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Abstract—In this article, a novel field-programmable analog
array (FPAA) has been developed for the configurable imple-
mentation of various analog circuits. The proposed architecture
not only supports system-level reconfiguration but also enables
transistor-level programmability. The FPAA is comprised of a
3 × 4 configurable analog block (CAB) array, with a single
configurable logic block (CLB) added to each column to allow
for the programming of digital circuits. Passive devices, including
programmable capacitors and resistors, and active transistor
pairs (TPs), are utilized to implement both continuous-time and
discrete-time circuits. A placement algorithm is developed that
efficiently maps analog circuits onto the FPAA fabric by finding
the optimal vertical and horizontal locations for the assignment
of transistors. In addition, to reduce the complexity of placing
devices on the fabric, a technique is developed that matches
TPs in the same vertical level to predefined topologies in a
library. Routers are included to connect devices implemented
on the FPAA fabric. The proposed FPAA occupies an area
of 4 mm2 in a TSMC 65-nm fabrication process. The smaller
circuits implemented on the FPAA fabric include a folded-cascode
amplifier, a strongArm comparator, a continuous-time integrator,
and a switch-capacitor integrator. The larger analog and mixed-
signal circuits implemented on the FPAA fabric include a
four-stage pipeline analog-to-digital converter (ADC) and a first-
order delta-sigma modulator. The programmed folded-cascode
amplifier exhibits a tunable gain of 28.3 dB to 34.8 dB and a
programmable 3-dB bandwidth of 3.3 MHz to 5.3 MHz. The
configured comparator provides a resolution of less than 3 mV
when comparing two signals. The implemented first-order delta-
sigma modulator operates at a frequency of 15 MHz and provides
an effective number of bits (ENOBs) of 6.8 when utilizing
an oversampling ratio of 128×. The configured pipeline ADC
provides an ENOB of 3.7 for a sampling frequency of 15 MHz.

Index Terms—Field-programmable analog array (FPAA),
reconfigurability, synthesis algorithm.

I. INTRODUCTION

THE field-programmable analog array (FPAA) has
attracted growing interest due to the increasing com-

plexity and costs associated with fabricating and verifying
prototype ICs in submicrometer technologies [1], [2], [3]. Sim-
ilar to field-programmable gate arrays (FPGAs), which have
been widely adopted for various digital applications, research
and development of FPAA topologies has successfully led to
the implementations of reconfigurable analog and mixed-signal
circuits. A historical overview of the evolution of the FPAA
is provided in [1].

An FPAA that utilizes floating-gate (FG) devices and a
fully connected crossbar network is proposed that allows for
the implementation of complex analog circuits including an
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AM receiver and an analog speech processor [4]. In [5], an
FG FPAA with a routing architecture that includes a fully
connected crossbar switch matrix is proposed to improve the
density of functional blocks. An FG FPAA [6] with a Manhat-
tan routing architecture is developed that permits prototyping
of mixed-signal circuits including a voltage-controlled oscilla-
tor, an analog-to-digital converter (ADC), and a second-order
sigma-delta modulator. In [7], a microprocessor is integrated
with an FG FPAA to enable rapid reconfigurable mixed-
signal computation. In addition to coarse-grain components
such as OTAs, fine-grain components including transistors
and capacitors are also provided in FG-based FPAAs [4],
[5], [6], [7]. Therefore, FG FPAAs allow for both fine-grain
and course-grain circuit configurations [4], [5], [6], [7]. A
vector-matrix multiplier (VMM) combined with a winner-take-
all (WTA) classifier is demonstrated on an FPAA platform
in [8]. In [9], physical computation of real value problems
is demonstrated on an FPAA. A switch-less FPAA fabric
is developed in [10] and [11] that provides an improved
frequency response when configured as a bandpass filter. In
[12], analog functions are programmed on time-domain CABs
that utilize the frequency and phase of digital pulses to transmit
analog information. In addition, FPAA topologies are proposed
that feature distinct CAB architectures that target specific
applications [11], [12], [13], [14], [15], [16]. Tailored CAB
topologies leverage circuit hierarchy by utilizing subcircuits
that include operational transconductance amplifiers (OTAs)
[11], [17] or switched capacitors [14], while allowing for
transistor-level configuration [15], [18].

The tradeoff between the programmability and the perfor-
mance of an FPAA is dependent on the smallest programmable
element within the configurable analog block (CAB) and the
routing strategy used to connect the fundamental elements.
Utilizing transistors as the smallest programmable element
provides the highest programmability. The routing switches
are utilized to connect transistors within the FPAA fabric
and implement various analog circuits. Alternatively, small
analog circuit blocks that include operational amplifiers, com-
parators, and integrators serve as the smallest programmable
components within a CAB, with routing switches connecting
the small analog circuit blocks within the FPAA fabric to
implement larger circuits. The utilization of fixed small analog
circuits improves performance by minimizing the parasitic
impedance introduced by routing switches placed between
transistors, which degrade operating frequency and band-
width. However, utilizing small analog circuits as the smallest
programmable component constrains the FPAA to specific
families of circuits, which limits the types of analog circuits
implemented. Routing strategies also impact programmabil-
ity and performance. Switch-based routing networks provide
greater flexibility as compared to fixed interconnects. In [10],
fixed interconnects are used to connect different CABs, which
increases the circuit bandwidth but also limits the types of
circuit topologies that are implemented. In [16], a hybrid
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routing strategy is utilized, combining fixed interconnects and
switches. The routing switches are included within the CAB
while fixed interconnects are used between CABs, which
addresses the bandwidth limitations of large analog circuits but
restricts the number and type of circuits that are implemented.

