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Abstract—Excess loop delay (ELD) in high speed continuous-
time (CT) Delta-Sigma-Modulators (DSMs) imposes design chal-
lenges and limits the use of high resolution, e.g. successive-
approximation-register (SAR) based internal quantizers, as usual
compensation techniques like the use of a direct path around the
quantizer come with increased swings and reduced maximum
stable amplitude (MSA). In this paper, two bitwise ELD com-
pensation approaches applicable to cascade-of-integrators with
distributed feedback (CIFB) loop filters are proposed, which
alleviate this problem for SAR and other multi-step quantizers
by sequentially feeding bits into the feedback loop when they
are available (MSB first, LSB last). Loop-filter equivalence for
such bitwise ELD compensation is analytically derived. System-
level simulations using Matlab & Simulink for exemplary 4-bit
2nd, 3rd and 4th-order modulators show 40% reduction of the
last integrator output swing compared to the conventional direct
path compensation. This potentially allows to avoid the swing,
quantizer scaling and noise trade-offs due to ELD in state of the
art designs.

Index Terms—Continuous-time (CT), Delta-Sigma-Modulator
(DSM), ADC, excess loop delay (ELD), SAR, wideband

I. INTRODUCTION

High speed continuous-time (CT) Delta-Sigma-Modulators
(DSMs) using multi-bit internal quantization nowadays domi-
nate for wideband applications. Multi-bit quantization not only
achieves decent signal-to-quantization-noise ratio (SQNR)
with low oversampling ratio (OSR), it additionally increases
the maximum stable amplitude (MSA) compared to single-
bit architectures, which allows more input referred noise for
the same signal-to-noise ratio (SNR). In order to reduce the
complexity and power consumption associated with Flash
quantizers [1], many recent designs implement the quan-
tizer as a successive-approximation-register (SAR) analog-to-
digital converter (ADC). In contrast to a Flash realization,
the SAR sequentially resolves (usually) one-bit-at-a-time, trad-
ing complexity against speed. Disadvantageously, this speed-
complexity trade-off leads to more latency of the quantizer,
and thus to more excess loop delay (ELD) τ .

There have been plenty of ELD compensation strategies
presented, such as the direct loop with adder [2], mixed-signal
differentiation before the last integrator [3], analog differentia-
tion by using a capacitive digital-to-analog converter (C-DAC)
[4], proportional path in the last integrator [5], compensation
in the quantizer [6] and compensation within the C-DAC of
a SAR quantizer [7]. Disadvantageously, ELD compensation
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restores the input to the quantizer only at the sampling instants,
which ideally restores the noise transfer function (NTF), but
which practically leads to increased swings in the loop filter.
E.g. in [7] a SAR embedded ELD compensation led to such
high integrator swing that the loop filter gain (in the last
integrator) had to be reduced by 4. Such reduction of loop filter
gain yields decreased quantizer input full scale, but also leads
to increased input referred noise requirements, which becomes
especially critical in high speed, low OSR modulators, which
rely on high resolution quantizers - the major reason to use
SAR quantizers in the first place.

Fig. 1: Scaling of loop filter swing and quantizer input by α.

A possible solution to counteract ELD in a SAR was
achieved in [8] using preliminary sampling. This came at the
cost of a sampling error needing correction, while the overall
ELD of 0.65·Ts was still significant. In [9] the increased swing
was alleviated by a direct feedforward path, which largely
compromises the signal transfer function (STF).

This paper proposes a novel solution to overcome the
trade-off between higher quantizer resolution using multistep
quantizers and the drawbacks associated with the consequently
higher ELD by taking advantage of the multi-step operation
itself; the early availability of the coarse MSBs is used to re-
duce swings and increase MSA in the overall DSM. Section II
shortly reviews ELD compensation. Section III introduces the
concept of bitwise ELD compensation. Section IV proves its
benefits concerning swing reduction and MSA with system-
level simulation results, and Section V concludes the paper.

II. ELD REVIEW AND MOTIVATION

ELD leads to a delayed feedback DAC pulse and thus
changes the loop filter output at the sampling instants. All
ELD compensations aim to restore the sampled output of
the ideal loop filter. One approach is the impulse invariant
transformation [10], which matches the impulse responses of
ideal and delayed loop filter at the sampling points nTs.
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Fig. 2: Exemplary 4-bit DAC output waveform for ELD-free,
all-bits-at-a-time and one-bit-at-a-time feedback.

Even though the impact of ELD (τ < Ts) on the NTF can
thus be ideally compensated [11], major drawbacks remain:
it leads to larger loop filter coefficients and additional hard-
ware realizing the compensation path, which results in more
stringent requirements on the integrators and can increase
STF peaking [12]. It also leads to an increase of integrator
output swings and potential decrease of MSA, as the loop
filter integrates the now wrong, previous feedback signal for
an excessively long time. This becomes especially prominent
when the compensation is done with a direct 0th-order path
around the quantizer [11], which is also the case for implicit
SAR-based ELD compensation schemes [7].

