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ABSTRACT The continuous-time (CT) pipelined analog-to-digital converter (ADC) is an emerging ADC
architecture suitable for wide-bandwidth (BW) digitization in fully integrated receiver applications. It
inherits the integration-friendly features of CT AX ADCs, such as inherent anti-aliasing, while achieving
the wide-BW operation originating from discrete-time (DT) pipelined ADCs. In this review article, we
introduce a gain-centric ADC model and apply the key criteria derived from the model to transform a DT
pipelined ADC into a CT pipelined ADC. We then discuss the design considerations and essential building
blocks of the CT pipelined ADC. Finally, we examine several implementations of this architecture with

their highlights and challenges.

INDEX TERMS Analog-to-digital converter (ADC), continuous-time (CT) ADC, oversampling ADC,

pipelined ADC, wideband ADC.

I. INTRODUCTION

HEN classifying analog-to-digital converter (ADC)

architectures, one aspect is based on how the arith-
metic operations are performed to digitize the amplitude
levels in the analog domain, which distinguishes architec-
tures, such as AX (including traditional single-loop and
MASH structures), pipelined, and successive approxima-
tion register (SAR) ADCs. Another aspect can be based
on how the analog signal processing is performed, either
in the continuous-time (CT) or discrete-time (DT) circuitry.
Fig. 1 provides a visual representation of this classification
framework. Historically, most ADC architectures have been
implemented in DT circuits, and CT implementation has
been applied almost exclusively to AX ADCs.

Within these classifications, CT AX ADCs have been the
favored choice for fully integrated wireless receiver appli-
cations due to their inherent anti-aliasing and resistive input
interface [1], [2], [3], [4], [5], [6], [7], [8]. Fig. 2 shows
the bandwidth (BW) as a function of sampling frequency
(fs) for CT AX ADCs over the years based on [9]. The
plot also includes typical BW requirements for 3G, 4G, and
5G cellular radio systems. It is clear that CT AX ADCs
have successfully met the BW requirements for 3G and

4G applications. However, they have yet to satisfy the BW
requirement for 5G (approximately 500 MHz) because the
fs becomes excessively high to achieve the BW even with
the latest CMOS technologies.

In contrast, the pipelined ADC is known as an architec-
ture for wide-BW digitization. However, it has historically
been implemented in DT circuits [10], [11] and requires
additional circuits, such as an anti-aliasing filter (AAF)
and ADC driver when it is used in fully integrated wire-
less receiver applications, thus incurring higher system-level
power consumption.

Considering these situations, a compelling solution for
applications requiring both wide-BW operation and the ben-
efits of CT signal processing could be an architecture that
combines the CT benefits from CT AX ADCs and the wide-
BW operations from DT pipelined ADCs as in Fig. 1. The
CT pipelined ADC [12], [13], [13], [14], [15], [16], [17],
[18], [19], [20], [21] is one such architecture developed with
this motivation in mind.

In this review article, we first introduce a gain-centric
ADC model and discuss the differences between CT and
DT ADCs based on the model in Section II. In Section III,
we derive a CT pipelined ADC from a DT pipelined
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FIGURE 2. BW and fs of CT AX ADCs over the published years. Typical AX ADC
requires OSR > 20, and fs limited < 10 GHz due to process technology limitations.

ADC by applying the criteria derived from the gain-centric
ADC model. In Section IV, the building blocks of the CT
pipelined ADC are discussed. Design examples are reviewed
in Section V, and conclusions are presented in Section VI

Il. CONTINUOUS-TIME ADC VERSUS DISCRETE-TIME
ADC

A. GAIN-CENTRIC ADC MODEL

High-resolution ADCs typically consist of four key sub-
blocks: 1) a linear analog gain block; 2) a linear digital
signal processing block; 3) quantizers; and 4) digital-to-
analog converters (DACs). As depicted in Fig. 3, the linear
analog gain and the linear digital signal processing blocks
are interconnected via the quantizers and the DACs. In this
model, we treat both the DAC and the quantizer as linear
blocks, with the quantizer introducing a quantization noise
QOn determined by its LSB at its output.

The primary purpose of the linear analog gain block is to
provide a gain G from the ADC input to the last quantizer,
thus reducing the quantization noise Qn of the last quantizer
to On/G when it is input-referred. In contrast, the purpose
of the DAC is to cancel the input signal as much as pos-
sible to ensure that the amplified signal is bounded within
the full scale of the last quantizer. This is critical because
the saturation of the quantizer can cause Qy to exceed the
value determined by the LSB step of the quantizer, thereby
invalidating the Qn/G assumption.

In the proposed ADC model, all input and output nodes
of the linear analog gain block, except for the analog input
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FIGURE 3. Gain-centric ADC model.

signal node, are fully provided to and from, or observed
by, the linear digital signal processing block. Therefore, as
discussed in Appendix A, the analog input signal U can be
reconstructed as the digital signal V as

On
V=U+ G 1)
with an error of On/G when an appropriately designed lin-
ear digital signal processing block, or a digital filter, is
employed. Consequently, the system operates as a high-
resolution ADC with an input-referred quantization noise
suppressed by the gain G as On/G.

Two critical observations drawn from this gain-centric
ADC model are as follows.