In this work, an FPAA architecture is introduced that
allows for the implementation of reconfigurable AMS cir-
cuits. The developed CAB is comprised of programmable
components that include transistor pairs (TPs), capacitors, and
resistors, which enable both transistor-level programmability
and the configuration of passive devices. While a single
CAB is sufficient to implement small analog circuits, com-
plex analog topologies are configured on multiple CABs.
Consequently, the proposed architecture not only supports
transistor-level configuration but also facilitates the imple-
mentation of coarse-grain system-level circuits. To ease the
design and implementation of analog circuits on the FPAA,
a synthesis flow is developed that automatically places and
routes an analog circuit onto the CABs of the FPAA fabric. A
novel algorithm is developed that maps a given netlist onto the
FPAA fabric, where the vertical and horizontal location of each
transistor of an analog circuit is algorithmically determined.
In addition, an algorithm that utilizes circuit isomorphism
is developed that matches TP topologies to four baseline
configurations. For the routing of interconnects, a Dijkstra
algorithm is utilized to find the shortest path between two
nodes while avoiding collision. The primary contributions of
the article are as follows.

1) An FPAA architecture that efficiently combines
transistor-level configuration and coarse-grain system-
level configuration.

2) The development of a placement algorithm that effi-
ciently maps a given analog circuit onto the FPAA
fabric, where the vertical and horizontal location of each
transistor is determined and assigned onto a CAB.

3) The development of a technique that matches the topol-
ogy of a TP to a set of predefined topologies provided
in a library. Once matched, routing switches within
the programmable TPs are utilized to implement the
determined topology.

The rest of the article is organized as follows. Prior work
describing implementations of FPAAs is presented in Sec-
tion II. The FPAA architecture developed as part of this
work is described in Section III. The synthesis methodology
and algorithms that map an analog netlist onto the FPAA
CAB are presented in Section IV. The characterization of
small analog circuits implemented on the FPAA is provided
in Section V. The configuration of more complex analog
circuits is described in Section VI. A comparison of the
proposed FPAA architecture with prior FPAA implementations
is provided in Section VII. Use cases of the proposed FPAA
are provided in Section VIII. Some concluding remarks are
provided in Section IX.

II. PRIOR WORK

The development of programmable analog circuits lags
behind that of programmable digital circuits, with only a
few notable efforts contributing to FPAA technology. In one
such effort, a programmable analog device array (PANDA) is
developed that enables transistor-level configuration [15]. The
PANDA cell, which contains either one or three programmable
transistors, emulates the behavior of transistors of varying
widths and lengths. To ensure correct performance, a sizing

algorithm [18] matches the current, output resistance, and
transconductance of the PANDA cell with that of the target
transistor. Switches implemented as transmission gates (TGs)
are utilized to establish connections between PANDA cells.

A switch-less FPAA is described in [10], which is utilized to
implement tunable OTAs. Each CAB includes seven transcon-
ductive cells that are digitally tunable, which are configured
based on the parallel connection of six programmable OTAs.

FG FPAAs, as described in [4], have been used to imple-
ment more complex analog circuits. In such FPAAs, FG
devices are programmed with high precision through hot-
electron injection, while the charge on the FG node is erased
through electron tunneling [19], [20]. Each CAB is comprised
of coarse-grained elements that include OTAs, FG current
mirrors, and Gilbert muxes. In addition, passive compo-
nents including resistors and capacitors are also provided.
FG switches implemented as FG transistors are utilized as
routing components, and the OTAs are biased also using
FG transistors. The work presented in [6] introduces an
FPAA topology for mixed-signal applications. In addition to
the CAB, configurable logic blocks (CLBs) are utilized to
implement digital circuits. The elements in the CLB include
look-up tables (LUTs) and JK flip-flops. An FG-based mixed-
signal array is proposed in [7]. A microprocessor is utilized to
allow for rapid configuration of the routing fabric. Circuits that
include a ladder-filter-based, linear phase analog filter [21], a
hopf bifurcation element based on transconductance amplifiers
[22], and an adaptive-Q bandpass filter [23] are demonstrated
on the FG FPAA. A programmable analog standard cell library
is proposed based on the abstraction of analog computational
elements that are programmable on the FG FPAA fabric [24].
The analog standard cells provide a broader design capability
for analog computing systems. An open-source toolset [3]
is proposed that enables analog-digital-software co-design
on FPAAs. The framework utilizes high-level software in
Scilab/Xcos to convert the high-level block description to a
file in Berkeley Logic Interchange Format (BLIF). The open-
source tool VPR/VTR [1] is utilized to place and route the
netlist onto an SoC FPAA fabric. In addition, the vpr2swcs
algorithm generates the list of switches in the on state based on
topological details provided in a file describing the architecture
of the IC.

An FPAA described in [14] utilizes zero-crossing detectors
to implement analog circuits on a reconfigurable fabric. Each
CAB contains a zero-crossing circuit [14] and a switch-
capacitor network, which allows for the implementation of
active ladder filters and pipeline ADCs. However, zero-
crossing circuits are utilized for specific analog functions and
are not suitable for implementing generic analog circuits.

A time-domain FPAA is described in [12] that emulates
analog functions using digital circuitry. The time-domain
CAB is utilized to process digital pulses with modulated
frequency and phase. Circuits implemented on a single CAB
include time-to-digital converters, phase interpolators, digital
pulsewidth modulators, and digitally controlled oscillators. In
addition, CLBs and arithmetic logic units (ALUs) are added
to the programmable fabric to allow for the configuration
of mixed-signal circuits, including phase-locked loops (PLLs)
and ADCs.

III. ARCHITECTURE OF THE FPAA
Manhattan routing is widely used in FPAAs [1]. In this

work, two-level Manhattan routing is utilized to enable con-
nections between the CABs and between transistors within the
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Fig. 1. Architecture of the FPAA fabric that includes a 3× 4 CAB array and
a 3 × 4 SB array. One CLB is added to each column of the CAB matrix for
the implementation of digital circuitry.

Fig. 2. Schematic representation of a CAB. The TP array allows for transistor-
level configuration. Resistors R1 to R4 provide a programmable resistance,
while capacitors C1 to C4 provide a programmable capacitance. The switches
S 1 to S 14 of each CAB are programmed by data stored in the shift register.

