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to uniform quantisation. Tab. I presents these performance
limits relative to a real DAC; where the error sources are
due to both quantisation and glitches.

Abstract— The resolution of precision mechatronic systems is
fundamentally limited by the noise and distortion performance
of digital-to-analogue converters (DACs). The sources of noise
and distortion include quantisation error, non-linearity, thermal
and semiconductor noise, and glitches. In precision systems it
is desirable to approach the theoretical performance limit in
order to maximise dynamic range and bandwidth. Currently,
effective methods exist to mitigate DAC error sources, except for
glitches, which is the focus of this paper. A glitch compensation
technique is introduced based on an open-loop observer that
utilises knowledge about glitches while quantisation error mitigation remains intact. The compensation technique attempts to
minimise the glitch effects present on the analogue output via
additional control effort, combined with ∆Σ-modulation which
is a method for mitigating quantisation error. The method is
applied to a DAC model including the glitch effects and show
significant improvements over earlier efforts.

TABLE I: The objective is to reduce the output error to the lower
limit indicated by applying ∆Σ-modulation to an ideal DAC.
System
Ideal DAC
Ideal DAC
Ideal DAC
Real DAC
Real DAC

B. Outline
The DAC system and model are described in Sec. II.
The scheme and methodology are described in Sec. III. The
simulation results are presented in Sec. IV and results are
discussed in Sec. V. The paper concludes in Sec. VI.
II. S YSTEM D ESCRIPTION AND M ODELLING
Fig. 1 shows a typical DAC system, consisting of the
DAC itself and a low-pass reconstruction filter W , typically
used to improve on the zero-order hold interpolated output
from the DAC. The reconstruction filter will also reduce the
impact of quantisation error, as this error often resembles
wide-band noise [15]. Small-scale dithering [15] and ∆Σmodulation [21] can be used to further reduce the impact
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Perfomance
Medium
High
Best
Low
Low to medium

A. Contribution
The scheme presented in this paper seeks to improve the
performance of real DACs by applying a proposed glitch
compensation method working in conjunction with ∆Σmodulation. The method is based on an open-loop observer,
which again is based on a model able to accurately predict
glitch occurrences and therefore requires knowledge of glitch
responses. Due to the switched operation of the output there
are no standard control law analysis and synthesis tools
applicable for control design, prompting a novel approach
based on the glitch modelling. Using ∆Σ-modulation as a
starting point, this paper proposes a glitch compensation
method that operates on the control signal produced by the
∆Σ-modulator. A “cause and effect” structure is presumed
where the ∆Σ-modulator causes a certain switching sequence for an ideal DAC that results in the best performance
in terms of mitigating quantisation error. For a real DAC, an
output disturbance is introduced due to glitches. The glitch
compensation method enables mitigation of this disturbance
while maintaining the mitigation of quantisation error due
to the ∆Σ-modulator. The method is applied to a DAC
model, with parameters identified from a Texas Instruments
DAC8544, that includes the glitch effects and show significant improvements compared to the results in [20].

I. I NTRODUCTION
Digital-to-analogue converters (DACs) are used in mechatronic systems because they provide the interface between
digital control laws and analogue systems. Physical implementations of DACs introduce various non-ideal effects, including element mismatch (non-linearity), thermal and semiconductor noise, slew-rate limitations, and glitches caused by
non-ideal transistor switching [1]–[7]. These effects are in
addition to the fundamental error sources of repeated spectra
and quantisation that occur in a digital signal processing
system, due to discretisation in both time and value [8].
DAC-errors deteriorate the achieved performance in various systems, including high-precision motion control [9]–
[11]. Currently, methods exist to mitigate several DAC error sources: Repeated spectra is reduced by reconstruction
filtering and interpolation [6], [12], and quantisation error
is eliminated using small-scale dithering [8], [13]–[16]. Element mismatch (static non-linearity) can be compensated
for using several methods [17], including dynamic element
matching [5], [18] and large-scale dithering [19]. Additionally, slewing can be reduced by oversampling [4], [6].
For glitches, however, mitigation using techniques from
control theory and signal processing has only recently been
investigated [20]. It has been demonstrated that large-scale
dithering can reduce the impact of this disturbance. Hence,
this paper investigates the potential for further improvements.
The goal is to design a compensation scheme that achieves
high performance when glitches from the DAC are affecting
the output, where performance is measured in terms of the
root-mean-squared error (RMSE). Small-scale dithering [15]
and ∆Σ-modulation [21] provide methods that demonstrate
theoretical performance limits of quantised systems, indicating a fundamental performance limit. In this case an
ideal DAC is assumed; where the only error source is due
† E-mail:

