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COMBINED ARCHITECTURE OF AN ANALOG-TO-DIGITAL CONVERTER
WITH BALANCED THROUGHPUT-COST TRADE-OFF

The object of research in this article is a combined architecture of analog-to-digital converters (ADCs), which
is built by integrating a low-resolution flash ADC with a successive approximation register (SAR) ADC. Flash
ADCs provide extremely high conversion speeds but suffer from a significant drawback: the resolution cost per
bit increases exponentially with increasing bit depth. In contrast, SAR ADCs are characterized by low cost per
bit, but their inherently sequential conversion mechanism limits their conversion speed. This study investigates
a combined ADC architecture designed to effectively merge the advantages of flash and SAR ADCs, thereby
maximizing economic efficiency per resolution bit. The core hypothesis is that using a flash ADC of relatively
low resolution for initial rapid coarse conversion, followed by a SAR ADC for precise computation of the resid-
ual analog signal, can significantly reduce the overall cost of implementing high-resolution ADCs. The research
objectives include analyzing the characteristics of flash and SAR ADCs, determining the optimal combination of
their respective resolutions, developing the operational algorithm of the proposed combined ADC, creating a
mathematical model in MATLAB Simulink, and evaluating its technical and economic performance. The results
demonstrate that the optimal combination is a flash ADC with a resolution of 4-5 bits paired with an 8—10-bit
SAR ADC. This configuration significantly lowers the cost per bit compared with traditional high-resolution
flash ADCs while maintaining a considerably higher conversion speed compared with SAR ADCs of equivalent
resolution. The simulation results indicated that integral nonlinearity (INL) and differential nonlinearity (DNL)
values of the proposed ADC did not exceed +0.5 LSB, confirming high conversion accuracy. In addition, we
show that the energy-per-conversion figure remains unchanged relative to pure flash and pure SAR solutions in
isolation. Furthermore, the economic analysis demonstrated that the proposed combined approach minimizes
the implementation costs per unit of resolution. Conclusions. The proposed combined ADC architecture demon-
strates substantial economic benefits compared with conventional flash ADCs and notably improved speed char-
acteristics compared with SAR ADCs. The resolution distribution between flash and SAR components efficiently
balances economic and technical requirements. Further studies should focus on the practical implementation of
the proposed ADC architecture, noise impact analysis, and adaptive resolution management strategies.

Keywords: analog-to-digital converter; flash ADC; SAR ADC; combined architecture; energy efficiency; cost
per bit; nonlinearity.

1. Introduction Therefore, there is a need to devise a compromise
solution capable of combining the advantages of flash
1.1. Motivation ADCs — namely their high conversion speed — with those

of SAR ADCs, whose main benefit is a low cost per bit.

Analog-to-digital converters (ADCs) play a pivotal  combining the strengths of both approaches in a hybrid

role in contemporary electronic equipment, enabling  compined converter architecture that employs a low-res-
seamless interaction between analogue signals and digi-  olution flash front-end for coarse conversion and a SAR

tal systems [1]. As the requirements for sampling speed,  stage to refine the residual error left unconverted by the
resolution, and cost-effectiveness continue to intensify,  f55h sectionis a practical compromise [5].

the optimization of ADC architectures and performance

has become increasingly important [2]. 1.2. State of the Art
The most widely used architectures are flash ADCs, o
which provide the highest conversion speed; however, Flash ADCs are a class of analog-to-digital convert-

they incur a very high cost per bit, making them econom- €' that operate on_the pri n_ciple of parallel comparison of
ically unattractive in high-resolution designs [3]. Succes- ~ an analog input signal with a set of reference voltages
sive-approximation-register (SAR) ADCs are less expen- generated by a resistive voltage divider. This type of

sive to implement but may not always achieve the re- ADC has several comparators that grow exponentially
quired performance [4]. with the number of bit resolutions of the device.
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Specifically, a Flash ADC with a bit depth of N requires
2™ — 1comparators.

The primary advantages of Flash ADCs are as fol-
lows:

— high performance (sampling rate can reach tens
of gigahertz);

— low signal conversion delay (conversion time is
determined only by the comparator delays).

Simultaneously, the use of a substantial number of
comparators represents the primary disadvantage associ-
ated with Flash ADCs:

— high costs per bit resolution unit;

— highpower consumption, especially at high con-
version rates;

— large overall dimensions and complexity of the
integrated design due to the large number of comparators
and circuit complexity.

Consequently, Flash ADCs are effective in applica-
tions where speed and low latency are priorities and cost
and power consumption are less critical (e.g., digital os-
cilloscopes, communications systems, and military
equipment) [6, 7].