CAB. The architecture of the proposed FPAA features a 3×4
CAB matrix, as shown in Fig. 1. The switch boxes (SBs) allow
for global connections between the CABs. Transmission gates
(TGs) are utilized as routing switches that connect SBs of
adjacent columns. A programmable CLB is included in each
column of the CAB matrix, which enables the implementation
of configurable analog and mixed-signal circuits.

A. Architecture of the Configurable Analog Block (CAB)
The CAB, which allows for the programming of various

analog circuits of mid-complexity, is a subcomponent of the
FPAA. In this article, the proposed CAB is programmed into
various continuous-time analog circuits and switch-capacitor
circuits that operate in the discrete-time domain. The archi-
tecture of the CAB is shown in Fig. 2, which is comprised
of a transistor pair (TP) array, four programmable transis-
tors, four programmable capacitors, and 11 routing switches
implemented as TGs that allow access to both active and
passive components. Shift registers are utilized to store the
programmble bitstream. Each CAB includes a 1404-bit D-
flip-flop shift register, which occupies an area of 0.034 mm2.
The shift registers of the FPAA include a total of 17 108
bits. The shift registers used to program the CABs within
the same column of the CAB matrix are cascaded, enabling
column-wise programming of the CABs of the FPAA. The
bitstream is first loaded into the shift registers and then loaded
to the TG switches of each CAB. The Anadigm FPAA [25]
utilizes two switch matrices to route analog signals from a

Fig. 3. Schematic representation of a programmable capacitor. The tunable
range of the capacitance is from 100 fF to 1.5 pF.

bank of eight programmable capacitors or from the feedback
paths of the two internal op amps and a single comparator.
When implementing a switched-capacitor (SC) circuit, the
input and feedback capacitors are selected from the bank of
programmable capacitors through the switch matrices. In this
work, to sample input signals, the CAB includes two pro-
grammable input capacitors that are placed between the input
ports of the CAB and the input ports of the TP array as shown
in Fig. 2. In addition, two programmable feedback capacitors
are placed between the input and output ports of the TP array,
which are utilized when implementing a switch-capacitor inte-
grator. The programmable resistor is implemented as a set of
subresistors of different values connected in parallel and acti-
vated by TG switches. Each programmable resistor, designated
as R1 to R4 in Fig. 2, provides a tunable resistance of 1 kΩ to 5
kΩ with a unit step size of 1 kΩ. The programmable capacitor
is implemented by connecting binary weighted capacitances
in parallel as shown in Fig. 3. A minimum capacitance of
100 fF is provided when the switches S 1C are in the active
(“ON”) state and the switches S 2C , S 3C , and S 4C are in the
OFF state. A maximum capacitance of 1.5 pF is provided
when switches S 1C , S 2C , S 3C , and S 4C are all set to the ON
state. Each programmable capacitor, designated as C1 to C4
in Fig. 2, provides a tunable capacitance of 100 fF to 1.5 pF
with a unit step size of 100 fF. The passive components allow
for the implementation of various analog circuits, including
continuous-time integrators, switch-capacitor integrators, and
multiply digital-to-analog converters (MDACs). In addition,
a 5-bit digital-to-analog converter (DAC) based on a resistor
ladder topology, as shown in Fig. 2, is included in each CAB.
The DAC provides a dc bias voltage to each transistor of
the TP array. The 5-bit resistor-ladder DAC consists of 32
resistors, each with a value of 50 Ω. The programmable bias
voltage provided by the DAC is in the range of 0 V to
1.2 V, with a step size of 37.5 mV. The flexibility of the
CAB, therefore, allows for the configuration of both fine-grain
and coarse-grain circuits, which makes the CAB a versatile
circuit block capable of implementing a diverse set of analog
functions.

B. Architecture of the Transistor Pair (TP) Array
Allowing for fine-grain configuration [2], [26] provides an

improved tradeoff between the efficiency and the flexibility
of the analog circuits implemented on the FPAA fabric.
The fine-grain FPAA architectures described in [4], [5], [6],
and [7] allow switches to operate between the lowest level
of components, i.e., individual transistors, to maximize the
configurability and flexibility of the programmable fabric [2],
[26]. In this work, the programmable TP is the lowest level
component provided within the TP array. The transistor-level
programmability of the TP array allows for the configuration
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Fig. 4. Block and schematic representations of the (a) architecture
of the TP array that includes a 6 × 3 matrix of TPs, (b) struc-
ture of an NMOS TP NP, (c) structure of a PMOS TP PP, and
(d) structure of a reconfigurable transistor with a tunable width of 1 to
63 µm. The PMOS and NMOS TPs utilize switches S 1 to S 11 for topology
configuration (current direction is also shown).

of complex analog circuits. The routing switches between
the TPs are utilized to form connections. A programmable
TP is configured into four different topologies that include a
current mirror, a regeneration loop, a current source pair, and
a diode-connected pair. Utilizing the TP as a basic routing
element and the programmability provided by a TP simplifies
the process of mapping a differential analog circuit topology
onto the FPAA fabric. The TP array is composed of a 6 × 3
matrix of TPs, as shown in Fig. 4(a). The matrix includes
PMOS TPs (PP), NMOS TPs (NP), and SBs. The transistor-
level configuration of the TP array allows for the fine-tuning
and customization of individual CABs to meet specific analog
circuit requirements, providing an alternative to established
coarse-grain FPAA topologies [27].

Each SB contains six routing switches that form paths
between any two or more directions. The TP array is pro-
grammed into an analog circuit, with circuit parameters further
tuned by adjusting the programmable TPs. The topology of
an NP and PP is shown in Fig. 4(b) and (c), respectively.
Switches S 1 to S 5 are used to program the two NMOS or
PMOS TPs into a current mirror, a regeneration loop, a current
source pair, or a diode-connected pair. Switches S 6 and S 7
are utilized to merge the dc current from the two transistors
into the left current path, while switches S 8 and S 9 perform
the same function for the right current path. Switches S 6 to
S 9 are also programmed as isolators if required, preventing
the flow of current through the drain of the TPs. Switches
S 10 and S 11 connect the source of the PMOS transistors to
VDD (the positive power supply voltage) and the source of the
NMOS transistors to GND (the ground reference voltage). The
proposed switch configuration ensures that the VDD and GND
voltage sources are universally available to all transistors of the

Fig. 5. Schematic representation of a switch box (SB). The “T” represents a
TG switch.