Case
No modulation or dithering
Small-scale dithering [15]
∆Σ-modulation [21]
No modulation or dithering [17]
Modulation and/or dithering [17]
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TABLE II: The two glitch types: major (+) and minor (−),
combined with the two input transition types: rising (R) and falling
(F ), determines the glitch energy that will be released by glitch
model G(q), related to the 16-bit DAC8544.

+

Glitch
type
Major (+)
Major (+)
Minor (−)
Minor (−)

Fig. 1: System to be controlled, with reference r, control input
v, digital input u, analogue output ỹ and reconstructed analogue
output y, the DAC and reconstruction filter W . All signals depend
on time: t (discrete-time) or tc (continuous-time).

Input
transition
Falling (F )
Rising (R)
Rising (R)
Falling (F )

Glitch
energy
A+
F = +51.9 nVs
A+
R = −60.6 nVs
A−
R = +2.40 nVs
A−
F = −2.40 nVs

Occurrence w.r.t.
16-bit input space
12-bit interval
12-bit interval
Elsewhere
Elsewhere

glitch model requires knowledge of the glitches exhibited
by a DAC, which is dependent on the specific device used.
However, some properties are shared amongst commonly
available DACs. Common properties of DAC glitch behaviour are:
G1 two distinguishable classes of glitch energies: major and
minor,
G2 a larger interval between the threshold values where
major glitches occur,
G3 minor glitches occur for every threshold except where
major glitches occur.
The exact behaviour of glitches is device dependent, and a
model instance requires information about the (major and
minor) glitch energies. In this paper the 16-bit Texas Instruments DAC8544 is used as an example device, and values for
the glitch energies for the DAC8544 are obtained from [20],
presented in Tab. II. The identification of glitch responses are
discussed in [20]. This DAC uses a sampling time of ts = 1
µs, a set Θ containing 216 thresholds within the voltage range
[−10, 10] V, and the step-size is Θ∆ ≈ 0.305 mV. A glitch is
described by G(q) as rectangular function with unit time-step
width, scaled by the glitch powers

+

Fig. 2: DAC model with sub-models Q(u) and G(q). The quantiser
model Q(u) performs a discretisation in value, generating a quantised signal q. The glitch model G(q) determines glitch excitation,
generating a glitch signal g. The analogue output ỹ is the sum of q
and g. The glitch signal g from the model is used to evaluate the
effect of the compensation.

of the quantisation error. Here an additional control signal
v is added to the reference r to produce the DAC input
u. Typically v contains high-frequency content, i.e. close to
the Nyquist-frequency of the DAC, ensuring fast switching
behaviour between the thresholds in the digital space of
the DAC. The analogue output ỹ will be filtered by the
reconstruction filter W , which averages out the fast switching behaviour resulting in a smooth reconstructed analogue
output y that approximately tracks the reference r. Note that
this only guarantees sufficient performance when an ideal
DAC is assumed, and significant performance deterioration
can occur for DACs exhibiting glitches.
The proposed compensation uses an open-loop observer
based on the DAC model, shown in Fig. 2. Ostensibly,
by measuring the output y in real-time, the disturbances
generated by the DAC could be suppressed by feedback
control. However, due to the non-ideal effects and time-delay
introduced by the measurement circuitry and an analogue-todigital converter, feedback control yields no effect in practice
and may even introduce additional disturbances deteriorating
overall performance. Utilising a model instead can provide
a good, readily available estimate of the real output.
The DAC model, shown in Fig. 2, contains two submodels; a quantiser and a glitch model, denoted Q(u) and
G(q). The signals q and g are generated by the sub-models
Q(u) and G(q), where the sum defines the analogue output ỹ.
The quantiser Q(u) rounds the input u towards the closest
available threshold in the set Θ to produce the quantised
signal q. The set Θ defines all threshold levels of a DAC
as voltages. The levels are uniformly distributed over the
utilisable voltage range, resulting in a step-size denoted by
Θ∆ . The step-size is equivalent to the least significant bit
(LSB). The glitch signal g is the output of G(q) which
estimates the glitch responses due to q. If g(t) = 0 for all
t, then the DAC model behaves as an ideal DAC, but if
g(t) 6= 0 for any t, then it behaves as a real DAC.
Compared to the quantiser model Q(u), the glitch model
G(q) does not describe a fundamental property of DACs.
The quantiser expresses the division of the voltage range
by the number of available thresholds, which is described
by the same model regardless of device. In comparison, the