To counteract the increase in swing, the last integrator
output can be scaled down by a factor α < 1, as illustrated
in Fig. 1. Even though this alleviates the swing problem,
it requires the quantizer noise and non-idealities to become
α-times smaller as well. These drawbacks become worse
for larger ELD, e.g. when multi-step quantizers like SAR
with increasing resolution are used. Waiting until all bits are
resolved consumes more and more of the clock cycle.

Intuitively, the more of the actual signal is fed back early,
the less of a swing problem should result. This gives rise
to the idea of exploiting the sequential nature of multi-step
quantizers, e.g. the one-bit-at-a-time operation of a SAR:
the MSB is available much earlier than the LSBs. With the
intention of reducing swings and restoring the MSA, the early
decisions could thus be fed back before the whole conversion
finishes. The idea of such bitwise feedback is illustrated in
Fig. 2 with an exemplary DAC output waveform: in contrast
to the state of the art (SoA), where all-bits-at-a-time are fed
back after ELD τ , the proposed bitwise feedback concept feeds
one-bit-at-a-time or few-bits-at-a-time back into the modulator
earlier than τ ; this achieves NTF restoration while relaxed
additional swing and improved MSA are expected, as the ideal
feedback DAC signal is much earlier approached.

III. THEORY OF BITWISE ELD COMPENSATION

For quantizer bits arriving with individual ELD in the
feedback DACs, the loop filter compensation has to be done
separately for each bit. In order to give an exemplary analysis
as well as to allow comparison with previous work [11], a 2nd-
order 4-bit CT DSM with a non-return-to-zero (NRZ) DAC
and ELD-free scaling coefficients k1,2 for a CIFB loop filter

Fig. 3: 2nd-order CT cascade-of-integrators with distributed
feedback (CIFB) DSM with bitwise feedback paths.

is chosen. To compensate for ELD, the exemplary modulator
is extended with a direct path k̃0, which is a reasonable choice
as ELD compensation inside the C-DAC of a SAR quantizer
is an efficient SoA implementation [13]. Applying ELD com-
pensation leads to changing the coefficients to k̃i|i=2..0 for the
ith-order feedback path, which restores the original NTF.
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In order to apply the idea of bitwise feedback, the bits
of the N -bit quantizer are split into separate feedback paths,
assuming individual ELD of τi,m and DAC coefficients k̃i,m
for the mth-bit (dm[n]) in the ith-order feedback path. The
MSB (m = N −1) is assumed to have the lowest ELD, while
the LSB (m = 0) arrives last. Correct bit-weighting is implied,
such that the sum of all feedback bits represents the full scale
range. The resulting architecture is illustrated in Fig. 3.

Two issues are important to note: firstly, correct ELD
compensation for all bits is necessary in order to ideally
restore the NTF and thus get ideal performance, regardless
of using conventional or the proposed compensation methods.
Moreover, as bit-individual ELD τm requires individual com-
pensation coefficients k̃i,m per bit, the cascade-of-integrators
with distributed feedforward (CIFF) architecture does not
provide enough degrees of freedom in the forward paths, and
can thus not use the proposed bitwise feedback.

In the following, two beneficial configurations of the pro-
posed bitwise feedback in Fig. 3 are analyzed.

A. Bitwise ELD in all feedback paths

The first implementation of Fig. 3 uses the proposed
individual ELD per bit (m) equally in all feedback paths
(i), i.e. τi,m = τm. The scaling coefficients k̃i,m for ELD
compensation with 0 < τm < Ts can be calculated using the
impulse-invariant-transform, resulting in

k̃2,m = k2 (1)

k̃1,m = k2τm + k1 , k̃0,m =
k2τ

2
m

2
+ k1τm (2)

Note that the scaling coefficient k̃2,m of the outermost DAC
does not change over m, while k̃1,m and k̃0,m depend on the
(bit-specific) ELD. By using (2), distinct coefficients for each
feedback DAC bit can be calculated. Given that the bits are fed
back with their corresponding weight and ELD, the sampled
impulse response is restored while having parts of the signal
early inside the loop.