1) The gain G from the ADC input to the last quantizer
determines the quantization noise level at the digital
output. Therefore, the gain G must be maximized to
design a high-resolution ADC.

2) For successful reconstruction of the input signal using
linear signal processing in the digital domain, the sig-
nal processing in the analog domain must be linear
(or nonsaturated) and the quantizer inputs must remain
within their full scale.

Given these principles, the primary task of an ADC
designer is to design a system that maximizes the gain and
BW of G within the constraints of not saturating the analog
gain block and the quantizers. Note that additional quantiz-
ers and DACs can be incorporated as shown in Fig. 3, and
such detailed examples are discussed in Appendix B. As in
Appendix B, G can also be a frequency-dependent gain.

B. CT AND DT ADCS

Applying the gain-centric ADC model, we define CT and
DT ADC:s in this article as follows. A CT ADC employs
a CT analog filter as the linear gain block, as illustrated in
Fig. 4(a). This analog filter block commonly uses active-RC
filters or g,,-C filters. Conversely, a DT ADC uses a DT
analog filter as the linear gain block, as shown in Fig. 4(b).
Typically, a switched-capacitor filter is utilized in this case.
It is important to note that DT ADCs incorporate a sample-
and-hold circuit at their input, either explicitly or implicitly,
as part of the switched capacitor filter.

C. ADVANTAGES OF CT ADC
CT ADCs have two key advantages over their DT coun-
terparts: 1) a resistive input interface and 2) inherent
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FIGURE 4. (a) CT and (b) DT ADCs. DACs are typically driven by quantizers without
any filtering. See Appendix A.

anti-aliasing, especially when used in a fully integrated signal
chain where the circuits driving the ADC are also integrated
on the same IC chip. A typical input structure of a DT ADC
and a CT ADC is shown in Fig. 5, where a switched capac-
itor circuit connects the ADC input to the summation node
in the DT ADC, while a resistor connects these two nodes
in the CT ADC. If these circuits are designed to add the
same k7/C and thermal noise, the sampling capacitor C is
designed to be C = 1/(fs R). Such a capacitor requires a
much higher peak driving current than the resistor (typically
more than 5x [14]), resulting in higher power consumption
in the ADC driver. The same applies to the internal opera-
tional amplifiers in the switched capacitor filter in the DT
ADCs. As a result, the signal chain, including a CT ADC,
generally outperforms one including a DT ADC in terms of
power efficiency.

Another advantage of the CT ADC is the inherent anti-
aliasing, or the ADC also acts as an anti-AAF. The DT ADC
has a sampler at the ADC input as shown in Fig. 5. Thus, a
signal at fs is aliased at dc without any attenuation. In the CT
ADC, however, sampling is performed implicitly by the last
quantizer connected at the end of the analog gain or filter
section. In CT AX ADCs, the analog gain block is typically
a cascade of integrators, allowing signals at multiples of
fs to be attenuated compared to the signal near dc before
reaching the quantizer where the sampling occurs. Thus, the
ADC provides attenuation of the aliased signals, in other
words, inherent anti-aliasing is achieved [12].

The inherent anti-aliasing improves power efficiency at
the system level. To illustrate the benefit, consider a fully
integrated wireless receiver application that uses either a
DT or a CT ADC as the baseband digitizer, as shown in
Fig. 6. When a DT ADC is used, it generally requires an
anti-AAF and an ADC driving buffer if not included in the
ADC, thereby inducing additional thermal noise. In contrast,
a CT ADC often does not require these additional blocks
for the same anti-aliasing performance thanks to its inherent
anti-aliasing.

We then compare the power consumption of the DT and
CT signal chains under the conditions where: 1) the DT
and CT baseband sections maintain the same noise spectral
density (NSD) and 2) Schreier figure of merit (FOMg) for
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FIGURE 6. Benefit of inherent anti-aliasing in a wireless receiver application.

the CT, DT ADCs, and AAF are the same. Under these
assumptions, the DT configuration consumes more power
than its CT counterpart. This is because the AAF and ADC
in the DT signal chain must achieve a lower NSD to maintain
the same NSD for the entire baseband section, resulting in
higher power consumption for each block.

In the scenario shown in Fig. 6, a —150 dBFS/Hz NSD
and a 160-dB FOMg are assumed for conditions 1) and
2), respectively. Note that ADCs typically exhibit a 160-dB
FOMg for ~100-MHz BW, as in Section V, and the FOMg
of the AAF is typically in the range of 150-160 dB [21].
In the DT signal chain, both the AAF and ADC must
achieve an NSD of —153 dBFS/Hz to maintain the over-
all NSD of -150 dBFS/Hz with the 0-dB AAF in-band
gain. This leads to a power consumption of 200 mW for
each block and 400 mW in total. In contrast, the CT sig-
nal chain achieved the target NSD with 100 mW, resulting
in a 4x power efficiency in the CT signal chain in this
example.

Note that this comparison is simplified and has limitations.
The FOMg of AAF, CT, and DT ADCs may not be the same
for a given design target. A comprehensive analysis must also
consider various other factors, such as fg, OSR, and digital
signal processing complexity.