±
±
PR± = A±
R /ts , PF = AF /ts ,

(1)

where both major (+) and minor (−) energies, and both
rising (R) and falling (F ) input transitions are indicated.
The four different types of glitches present in this DAC
were incorporated into the model. An example of the model
output is shown in Fig. 3, where a rising transition (at t = 2
µs) and a falling transition (at t = 12 µs) of the input q
is applied. The two adjacent thresholds are denoted by Θq
q
and Θ representing the lower and upper threshold for q
respectively. The minor glitch energies are called symmetric
−
because A−
R + AF = 0 nVs, and the major glitch energies
+
are called asymmetric because A+
R + AF 6= 0 nVs. The
corresponding asymmetric glitch power is defined as
±
Pasym
= PR± + PF± .

(2)

III. C ONTROL D ESIGN AND M ETHODS
For the system to be controlled, in Fig. 1, the output
can only be estimated by an open-loop observer because
non-ideal measurements of the analogue output y introduce unacceptable time-delays and disturbances that feed
back to the output, deteriorating overall performance. Based
on the observer output, a control law, or compensation
scheme, is designed which determines the control input v.
The scheme, shown in Fig. 4, combines first-order ∆Σmodulation (FO∆ΣM) with a glitch compensation method,
labelled residual glitch compensation (RGC). RGC complies with certain constraints to avoid interfering with the
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performance in real DACs, especially when asymmetric
glitches are present. Large-scale methods (increasing control
input above 1 LSB) can achieve higher performance but it
does not solve the problem of glitch energy affecting the
reconstructed analogue output y, i.e. it spreads the undesired
energy over a larger time window. Hence, the performance
target for real DACs, as indicated in Tab. I, cannot be reached
without applying additional control effort. The proposed
RGC attempts to improve on the current state-of-the-art.
This is achieved by applying an additional control effort vG
combined with the control signal v∆Σ from the FO∆ΣM.
The control law structure is shown in Fig. 4.
FO∆ΣM and RGC addresses two different effects;
FO∆ΣM mitigates quantisation error and RGC attempts to
mitigate the residual glitch energy, i.e. the glitch energy that
remains in the reconstructed analogue output. In this regard,
FO∆ΣM determines the 1 LSB switching sequence in the
digital domain of the DAC, resulting in residual glitch energy
in y. Hence, the cause and effect structure is defined to be
C1 the 1 LSB switching sequence in the digital domain of
the DAC,
E1 the quantisation error mitigation,
E2 the residual glitch energy appearing in the reconstructed
analogue output.
The RGC attempts to mitigate effect E2 but could interfere
with cause C1 by applying unconstrained control effort and
hence effect E1 deteriorates. Therefore, control constraints
are introduced which maintains cause C1 and effect E1.
Regarding the glitch effects G1, G2 and G3, additional
control effort from RGC is demanded when major glitches
are excited. RGC anticipates the effects due to G1, G2 and
G3, and avoids excitation of additional major glitch energy
by letting the control signal vG from RGC increase v above
1 LSB. The interval between major glitch occurrences, i.e.
effect G2, enables this control design. For the DAC8544 in
particular, the interval expressed in voltage is obtained to be
212 · Θ∆ ≈ 1.25 V.
Verifying whether the RGC mitigates the residual glitch
energy (effect E2) while satisfying the control constraints
is achieved using the real DAC model. The evaluation, as
labelled in Fig. 4, compares the control signal vG from
the RGC with the model-based glitch response g, provided
from the DAC model in Fig. 2, after application of the
reconstruction filter W . The signal g ∗ represents the residual
∗
glitch energy (after filtering), and the signal vG
represents the
residual glitch compensation energy. The compensation error
eG is ideally zero if the RGC mitigates the residual glitch
energy perfectly.

