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Abstract—This paper analyzes the effect of signal transfer
function (STF) peaking in continuous-time (CT) Delta-Sigma-
Modulators (DSMs) arising from excess loop delay (ELD) and
its compensation. Starting from a generic model, the origin of
different contributors to STF peaking are revised, namely noise
transfer function (NTF) peaking due to aggressive noise shaping,
instability from uncompensated delay as well as forward loop
filter zeros in cascade-of-integrators with distributed feedforward
(CIFF) modulators. The shift of forward loop filter zeros as
a result of ELD compensation is shown intuitively for a 3rd
order example, while system-level simulations of various 2nd,
3rd and 4th order CT single-loop modulators confirm increased
STF peaking in the above stated scenarios.

Index Terms—delta-sigma modulator, continuous-time, STF,
ELD, CIFF

I. INTRODUCTION

Current trends in wide-band analog-to-digital converters
(ADCs) continuously push the requirements to higher sam-
pling rates and better out-of-band suppression. Continuous-
time (CT) Delta-Sigma-Modulator (DSM) are known as a suit-
able choice, which combine the advantages of noise-shaping
and inherent anti-aliasing. As their maximum oversampling
ratio (OSR) for wide-band applications is limited by the
feasible clock speed, higher resolutions can only be achieved
by using higher order loop filters, a multibit internal quantizer,
cascaded structures or a combination of those. This typically
leads to trade-offs regarding stability, linearity and out-of-
band (OOB) suppression, where special care has to be taken
depending on the application.

In a typical communication scenario, the signal band of
interest is usually surrounded by OOB blockers with large
amplitudes, thus requiring extensive filtering to not overload
the DSM. In these cases, the available dynamic range (DR)
is often directly limited by the maximum blocker suppression.
For CT DSMs, the corresponding property is the signal transfer
function (STF), which describes the frequency dependent gain
of a given input signal. In communication receivers, all STF
peaking is usually avoided in order to prevent an additional
increase of the required DR of the system [1].
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In the literature, the cascade-of-integrators with distributed
feedback (CIFB) architecture is usually connected with flat,
peaking-free STFs. In contrast, the cascade-of-integrators with
distributed feedforward (CIFF) structure is seen more often
in recent publications [2], [3]. It promises lower power con-
sumption, but feedforward paths are commonly attributed to
STF peaking. Excess loop delay (ELD) is a well described
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Fig. 1: CT Delta-Sigma (∆Σ) modulator model with (a)
combined loop filter, (b) linearized quantizer with split loop
filters and sampling and (c) equivalent discrete-time (DT)
model of the feedback loop.

non-ideality in CT DSMs which is always present and a
compensation is needed in high-speed implementations. Many
different compensation techniques have been shown in the
literature [4]. A hitherto undescribed effect is the dependency
of STF peaking on ELD compensation, which is analyzed in
this paper, which is outlined as follows. Section II describes
the basic DSM model and reviews its associated transfer
functions. Section III reviews the main contributors of STF
peaking and especially describes the connection to compen-
sated and uncompensated ELD. System-level simulations of
STF peaking for various 2nd, 3rd, and 4th order CT DSMs
are given in Section IV. Section V concludes the paper.

II. MODULATOR TRANSFER FUNCTIONS

A generic CT ∆Σ modulator is given in Fig. 1a, including
forward and feedback loop filters L0(s) and L1(s), a sampled



N-bit quantizer and digital-to-analog converter (DAC) as well
as an arbitrary ELD of τd = [0, 1) normalized to the clock
period Ts = 1/fs. Assuming a multibit quantizer with unity
gain and white quantization noise E(z), this system can be
rearranged to split the forward and feedback path [5] as shown
in Fig. 1b. The part of the system indicated by the dashed box
has DT inputs and incorporates the sampled response of the CT
filter L1(s), thus it can be modeled equivalently as an overall
DT transfer function.
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This transfer function is the modulators
noise transfer function (NTF) and can be realized e.g. by using
the impulse invariant transformation on the feedback loop filter

L1(z) = Z
{
L−1

{
L1(s)DAC(s) · e−τdTs

}
t=nTs

}
, (1)

taking into account ELD τd and the DAC waveform DAC(t).
The NTF is then given by

NTF (z) =
1

1 + L1(z)
. (2)