As demonstrated in this example, the inherent anti-aliasing
of CT ADCs improves the power efficiency of the entire
signal chain. This is the main reason why CT AX ADCs
are frequently used in systems that require anti-aliasing to
be integrated on the same chip.
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FIGURE 7. One stage of a DT pipelined ADC. A flash ADC is used as a quantizer
which is activated based on the clock [14].

D. DISADVANTAGES OF CT Ax ADC

While CT AXY ADCs offer the CT benefits, they have a
limited achievable BW. AX ADCs are oversampling ADCs
and typically require a high oversampling ratio (OSR = fs/(2
BW)) as in Appendix B especially when a single-loop struc-
ture is used. This limitation is a consequence of the digital
feedback inherent in the architecture. To maintain stability,
the loop gain, which includes both the gain G and the dig-
ital feedback, must be kept below 0 dB within a Nyquist
frequency as discussed in Appendix B. Consequently, the
digitization BW, where the gain G is maintained at a high
level, becomes a small fraction of fs/2.

This BW limitation can be circumvented when the DAC
is controlled in a feedforward manner. With feedforward
control, the BW of the gain G can be decoupled from the
stability requirement, thereby allowing the BW to increase.
The ADC architecture that relies solely on feedforward can-
cellation is the pipelined ADC. Therefore, implementing a
pipelined ADC with a CT circuit can effectively address the
BW problem associated with CT AX ADCs.

lll. CONTINUOUS-TIME PIPELINED ADC
The structural difference between CT ADCs and DT ADCs
is how the analog gain block is implemented as discussed
in Section II-B. Therefore, one could theoretically transform
a DT pipelined ADC into a CT pipelined ADC by simply
replacing the DT gain block with a CT gain block. However,
such a direct replacement fails since internal signals tend to
saturate and thereby violate the two criteria of the gain-
centric ADC model discussed in Section II-A. To combat
this problem, two additional techniques have been developed:
1) delay alignment [5], [6], [7], [8], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23] and 2) low-pass inter-
stage amplifiers [6], [14], [16], [17], [18], [19], [20], [21].
The following example demonstrates the transformation of
a DT pipelined ADC into a CT pipelined ADC, illustrating
how simple replacements can violate the criteria and how
the two additional techniques rectify these violations [14].
Fig. 7 depicts an example of a DT pipelined ADC stage. In
this example, a sampler is connected to the stage input, but all
internal operations are performed in CT circuits. Therefore,
simply removing the sampler could convert the DT pipelined
ADC into an intermediate CT pipelined ADC, as shown in
Fig. 8.
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FIGURE 9. Summing-node current waveforms of CT stage in Fig. 8 [14].

Fig. 9 illustrates the waveforms of the summing-node cur-
rent when a full-scale input signal of 1 GHz is applied to the
system clocked at 10 GHz. The system utilizes a 4-bit flash
ADC and DAC, with the DAC being activated one clock
cycle after the flash ADC samples the signal. The full scale
is assumed to be %1 at all nodes.

As mentioned in Section II-A, the DAC’s purpose is to
cancel the input signal. However, due to the timing difference
between the input signal and the DAC output current, the
cancellation is not effectively realized, leading to the residue
signal exceeding stage 1’s input full scale. This results in
saturation, thereby violating the criteria outlined earlier. This
1.5 Tck timing difference in Fig. 9 consists of two compo-
nents: 1) 1 Tcg for flash conversion, data propagation, and
DAC settling time and 2) 0.5 Tcg for an effective delay
of a nonreturn-to-zero DAC output waveform, where Tcx
represents one clock period. Aligning this delay difference
between the upper and lower paths is straightforward and
can be achieved by adding a delay, as shown in Fig. 10.
The waveform with the added delay is illustrated in Fig. 11.
This confirms that the cancellation is effective and that the
input residue current remains within the full-scale range,
thus avoiding saturation.

Although timing alignment has reduced residue amplitude,
the resulting amplitude is still not satisfactory. With deploy-
ing a 4-bit flash ADC-DAC pair, we expect a peak residue
of 1/16, or 6.25% as in DT pipelined ADCs. However, the
peak residue signal reaches 40% of the full scale. With such
a high residue amplitude, the stage gain is limited to only
2.5x. This limitation hampers the achievement of a high
gain G.
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FIGURE 12. Summing-node signals in the frequency domain [14].

This unexpectedly high residue is due to DAC image
signals, as evidenced by the frequency-domain waveforms
depicted in Fig. 12. By transitioning the interstage amplifier
from a flat gain amplifier to a low-pass amplifier, as illus-
trated in Fig. 13, we can attenuate the DAC image signals.
Fig. 14 presents the stage voltage output waveform with
and without the low-pass filtering and an 8x dc gain. This
comparison confirms that the stage output waveform stays
within the input full scale of the subsequent stage, thereby
effectively avoiding saturation.

As discussed throughout this example, the two criteria can
be satisfied by a CT implementation of a pipelined ADC
with the timing alignment and the low-pass interstage gain
techniques. By incorporating such a stage, we can derive a
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FIGURE 13. CT residue generation stage with a low-pass interstage amplifier [14].
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FIGURE 15. Generalized CT pipelined ADC.

generic pipelined CT ADC as illustrated in Fig. 15, where
the details of each block are discussed in Section IV.