Fig. 3: Top: Quantised signal q(t). Bottom: Glitches generated by
the glitch model G(q) with values from Tab. II. The two glitch
types: major (+) and minor (−), are given with respect to the two
input transition types: rising and falling.
Proposed Compensation Scheme

Evaluation
of RGC

mr

mq

+

mv

+

Ref.

+

Fig. 4: Proposed scheme combining first-order ∆Σ-modulation
(FO∆ΣM) and the residual glitch compensation (RGC). The control
signal v has a glitch mitigation part vG , from the RGC, and
a quantisation error mitigation part v∆Σ , from FO∆ΣM. Signal
memories mr , mq and mv provide the desired signal transmission.
A block is added for evaluation of the RGC by comparing to the
DAC model (after averaging using the filter W ).

operation of the FO∆ΣM. Those constraints are related
to a cause and effect structure, where FO∆ΣM causes
disturbances due to glitches and the RGC anticipates the
undesired disturbances. The control law determines the input
v that is applied to the DAC. The performance of the glitch
compensation is evaluated using the structure presented in
Fig. 4. The DAC model used is the one shown in Fig. 2.
In Sec. III-A, decisions behind the control law and
evaluation block from Fig. 4 are described. In Sec. III-B,
FO∆ΣM as small-scale switching sequence determination is
described and compared with small-scale dithering. In Sec.
III-C, the constraints for RGC are described, which maintains
the cause and effect structure to ensure proper cooperation
with FO∆ΣM. In Sec. III-D, the RGC is described, which
finalises the control law. In Sec. III-E, glitch compensation is
evaluated according to the DAC model and a possible RGC
design is constructed step-by-step as an indication.

B. ∆Σ-modulation and Dithering Applied to the Ideal DAC
The performance target of the control law for a real DAC
is obtained by simulations of an ideal DAC (i.e. the DAC
model with g(t) = 0 ∀ t) while applying ∆Σ-modulation.
A fourth-order low-pass Butterworth filter W with cut-off
frequency at 10 kHz is used to filter the output ỹ in order
to achieve the desired averaging. In order to focus on major
glitch excitation, the reference r shown in Fig. 5 is used.
The assumption is that a linearly increasing reference signal
approximates the maximum slope of an arbitrary signal,
and that traversing at least a single threshold transition is
sufficient to demonstrate the effect of the proposed scheme.
The low-pass filter W introduces phase shift for the reconstructed analogue output y, hence the error e = r − y is

A. Control Law and Performance Evaluation
FO∆ΣM is a small-scale modulation method, i.e. with
control input amplitude smaller than 1 LSB. ∆Σ-modulation
and small-scale dithering are both effective methods for mitigation of quantisation error and provide high performance
for ideal DACs. Unfortunately, these methods deteriorate
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Fig. 5: Rising ramp reference signal r traversing a single threshold
transition, i.e. linearly increasing from lower threshold Θr towards
r
adjacent upper threshold Θ . The slope is specified by Θ∆ ≈
0.305 mV per 1000 µs.

Fig. 6: Cumulative sum of samples over time that either executes
a rising or falling switch in q, indicating the amount of switching
activity caused by different methods. Each method has been performed 5 times, with the reference (from Fig. 5) traversing exactly
one threshold transition (from 100 µs until 1100 µs), to assess the
predictability of the switching behaviour on a complete threshold
transition. In the middle of the threshold transition (at 600 µs) the
maximal switching rate has been represented by the 1/2 slope, i.e.
∆y/∆x = 1/2, to which FO∆ΣM has a point of tangency.

TABLE III: Performance of modulation and dithering in terms of
the root-mean-square error (RMSE) and standard deviation for the
ideal DAC. The values are computed for error e = r − y with
the ramp reference signal in Fig. 5 traversing exactly one threshold
transition, in this case from 100 µs to 1100 µs. First-order ∆Σmodulation achieves the best performance.
Method
Stochastic dither (1 LSB)
Periodic dither (1 LSB, 49 kHz)
First-order ∆Σ-modulation
No modulation or dithering