A Successive Approximation Register ADC (SAR
ADC) functions based on the sequential comparison of
the input signal with a reconstructed signal, where the re-
sultis refined progressively with the help of a digital -to-
analog converter (DAC) that generates the reconstructed
signal. The conversion process starts with the most sig-
nificant bit (MSB) and progresses gradually toward the
least significant bit (LSB) using the binary search
scheme.

The advantages of SAR-ADC are as follows:

— significantly lower number of comparators com-
pared with Flash ADCs (one comparator is sufficient);

— relatively low power consumption;

— ease of implementation of the integrated circuit;

— agood compromise between speed and cost-ef-
fectiveness for medium-speed applications [8].

However, it should be noted that SAR-ADCs are
not without their drawbacks, which are particularly evi-
dent in the following respects:

— slower than Flash ADCs, which are limited to
sequential bit enumeration;

— the number of bits determines the conversion
rate (each bit adds an extra conversion cycle).

Overall, SAR ADCs are extensively used in appli-
cations requiring moderate speed and high accuracy with
minimal power consumption (e.g., portable electronics,
medical devices, and industrial automation systems) [9].

Considering the characteristics of the two types of
ADC, it canbe posited that neither a pure Flash ADC nor
a pure SAR ADC constitutes the optimal solution for a
multitude of practical applications in terms of the trade-
off between speed, accuracy, and cost-effective-
ness [10, 11].

Consequently, the interest in combined ADC archi-
tectures that combine the advantages of two different
types of converters is increasing [12]. One promising
combination is the initial coarse conversion usinga Flash
ADC with a small bit depth (e.g. 3-5 bits), followed by
refinement of the analog difference between the output
signal and the pre-digitalized value using a slower SAR
ADC. This can significantly reduce the overall device
cost.

In [11], a high-precision ADC that coordinates the
speed of a flash front-end with the energy efficiency of a
SAR back-end, coordinated by an innovative control
scheme, was developed. The adoption of hybrid synchro-
nous-asynchronous logic (HYSAS) extends the settling
interval of the capacitive DAC and thus mitigates incom-
plete settling and output-glitch phenomena — issues that
become evident when an external voltage reference is
used. An external FPGA performs background calibra-
tion using a least-mean-squares algorithm operating on a
finite-impulse-response band-pass filter (FIR-BPF) to
further enhance static linearity. This digital loop sup-
presses capacitor mismatch errors and boosts the overall
converter performance.

Another study [12] introduced a Flash-SAR hybrid
ADC that incorporates a dynamic-window technique: the
instantaneous Flash ADC result narrows the SAR ADC
search range, reducing the effective SAR bit depth — and,
consequently, the switching energy — without compro-
mising throughput.

In [15], a flash-assisted SAR topology is explored
ina deeply scaled CMOS. The design target is ultra-low
energy per conversion while retaining multi-MS/s speed,
rendering the architecture attractive for sensor-network,
loT, and mobile applications where both power con-
sumption and silicon area are at a top.

Collectively, the recent literature analysis high-
lights the interest behind composite converter structures.
However, existing works optimize either speed or power.
The cost-driven trade-off between the Flash sub-ADC
resolution and the SAR residue quantizer — critical for
minimizing the cost per resolved bit — remains largely
unaddressed [16]. No comprehensive design guidelines
are currently available.

Consequently, the literature survey highlights a
clear need for hybrid ADC topologies that achieve an op-
timal trade-off between conversion speed and implemen-
tation cost. Future research should focus on
identifying the resolution splitand circuit parameters that
maximize this trade-off and experimentally validating the
resulting architecture against both economic and perfor-
mance metrics.

1.3. Objective and Approach

The objective of the present article is to investigate
the combined ADC architecture and determine the



Radioelectronic systems

263

conditions under which the best cost-effectiveness per bit
unit is ensured. To achieve this goal, we conducted an
analysis of the balanced combination of Flash and SAR
component bit depths that allows for a significant reduc-
tionin ADC cost while maintaining sufficient speed, ac-
curacy, and energy efficiency.

Article Structure.

Section 2. State of the art. The operational princi-
ples of Flash and SAR ADCs are reviewed along with
their respective advantages and limitations. It is deter-
mined that neither architecture alone provides an optimal
trade-off between speed, accuracy, and cost, thus justify-
ing the concept of a combined architecture.

Section 3. Objective and Approach. The objective
is defined as the development of a combined ADC with
minimal cost per bit of resolution. A structure that utilizes
a low-resolution Flash ADC for initial conversion, fol-
lowed by a SAR ADC for refinement, is proposed.

Section 4. The Combined ADC Design Approach.
The architecture, operating algorithm, and technical ad-
vantages of the combined solution are described. Reduc-
ing the number of comparators in the flash component
contributes to a lower overall implementation cost.