This system has no sample-and-hold circuits in the analog
filter section, thus enjoying all the CT benefits. In addition,
due to the transfer function matching and the low-pass inter-
stage amplifiers, the system maintains a high and wide BW
gain G from the ADC input to the last quantizer. Therefore,
it should perform as a wideband CT ADC.

IV. BUILDING BLOCKS OF CT PIPELINED ADC

This section discusses the building blocks of the CT
pipelined ADC in Fig. 15 including the digital reconstruction
filter.

A. INTERSTAGE AMPLIFIER

An interstage amplifier together with a delay element pro-
vides a voltage gain and low-pass filtering transfer function.
Thus, the block can be designed based on three parameters:
1) dc gain; 2) cut-off frequency; and 3) order of the filter.
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The dc gain is dictated solely by the resolution of the
quantizer—-DAC pair connected to the summing node of the
interstage amplifier. In an ideal DT pipelined ADC with no
component errors, the residue amplitude produced by can-
cellation is bounded to 1/M of the input full scale of the
subsequent stage, where M represents the number of com-
parators in a flash-ADC-based quantizer. However, practical
implementation introduces certain errors, such as compara-
tor offsets, which increase the residue amplitude. To prevent
saturation of the quantizer in the subsequent stage, the dc
gain is typically set to M/2 in DT pipelined ADCs. The same
approach can be applied to the CT pipelined ADC.

The cutoff frequency is determined by three factors:
1) ADC BW since the cascade transfer function of the inter-
stage amplifier represents the gain G that determines Qy
suppression; 2) the image suppression requirement of the
DAC, which requires less than 0 dB gain in the second or
higher Nyquist zones; and 3) cancellation quality, which is
discussed further in Section IV-C.

The filter order presents another design parameter. While
a higher-order filter is generally advantageous for extending
the BW and reducing the leakage term, an excessively high
order could complicate the digital filter as we discuss in
Section IV-D. Consequently, a second-order filter appears to
be a reasonable choice.

B. PASSIVE DELAY ELEMENT

The primary role of the delay element is to achieve a similar
transfer function to the flash-DAC path to minimize the
signal leakage as discussed in Section III. If the DAC is
activated one clock cycle (Tck) after the flash sampling,
and DAC generates a nonreturn-to-zero waveform, the flash—
DAC transfer function Ggp is modeled as

IF_51 —exp(—s Tck)

G =
Fp(5) Vis P

exp(—s Tcx) ()

in the first Nyquist zone, where Irs and Vpg represent the
output full-scale current of the DAC and the input full-scale
of the flash ADC, respectively [12], [14]. The resulting group
delay at dc is 1.5 Tk, which aligns with the observations
in Fig. 9.

Grp exhibits a sinc magnitude response. However, it
is approximately unity below fs/8. Its phase response is
depicted in Fig. 16. Consequently, Grp can be approximated
as an all-pass delay transfer function, and the delay element
is thus designed to synthesize this all-pass transfer function.

Such a transfer function can be implemented by RC and
LC lattice structures as shown in Fig. 17. In the case of the
RC lattice, the maximum phase rotation is limited to 180°,
as shown in Fig. 16. This level of phase rotation is typi-
cally sufficient for ADCs with an OSR greater than 4 [5],
[6], [71, [8], [14], [16], [17]. When an improved matching
across a wider BW is needed, an LC lattice or an LC ladder
can be used [14], [19]. Cascading multiple sections further
rotates the phase, enabling a more precise transfer func-
tion match across a wider BW. Another drawback of using
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RC-based structures is that the input impedance decreases at
high frequencies, resulting in a higher ADC driving current.
However, the input impedance still contains a relatively high
series resistance component. Therefore, the additional drive
current is still less than that of the DT counterpart.

To simplify the discussion, only phase or delay match-
ing is discussed here. However, in recent publications, more
precisely approximated delay elements are used, including
magnitude response matching, as shown in Section V. Note
also that, as in (2), Gpp(s) varies depending on the delay
from the flash sampling to DAC activation. If a shorter delay
is assumed (e.g., if the DAC is triggered after Tcx/2 instead
of Tck after flash sampling), Grp(s) has less phase rotation,
thus the same delay line provides better phase matching up
to higher frequencies. Also, the resolution of the flash-DAC
path has an indirect effect on the BW where the matching is
maintained. If a lower resolution is used, the interstage gain
is reduced, and a higher phase error can be accommodated.

C. SIGNAL LEAKAGE TRANSFER FUNCTION
In CT pipelined ADCs, achieving perfect cancellation
between the voltage-to-current (V-to-/) path and the flash—
DAC path across a wide BW is inherently challenging. With
increasing input signal frequency, a greater amount of sig-
nal leaks to the interstage amplifier, potentially leading to
saturation of the subsequent stage. To alleviate this issue, a
low-pass interstage transfer function can be employed espe-
cially when the cancellation provided by the delay element
is insufficient.