B. Bitwise ELD in inner feedback paths

In this configuration, individual ELD τi,m per bit with
τ0,m = τ1,m is only used in the inner (i = 0..1) feedback
paths, while equal ELD for all bits is assumed in the outermost
path (i = 2). This implies τ2,m = τ0,0, which is the maximum
ELD (of the LSB) in the loop. Thus, the outer loop uses all-
bits-at-a-time at the end of a quantizer conversion, while the
inner paths use the proposed bitwise feedback.
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The idea behind this approach becomes visible when look-
ing at the resulting scaling coefficients for the mth-bits of the
exemplary 2nd-order DSM:

k̃2,m = k2 , k̃1,m = k2τ0,0 + k1 (3)

k̃0,m = k2

(
τ1,mτ0,0 −

τ20,0
2

)
+ k1τ1,m (4)

Eq. (3) shows that in contrast to (2), the first order path
DAC coefficient k̃1,m only depends on the delay τ0,0 in
the outermost loop, which is now equal for all bits and
thus independent of m in this configuration. Thus, single
coefficients k̃2,m = k̃2 = k2 and k̃1,m = k̃1 can be employed
in both outermost DACs, but at the cost of larger ELD
for the MSBs through the outermost DAC. Although larger
swings of the first integrator are expected in this case, unit-
elements with correspondingly better matching can be used
also for the second DAC: this is especially advantageous in
wideband applications with low OSR, where DAC2 can still
significantly contribute input-referred non-linearity errors and
a unit element implementation is desirable.

IV. SIMULATION RESULTS

ELD impacts swing and thus MSA, which can only be
counteracted in the SoA by loopfilter scaling with corre-
spondingly disadvantageous increase of input referred noise,
cf. Section II. The proposed bitwise feedback is intended to
reduce swings and increase MSA over conventional all-bits-at-
a-time feedback, which is proven by Matlab simulations next.

A. 2nd-Order Modulator

To allow comparison to [11], simulations for a 4-bit 2nd-
order CIFB DSM are firstly shown, using various ELD com-
pensation methods: a direct path, a digital differentiator, a
capacitive feed-in path and the two proposed bitwise methods
are compared to an ideal, ELD-free system in terms of internal
node swings. The NTF is synthesized with |H∞| = 3.5.
Simulations are performed at an OSR of 16 with ideal,
unscaled integrators and a sinusoidal input signal at the band
edge fin = fb with Ain = −2 dBFS. The ELD is exemplarily
set to 0.8Ts, which is used for all bits in the conventional
architectures, while the bitwise distributed ELD is exemplarily
set to τi,3..0 = 0.2/0.4/0.6/0.8Ts (MSBs to LSBs). The
swings at the outputs of Integrator 2 and 1 are shown in Fig. 4
in form of a histogram for the 2nd order DSM, cf. Fig. 3.

As known from literature, the output of Integrator 2 varies
largely depending on the chosen architecture: as no dedicated
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Fig. 4: Histogram of Integrator 2 and 1 output swings of a
2nd-order CIFB modulator. The signal is sampled at 10fs.

direct path is present for the digital differentiation and capaci-
tive feed-in, they already carry the same signal as the quantizer
input. In contrast, the other realizations allow Integrator 2 to
integrate the prior feedback signal for a significant amount of
the new sampling period (τ ), which is then compensated by the
direct path around the quantizer. The negative effect on swing
is most prominent for the direct path compensation, which is
equivalent to the typical C-DAC ELD compensation in SAR
quantizers; there the maximum swing is around 2.2x larger
compared to ELD-free. This leads to the disadvantageous loop
filter output and quantizer input scaling in the SoA [9].

This disadvantage is significantly relaxed when the proposed
bitwise compensation is used. The early arrival of the feed-
back signal helps to substantially reduce the swings. With a
maximum ELD of τi,0 = 0.8Ts, the swings are reduced by
40% compared to the conventional direct path compensation.

When looking at the output of Integrator 1, the ELD-free
system has the lowest swing due to its instant feedback. Every
ELD compensated system, except the proposed one-bit-at-a-
time compensation in the outer loop, cf. Section III-A, has
equally increased swings of about 40% vs. the ELD-free mod-
ulator, as the outer feedback remains unaffected between the
different compensation strategies. The bitwise ELD with one-
bit-at-a-time outer loop delays is able to feed back most of the
signal early inside every node of the system, which results in
swing reduction of around 20% compared to the conventional
techniques. This depicts the trade-off between the one-bit-at-
a-time or all-bits-at-a-time outer DAC introduced in Section
III-A and III-B: while the first alleviates the Integrator 1 output
swing, the latter allows the realization of the second DAC



TABLE I: MSA comparison of 2nd, 3rd and 4th-order 4-bit
CIFB modulator using different ELD compensation techniques
with fixed loop filter scaling and swing limitation of ±Vref/2.

2nd order
(dBFS)

3rd order
(dBFS)

4th order
(dBFS)

ELD-free −1.55 −1.95 −2.15

Direct Path (e.g. SAR CDAC) −9.45 −11.95 −13

Digital Differentiator −6.1 −9.7 −10.95

Capacitive Feed-In −5 −7.45 −8.45

Bitwise ELD cf. III-A −5.05 −5.75 −6.45

Bitwise ELD cf. III-B −5 −5.7 −6.5

with equal coefficients, meaning realization with unit elements.
Therefore, either of the bitwise compensation techniques may
be favorable depending on the designer’s choice.

