134.6 dB V/ VHz
(186 nV/ \/E). The circuit was also simulated with a time
step of 250 ps but the simulator ran into convergence issues.
The simulation parameters used are summarized in Table II
(except for the default ones).

It is worth noting that, given the switched nature of a
A modulator, roughly 10h were needed to simulate 75ms
with a maximum step size of 500ps (red curve in Fig.5).

PSpice TRAN Simulation Parameters

Maximum step size 500 ps

Run to time (TSTOP) 75 ms

Relative accuracy of V and I (RELTOL) 10—4
Best accuracy of voltages (VNTOL) 100nV

Best accuracy of currents (ABSTOL) 1pA

Best accuracy of charges (CHGTOL) 1{C

Default 1/0O level for A/D interfaces (DIGIOLVL) 2

TABLE II: Simulation Parameters for DC Analysis

This is an important practical limit for PSpice simulations.
As an example, if one more decade is needed for the noise
PSD, in the low frequency range, the time required by
the simulation would increase by a factor of 10 which is,
practically, unacceptable. However for noise floor estimation
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Simulink Idle Tones Simulation Parameters
Maximum step size 50 ns
Stop time 10s
Relative tolerance 106
Solver ode23t (mod. stiff/Trapezoidal)

TABLE III: Simulation Parameters for Idle Tones Analysis.

down to some tens of Hz PSpice remains a powerful and
accurate simulation tool which allows assessing the impact of
different design choices (components update, resistors scaling,
etc.).

V. SIMULINK MODEL FOR IDLE TONES

Idle tones are known to affect AY modulators [17]. An
idle tone is a repetitive noise pattern generated inside the AY
modulator loop when fed by a DC input. It is known that the
frequency of the produced idle tone is directly proportional to
the input DC level. In particular:

fi=x-fs “4)

where f, is the sampling frequency and x is the normalized
input with respect to full scale, defined as:

0, if negative full-scale input 5)
xTr =
1, if positive full-scale input

As an example, when the input of the AY modulator is
very close to 0V (z =~ 0.5), an idle tone at f; ~ 250kHz
is expected to be produced. The 2"¢ harmonic of this tone
will therefore be at ~ 500kHz which, after being sampled
at 500kS/s, will be aliased back very close to DC. In this
simulation, the mechanism of idle tones in the DS-22 is
studied by means of a simplified Simulink model which has
the advantage of being way faster than PSpice. In Table III,
the simulation parameters used for this analysis are reported
(except for the default ones).

[} o | o | TT——f -+ |

Input Level  |nput Filter Integrators +- 5V Save
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Fig. 6: Simulink Model for Idle Tones Tracking with Negative
DC Gain of Hs.

However, the Simulink model does not take into considera-
tion all the noise sources in the PSpice model circuit in Fig.2;
in fact, it is built from the transfer functions detailed in equa-
tions (2) and (3) and sketched in Fig.6. The results of these
simulations are reported in Fig.7. For these simulations, the
noise power is considered and depicted (instead of its spectral
density) for different input DC levels to correctly estimate the
amplitude of the idle tones. As for the simulations in section
IV-C the noise floor level is very dependent on the simulation
maximum step size which, in these simulations, was 50 ns.
Given the low-complexity of the Simulink model compared
with the PSpice one, simulating 10s in a reasonable amount of
time (couple of hours) is possible. For each simulation an idle
tone (plus its harmonics) is produced at a given frequency. This
result was also reproduced with different combinations of the
simulation parameters(not reported hereafter). The simulation
results showed that, even if the level of the noise floor is
strongly dependent on the particular set of parameters, the
frequency and amplitude of the idle tones do not change. In
the same figure, it is shown that all the peaks belonging to the
same order harmonic (highlighted with a star) are aligned on a
60 dB/dec slope. This means that the amplitude of these tones
is shaped by the NTF in the same way of the quantization
noise. They should then be negligible in the typical band of
interest of some hundreds of Hz, seen the level of attenuation
introduced by the NTF' in that region.

As it can be observed in Fig. 5, the actual device shows
an idle tone at roughly 5 Hz, whose amplitude is well above
the noise floor of ~ —136 dB V/v/Hz (ADC fed by an input
voltage of about 0V). This cannot be explained by means of
the NTF'. It is an unmodeled dynamics, probably due to stray
capacitive couplings allowing high-frequency idle tones to
couple to neighbor lines (cross-talk) and find alternative ways
to enter in the signal path, hence, bypassing the NTF' and
then folding back to base-band after being sampled. However,
this is only an hypothesis whose verification outgoes the scope
of this work.

VI. CONCLUSION

In this work, models and method have been presented for the
simulation of the DS-22, a high-resolution AY ADC designed
at CERN in operation in the main LHC power converters.
PSpice transient simulations are shown to reproduce correctly
the switching behavior of the actual device featuring a very—
low noise floor of 186nV/v/Hz. However, the duration of
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such simulations is prohibitive especially for studying low
frequency effects.

Thus, a simplified PSpice noise model was also proved
to reproduce accurately the noise level of the actual device
overcoming the duration limitations of the model used for
transient simulations. This is very useful for exploring the
margins of improvement the DS-22 in terms of components
upgrade and replacements due to obsolescence.

For the very low frequency effects, such as the idle tones
mechanism for which longer simulations are needed (up to
105s), a Simulink model was used. This, allowed confirming
that the amplitude of such tones should be shaped by the
NTF. Thus, no idle tones below few hundreds of Hz (where
the noise floor intercepts the N'T'F’) are expected to be visible.
However, idle tones have been seen at few Hz with amplitudes
well above the noise floor on the real device; thus other
unmodeled mechanisms are at play which will be the object
of further studies and developments.
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