The magnitude of the leakage term is evaluated using the
signal leakage transfer function L(s) defined as

Vour

=Y

= {Gpry(s) — Grp(s)} Hrja(s) (3)
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where Gpry, Grp, and Hpjs are the transconductance of
the delay element, the transconductance of the flash-to-DAC
path, and the transimpedance of the interstage amplifier,
respectively, as shown in Fig. 18 [12], [14], [16], [22], [23].
As a rule of thumb, IL(s)l < 0.25 in the in-band frequency
range should be maintained to prevent saturation of the sub-
sequent stage, accounting for the presence of quantization
noise and other errors.

Fig. 19 illustrates an example of a leakage transfer func-
tion. In this example, an RC delay element is used together
with a second-order low-pass interstage amplifier to achieve
an 800-MHz BW. The leakage transfer function shows that
the leaked term is kept below 20% of the subsequent stage’s
full scale for in-band frequencies.

A practical consideration in the design of the leakage-
associated circuits is the matching and tracking of the transfer
functions over the operating temperature. There are several
sources of error, including the flash ADC reference voltage
error and the DAC reference current error in the flash-DAC
path, as well as resistance and capacitance variations in the
delay path. To mitigate the effects of these errors, initial
power-up calibrations can be performed.

D. DIGITAL RECONSTRUCTION FILTER

The digital reconstruction filter is a multi-input-single-
output digital filter whose job is to reconstruct the analog
input signal of the ADC. To determine the required filter
coefficients for this digital filter, we examine the behav-
ior of such a block within the context of a traditional DT
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pipelined ADC and then apply the same scheme to a CT
pipelined ADC [12].

In a DT pipelined ADC, the interstage amplifier typically
consists of a DT residue amplifier with a certain gain, such
as 8. When an impulse is applied through a DAC at one
stage, the same impulse is observed at the input of the last
quantizer, but with an amplification based on the amplifier’s
gain. Additionally, the output signal is delayed due to the
DT operation as shown in F(z) in Fig. 20.

To reconstruct the signal in the DT pipelined ADC, the
inverse of the gain (1/8) and the delay are applied to Filter
B. This is equivalent to implementing 1/F(z) as Filter B
assuming Filter A to be unity in Fig. 20.

The reconstruction in a CT pipelined ADC follows the
same process. The impulse response from the first-stage DAC
to the final quantizer is measured as F(z), which may be
spread over multiple cycles due to filtering. Filter B is then
designed as 1/F(z) to reconstruct the input signal. In practice,
1/F(z) could be noncausal, but causality can be restored by
introducing an appropriate delay in Filter A.

While we have discussed the reconstruction signal pro-
cessing using a two-stage example, the same technique can
be extended to accommodate multistage cases within the CT
pipelined ADC architecture.

Considering real-world applications, background estima-
tion of digital filter coefficients is necessary as the CT filter
response fluctuates with operating conditions, such as tem-
perature and supply voltage. Cross-correlation-based [24] or
LMS-based [25] coefficient estimation methods have been
proposed for MASH ADCs and can be applied to CT
pipelined ADCs. The mapping of the coefficients into the fil-
ter structure is another interesting issue to be addressed. Even
in the simple structure shown in Fig. 20, several choices
can be considered, such as 1) Filter A = 1, B = 1/F(s);
2) Filter A = F(s), B = 1; or 3) mapping decomposed
coefficients of F(s) to filter A and B. Each choice presents
different trade-offs among digital filter complexity, number
of taps, power consumption, and signal transfer function
(STF). When considering multistage pipelined structures, the
filter design space can be further expanded. Also as sug-
gested in Fig. 20, the CT filter response could affect F(z),
thus the CT filter and digital filter could be co-designed with
the aim of minimizing the digital filter complexity, or the
total number of filter taps.
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FIGURE 21. 1125-MHz BW CT pipelined ADC in 28-nm CMOS [14].

V. CT PIPELINED ADC EXAMPLES

In this section, we review some of the reported implemen-
tation examples of CT pipelined ADCs with their technical
highlights and challenges.

A. EXAMPLE 1: 1125-MHZ BW CT PIPELINED ADC IN
28-NM CMOS

The first example is a 5-stage CT pipelined ADC imple-
mented in a 28-nm CMOS process with 2.3-W power
consumption [14]. This ADC achieves —164-dBFS/Hz NSD
over an 1125-MHz BW when clocked at 9 GHz, with a
competitive 160-dB FOMg for this BW thanks to the power-
efficient CT implementation. A simplified schematic of the
first and second stages of the pipelined ADC is shown in
Fig. 21. The analog gain section employs cascaded first-
order low-pass filters, along with an LC lattice in the
first stage or RC lattice delay elements in the second or
subsequent stages.

This ADC is the first silicon demonstration of a multistage
CT pipelined ADC that implements the two key techniques:
1) timing alignment with delay elements and 2) a high effec-
tive interstage gain (8.8x at dc in Stage 1 and 6.25x in
Stage 2 or later) realized by the low-pass interstage ampli-
fiers. These techniques enabled multistage pipelining, which
was not feasible due to the limited interstage gain of 4/3
even with a 9-level quantization in the former implementa-
tion [12]. Note that the effective stage gain is the stage gain
when the stage input and output full scales are normalized to
unity, which is the gain that reduces the quantization noise of
the last quantizer when the noise is referred to the input full
scale. The voltage gain and the effective gain of a pipelined
stage may differ as a result of thermal noise optimization
when a large voltage swing is allowed at some nodes, such
as at the ADC input.