Using the same simulations setup for 3rd and 4th-order
modulators, similar swing reduction of 40% in the last integra-
tor can be found, and the advantage of the proposed schemes
is summarized in the following.

B. MSA and Scaling Advantage

Scaling loop filter coefficients is a common way to counter-
act large integrator swings. Although it helps recovering the
MSA, any scaling usually tightens the requirements on thermal
noise and other circuit nonidealities, e.g. the input referred
noise of the quantizer [9]. To show the scaling benefit for the
proposed bitwise ELD compensation, the achievable MSA is
determined. For a fair comparison, all analyzed modulators
are scaled such that for the ideal, ELD-free case with α = 1,
the maximum transient swing of all internal nodes is ±VFS/2
(quantizer full scale) at its MSA. This scaling is equal and
fixed across all compensation techniques, meaning that any
swing increase due to ELD leads to clipping at the otherwise
ideal integrators. The MSA is determined at the point of
maximum SQNR of the moving average of 5 points in an
input amplitude sweep with a step size of 0.05 dBFS. The
results are shown in Tab. I. Especially for higher DSM orders,
the proposed techniques outperforms the other approaches, as
not only the last integrator swing becomes a limiting factor,
but also the intermediate node swings. E.g. the 4th-order mod-
ulator with bitwise feedback gains 6.5 dB in MSA compared
to the all-bits-at-a-time direct path compensation. In order
to achieve similar MSA using the conventional direct path
compensation, loop filter scaling of the same order (6.5dB)
had to be applied, which manifold worsens input referred noise
and thus would increase power in the analog circuitry and
quantizer to maintain the same overall performance.

C. Discussion

As the core idea of the proposed technique is to feedback
parts of the signal earlier than in conventional ELD compen-
sation, it follows that the larger the amount of early feedback
signal, the more swing reduction is expected. Since the MSB
already covers half of the signal’s full scale range and is
resolved as part of the first conversion step, the first few bits
are the most critical ones, while the remaining LSBs have just

a minor overall weight. Consequently, one can combine several
LSBs to a single feedback instant for simpler implementation,
while the majority of the early signal is covered by the MSBs.
In practice, this might favor variants like MSB first, then a few
bits next and then all remaining LSBs at the end.
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When comparing the various ELD compensation tech-
niques, one can see that approaches which implement the 0th-
order compensation path through the loop filter generally have
the lowest last integrator output swings. However, the loop
filter has to process the fast path while guaranteeing stability,
which often yields tight requirements on integrator dynamics.
In contrast, a direct path around the quantizer, as implicitly
realized within SAR quantizers in SoA, suffers from large
swings at the last integrator output [9]. With the proposed
bitwise technique, both drawbacks are significantly relaxed.

As a disadvantage, feeding back bits separately can lead to
increased switching activity for the integrators to process in
the case of small, low frequency input signals. However, the
difference to conventional feedback is reduced in the case of
low OSR with signals at the band edge or potentially even out-
of-band (OOB) blockers, as the resulting DAC steps will be
much larger than a few LSBs. Then, the proposed technique
is again very beneficial, as more settling time is available for
the largest part of the signal.

The bitwise feedback can be intuitively extended from the
synchronous SAR example to any quantizer where decisions
are made over time, e.g. asynchronous SAR (A-SAR), two-
step, multi-step and pipeline architectures. In a conventional
modulator, ELD defines the synchronization point between
quantizer and feedback DACs, where all quantizer bits are
guaranteed to be available. In order to implement the pro-
posed bitwise concept, additional synchronization points can
be defined for each bit (or subset of bits), where bits are
guaranteed to be available. The generation of such feedback
points can be exploited in common I/Q receivers, where Ts/4
clock edges are readily available, making 0.25/0.5/0.75Ts,
few-bits-at-a-time feedback very attractive. Even though many
receiver ADCs require flat STF and thus CIFB architecture,
a drawback remains that the usage of a purely feedforward
architecture is not readily possible; a combination with digital
differentiation [3] or digital integration [14] seems though
possible and should be further investigated.

V. CONCLUSION

A novel ELD compensation technique for multi-bit CT
DSMs has been proposed, which exploits the sequential one-
bit-at-a-time operation of SAR or few-bits-at-a-time operation
of multi-step quantizers to reduce loop filter swings by feeding
back the resolved bits early when they are available. The
theory of bitwise operation is analytically derived for two
2nd-order architectures. System-level simulations for 2nd, 3rd

and 4th-order CIFB modulators show that bitwise feedback
can reduce the last integrator output swings by 40%, which
alleviates the disadvantageous quantizer scaling present in
direct path ELD compensation, such as compensation inside
the C-DAC of a SAR quantizer.
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