Section 5. Advantages of the Proposed Solution. A
techno-economic analysis is provided to demonstrate the
efficiency of the combined architecture. Combining a 4—
5-bit flash ADC withan 8-10-bit SAR ADC achieves the
lowest cost per bit.

Section 6. Case study. The Simulation results in
MATLAB Simulink are presented. The INL and DNL
metrics remain within+0.5 LSB. The combined ADC ex-
hibits a significantly higher speed performance than a
SAR ADC with equivalent resolution.

Section 7. Discussion. The obtained results were in-
terpreted, confirming the viability of the combined archi-
tecture. The potential for further optimization through
adaptive control and consideration of real-world noise is
discussed.

Vin

2. Combined ADC Design Approach

2.1. The architecture of the combined ADC

To address the problem of achieving optimal effi-
ciency in terms of cost per unit bit of bit depth, a com-
bined architecture of an analog-to-digital converter con-
sisting of a small-bit Flash ADC and a SAR ADC is pro-
posed. The proposed architecture facilitates the effective
exploitation of the advantages inherent in both types of
ADC by integrating the Flash ADC’s rapid but coarse
conversion capabilities with the SAR component’s pre-
cise residual computation (Fig. 1).

2.2. Combined ADC operation algorithm

The proposed combined ADC algorithm consists of
three primary stages.

Stage 1. Primary coarse conversion, which is
achieved through the utilization of a Flash ADC

In the initial phase, the analog input signal Vin is
supplied to a low-bit Flash ADC designated nfiash. This
ADC executes a parallel comparison of the input signal
with a series of reference levels established by a resistive
divider, as follows:

Vi
Qflash = round [VA'(ZNﬂaSh —l)j , (1)

ref

where: Qfiash — Flash ADC source code;
Vi, — signal input voltage;
Ver — reference voltage;
round() — rounding function to the nearest whole
number.
Stage 2. Formation of a residual signal
Following the initial conversion, the resulting digi-
tal value of Qgash is converted back to analog using a dig-
ital-to-analog converter (DAC):

Flash-ADC
(4-5) bit

DAC

L SAR-ADC

(8-10) bit

V

Computing Unit
(combination of Flash and SAR codes)

Qout

Fig. 1. Scheme of the combined ADC (Flash + SAR)
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Vief
Vbac = Qflash zr—,‘f, : )

where N — Flash ADC bit depth.

The residual analog signal corresponding to the de-
viation margin of the Flash ADC is defined as the differ-
ence:

Vref
: 3
2N

Vres = Vin _Qflash :

This residual signal is then transmitted to the second
degree, the SAR-ADC.

Stage 3. Refinement of the SAR ADC result

The residual signal, designated Vres, is supplied to
the SAR ADC input, which performs a sequential refine-
ment of the result. The refinement outcome is described
by the following equation:

Qsar =SAR(Vjes: M), (4)

where Qsar — the digital result of the SAR ADC;
M — SAR-ADC bit resolution.
Thus, the ultimate digital value is determined by
combining the two results:

Qout = Qntash -2 +Qsar (®)

2.3. Implementation of the proposed
approach highlights

A key benefit of the proposed structure is that item-
ploys a low-bit Flash ADC, using a significantly reduced
number of comparators compared to a conventional high-
bit Flash ADC. This substantial reduction in the number
of comparators necessary for Flash ADCs (which in-
creases exponentially with increasing bit resolution) re-
sults in a substantial decrease in the overall implementa-
tion cost of the device:

I\Icomp =2"-1, (6)

where n— Flash ADC bit number.

Furthermore, the use of SAR ADC for refinement
enables the attainment of high levels of accuracy ata sig-
nificantly reduced cost. This is due to the fact that SAR
ADCs necessitate only a comparator, a digital-to-analog
converter, and a successive approximation register [17].

The proposed architecture also allows flexible bal-
ancing of the bit depths of the flash and SAR compo-
nents, enabling effective trade-offs among conversion
throughput, accuracy, and cost.

3. Advantages of the proposed solution

3.1. Strategies for reducing
cost per resolution bit

The proposed combined analog-to-digital con-
verter, which is based on a small-bit Flash ADC and a
bit-balanced SAR ADC, can significantly reduce the cost
of providing a given bit depth. This is because the cost of
a Flash ADC increases exponentially with each addi-
tional bit of bit depth.

Consequently, the overall cost of ADC implemen-
tation can be substantially mitigated by employing a low-
bit Flash ADC instead of a high-bit Flash ADC, accom-
panied by the subsequent processing of the residual sig-
nal by a cost-effective SAR ADC. This is facilitated by
the proposed combined approach.