Compared to recent implementations, several aspects
remain rudimentary: 1) the order of the interstage filter is
limited to one; 2) the delay element is designed only to
align the phase; and 3) the digital signal reconstruction is
performed entirely off-chip.

B. EXAMPLE 2: 800-MHZ BW CT PIPELINED ADC IN
16-NM FINFET

The second example is a 2-stage CT pipelined ADC archiv-
ing —149-dBFS/Hz NSD for 800-MHz BW at 6.4-GHz clock
frequency with 230 mW in 16-nm FinFET, resulting in
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FIGURE 22. 800-MHz BW CT pipelined ADC in 16-nm FinFET [17].

155-dB FOMg [17]. The front-end stage is a CT residue
generation stage similar to Example 1. The back-end stage
is a 161-level output VCO ADC. The simplified schematic
is shown in Fig. 22.

Several improvements have been incorporated into this
ADC, including: 1) the delay element now matches both the
phase and magnitude, reducing signal leakage; 2) the order
of the interstage filter has been increased to two, extend-
ing the BW and suppressing out-of-band leakage with the
sharper roll-off; and 3) the digital reconstruction filter and all
associated hardware required to extract the filter coefficients
have been fully implemented on-chip, with a background cal-
ibration capability that updates the digital filter coefficients
based on die temperature changes. Note that 1-dB NSD
degradation is observed over a 5 °C die temperature change.
Therefore, to keep NSD degradation in the sub-dB range,
background calibration should be performed at least once
every few seconds, assuming a worst-case thermal increment
rate of 1 °C/s.

While [14] effectively demonstrated the power efficiency
of the analog section of the CT pipelined ADC, it did not
address the feasibility of the digital processing. In contrast,
Shibata et al. [17] proved that CT pipelined ADC technology
is commercially viable and offers competitive performance as
a wideband digitizer, even when the digital signal processing
power consumption is included.

C. EXAMPLE 3: CT PIPELINED ADC WITH
BUTTERWORTH STF

Manivannan et al. explored several interesting aspects of a
CT pipelined ADC using a 4-stage CT pipelined ADC in 65-
nm technology shown in Fig. 23 [18], [21], [26], [27], [28].
It achieves a 100-MHz BW and 70-dB SNR with 800-MHz
fs in 29 mW, resulting in a competitive 165-dB FOMg. The
ADC employs a single-opamp biquad configuration in the
interstage amplifiers, along with an asynchronous SAR as
the back-end quantizer.

Among the several findings, one of the highlights of [21]
and [27] is discussing the STF design flexibility in CT
pipelined ADCs. As discussed in Section II-C, CT AX ADCs
offer the advantage of combining filtering and digitization
functions, resulting in improved power efficiency for receiver
systems. However, the design of the STF in CT AX ADCs
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FIGURE 23. 100-MHz BW CT pipelined ADC in 65-nm CMOS. (a) Block diagram of
the ADC. (b) Simplified schematic of the first stage [27].
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FIGURE 24. LCR delay element used in 3-GHz BW CT pipelined ADC in [19].

is constrained by the need to satisfy loop stability require-
ments. In [21] and [27], it is shown that the filter design in
CT pipelined ADCs is much less constrained since there are
no stability requirements to satisfy.

D. EXAMPLE 4: CT PIPELINED ADC WITH NEAR
NYQUIST BW

The primary motivation for incorporating a pipelined archi-
tecture is to extend the digitization BW. In the previously
discussed implementations, the OSR was limited to 4 to
suppress the signal leakage when using RC or LC lattice
element delay elements.

To reduce the OSR in order to increase the digitization
BW, Ismail introduced a synthesized LCR lattice-based delay
element, as shown in Fig. 24 [19]. This delay element incor-
porates two zeros in the leakage transfer function, resulting
in an enhanced BW of 60% of the Nyquist frequency (cor-
responding to an OSR of 1.67), and a 3-GHz BW with
a 10-GHz clock frequency is demonstrated in circuit sim-
ulations. Considering that some level of oversampling is
typically required in practical applications, an OSR of 1.67
is considered sufficient for most use cases.

E. EXAMPLE 5: INTERLEAVED CT PIPELINED ADC
To further extend the BW, another possible approach is to
increase fs. In the case of DT ADCs, the effective fg can be
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FIGURE 26. Simplified stage 1 schematic of the interleaved CT pipelined ADC [21].

Via Vip

increased by using time-interleaving techniques. However,
applying the time interleaving to CT AX ADCs has had
limited success because the flash-to-DAC latency limits the
loop BW, thereby limiting the digitization BW in CT AX
ADCs.

In the case of CT pipelined ADCs, the latency of the
flash-to-DAC path is only related to the delay element
requirement and decoupled from the interstage amplifier
BW. Consequently, the digitization BW can be increased
by introducing time-interleaved flash-to-DAC paths.

Mittal et al. proposed an interleaved CT pipelined archi-
tecture as shown in Fig. 25. It demonstrated the extension
of the BW to 1 GHz with an interleaving operation by
utilizing both edges of a 6.4-GHz clock frequency [20].
Pavan et al. [21] independently developed a similar inter-
leaved structure as shown in Fig. 26 with several additional
features, including a filtering STF, embedded decimation,
resulting in an effective OSR of 2.