TP array, which provides increased flexibility when designing
an analog circuit.

The NP and PP TPs (M1, M2 and M3, M4 shown in Fig. 4(b)
and (c), respectively) provide programmable widths, where six
binary weighted transistor widths are connected in parallel as
depicted in Fig. 4(d). The programmable transistors provide
a minimum width of 1 µm and a maximum width of 63 µm
with a step size of 1 µm. The tuning range of the transistor
width provided by the proposed TP array surpasses that of
coarse grain CABs, which enables precise control over circuit
parameters including the gain and bandwidth of an opera-
tional amplifier (op amp). The high level of programmability
provided by the TP array allows for the optimization of the
performance of an analog circuit to meet specific application
requirements with enhanced precision.

C. Routing Network
The routing network of the FPAA is depicted in Fig. 1,

where each CAB is connected to adjacent CABs through SBs.
The SBs utilize TGs as routing switches. To reduce the ON
resistance and the corresponding dc voltage drop across the
routing switches, the NMOS transistors are set to a width of
30 µm and a length of 60 nm, while the PMOS transistors are
set to a width of 60 µm and a length of 60 nm. As a result, the
ON resistance of a routing switch is less than 50 Ω, and the
parasitic capacitance is approximately 21 fF. The schematic
of the implemented SB is shown in Fig. 5, which is similar
to the SB described in [6]. The “T” represents a TG switch.
Six TG routing switches form connections between the four
routing directions. Each SB utilizes 12 routing switches and
four 2-bit buses to allow for differential connections between
the TPs. The parasitic capacitance seen from each input port of
the SB is approximately 70 fF. The proposed routing network
ensures efficient signal routing and minimal signal degradation
within the FPAA.

D. CLB Architecture
The FPAA includes CABs along with CLBs, which enable

the implementation of mixed-signal circuits, including pipeline
ADCs and delta-sigma ADCs. For the pipeline ADC, the
CLB implements a decoder, while for the delta-sigma ADC,
the CLB is programmed to implement an SR latch. Each
CLB is comprised of five two-input lookup tables (LUTs),
as shown in Fig. 6. The three inputs, V in1, V in2, and V in3, are
sourced from the analog output of a CAB located in the same
column. The five voltage references Vout1, Vout2, Vout3, Vout4,
and Vout5 are derived from the outputs of the five two-input
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Fig. 6. Architecture of a CLB includes five two-input LUTs, three voltage
inputs, and five voltage outputs.

Fig. 7. CAD framework that includes netlist parsing, transistor sizing, and
placement and routing modules.

lookup tables, which are programmed into combinational logic
circuits. For the implementation of a pipeline ADC, LUT1,
LUT2, and LUT3 are configured into an OR gate, an XOR
gate, and an AND gate, respectively. The voltages Vout1, Vout2,
and Vout3 represent the one-hot code generated by the 1.5-bit
ADC within each pipeline stage. The one-hot code is used to
program the DAC and generate the reference voltage for the
ADC. In addition, LUT4 is programmed as an AND gate and
LUT5 as an XOR gate. The voltages Vout4 and Vout5 represent
the quantized digital outputs of each pipeline stage. When
implementing a delta-sigma modulator, LUT1 and LUT2 are
programmed as NOR gates. Switches S 13 and S 14 of the CAB
are turned on to configure LUT1 and LUT2 into an SR latch.
The voltages Vout1 and Vout2, which represent the output of
the SR latch, are used to program the DAC and generate the
reference voltage for the SC integrator. The combination of
configurable analog and digital blocks provides a highly ver-
satile and adaptive platform that allows for the implementation
of complex mixed-signal circuits, which enables the use of the
FPAA in a wide range of analog and digital signal processing
applications.

IV. CAD METHODOLOGIES TO SYNTHESIZE ANALOG
CIRCUITS

Algorithms developed to automate the synthesis of analog
circuits on the FPAA fabric are described in this section. The
proposed CAD flow consists of a netlist parsing module, a
transistor sizing module, and a placement and routing module,
as depicted in Fig. 7. The algorithms support two flows
to configure the FPAA: one flow implements a structural
netlist onto the FPAA fabric, while the other enables direct
programming of an analog circuit onto the FPAA fabric. The
parsing module takes a circuit SPICE netlist as input and
extracts essential transistor-level information, including the
transistor width, transistor length, and the net name connected
to the gate, drain, and source terminals of each transistor. The

parsed information is utilized to determine the relative vertical
and horizontal location [27] of each transistor of the netlist and
to ensure the proper mapping of the transistors onto the TP
arrays of the FPAA. The sizing module utilizes a dc nodal
analysis of the target analog circuit to adjust the width of the
transistors of the FPAA fabric. The goal is to match the circuit
parameters of the FPAA, including the dc current, to that of
the circuit defined by the netlist. The resizing of the devices
guarantees that the analog circuit implemented on the FPAA
behaves according to the desired specifications.

Algorithm 1 Pseudocode to Determine the Vertical Level of
Transistors of a Circuit

A. Determination of Transistor Vertical Level
Considering that analog circuits include a dc current path

from VDD to GND, the vertical level of each transistor of the
circuit is determined by the relative position of each device
with respect to the power rail (VDD) and the ground rail
(GND). For the TP array, only PMOS transistors are connected
to the VDD rail, while only NMOS transistors are connected to
the GND rail. The pseudocode to determine the vertical level
of each transistor is provided as Algorithm 1.