The resulting system is shown in Fig. 1c, where one can see
that the quantization noise is directly shaped by the NTF, while
the input signal is filtered by the CT loop filter L0(s) and
sampled beforehand. The corresponding STF can be written
as [6]

STF (ω) = L0(jω) ·NTF (ejωTs) . (3)

A common way of designing CT ∆Σ modulators is to start
with a desired DT NTF, which sets the maximum performance
and order of the overall system. The feedback loop filter L1(s)
is then mapped by means of (1) and (2) to represent the given
NTF exactly. Note that this is also true for arbitrary ELD
τd < 1 and independent from specific loop filter realization.
Therefore, a fixed highpass NTF (omitting resonators for
simplicity) is assumed in the following for each modulator
order independent of ELD.

NTFs which minimize inband quantization noise can be
easily obtained by a number of design tools. Due to the
focus on wide-band modulators, the NTFs in the following
examples are synthesized for multibit operation with an OSR
of 10 by either the Delta Sigma Toolbox [7], which are called
conservative throughout this paper due to their Chebyshev pole
placement, or by www.sigma-delta.de [8], which offers more
optimization flexibility regarding modulator stability and filter
poles and thus are called aggressive.

III. CAUSES OF STF PEAKING

A. NTF Aggressiveness

The NTF of an N-th order DSM is obtained as an N-th
order DT highpass filter, optionally including resonators for
spread zeros within the signal bandwidth. Generally speaking,
more aggressive NTFs may be desired for increased inband
performance [5] but usually at the cost of increased signal
swings and higher tendency to instability, especially under
slight parameter variations. Thus, the designer has some degree
of freedom in choosing this filter, but is limited by stability
and the above mentioned realization challenges. For example,
an N-th order Chebyshev NTF provides a smooth roll-off and
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Fig. 2: Magnitude response of conservative and aggressive
2nd, 3rd and 4th order NTFs.

the OOB gain as a design parameter. Alternatively, the more
general optimization in [9] provides the NTF poles and zeros
directly, which can facilitate better performance but lose the
smooth roll-off property. A selection of 2nd, 3rd and 4th order
NTFs is shown in Fig. 2. An OOB gain of 8 dB is chosen
for the conservative NTFs as a reasonable trade-off between
stability and inband performance, while the aggressive NTFs
are optimized with a maximum NTF gain of 12 dB. One can
see that compared to the conservative case, the aggressive
NTFs have an inband noise (IBN) improvement of around
4 dB but peak out-of-band, which is a direct consequence
of poles closer to the unit circle. This can theoretically be
compensated for by including input feed-in paths [10], [11],
but is undesired as the STF OOB suppression degrades.
Considering (3), one can expect that peaking in the NTF
transfers to peaking in the STF, which is verified in Fig. 3 for
a 3rd order example. As the NTF is independent of specific
loop filter realization, peaking due to NTF aggressiveness can
be present in both CIFB and CIFF modulators, which is an
often repeated misunderstanding, when CIFB modulators are
considered to be generally non-peaking.

B. Uncompensated ELD

Especially for high sampling frequencies in the GHz range,
significant relative delay within the feedback loop can be
introduced even by simple circuit elements like inverters.
Sometimes not all delays of the final circuit can be accounted
for in the design process, thus making exact ELD compen-
sation difficult. This usually leads to an additional, uncom-
pensated ELD, which decreases the available phase margin of
the negative feedback loop and degrades stability, which is
more severe for higher order modulators. The effect can be
observed, independent of the specific loop filter structure, as
peaking in the modulators output spectrum, similar to choosing
a more aggressive NTF in the first place. Note that in this
case the inband performance is not altered, but the maximum
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Fig. 3: L0, NTF and resulting STF of a 3rd order CIFB
modulator with conservative and aggressive NTF.

stable amplitude (MSA) decreases due to higher internal signal
swings and the sensitivity to parameter variations increases.

C. Compensated ELD

By taking into account the known ELD into the DSM design
process, the original NTF of the system can be ideally restored
by adding a direct path around the quantizer and adjusting
loop filter coefficients [4]. Still, such compensation can have
different implications on L0(s) and the STF depending on the
chosen loop filter structure, which is an effect hitherto not
mentioned in literature. In the following, the resulting STF
behavior is analyzed for an exemplary 3rd order modulator in
either CIFF or CIFB configuration.