RMSE
(×10−5 )
2.23
1.27
1.27
8.62

Std. dev.
(×10−7 )
169.22
33.29
4.45
853.08

+

affected by this delay. Since a linearly increasing reference
is considered, the delay introduces a constant error. The
performance is therefore given as both the root-mean-square
error (RMSE) as well as the standard deviation of the error
(the standard deviation excludes the mean). The simulation
results provide the RMSE and standard deviation of e which
are given in Tab. III, where stochastic and periodic dithering,
∆Σ-modulation, as well as the case without any modulation or dithering, was applied. First-order ∆Σ-modulation
(FO∆ΣM) achieves the best performance, and constitutes
a lower bound on the achievable performance for the real
DAC. Hence, FO∆ΣM is used to mitigate quantisation noise
when used in combination with the glitch compensation, and
generates cause C1 in the cause and effect structure.
Combining FO∆ΣM with glitch compensation also requires two properties of FO∆ΣM: a deterministic response
and a maximal switching rate for the sequence q (cause C1).
A deterministic response ensures a predictable switching
behaviour. A maximal switching rate ensures a switching
sequence that not only can be used to achieve arbitrary values
between thresholds after averaging, but also a sequence
with a switching rate that can reach the Nyquist-frequency.
The cumulative sum of samples in q that switch state was
computed five times for all considered small-scale dithering
and modulation methods, with results shown in Fig. 6. The
results show that the stochastic dither (SD; 1 LSB) does
not provide a deterministic response, and does not achieve
a maximal switching rate. The periodic dither (PD; 1 LSB,
49 kHz) does not achieve a maximal switching rate. The
cumulative sum for the FO∆ΣM has a point of tangency
with a 1/2 slope, which means the switching rate reaches
the Nyquist-frequency. Furthermore, the FO∆ΣM has a
deterministic response. A block diagram of the FO∆ΣM is
shown in Fig. 7, defining q∆Σ and v∆Σ as shown in Fig. 4.

Fig. 7: The first-order ∆Σ-modulator (FO∆ΣM) applied to an ideal
DAC. The quantiser model Q(u) with output q∆Σ is fed back to
the input with after a unit delay z −1 .

with cause C1 and effect E1, constraints are introduced. The
1 LSB switching sequence of q∆Σ between thresholds Θr
r
and Θ determined by the FO∆ΣM (within the controller)
provides the basis for the constraints. Namely, the switching
sequence of q (within the DAC) is restricted to be equivalent
to the switching sequence of q∆Σ in terms of slope with
limited possibilities: rising, falling or static. The degree of
freedom for the RGC is that it may increase amplitude
of q above 1 LSB. The consequence is that the RGC is
constrained to generate a one-directional control effort in vG ,
of which the direction can vary per time instance. Hence, the
constraints are defined as
(
r(t)
vG (t) ≥ 0 if q∆Σ (t) = Θ ,
(3)
C :
vG (t) ≤ 0 if q∆Σ (t) = Θr(t) ,
r(t)

where Θr(t) and Θ
are the lower and upper thresholds
for r at time instance t, respectively.
D. The Residual Glitch Compensator
The residual glitch compensator (RGC) should reduce
the residual (after filtering) glitch energy appearing in the
output y. The RGC applies additional control effort vG in
addition to v∆Σ from the FO∆ΣM whilst satisfying the
constraints C in (3). Available signals for the RGC are the
reference r and the switching sequence q∆Σ . The RGC uses
glitch information of the DAC in order to determine the
control signal vG . The RGC, shown in Fig. 8, comprises a
switching operator denoted T and a post-processing operator
denoted by P(ψ). The signals ξi with i = 1, 2, ..., n
are smooth signals containing information about the glitch
response. The operator T satisfies the constraints C by

C. Constraints Maintaining the Cause and Effect Structure
In order to guarantee that the RGC is able to mitigate
the residual glitch energy (effect E2) and does not interfere
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RGC

+

Fig. 9: Triangular shape of switching ratio function βΘ (r) with
r
respect to the reference r in the set {r ∈ R | Θr < r < Θ } with
r
r
adjacent thresholds Θ and Θ .
Fig. 8: The residual glitch compensator (RGC) with input data
q∆Σ (t − 1, t, t + 1) and r(t, t + 1) producing the control signal
vG . THe switching operator T determines the control timing. The
operator P(ψ) performs the post-processing.