The algorithm first parses a circuit netlist, with information
extracted on the vertical level of each transistor. A 2-D vector,
netsVecVec, is assigned the vertical level of circuit nets in one
dimension, and a list of all nets within that vertical level as
the second dimension. The PMOS transistors with the source
terminal connected to VDD are assigned to level 1. The nets
connected to the drain terminal of level 1 PMOS transistors
are also assigned to level 1. An NMOS transistor is labeled as
level i + 1 if the drain of the transistor is connected to level
i nets, and a PMOS transistor is labeled as level i + 1 if the
source is connected to level i nets.

The current path from VDD to GND determines the dc
voltage of internal nodes. If the current flows through an
NMOS transistor, the dc current from the drain to the source
establishes the dc operating point of the transistor and creates a
voltage drop between the drain and source terminals. Similarly,
in a PMOS transistor, the current flow produces a voltage
drop between the source and drain terminals. In addition,
transmission-gate switches are used to connect the drain and
source terminals of different transistors within the TP array,
which results in a voltage drop across the switches due to
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Fig. 8. Circuit schematic of a folded-cascode op amp. The circuit netlist is
mapped to TPs on vertical levels 1 to 4, and horizontal levels 1 and 2.

the ON-resistance of the switches. The topology of the CAB
constrains the maximum vertical level of a target circuit to
six. The six vertical levels are sufficient to cover most analog
circuits, while considering that each transistor on the current
path from VDD to GND contributes to a dc voltage drop that
reduces the available voltage headroom across the vertical
stack of transistors. Therefore, the assignment of the vertical
level ensures efficient utilization of the available resources
and the optimal performance of an analog circuit synthesized
onto the FPAA fabric. The placement module takes the netlist
of an analog circuit as input. The netlist is then parsed
and the vertical position of the transistor is determined. For
the transistors in each vertical level, a topology recognition
algorithm is executed that determines the topology that each
TP is to be set to. The horizontal position of the TP is then
determined. Finally, the TP is then explicitly mapped onto the
CAB fabric according to the determined vertical and horizontal
positions.

B. Adjustments to the Assigned Vertical Level
When initially determining the vertical level of each transis-

tor of a folded-cascode op amp, which is shown in Fig. 8, the
NMOS transistors M1 and M2 are assigned to level 2, while the
PMOS transistors M6 and M7 are assigned to level 3. However,
due to the topology of the TP array, where the first three rows
consist of PMOS transistors and the last three rows consist
of NMOS transistors, the PMOS and NMOS transistors are
not properly assigned to the correct vertical level. To address
the error in the assignment of the vertical level, an algorithm
is developed that modifies the vertical level of the mapped
transistors to match the topological structure of the circuit,
with pseudocode of the routine provided as Algorithm 2.

The input to the algorithm is the profile of the transistors
provided by the initial parsing of the netlist, which includes
information on the vertical position. The algorithm begins by
grouping all nets connected to PMOS transistors into Pnets,
and all nets connected to NMOS transistors into Nnets. The
middle level of nets are identified, which are the nets with
connections to both NMOS and PMOS transistors, and are
defined by midLevel in Algorithm 2. The parameter RefineNets
stores the nets connected to the source of a transistor with a
modified level, while startLevel represents the lowest level of
nets that connect to both NMOS and PMOS transistors.

Next, the algorithm iterates through all NMOS transistors
and identifies those whose vertical level is less than midLevel.
The vertical level of transistors less than midLevel is increased

Algorithm 2 Pseudocode to Modify the Vertical Level of
Transistors of a Circuit

Fig. 9. Graph representation of a (a) current mirror, (b) regeneration loop,
(c) current source pair, and (d) diode-connected pair. The same topologies are
programmable on both NMOS and PMOS TPs.

to allow for the placement of such transistors into the last
three rows of the TP array. The algorithm continues until
the GND net is included in RefineNets, which indicates that
all the transistors of the circuit have been updated with the
appropriate level number. By executing the algorithm, the
vertical levels of the NMOS and PMOS transistors are adjusted
to ensure proper vertical placement in the CAB, as shown for
the folded-cascode op amp in Fig. 8.

C. TP Matching
The topology of TPs of the same vertical level is matched to

four predefined configurations: a current mirror, a regeneration
loop, a current source pair, and a diode-connected pair. The
topology of a TP is mapped to a graph of the four predefined
configurations, as depicted in Fig. 9, where each transistor is
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represented by four nodes. For the regeneration loop shown
in Fig. 9(b), eight nodes comprise the graph, where nodes 0,
1, 2, and 3 represent transistor M1, and nodes 4, 5, 6, and 7
represent transistor M2. The net between the drain of M1 and
the gate of M2 is denoted by the edge between nodes 2 and
5, while the net between the drain of M2 and the gate of M1
is represented by the edge between nodes 1 and 6.

After parsing the netlist and determining the vertical level
of each transistor, the matching algorithm performs a priority
search of the TPs of each vertical level, providing the highest
priority to the identification of regeneration loops, followed
by current mirrors, diode-connected pairs, and finally, current
sources. The comparison is limited to transistors on the same
vertical level, which reduces the number of isomorphic topolo-
gies to search as multilevel topologies including cascodes are
not accounted for.

Algorithm 3 Pseudocode to Determine the Horizontal Level
of Transistors of a Circuit

D. Determination of Transistor Horizontal Level
After determining the vertical level of each transistor, the

parsing module proceeds to determine the horizontal level.
With both the vertical and horizontal levels of each transistor
determined, the parsing module provides the necessary data
needed by the place and route module to accurately map the
transistors onto the FPAA fabric. The pseudocode describing
the routine that determines the horizontal location of each
transistor is provided as Algorithm 3. The horizontal level
is considered for TPs that share the same vertical level,
where the parameter mosLevel[i] stores all TPs of the vertical
level i.

For each vertical level, the algorithm compares the TPs to
graphs stored in a library. The TPs are placed in a prioritized
order, with regeneration loops placed first, followed by current

Fig. 10. Block representation of the transistor sizing flow.