3.2. The comparative analysis
with traditional Flash and SAR ADCs

Inorder to ascertain the merits of the proposed com-
bined solution, a comparative analysis of its parameters
with traditional Flash and SAR ADCs was conducted ac-
cording to the following characteristics (shown in Ta-
ble 1):

— speed of performance (sampling rate);
— implementation cost;

— energy consumption;
— number of bit resolution.

Table 1
Comparative analysis of Flash and SAR ADCs
ADC Sampling |[Cost per1 bit Energy |Typical bit
type rate of bit depth |consumption | capacity
Flash ADC |High (~GHz) | High (expo- High < 8 bits
nential de-
pendence)
SAR-ADC | Moderate Low Low < 16 bits
The pro- High/ Medium/low | Average 8-14 bits
posed com- | medium
bined ADC

Consequently, the integrated ADC offers a balance
between the high performance of Flash structures and the
low cost of SAR structures, making it promising for a
wide range of applications that require high performance
at an economically reasonable cost [10].

For a fair comparison, the energy consumption of
such a hybrid ADC must also be analyzed. To achieve
this goal, we use a normalized additive model.

Econv(n,m) » a(2" -)+bM-1), (7)
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where a and b are constants that aggregate the contribu-
tions of the flash section and the SAR section, respec-
tively.

3.3. Determining the bit-depth combination
of the flash and SAR ADCs for maximum
cost efficiency

A balanced combination of the bit number of the
two ADC components was found, thereby ensuring max-
imum economic efficiency per bit. The balance criterion
is the implementation cost per 1-bit. To achieve this, an
analysis of the dependence of the cost of Flash and SAR
ADCs on the bit depth was conducted, and a function of
the total implementation cost was formed:

Cotal (Nfiash» Nsar ) =

, 8
= Ciash (Nfiash ) + Csar (Nsar) ©
where Criash(Nriash) is the implementation cost of a flash
ADC, which depends on the bit number;
Csar(Nsar) — the cost of implementing a sar ADC
with the appropriate bit number.
Economic efficiency assessment is facilitated by the
use of a specific cost indicator Chit

C N N
Crir = total( flash SAR). (9)

bit

Nfiash + Nsar

Cost per 1 Bit of Resolution, arb. units

The minimization of the function Cpit(Nfiash + Nsar)
enables the determination of the optimal bit depth com-
bination. The optimization results are presented graph-
ically inFig. 2.

The following conclusions can be drawn from the
above graph and table analysis.

— Flash ADCs exhibit an exponential increase in
cost with increasing bit due to a significant increase in
the number of comparators. Consequently, evena minor
augmentation in the bit capacity of the Flash ADC exerts
a substantial influence on the system's overall cost.

— SAR ADCs, on the other hand, exhibit a linear
cost dependence on bit depth, a consequence of their re-
liance on a single comparator. The accuracy of the DAC
and the serial approximation register predominantly in-
fluence the cost of these devices:

Csar (Nsar ) = Nsar -Chitsar - (10)

Increasing the number of Flash ADC bits above 5
dramatically increases the overall cost due to a significant
increase in the number of comparators. On the other
hand, reducing the number of Flash ADC bits below 4
significantly increases the refinement time of the SAR
component, which degrades the overall system perfor-
mance.

Thus, the most cost-effective solution is to select a
Flash ADC bit number in the 4-5 bit range, thereby
achieving an optimal balance between cost and speed.

Flash ADC Resolution
-@— Flash ADC: 2 bit
-3 Flash ADC: 3 bit
-@- Flash ADC: 4 bit
-4+ Flash ADC: 5 bit
- Flash ADC: 6 bit

A,
------- A
sho T b R
------ ¢ SCEPS
------- ‘..-..-.-...-.--.-. -
* ---------------- 'Y
5| >—— . —— . - — . -$
....... ’..—..—.-_.—-’—.-_._.-—-—’
- W poRi—— B-sinnlntntuiiata R A
L L 4 » T ! ; ‘
1k . - : ’ | | |
! . - 11 12

SAR ADC Resolution, bits

Fig. 2. Cost per bit of resolution of the hybrid ADC
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The SAR ADC can ensure further conversion accuracy,
which has a low additional cost for each additional bit of
bit depth.

Through rigorous analysis, the optimal configura-
tion for achieving the lowest cost per bit of bit depth is
the integration of Flash ADCs within the 4-5 bit range
and SAR ADCs spanning 8-10 bits.

Therefore, the proposed combination allows for
maximum economic efficiency, with the advantages of
each ADC type being optimally used.