F. COMPARISONS OF CT PIPELINED AND OTHER ADCS
This section discusses a comprehensive comparison of the
performance of CT pipelined ADCs, as outlined in Table 1.
The comparison includes CT pipelined ADCs and notable
ADCs using other architectures, such as single-loop CT
AY [29], MASH CT AX [8], and DT interleaved and
pipelined SAR ADCs [30]. It can be seen from Table 1
that most of the CT pipelined ADCs have an OSR of 4 or
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TABLE 1. Performance comparisons of CT pipelined and other state-of-the-art ADCs in the relevant application space.

E le 1 E le 2 E le 3 E le 4 E le 5 E le 5
JSSC2017 | ISSCC2020 | TCAS-2022 |TCAS-2023| VLSI2023 | JssCzoz3 | VLT 2O | ISSCLROS | JSSCR02Z) ISSCLAR019
[14] [17] [27] [19] [20] [21]

n A A CT pipelined —_— Interleaved Interleaved _— Single-loop MASH DT Interleaved
Architecture CT pipelined CT pipelined w/ decimation CT pipelined CT pipelined CT pipelined CT pipelined CT A CT A pipelined SAR
BW [MHz] 3000 2500
(App BW* [MHz) 1125 800 100 (1667) 1000 100 40 160 360 (833)
fs [MHz] 9000 6400 800 10000 6400 400 2400 2880 5000 5000
OSR 4 4 4 1.67 3.2 2 30 9 7 1(3)
Power [mW] 2330 280 29 240 52 3.2 40 158 159
NSD [dBFS/Hz] —-164 —-149 -150 -154 —-154 -154 -154 -153 -152
Anti-aliasing Yes Yes Yes Yes Yes Yes Yes Yes Yes No
Easy to drive Yes Yes Yes Yes Yes Yes Yes Yes Yes No
Jlechnciooy 28 16 65 28 16 65 28 16 40 28
[nm] (simulation)

FOMs [dB] 160 153 165 160 166 179 168 158 160

Delay LC +RC RC RC LC RC RC RC RC

et 1st-order 2nd-order 2"d-order 2"d-order 2"d-order 2"-order 1st-order

nter-stage amp ~8x 7x 4x 6x 8x 4x 7.5%

DRF Off chi On chip Off chi Off chi Off chi Off chi Offchip | Notneeded | Off chi On-chi

chip background cal. chip chip chip chip chip ot neede chip n-chip
1st CTP w/ delay . . .
CTP with Butterworth STF, |Near 1stinterleaved |1stinterleaved . .

Other remarks + low-pass on-chip DRF decimation Nyquist OSR |CTP cTP High FOMg No input buffer

inter-stage amp

* App BW assumes OSR 2 3 for anti-aliasing purpose

less. This enables wide BW operation, along with the CT
benefits, such as anti-aliasing and the easy-to-drive input
structure due to its resistive input.

Another example of a CT pipelined ADC [16] demon-
strates its high efficiency with an excellent 179-dB FOMs.
As discussed in Section II-A, the ADC consists of analog
and digital filters connected by quantizers and DACs. In
design scenarios where the digital signal processing power
consumption can be significantly lower than its analog coun-
terpart (e.g., at low fs and/or low NSD with advanced CMOS
technology), the efficiency of the ADC is largely dictated by
the analog filter section. The efficiency of the analog filter
section can be optimized by maximizing the front-end gain,
which minimizes the input-related thermal noise of the filter
back-end circuits. CT pipelined ADCs incorporate a residue
cancellation stage at the front end, providing high and wide-
band gain that effectively suppresses back-end noise. This is
an essential advantage of CT pipelined ADC and 0-x MASH
in terms of ADC power efficiency, which is not found in
traditional single-loop CT AY ADCs.

The conventional single-loop CT AX ADC [29] provides
a decent 168-dB FOMg at 160-MHz BW, but with the OSR
limited to 9. Considering that the CT pipelined ADC requires
additional complexity, such as DRF and its background coef-
ficient estimation, it may be prudent to choose a simpler CT
AY ADC if the BW can be achieved by the fs, which is
limited by the process technology.

Compared to a CT MASH AX¥ ADC such as [8], CT
pipelined ADCs provide about 2x BW for the same fs, as
suggested by the 2x OSR difference as shown in Table 1. On
the other hand, MASH ADCs can be designed with a small
number of stages due to their cascaded integrator structure
from the ADC input to the last quantizer compared to the
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cascaded lossy integrators in CT pipelined ADCs. Thus, CT
MASH can be a hardware efficient solution compared to a
CT pipelined ADC if the required BW can be satisfied by
its OSR.