Fig. 11. Circuit topologies utilized to (a) apply the determined dc voltages and
tune the NMOS transistor width while maintaining the drain current ID and
(b) apply the determined dc voltages and tune the PMOS transistor width
while maintaining the drain current ID.

mirrors, then current sources, and finally TPs with differential
inputs. A selected transistor pair is initially placed in the
middle column of a given row of the TP array, followed
by placement in the first column, and finally in the last
column of the same row. The algorithm ensures the efficient
and optimal placement of the TPs, while accounting for the
specific requirements of the target circuit topology and also
maximizing the use of the available resources of the FPAA
fabric.

E. Transistor Resizing
Unlike in FPGAs, where the routing switches are connected

to the gates of transistors, the routing switches of an FPAA
carry current, which leads to voltage drops across the switches.
Mapping the target transistors onto the FPAA with the origi-
nally defined sizes of the netlist results in a deviation in the
dc operating point of the transistors from the ideal value. To
address the shift in dc operating point, a resizing module
is developed that considers the ON-resistance of the routing
switches.

A block diagram that depicts the stages of the tran-
sistor sizing flow is shown in Fig. 10. First, the dc
operating point of each transistor is extracted from
SPICE simulation. Then, a routing switch is added
along the path carrying the current of the transistor, as
shown for the NMOS transistor and PMOS transistor in
Fig. 11(a) and (b), respectively. The objective for a given gate,
drain, and source voltage is to match the dc current flowing
through the transistor and TG routing switch to the ideal
expected current of the transistor by modifying the transistor
width. The proposed programmable TP topology introduces
only a single routing switch in the dc current path, which
increases the voltage headroom as compared to the PANDA
FPAA [15]. In addition, the effect on the dc current due to the
routing switches within the SBs is accounted for when in the
ON-state.

The algorithm for resizing is executed after determining
the vertical and horizontal levels of each transistor. The
resizing module ensures that the analog circuits implemented
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on the FPAA maintain the desired dc operating point, while
mitigating the effect of the ON-resistance of the routing
switches on the performance and accuracy of the circuit. By
considering the parasitic effects of the switches and paths
during the synthesis of the analog circuit, the proposed CAD
flow improves the optimal performance and the precision of
the circuit parameters provided by the FPAA.

F. Routing Algorithm
Once the vertical and horizontal locations of each transistor

are determined, the transistors are mapped onto the TP array.
The Manhattan routing network within the TP array is rep-
resented as an undirected graph, where the vertices represent
the routing switches and the edges represent the interconnects
between the switches. For routing, a Dijkstra algorithm [28] is
executed that finds the shortest path between two nodes, which
implicitly indicates the routing switches within the CAB to
program in the ON state. Due to the architecture of the TP
array, implementing a differential topology on the proposed
FPAA is equivalent to mapping TPs from a target circuit
netlist onto the programmable TPs of the FPAA array. An
Ocean script containing the programming bitstream is then
written for SPICE simulation. The routing algorithm does
not account for the capacitance of the path. However, the
algorithm ensures that the routing path traverses the minimum
number of routing switches. Note that once the vertical and
horizontal locations of the TPs are determined, the source-
drain connections between PMOS and NMOS TPs utilize a
fixed interconnect, which increases the voltage headroom of
the implemented analog circuit by reducing the number of
switches in the dc current path.

V. CHARACTERIZATION OF PROGRAMMED ANALOG
CIRCUITS

The characterization of configured analog circuits is
described in this section. The transistor-level configuration is
provided through the TP array included in each CAB, while
the utilization of multiple CABs enables the implementation
of complex analog circuits.

A. Folded-Cascode Op Amp
Op amps serve as fundamental building blocks in AMS

systems, including as components for receivers, ADCs, and
PLLs. The folded-cascode op amp [29] is widely favored as
the gain provided is greater than that of a single-stage op amp
and the voltage headroom provided is greater than that of a
telescopic op amp.

The schematic of a folded-cascode op amp is shown
in Fig. 8. The three auto-mapping and sizing algorithms
described in Section IV are used to program the folded-
cascode op amp onto the FPAA fabric. After executing the
algorithm that determines the vertical level of each component
(only transistors in this case), which is described by Algorithm
1, transistors M1 and M5 are labeled as part of level 1,
transistors M1, M2, M6, and M7 are labeled as part of level 2,
transistors M3, M8, and M9 as part of level 3, and transistors
M10 and M11 as part of level 4. Note that the mapping
of NMOS and PMOS transistors onto the same row of the
reconfigurable TP matrix is not permitted.

After executing the algorithm that modifies the vertical level
of the transistors, as described by the pseudocode provided as

Fig. 12. AC response of a programmed folded-cascode op amp highlighting
a tunable gain and bandwidth.

Algorithm 2, transistors M1 and M2 are relabeled as level 3,
while transistor M3 is relabeled as level 4. The transistors in
each vertical level are then compared and matched to TPs
of a predifined library of topologies. TPs that are classified
as current sources include M4 and M5, M6 and M7, M8 and
M9, and M10 and M11. In addition, transistors M1 and M2 are
identified as a differential input pair, while M3 is identified
as a single-ended current source. Finally, the horizontal level
of each transistor is determined by executing Algorithm 3.
Transistors M1, M2, and M3 are placed in horizontal level 1,
while transistors M4 to M11 are placed in horizontal level 2.
A 5-bit resistor ladder DAC, as shown in Fig. 2, is utilized
to generate the bias voltages Vb1, Vb2, Vb3, Vb4, and Vb5. The
5-bit DAC offers a voltage range of 0 V to 1.2 V in increments
of 37.5 mV. The transistors are resized to consider the voltage
drop across the routing switches, while also accounting for
the parasitic impedence due to the routing of a current path
through a SB. The ac response of the programmed folded-
cascode op amp is shown in Fig. 12. A gain of 28.3 dB and
a 3-dB bandwidth of 5.3 MHz is achieved when the width of
M1 and M2 is programmed to 20 µm. In addition, a gain of
34.8 dB and a 3-dB bandwidth of 3.3 MHz is achieved when
the width of M1 and M2 is programmed to 28 µm. The power
consumption of the configured folded-cascode op amp is 1.5
mW. The limitation on the dc gain is primarily due to the max-
imum tunable width of the programmable transistors and the
fixed length of the transistor. In this work, the tunable width
ranges from 1 to 63 µm, with a minimum transistor length of
60 nm applied to all transistors. Expanding the range of
tunable widths and incorporating transistors with larger lengths
are required to increase the tunable gain of the op amp.