either letting through or blocking the input signals ξi for
a given sample instance. The construction of the signals ξi
must involve the properties of T for proper operation, and
demands evaluation of the glitch compensation. Therefore,
the definition of the signals ξi are deferred to Sec. III-E. The
signals φi with i = 1, 2, ..., n are the outputs of the operator
T . The sum of the signals φi defines the signal ψ. The postprocessing operator P(ψ) predicts glitch excitations due to
the control effort from the RGC.
1) Control timing: The operator T performs control
timing and satisfies the constraints C in (3). Satisfying the
constraints C ensures that there is no interference with cause
C1 and effect E1. Control timing of T reduces the error
due to glitches because it focuses on the time instances
where the switching sequence q∆Σ changes state. At those
time instances glitch energy is released and hence the RGC
generates control effort close to these time instances. The
control effort is in the form of rectangular pulses with
unit sample width. This minimal pulse width pushes the
control spectral power towards the Nyquist-frequency, which
is preferred because the low-pass reconstruction filter W
attenuates high frequencies enabling a more effective RGC.
The operator T avoids “control gaps”; meaning a missing
pulse in the sequence vG . The compensator eliminates gaps
by applying control pulses, due to a change of state in q∆Σ ,
orientated to the middle of the threshold transition. The
operator is defined as
Tr(t+1)−r(t)>0 :
 (t)
(t)

φi = ξi

 (t)
φi = 0
Tr(t+1)−r(t)<0 :
 (t)
(t)

φi = ξi

 (t)
φi = 0

(t)

(t+1)

(t)

operator T . The function βΘ (r) is defined by
∆
(6)
βΘ r(t) = r(t) − Q(r(t)) /Θ∆ ,

where Q r(t) denotes the quantiser that rounds the reference r to the closest threshold. The ratio is normalised by
the step-size Θ∆ . Note that when βΘ (r) = 0, r is exactly
on a threshold and therefore no switching is expected, and
when βΘ (r) = 0.5, r is exactly in the middle of two adjacent
thresholds and q∆Σ will therefore be either rounded to Θr or
r
Θ , depending on the rounding method used. The function
βΘ (r) is piecewise linear with breakpoints when βΘ (r) = 0
and βΘ (r) = 0.5. The function is plotted in Fig. 9. The
function βΘ (r) is a sufficient description of the residual
glitch energy because the cumulative sum of state changes
in the switching sequence q∆Σ has a point of tangency with
∆y/∆x = 1/2, as shown in Fig. 6. The slope ∆y/∆x = 1/2
represents a state change occurring every time step in q∆Σ ,
coinciding the maximum βΘ (r) = 0.5.
The switching ratio function βΘ (r) is useful for the
construction of the signals ξi because it describes the energy
transfer due to the operator T . Connecting signals ξi to both
T and βΘ (r) introduce output signals φi and φ̂i respectively,
as shown in Fig. 10. Function βΘ (r) provides that the energy
stored in φ̂i approximates the energy in φi , where φi contains
pulses and φ̂i is a flattened representation approximating
the same energy as in φi . If a certain compensation energy
is desired for φi the inverse βΘ (r)−1 is useful for the
construction of the signals ξi .
2) Post-processing: The signal ψ is defined for the postprocessing step as

(t)

if (q∆Σ > q∆Σ ) ∩ (ξi ≥ 0)
(t)
(t)
(t−1)
or (q∆Σ > q∆Σ ) ∩ (ξi ≤ 0),
elsewhere,

(t−1)

Fig. 10: The operator T and switching ratio function βΘ (r) both
have the input ξi , and generate the output signals φi and φ̂i . The
function βΘ (r) approximates the energy in φi by the flattened signal
representation φ̂i since φi typically has high-frequency content.

(4)

(t)

if (q∆Σ < q∆Σ ) ∩ (ξi ≥ 0)
(t)
(t+1)
(t)
or (q∆Σ < q∆Σ ) ∩ (ξi ≤ 0),
elsewhere,

(5)

∆

ψ(t) =

where Tr(t+1)−r(t)>0 and Tr(t+1)−r(t)<0 refers to the cases
of a rising or falling reference slope respectively.
The construction of the signals ξi must involve the properties of T for proper operation. First, the switching ratio
function βΘ (r) ∈ [0, 0.5] is introduced, which depends on the
reference r, and is proportional to the number of switching
occurrences in q∆Σ . It approximates the normalised residual
(after filtering) compensation energy when applying the

n
X

φi (t) .