Furthermore, consider a comparison with the state-of-the-
art DT interleaved and pipelined ADC [30], which achieves
similar application BW and NSD compared to the CT
pipelined ADCs [17] and [20]. The DT ADC [30] achieves
a wider BW with a 7 dB or 2 dB better FOMg than [17]
and [21], respectively. However, in fully integrated zero-IF
or low-IF wireless receiver applications, where an on-chip
active-RC filter is integrated on the same chip to serve as
an anti-AAF, the usable BW is reduced to a fraction of fs/2.
This limitation, denoted as App BW in Table 1, is imposed
to maintain a certain level of anti-aliasing performance with
the on-chip filter. Consequently, [17], [20], and [30] yield
approximately the same application BW. When an on-chip
active-RC filter and an ADC driving buffer are added to the
DT signal chain, the FOMg advantage of [30] is either neu-
tralized or surpassed, as discussed in Section II-C. Therefore,
a signal chain using CT pipelined ADCs could potentially
match [17] or even outperform [20] the DT solutions. This
argument can be supported by assuming that a CT pipelined
ADC is essentially an active RC filter followed by an ADC,
but with a high active-RC filter gain due to its front-end
signal cancellation [21].

As with most comparisons, a different conclusion could
be reached if a different application space is assumed. For
example, when a direct RF sampling receiver application is
considered, the BW provided by a CT pipeline ADC, even
with the latest process technology, may not be sufficient,
making it unsuitable as a solution. In these applications, an
off-chip passive filter, such as a SAW filter, is often used
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as an anti-AAF. In such cases, the above argument loses its
validity, and a DT ADC becomes the solution.

VI. CONCLUSION

This review article presented the CT pipelined ADC, which
has been developed as an ADC architecture for wide-
band digitization while retaining the CT benefits. The CT
pipelined ADC architecture addresses the BW limitations of
CT AX ADCs while maintaining the wideband operation
inherited from DT pipelined ADCs. The article covered the
principles of the CT pipelined ADC, ADC building blocks,
and example implementations to provide an overview of this
ADC architecture.

Although several implementations of this architecture
have been presented, the CT pipelined ADC is still in its
infancy and offers numerous research opportunities for fur-
ther improvements and enhancements at the circuit, system,
and signal processing levels. The author hopes that this
article, along with the references provided, will serve as
a comprehensive guide to this exciting area of research.

APPENDIX A

DERIVATION OF (1)

The configuration of the analog gain block within an ADC,
along with its corresponding inputs and outputs, including
DACs and quantizers, is shown in Fig. 27. Since the ana-
log gain block is a linear block, the relationship between
the inputs and the output can be formulated as a linear
summation, which can be expressed as

Yo=GU-G X1 —GxyXp —--- 4)

where X1, X, ... are digital signals driving the DACs, Yy
is the analog output signal of the analog gain block, and G,
Gi, Gy, ... are the transfer functions from U, X, Xa, ...
terminals to Yy, respectively. The quantizer is modeled as a
linear block with an additional quantization noise Qy as

Vo = Yo+ On )

where V) is the output signal from the quantizer. Based on (4)
and (5), the analog input signal U can be represented as

Vo

_ Onv 1 Xi
U——E+5(1G1G2~~) X,

The second term in this equation is the dot product of two
vectors; one vector contains the filter responses and the other
vector contains digital signals provided to or from a digital
filter. If a digital representation of the filter vector is available
(see Section IV-D), the second term can be computed using
a digital filter. When the digital filter output is represented
as V, then (6) becomes to

On
— ©)

U =
and thus (1) is derived.
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FIGURE 27. Inputs and the output of the analog gain block with the driving DACs
and the quantizer.

Gl

.

] i Freq
~fgl5 fsl2

M,

BW

FIGURE 28. Ax ADC based on the gain-centric ADC model and its frequency
response of the analog gain block.

APPENDIX B

APPLICATIONS OF GAIN-CENTRIC ADC MODEL

A feedforward CT AX ADC can be adequately discussed
based on the gain-centric ADC model as shown in Fig. 28.
As discussed in Section II-A, the quantization noise of the
last quantizer Qy is reduced by the gain G, which is provided
by the cascaded integrators A; and A;. To prevent the analog
gain block and the quantizer from saturating, the DAC, which
is driven by the last quantizer, cancels the input signal (at
low frequencies). The DAC and the quantizer form digital
feedback, and this feedback loop must be stable. To keep the
feedback stable, the gain G is designed to be reduced below
0 dB well below fs/2. Thus, the bandwidth BW where G
is sufficiently high is limited to a small fraction of fs/2, or
BW = fs/(2 OSR).

A DT pipelined ADC can also be discussed based on
the gain-centric model with some additional quantizers and
DAC:s, as shown in Fig. 29. As in the CT AX ADC example,
the quantization noise of the last quantizer Q3 is suppressed
by the gain from the ADC input to the last quantizer QTZj3:
G = A; A;. The analog gain section is kept from satu-
rating by a feedforward cancellation followed by a fixed
(limited) gain. For example, if the canceled signal remains
up to 1/4 of the full scale, the gain is limited to 4x. Note
that the analog filter is now in DT. Therefore, linearity only
needs to be maintained at the end of each DT operation.
Also, the digital filter is now a multi-input—single-output
filter due to the additional quantizers (QTZ; and QTZ,).
The intermediate quantizers QTZ; and QTZ, also introduce
quantization noise. In pipelined ADCs, however, these quan-
tization noises are fully canceled by a digital filter if the
digital filter is appropriately designed.
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frequency response of the analog gain block.
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