B. Comparator

A comparator utilizing the StrongARM latch topology,
which is shown in Fig. 13, has been implemented on the
FPAA fabric. The StrongARM comparator finds extensive use
in various types of ADCs, including the pipeline ADC, flash
ADC, delta-sigma ADC, and successive-approximation (SAR)
ADC. The operation of the StrongARM comparator is divided
into two phases. During phase 1, when the clock signal CLK
is low, transistors M8 to M11 pull nodes A and B and the
output nodes to VDD. In phase 2, when CLK is high, transistors
M8 to M11 are turned off, and the two regeneration loops,
implemented by transistors M3 and M4 and transistors M6 and
M7, set the voltage at the output node based on the voltage
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Fig. 13. Circuit schematic of a strongArm comparator.

Fig. 14. Analysis of the transient response of a strongArm comparator, with
the input signal, clock signal, and corresponding output signal characterized.

applied to the gate of the differential input pair formed by M1
and M2. Following the execution of Algorithm 1, transistors
M6 to M11 are labeled as belonging to vertical level 1. Level
2 includes transistors M1 to M4, while M5 is labeled as a
transistor connected to a pnet of vertical level 3. The vertical
level of transistors M1 and M2 is relabelled as level 3 after
executing Algorithm 2, while transistor M5 is relabeled as
level 4. Once all transistors are labeled with a vertical level,
the topology of each TP in each vertical level is determined
based on a search through a predefined library of topologies.
The horizontal placement of each transistor on the TP array is
then determined by executing Algorithm 3, with transistors M8
and M10 placed in the first column, M1 to M7 in the second
column, and M9 and M11 in the third column of the CAB.

For the strongArm comparator, the output nodes are labeled
as Vout+ and Vout−, as shown in Fig. 13. When the input voltage
Vin+ is less than Vin− and the clock signal (CLK) is high, the
fall time corresponds to the time taken for Vout+ to drop from
90% to 10% of VDD. When CLK is low, the output voltages
Vout+ and Vout− are reset to VDD. The rise time corresponds to
the time taken for Vout+ to increase from 10% to 90% of VDD.
The clock signal is applied to transistors M5, M8, M9, M10,
and M11 through dedicated routing switches. The results from
the transient simulation of a configured strongArm comparator
are shown in Fig. 14. The offset voltage of the configured
comparator is less than 15 mV, and the rise and fall times of
the output are both less than 15 ns. The power consumption

Fig. 15. Architecture of a continuous-time integrator.

of the configured comparator is 304.4 µW. The comparator
is further utilized as a sub-block of a programmed pipeline
ADC and a delta-sigma ADC, highlighting the versatility of
the FPAA fabric in implementing hierarchical analog circuits
of greater complexity.

C. Continuous-Time Integrator
A continuous-time (CT) integrator has been successfully

implemented on the FPAA fabric. The schematic of the
implemented CT integrator is shown in Fig. 15. The integrator
consists of an op amp, an input resistor RIn, a feedback
resistor RF , and a feedback capacitor CF . The feedback resistor
RF ensures that the dc operating point of the CT integrator
is stable, while RF and CF set the cut-off frequency of
the integrator. The unity-gain frequency of the integrator is
determined by RIn and CF , and is given by

f0 dB =
1

2πRInCF
. (1)

A single CAB of the FPAA is utilized to implement the
continuous-time integrator. A folded-cascode amplifier, as
shown in Fig. 8, is configured through the TP array. Utilizing
the device labels shown in Fig. 2, the input signal is applied
through switches S 5 and S 6, which are connected to the
programmable resistor array. In addition, switches S 7 and
S 8 are in the ON state to connect to the programmable
capacitor array, while the remaining switches are placed in
the OFF state. The input resistance RIn is implemented using
programmable resistors R1 and R2, each with a value of
1 kΩ. The resistance of the feedback path RF is realized
using programmable resistors R3 and R4, each with a value of
10 kΩ, while the feedback capacitor CF is realized using
programmable capacitors C3 and C4, each with a value of
500 fF.

The transient response of the configured continuous-time
integrator is shown in Fig. 16. A square wave of 250 MHz
frequency is applied as input to the integrator, while the output
of the integrator is a triangular wave of equal frequency.
The power consumption of the configured continuous-time
integrator is 1.56 mW.

D. Discrete-Time Integrator
The proposed FPAA architecture not only supports

continuous-time analog signal processing but also allows for
discrete-time operation. The schematic of an implemented
parasitic-insensitive switch-capacitor integrator is shown in
Fig. 17, which includes an op amp, a sampling capacitor CS ,
and a feedback capacitor CF . The op amp of the integrator

Authorized licensed use limited to: Drexel University. Downloaded on October 11,2025 at 15:54:12 UTC from IEEE Xplore.  Restrictions apply. 



CHEN AND SAVIDIS: SYNTHESIS OF ANALOG AND MIXED-SIGNAL CIRCUITS ON A PROGRAMMABLE ARRAY 1929

Fig. 16. Analysis of the transient response of a continuous-time integrator.
The frequency of the input and output signal is 250 MHz.

Fig. 17. Schematic representation of a switch-capacitor integrator.

Fig. 18. Analysis of the transient response of an SC integrator. The step size
of the integrator is 30 mV.

is implemented as a folded-cascode topology, as described in
Section V-A, and is configured on the programmable TP array
of a single CAB. The gain of the integrator is set by the ratio
of the sampling capacitor to the feedback capacitor CS /CF .