Thus, the proposed combined approach demon-
strates a balance between speed, cost-effectiveness, and
signal conversion accuracy. This assertion is confirmed
by an analysis of the country’s economic and technical
characteristics.

4. Case study
4.1. Modelling and experimental results

A mathematical model was created and imple-
mented in MATLAB Simulink to ascertain the effective-
ness of the proposed combined analog-to-digital con-
verter [18]. The model comprises the following main
components:

— the idealized 4-bit Flash ADC model;

— adigital-to-analog converter that functions in a
feedback loop to determine the analog signal correspond-
ing to the digital result of the Flash ADC;

— an 8-bit SAR ADC model that refines the resid-
ual analog signal.

The modelling was conducted under the following
conditions:

— reference voltage Vi.~1B;

— the range of the input signals Vi, has been set

Subtract Diff amp

from 0 t0 Vier;

— the signal sampling frequency was specified as
f;=10 MHz;

— to determine the theoretical maximum accuracy
of the proposed scheme, we did not consider the compar-
ator noise and DAC deviations.

The simulation was performed in the environment
MATLAB/Simulink, and the model of the proposed
ADC is shownin Fig. 3.

4.2. The analysis of the results

Modelling of the proposed architecture revealed a
method for evaluating the primary characteristics of the
proposed combined ADC, particularly the integral non-
linearity (INL) and the differential nonlinearity
(DNL) [19].

The integral nonlinearity (INL) was determined us-
ing the following expression:

|NL(I) _ Vi _I\_/isdéeﬂ (I) ,

(11)
where V; — the actual voltage value at the ADC output;
Vigeal(i) — the ideal voltage value corresponding to the
code i;
LSB=V/2N — the least significant bit.
The differential nonlinearity was determined as fol-
lows:

V(i+1)+V(i)

DNL(i)=——

-1, (12)

where N — total bit number of the ADC.

SARADC Reg

n
analog digital 1 K %
SAA

sar ready

start ’\./ ready —

SARADC AND
digital P digital 4 output
m analog ﬁ- Blnal‘y[-)\:&\’glghted andlog (_I)-;egr{:ta(:r
Waveform ready B start
Generator | y
Flash ADC Binary Weighted DAC + n
J& i+ P N o (j't
>|I1/ >+ Gain2 Add Final res
+
Gain in flash adc
Constant

Fig. 3.Simulink model of the combined ADC
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Fig.4. INL and DNL simulation results of the combined ADC

Figure 4 shows the simulation results of the INL and
DNL of the combined ADC.

The analysis of the obtained results demonstrated
that the combined ADC’s integral nonlinearity did not
exceed +0.5 LSB, while the differential nonlinearity re-
mained within £0.4 LSB. This result indicated a high
conversion accuracy, which is characteristic of SAR
ADC-based designs.

Furthermore, the maximum sampling rate of the
proposed architecture was analyzed, with this rate being
determined by the delays of the Flash component and the
speed of sequential refinement in the SAR-ADC.

The results obtained from this analysis showed the
possibility of achieving a sampling rate that significantly
exceeds the SAR-ADC of a similar bit depth.

4.3. Comparison of results
with existing solutions

To objectively evaluate the advantages of the pro-
posed solution, a comparative analysis with traditional
types of ADCs was conducted (Table 2).

Here, we refer to the maximum sampling rate of the ADC
by the maximum frequency. Traditional 8-10-bit SAR
ADCs typically operate in the range of ~1-10 MHz
However, modern high-speed implementations demon-
Strate significantly higher rates, reaching up to 50 MHz,

130 MHz, and specialized 8-bit solutions can achieve up
to 250 MHz. Consequently, in the proposed combined ar-
chitecture, the SAR component can operate within the
range of ~50-130 MHz, while the overall sampling rate
can be formed using parallel or pipelined techniques, ef-
fectively enabling rates up to ~500 MHz.

To ensure a more objective comparison, classical
pipelined ADCs—widely used in high-speed systems
(>10 MS/s)—were also considered.

The proposed combined architecture offers signifi-
cant advantages over pipelined ADCs, especially for ap-
plications where cost-efficiency and implementation
simplicity are critical:

— The proposed design uses a low-resolution flash
ADC, which significantly reduces circuit complexity and
implementation cost compared with pipelined ADCs.

— By employing a SAR ADC for residual signal re-
finement, the architecture maintains high conversion ac-
curacy (INL and DNL <+0.5 LSB), which is comparable
to or even exceeds that of typical pipelined solutions.

— The cost per bit of resolution is notably lower be-
cause of the reduced number of comparators and the ab-
sence of complex intermediate-stage amplifiers, which
are typically required in pipelined architectures.