1) 3rd order CIFB Modulator: Using the naming conven-
tion of [8] and assuming ideal, unscaled integrators with a
normalized fs = 1, the feedback transfer function of a 3rd
order DSM assuming τd = 0 is given by

L1(s) = a1
1

s3
+ a2

1

s2
+ a3

1

s
(4)

with ai being the 3rd, 2nd and 1st order feedback path
coefficients of the loop filter which are set by the chosen NTF.
Likewise, for τd > 0, the loop filter becomes

L̃1(s) = a1
1

s3
+ ã2

1

s2
+ ã3

1

s
+ ã4 (5)

with ãi, i ≥ 2 being the rescaled coefficients for ELD com-
pensation, including a direct path ã4. As the ELD dependent
feedback coefficients ãi are not part of the forward path, the
forward transfer function in both cases is given by

L0(s) = L̃0(s) = b1
1

s3
(6)

with b1 = a1 for unity DC gain. As (4) and (5) both realize
the same NTF for the given ELD, the evaluation of (3) for the
CIFB modulator shows that the STF is independent of ELD.

As L0(s) has three DC poles which cancel out the three DC
zeros of NTF (z), STF peaking can only occur if the NTF
peaks by design (cf. Fig. 3). Thus, by mindful filter design
and accurate ELD compensation, STF peaking can be avoided
completely when using the CIFB loop filter structure.

2) 3rd order CIFF Modulator: Analogous to the previous
section, the feedback path for a 3rd order CIFF modulator
assuming τd = 0 is given by

L1(s) = a1

(
1

s3
+ d24

1

s2
+ d14

1

s

)
(7)

with di4 being the i-th order feedforward path coefficients
which are set by the chosen NTF. Including ELD τd > 0, the
transfer function becomes

L̃1(s) = a1

(
1

s3
+ d̃24

1

s2
+ d̃14

1

s

)
+ ã4 (8)

with d̃i4 being the ELD corrected coefficients including a
direct path ã4. The forward paths then become

L0(s) = b1

(
1

s3
+ d24

1

s2
+ d14

1

s

)
= b1

(
1 + d24s+ d14s

2

s3

) (9)

and

L̃0(s) = b1

(
1 + d̃24s+ d̃14s

2

s3

)
(10)

without and with compensated ELD, respectively. Once
again L0(s) and L̃0(s) have three DC poles, but additionally
two negative zeros formed by di4 and d̃i4. Thus, peaking
occurs if the loop filter zeros lie at lower frequencies than
the NTF poles, which is given due to the nature of (2). The
resulting dependency on ELD can be intuitively explained
as follows: Compensation of delay is achieved by artificially
increasing the signals on the internal paths to make the delayed
signal look like it was not delayed at all. This is realized
by increasing coefficient values, in this particular case by
increasing d̃i.
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More aggressive zeros in the forward path are
formed, which are shifted more and more to lower frequencies
for larger compensated ELD. Fig. 4 shows this behavior for
different ELDs, where the resulting STF peaks due to more
aggressive L̃0 zeros. The NTF does not change with ELD, as
perfect compensation is assumed.

IV. SIMULATION RESULTS

To give an overview of the influence of ELD on STF
peaking in different scenarios, system-level simulation results
for the 2nd, 3rd and 4th order modulators are presented
in Table Ia for the CIFF and in Table Ib for the CIFB
configurations. In each case, the maximum STF peak is given
for both the conservative and the aggressive NTF (cf. Fig. 2).
A compensated ELD τd = 0/0.25/0.5/0.75 normalized to Ts

is assumed, as well as an additional, uncompensated ELD τadd
of either 0 or 0.1.



TABLE I: Maximum STF peak for (a) CIFF and (b) CIFB modulators of different orders, NTFs and ELDs.