(7)

i=1

The RGC applies additional control effort, in addition to
the FO∆ΣM, exciting additional glitches. This additional
glitch excitation is typically of the minor glitches due to
the larger interval between the threshold values where major
glitches occur (behaviour G2). The post-processing operator
P(ψ) scales the power of the signal ψ(t) at time t in
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order to anticipate additional glitch excitation specified by
the asymmetric minor glitch power from (2), defined as
∆

P(ψ) : vG (t) =

ψ(t)
1 + sign[ψ(t)]

−
Pasym
Θ∆

,

(8)

where the offset from 1, of the denominator, scales the
power of the signal ψ(t), the numerator, at time t with
−
the asymmetric minor glitch power Pasym
normalised by
the threshold step-size Θ∆ and multiplied by the sign
sign[ψ(t)] = {−1, 1}.
E. Evaluation of Residual Glitch Compensation
Constructing the smooth signals ξi is done considering
the signals described in the evaluation block in Fig. 4. As
an example the glitch behaviour of a Texas Instruments
DAC8544, with characteristics given in Tab. II, is used.
Glitch powers are obtained from (1) and (2) being the rising,
falling and asymmetric glitch powers for both the major and
minor glitches. The evaluation block in combination with the
DAC model enables comparison of the control effort vG from
the RGC with the glitch response g from the DAC model.
To evaluate the effect of the compensation on the residual
glitch energy, the filter W is used, resulting in the signals
∗
∗
vG
(t) and g ∗ (t). The compensation error eG = g ∗ + vG
will
be zero for perfect residual glitch compensation, which is
the ideal outcome.
The system without using the RGC is simulated, which
means that only FO∆ΣM is used. The reference used is the
one shown in Fig. 5, where major glitches are excited. The
filtered glitch response g ∗ has a triangular shape, which is
shown in the topmost plot in Fig. 11.
The energy transfer, modelled by the switching ratio
function βΘ (r), of operator T can be used to construct
the first smooth signal ξ1 such that it compensates the
triangular shape of g ∗ . Combining the inverse βΘ (r)−1 with
the triangular shape of g ∗ requires a constant value as signal
ξ1 . The major glitches appearing while switching between
thresholds are asymmetric, due to different glitch energies
for rising and falling input. The asymmetric major glitch
power (energy per 1 µs), from (2), is excited when both
a rising and falling input occur. The signal ξ1 contains the
asymmetric major glitch power as a constant value,
+
ξ1 (t) = −Pasym
.

Fig. 11: Step-by-step construction of the RGC by comparing the
energy of the residual glitch response g ∗ with the residual glitch
∗
compensation vG
, with the reference (from Fig. 5) exciting major
asymmetric glitches. Top: First step, comparison using no RGC resulting in a triangular difference. Middle: Second step, comparison
using RGC1 (i.e. RGC with ξ1 ) resulting in a constant difference
within the second part of the threshold transition. Bottom: Third
step, comparison using RGC1+2 (i.e. RGC with ξ1 and ξ2 ) resulting
in unbiased difference.

∗
resulting from the
Fig. 12: Compensation error eG = g ∗ + vG
RGC1 and RGC1+2 simulations, with the reference (from Fig. 5)
exciting major asymmetric glitches. The result for RGC1 contains
a bias within the second part of the threshold transition, while the
result for RGC1+2 mitigates this bias.

ensures sufficient energy transmission. Hence, signal ξ2 is
defined as
(
P + −1
− NR βΘ
if r(t + 1) − r(t) > 0,
ξ2 (t) =
(10)
PF+ −1
if r(t + 1) − r(t) < 0.
− N βΘ

(9)

Finally, with r as in Fig. 5), a simulation is performed when
combining FO∆ΣM and RGC1+2 (i.e. RGC with signals ξ1
and ξ2 from (9) and (10)). The RGC1+2 reduces the error
further, as shown in the bottom plot in Fig. 11 and Fig. 12.
RGC1+2 is used for simulation results in the next Section.