Comparative analysis indicates that the proposed
architecture exhibits significant advantages in terms of
cost-effectiveness per unit of bit resolution when
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compared to conventional Flash structures, while simul-
taneously delivering superior performance in comparison
to traditional SAR-ADCs.

A comparison with published counterparts [4, 6, 9]
shows that the developed hybrid ADC achieves lower
INL/DNL and reduced energy consumption under com-
parable conditions (resolution and sampling rate) (see
Table 2).

Table 2
Comparative analysis of the proposed ADC
Characteristics Flash SAR- Combined
ADC ADC ADC
Standard bit number, bits <8 <16 8-14
Maximum frequency, MHz | >1000 | <10-100 ~10-500
INL, LSB 0.5-1 <0.5 ~0.5
DNL, LSB 0.25-1 <0.5 ~0.25-0.5
Cost per 1 bit High Low Low/medium
Energy consumption High Low Average
5. Discussion

5.1. Interpretation of the results

The simulation results of the proposed combined
analog-to-digital converter indicate its high efficiency in
terms of combining accuracy, speed, and implementation
cost. In particular, the values of integral nonlinearity
(INL) within £0.5 LSB and differential nonlinearity
(DNL) not exceeding+0.5 LSB confirm the high conver-
sion accuracy characteristic of SAR-ADCs, but at a sig-
nificantly lower cost than Flash ADCs.

Under the constraint n+m=B (see Eqg. 7), the func-
tion has an interior minimum; therefore, there exists a
pair (n, m) at which

Econy (N, M) < min{E¢yny (B,0), Econy (0, B)}

Hence, the hybrid ADC configuration’s energy con-
sumption does not increase relative to the “pure” flash-
only or SAR-only implementations for a fixed B.

The obtained results confirm that the implementa-
tion of coarse preliminary conversion using a low-bit
Flash ADC allows for preserving the advantage in per-
formance, while the use of the SAR component for fur-
ther refinement of the difference significantly reduces the
overall cost of the device.

5.2. Economic efficiency
of the proposed solution

The proposed combined ADC offers a significant
reduction in the cost per bit of bit depth compared with

traditional Flash ADCs. As demonstrated in the analysis
results, the use of Flash ADCs with more than 5 bits re-
sults in exponential cost growth, making them inefficient
for high bit depth applications. Concurrently, initial SAR
ADCs, while low in cost, cannot provide high conversion
speeds.

The combined approach, which provides a balanced
bit number distribution between the Flash and SAR com-
ponents, significantly reduces the total cost per bit of bit
depth (Fig. 2). The optimal combination is a 4-5-bit
Flash ADC and an 8-10-bit SAR ADC, providing the
minimum cost per bit of bit resolution.

Additional calculations were performed for the
baseline parameters of different ADC architectures. In-
dicative metrics include the number of comparators, ap-
proximate silicon area, and power consumption. An inte-
grated efficiency metric, Cost per MS/s/bit (relative cost
normalized to throughput per bit), widely used in special-
ized literature [1, 16], was also introduced.

Flash ADC, 8-bit - 500 MS/s:

— ~255 comparators;

—die area: approx. 1.5-2.0 mm?;

— power consumption: 300-500 mW;

— Cost per MS/s/bit = 1.5-2.0 (relative units).

SAR ADC, 12-bit - 10 MS/s:

— 1 comparator;

—die area: 0.2-0.3 mn?;

— power consumption: 1-5 mW;
— Cost per MS/s/bit~ 0.1-0.2.

Pipeline ADC, 12-bit - 250 MS/s:

—80-100 comparators with multi-stage operational
amplifiers;

—die area: 2.0-2.5 mn?;

— power consumption: 300-500 mW;

— Cost per MS/s/bit=~1.0-1.3.

Proposed combined ADC (Flash 4-5 bits + SAR 8-
10 bits), 100-200 MS/s:

—15-31 comparators;

—die area: 0.6-0.8 mm?;

— power consumption: 50-80 mW,

— Cost per MS/s/bit ~ 0.4-0.6.

Therefore, within the medium-speed range (100—
250 MS/s), the proposed combined architecture achieves
a 30—40% reduction in cost per bit and a 2-3x reduction
in power consumption compared to pipeline ADCs, while
maintaining comparable throughput.

This approach makes the proposed architecture par-
ticularly attractive for the mass production of analog-to-
digital converters used in industry, communication sys-
tems, and portable devices, where cost is a key factor
alongside speed and accuracy.



Radioelectronic systems

269

All presented data were derived from reference
manuals and official sources and should be regarded as
theoretical estimates. This limitation arises because
Ukraine currently lacks a developed manufacturing base
for the large-scale production of state-of-the-art ADCs.
Practical parameters may vary and would need to be ver-
ified during actual design and fabrication.