(a)

ELD 2nd order CIFF 3rd order CIFF 4th order CIFF
τd / (τd + τadd) conservative aggressive conservative aggressive conservative aggressive
0 / (0 + 0.1) 4.8 / 7.3 dB 10.9 / 17.9 dB 7.8 / 11.2 dB 13.4 / 19.0 dB 9.5 / 12.8 dB 12.7 / 17.1 dB

0.25 / (0.25 + 0.1) 5.7 / 8.3 dB 12.2 / 19.2 dB 9.2 / 12.7 dB 15.1 / 20.8 dB 11.1 / 14.4 dB 14.4 / 18.7 dB

0.5 / (0.5 + 0.1) 6.6 / 9.2 dB 13.5 / 20.4 dB 10.4 / 14.0 dB 16.7 / 22.4 dB 12.6 / 15.9 dB 16.1 / 20.3 dB

0.75 / (0.75 + 0.1) 7.4 / 10.0 dB 14.6 / 21.5 dB 11.6 / 15.2 dB 18.1 / 23.9 dB 14.0 / 17.3 dB 17.7 / 21.8 dB

(b)

ELD 2nd order CIFB 3rd order CIFB 4th order CIFB
τd / (τd + τadd) conservative aggressive conservative aggressive conservative aggressive
0 / (0 + 0.1) 0 / 0 dB 7.5 / 14.4 dB 0 / 0 dB 9.2 / 13.6 dB 0 / 0 dB 13.3 / 11.8 dB

0.25 / (0.25 + 0.1) 0 / 0 dB 7.5 / 14.4 dB 0 / 0 dB 9.2 / 13.6 dB 0 / 0 dB 13.3 / 11.8 dB

0.5 / (0.5 + 0.1) 0 / 0 dB 7.5 / 14.4 dB 0 / 0 dB 9.2 / 13.6 dB 0 / 0 dB 13.3 / 11.8 dB

0.75 / (0.75 + 0.1) 0 / 0 dB 7.5 / 14.4 dB 0 / 0 dB 9.2 / 13.6 dB 0 / 0 dB 13.3 / 11.8 dB
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Fig. 4: STF peaking due to different compensated ELDs for a
3rd order CIFF modulator with conservative NTF.

In the CIFF example, three general trends can be seen. First
of all, peaking can be observed in every modulator, which is
a direct result from the CIFF forward path zeros. By increas-
ing the compensated ELD, the stronger zeros add between
0.8 − 1.6 dB STF peaking per quarter of the clock cycle.
Secondly, the aggressive NTF as well as the uncompensated
delay of 0.1Ts both have a severe impact on STF peaking,
adding around 2.6 − 7.2 dB each, while the specific value
strongly depends on the realized NTF. Lastly, a higher order
loop filter generally tends to worsen the individual effects,
which can directly be seen when comparing the conservative
columns of the 2nd, 3rd and 4th order modulators. This
intuitively makes sense, as a higher order feedback loop is
more unstable, while its stability depends strongly on its
compensation paths.

In contrast to its CIFF counterpart, the CIFB modulators

do not show ELD dependent peaking, which matches the
previous analysis. In fact, peaking can be completely avoided
in the conservative realization if a smooth NTF roll-off is
used. Additionally, the modulator seems in this case immune
to the uncompensated delay, which can be misleading when
only looking at the STF peak. The modulator’s stability still
degrades, but the impact on STF peaking in the conservative
case is heavily reduced due to the strong filter roll-off of the
forward path. Nonetheless, the CIFB structure will peak when
designing with the aggressive NTF. As the stability is already
reduced in this case, the effect of uncompensated ELD further
destabilizes the system and the negative effect on STF peaking
can be observed.

The simulation results show that the analyzed causes of
STF peaking add together if present, with the specific value
being strongly dependent on the actual NTF. Solely the ELD
dependency can be completely avoided when choosing a CIFB
structure. When using a CIFF structure, the ELD dependent
peaking needs to be considered further, especially if a large
relative ELD is considered in the design, e.g. when incorpo-
rating slow quantizer types.
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When a mixed feedforward and
feedback structure is used, both advantages and disadvantages
shown for CIFF and CIFB will be present in a weaker form.

V. CONCLUSION

The influence of ELD and its compensation is analyzed
in the context of STF peaking for CT DSMs using CIFF
and CIFB loop filter structures. Stronger forward path zeros
increase STF peaking for larger compensated ELD in the CIFF
structure, adding to the peaking effect of uncompensated delay
and aggressive noise shaping. System-level simulation results
demonstrate that for minimal STF peaking, a CIFB loop filter
is necessary, combined with a NTF with a smooth roll-off and
accurate modeling of all present delays. When using a CIFF
loop filter or a mixed structure to reduce the overall power
consumption, it is beneficial to keep the ELD small compared
to the clock period to prevent additional peaking and loss in
dynamic range of the ADC.
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