Another simulation (again with r as in Fig. 5) is performed
when combining FO∆ΣM and RGC1 (i.e. RGC with the
signal ξ1 from (9)). The evaluation block provides signals g ∗
∗
and vG
that are shown in the middle plot in Fig. 11, and the
error signal eG that is shown in Fig. 12. The RGC1 improves
performance in terms of residual glitch energy because the
error signal is smaller in amplitude. However, there is a
somewhat larger error in the second part of the threshold
transition (i.e. from 600 µs until 1100 µs). A second smooth
signal ξ2 is introduced in an attempt to reduce this error.
Since the reference r, shown in Fig. 5, has a rising slope
there will occur one rising switch more than falling when
r traversing a single threshold transition. Hence, one rising
glitch power is excited more than falling, with glitch powers
from (1). This energy seems to affect the error in the RGC1
case. Therefore, the glitch power is uniformly distributed
over N samples with N = 500 and the inverse βΘ (r)−1

IV. S IMULATION R ESULTS
The simulation results for stochastic dithering with 1 LSB
(SD), periodic dithering with 1 LSB and 49 kHz (PD), firstorder ∆Σ-modulation (FO∆ΣM), no dithering (ND) and
first-order ∆Σ-modulation with residual glitch compensation
(FO∆ΣM-RGC), are shown in Fig. 13, with error e = r − y.
The reference in Fig. 5 is applied, exciting major glitches.
The DAC model uses values for the DAC8544. The rootmean-square error (RMSE) is computed for every case for
exactly one threshold transition (i.e. between 100 µs until
1100 µs). The RMSE values are given in Tab. IV, where
the proposed control law, first-order ∆Σ-modulation with
756
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VI. C ONCLUSIONS
This paper proposes a method for reducing the impact
of digital-to-analogue converter glitches when applied in
systems for precision mechatronics. It consists of a firstorder ∆Σ-modulator combined with a novel residual glitch
compensation method. The performance, measured in terms
of the root-mean-square error (RMSE), approaches the same
order of magnitude as the theoretical performance limit
for quantised systems. Simulations were performed on an
example system, with model parameters identified from
experimental DAC measurements, with a limiting theoretical
RMSE of 1.27 × 10−5 . The simulation results for the glitch
compensation method yielded a RMSE of 4.55×10−5 , which
is two orders of magnitude smaller than the case where no
compensation is used.
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Fig. 13: Simulation of the error e = r − y; comparing schemes:
stochastic dithering with 1 LSB (SD), periodic dithering with 1
LSB and 49 kHz (PD), first-order ∆Σ-modulation (FO∆ΣM), no
dithering (ND) and first-order ∆Σ-modulation with residual glitch
compensation (FO∆ΣM-RGC), with the reference (see Fig. 5) exciting major asymmetric glitches. The error when using FO∆ΣMRGC stays within ±1 LSB, and achieves the best performance.
TABLE IV: Root-mean-square error (RMSE) for various methods
applied to a real DAC. The values are computed for error e =
r − y with the rising ramp reference signal from Fig. 5 traversing
exactly one threshold transition, in this case from 100 µs until 1100
µs. First-order ∆Σ-modulation with residual glitch compensation
achieves the best performance.
Method
Stochastic dither (1 LSB)
Periodic dither (1 LSB, 49 kHz)
First-order ∆Σ-modulation
No modulation or dithering
First-order ∆Σ-modulation with residual glitch comp.

RMSE
(×10−5 )
179.87
47.20
255.24
28.94
4.55

residual glitch compensation, shows two orders of magnitude
improvement in performance compared to first-order ∆Σmodulation and at one order of magnitude compared to
small-scale dithering methods. The control law does not
reach the theoretical performance limit in Tab. III, but it is
approaching the same order of magnitude.
V. D ISCUSSION
This paper investigated residual glitch compensation for
a reference signal that linearly traverses a single threshold
transition. In the simulations, a rising ramp reference signal
was used, with slope Θ∆ ≈ 0.305 mV per 1000 µs. The
control law was tuned for this specific reference signal, with
tuning expressed in the determination of signals ξ1 and ξ2
from (9) and (10). If the (positive) slope of the reference
signal changes, e.g., it changes to a negative slope or an
arbitrary signal, the residual glitch compensator (RGC) may
need to be tuned differently by the construction of the signals
ξi . The purpose of the paper was to investigate the potential
to reduce the error due to glitches compared to existing
methods, which was achieved. Further work is required to
generalise the results to arbitrary reference signals, and effort
is also required to determine the performance impact of
modelling errors.
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