5.3. Potential areas for enhancement

The proposed combined architecture has significant
potential for further development and improvement. The
maindirections for future researchinclude the following:

— optimization of the component base: selection
of more efficient analog comparators and improvement
to the digital-to-analog converter architecture will further
reduce conversion deviations and lower power consump-
tion;

— analysis of the impact of noise and compo-
nent deviations: further research may include studying
the effects of real noise and deviation in comparators and
DACs on the combined ADC performance, which would
allow for the development of recommendations to com-
pensate for these deviations;

— implementation of an adaptive bit allocation
system: the development of adaptive algorithms that au-
tomatically adjust the ratio of Flash and SAR components
according to operating conditions, input signal character-
istics, and conversion speed and accuracy requirements
represents a promising area of research;

— experimental testing of real devices: The cre-
ation of an experimental sample of the proposed ADC
with further measurements of real-world technical char-
acteristics is a significant area for future research. This
will serve to confirm and refine the theoretical conclu-
sions.

Consequently, the findings of this study provide a
foundation for the subsequent development and practical
implementation of new generation combined analog-to-
digital converters that optimally combine speed and effi-
ciency.

6. Conclusions

This study proposes a combined architecture for an
analog-to-digital converter, which integrates a low-bit
depth Flash ADC for rapid coarse conversion and a suc-
cessive approximation register ADC for precise refine-
ment of the residual difference. The obtained results lead
to the following key conclusions:

1. The proposed combined approach represents an
effective compromise between Flash ADCs’ high perfor-
mance and SAR ADCs’ cost-effectiveness. A significant

reduction in the number of comparators results in sub-
stantial cost savings per bit of bit depth.

2. The analysis of economic indicators demon-
strated that the balanced combination for a contemporary
element base is a Flash ADC with a bit depth of 4-5 bits
and a SAR ADC with a bit number of 8-10 bits. This
combination provides minimal cost per bit with high
overall conversion accuracy.

3. The simulation results confirmed the high accu-
racy and stability of the proposed combined ADC. The
integral nonlinearity (INL) and differential nonlinearity
(DNL) values were found to be no greater than+0.5 LSB,
indicating that the proposed architecture meets contem-
porary accuracy requirements.

4. A comparative analysis with existing types of
ADCs was conducted, which demonstrated the combined
solution’s advantage. This solution was found to be sig-
nificantly more cost-effective than Flash ADCs and out-
perform SAR ADCs of similar bit depth.

5. Potential directions for future research are delin-
eated, encompassing the analysis of the impact of real
noise and deviations, in addition to the fabrication of ex-
perimental device prototypes, which will further substan-
tiate the proposed architecture’s practical efficiency.

Thus, the proposed combined ADC architecture is
of high practical significance and can be effectively used
in systems where achieving an optimal balance between
cost, speed, and conversion accuracy is critical.
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KOMBIHOBAHA APXITEKTYPA AHAJIOTO-IIM®POBOI'O IEPETBOPIOBAYA
31 3FAJIAHCOBAHHMM CHIBBITHOIIEHHSM HMIBUIKOII TA BAPTOCTI

0. /1. Azapos, O. B. /[yonux, M. P. Obepmiox,
0. O. JIykawyx, O. I. Mypauwienro

IIpeameToM BUBUEHHS B CTaTTi € KOMOIHOBaHA apXiTEKTypa aHaJoroBo-1udpoBoro nepersoproBaya (ALIID),
ska 0azyeTbest Ha noeaHanHi ¢auem-AlIl neBenukoi pospsimrocti Ta ALIIT mopospsinHoro BpiBHOBaxkeHHS (SAR-
ALTT). dneur- AL xapakTepHu3yeThCst BECOKOIO MBUAKOAIEI0, TPOTE MA€ CYTTEBUI HEJIOMIK, MTOB'SI3aHUH 3 €KCIIOHE-
HIIHHNM 3POCTaHHSM BapTOCTi Ha OAMHHMIIO 0iTa PO3/IBHOI 31aTHOCTI 31 301IBIIEHHSIM PO3PSAHOCTI, TOAl IK SAR-
ALIIT BUpi3HSAETHCS HU3BKOIO BApPTICTIO, IPOTE Mae 0OMEKEHY LIBUIKICTH EPETBOPEHHS Yepe3 MOCIHiIOBHHUN MPHH-
un pod6oTH. MeTor0 CTATTi € JOCTIKEHHS MOXKIIMBOCTI CTBOpPEHHS KOMOiHOBaHOI apxiTektypn AL, mo mpo3Bosse
30aaHCcOBaHO MOEJHATH TiepeBary ¢em ra SAR-nepeTBoproBauiB, 3a0€3MeUyl0YH MPH IOMY MaKCHMaJIbHY €KOHO-
MigHY e(peKTHBHICTh Ha OMHHUIIO OiTa po3aiIbHOI 31aTHOCTI. OCHOBHA TilIOTE3a MOJSATAE B TOMY, IO BUKOPUCTAHHS
¢enr- ALITT HeBeTMKO1 pO3PSAIHOCTI AJIS IIEPBHHHOTO MBHUIKOTO TTepeTBopeHHs curHaiy Ta SAR-AIIIT ans TogHoTO
JIOOTIPAIIOBaHHS 3AJIMIIKOBOTO CHTHAITY J03BOJINTH CYTTE€BO 3MEHIIMTH BUTPATH Ha peajli3alilo BUCOKOPO3PSAHUX
AL 3aBaanHs: mMpoBecTH aHaJi3 xapakTepucTtuk ¢uemt Ta SAR-AIIL, po3pobutu anroput™m podoTH KOMOiHOBa-
rHoro ALII, Bu3HaunTH 30amaHcoBaHy KoMOiHaMi 0 po3psaHoTe Takoro ALIIL, cTBOpUTH HOTO MaTeMaTHIHY MOJEIb
y cepenosuini MATLAB Simulink, Ta 3aificCHUTH OIIIHKY HOT0 TEXHIKO-CKOHOMIYHUX OKa3HUKiB. OTpHMaHi pe3yib-
TaTH CTATTi MOKa3yIOTh, Mo KoMOiHatisa ¢uen-ALII 3 pospsaricTio 45 6it Ta SAR-ALII i3 po3psanictio 8—10 6itT
JTO3BOJISIE 3HAYHO 3HU3UTH BUTPATH HA OJUHUIO OiTa PO3IiIbHOI 3MATHOCTI MOPIBHAHO 3 TPAAUIIHHUMH (UICII-CTPY-
KTypaMmu, MpU LIbOMY 30epiraroud 3Ha4HO BHUIIY NBUIKOJi0 mopiBHsIHO 3 SAR-AILIIT ananoriynoi po3psaHocti. B
pe3ynbTaTi MOJEIOBaHHs OyJI0 BCTaHOBJIEHO, 1m0 iHTerpanbHa (INL) Tta mudepenmiaapaa (DNL) HeminifiHOCTI 3a-
npornonoBanoro Al we nmepesuytors +0,5 LSB, 1m0 CBiqUuTh PO BUCOKY TOYHICTh ITepeTBOPeHH:. J{01aTKOBO
M0Ka3aHo, IO 3alpoNoHOBaHa KOMOIHALS HE MPU3BOMUTH 10 301JIbIIEHHS CIOXHMBAHOI €HEprii Ha MepeTBOPEHHS
nopiBHsHO 3 yncTuMH flash/SAR miaxomamu. KpiM Toro, aHami3 eKOHOMIYHUX XapaKTEPUCTHK JOBOIMT, 10 3ampo-
MIOHOBaHM Mi/IXia 3a0e3reuye MiHIMaJIbHI BUTPATH IIPH 33aHii po3iIbHIN 31aTHOCTI. BHCHOBKH. 3anporoHoBaHa
komOiHoBaHa apxiTektypa ALIl neMOHCTpYe CYTTEBI IepeBaru 3a KpUTepieM eKOHOMIYHOT €()eKTUBHOCTI IIOPiBHSIHO
13 xmacnyanmu Quen- ALl Ta 3abe3nedye 3HaUHE MOKpaIeHHs BUIKO1T y mopiBHsHHI 3 SAR-ALIII. BeranosneHo,
IO iCHYE CIIiBBIJIHOIICHHS po3psiaHocTel dient- Ta SAR-KOMIIOHEHTIB sIKe J03BOJIsIE €EKTHBHO 30aaHCyBaTH €KO-
HOMIYHI Ta TEXHIYHI BUMOTH JI0 MPUACTPOI0. [loganpim JOCTiPKEHHS MatOTh OYTH 30CepeDKCHI Ha MPaKTUYHIN pea-
Ji3arii 3alpOMOHOBAaHOTO PIllICHHs, aHAi3] BILTUBY IIIyMiB Ta aJaiTUBHOMY KepyBaHHI po3psaHocTsimu ALITL

KuouoBi cioBa: ananoroso-imgposuii nepersoptosay; duenr-ALIT; SAR-ALIIT; komGiHOBaHa apXiTEeKTypa;
eHeproe()eKTUBHICTh; BApTIiCTh Ha | OIT; HENMIHIAHICTS.
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