Utilizing the device labels shown in Fig. 2, the differential
sampling capacitor CS is implemented using programmable
capacitors C1 and C2, while the differential feedback capacitor
CF is implemented utilizing programmable capacitors C3 and
C4. The gain of the integrator is set by the capacitance ratio
C1/C3, which is the same as the capacitance ratio C2/C4. The
programmable capacitors allow for flexibility when setting the
gain. For example, to implement a unity-gain switch-capacitor
integrator, the capacitance ratio C1/C3 is programmed to a
value equal to 1. The operation of the programmed switch-
capacitor integrator is divided into two phases. During phase 1,
the input voltage is sampled by capacitors C1 and C2 through
switches S 3 and S 11 and switches S 4 and S 12, respectively. In
phase 2, switches S 1, S 7, S 2, and S 8 are placed in the ON state,

Fig. 19. Circuit representation of a 4-bit pipeline ADC. Each stage includes
a sampling network and an MDAC.

while switches S 3, S 4, S 11, and S 12 are placed in the OFF state.
The charge stored on C1 and C2 is, therefore, transferred to
C3 and C4, respectively, which results in an output voltage of
V in× (C1/C3). The transient analysis of the configured switch-
capacitor integrator is shown in Fig. 18, which indicates a step
size of 30 mV when integrating. The power consumption of
the configured discrete-time integrator is 1.55 mW.

VI. IMPLEMENTING HIGHER COMPLEXITY, MIXED
SIGNAL CIRCUITS

Multi-CAB circuits are implemented on the FPAA, includ-
ing a pipeline ADC and a delta-sigma modulator. The
implemented mixed-signal circuits utilize both CABs and
CLBs. For a programmed pipeline ADC, 12 CABs and four
CLBs are required. For a programmed delta-sigma modulator,
two CABs and one CLB are needed.

A. Pipeline ADC
The pipeline ADC [30] is widely used in applications that

require a sampling frequency of 10 MHz to 100 MHz. In
this work, a 4-bit pipeline ADC that features a multiplying
DAC (MDAC) and a 1.5-bit sub-ADC are implemented as
shown in Fig. 19. The MDAC, which includes a folded-
cascode op amp, is programmed onto a single CAB. Within
the CAB, the TP array is configured into an op amp, while
the programmable capacitor arrays C1 to C4, which are shown
in Fig. 2, implement the sampling and feedback capacitors.

The MDAC requires precise analog signal sampling when
CLK1 is high, which is achieved by activating switches S 3,
S 11, S 2, and S 12, along with switches S 7, S 8, S 13, and S 14
that reset the common-mode voltage of the op amp. A bottom-
plate sampling is utilized, where the falling edge of CLK1P
precedes CLK1. When CLK2 is high, switches S 1 and S 2 are
placed in the ON state, which enables the DAC to compute
the output voltage through the transfer of charge between the
sampling capacitors C1 and C2 and the feedback capacitors C3
and C4, respectively. The voltage at the output of the MDAC
is given by

Vout =
CS

CF
(Vin − VDAC) , (2)

where CS represents the sampling capacitance, CF the feed-
back capacitance, and VDAC the output voltage from the DAC.
The 1.5-bit sub-ADC employs dual strongArm comparators,
the architecture of which is shown in Fig. 13. In addition, a
sampling network is implemented with switch-capacitors and
is integrated with each comparator. The voltages V INP and
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Fig. 20. Characterization of the FFT spectrum of the configured pipeline
ADC. The frequency of the input signal is 1.17 MHz and the sampling
frequency is 15 MHz.

Fig. 21. The (a) block level schematic of a first-order delta-sigma modulator
implemented on the FPAA and (b) timing profile of the clock signal applied
to the modulator.

V INN represent a differential input voltage signal, the voltages
VRP1 and VRN1 represent a differential reference voltage signal,
and the voltage VCM represents the common-mode voltage
signal. Each comparator and corresponding sampling network
is implemented on a single CAB. Programmable TPs within
the CAB are utilized to implement the comparator, while
capacitors C1 and C2, which are shown in Fig. 2, serve as
the sampling network.

The sampling phase of the 1.5-bit ADC is synchronized
with the MDAC. Following the falling edge of CLK2P, the sub-
ADC generates the digital code that controls the analog output
voltage from the DAC. Each pipeline stage is implemented
within a dedicated column of the CAB matrix, which is
shown in Fig. 1. The top row of CABs is allocated to the
implementation of the DAC, while the middle and bottom
rows are allocated to the comparators. To implement a three-
stage pipeline ADC on the FPAA, all three columns of the
CAB matrix are needed, where each stage of the ADC is
mapped to a single column. The digital output from each stage
is routed to a decoder, which generates the final binary output
of the pipeline ADC. The analysis of the FFT spectrum of the
configured pipeline ADC, sampled at a frequency of 15 MHz,
is shown in Fig. 20. The FFT spectrum indicates an effective
number of bits (ENOB) of 3.76. The power consumption of
the configured pipeline ADC is 6.86 mW.

B. First-Order Delta-Sigma Modulator

Delta-sigma ADCs [31] provide high-resolution low-
frequency analog signal quantization, which is a desired
property. The block level representation of a first-order delta-
sigma modulator (∆Σ-MOD1) is shown in Fig. 21. The transfer
function of a ∆Σ-MOD1 is given by

V(Z) = Z−1U(Z) + (1 − Z−1)E(Z), (3)

Fig. 22. Characterization of the FFT spectrum of the configured ∆Σ modula-
tor. The frequency of the input signal is 29 kHz and the sampling frequency
is 15 MHz, providing an oversampling ratio of 128.

where V(Z) represents the output signal, U(Z) represents the
input signal, and E(Z) represents the quantization error. The
signal transfer function STF and the noise transfer function
(NTF) are, therefore, given by

STF = Z−1, and (4)

NTF =
�
1 − Z−1�

, (5)

respectively, where Z-1 describes a delayed version of the input
signal Z in the frequency domain. The NTF exhibits a high-
pass response, effectively shifting the noise spectrum to higher
frequencies. Therefore, the first-order delta-sigma modulator
allows for the use of decimation filters. In contrast, the signal
transfer function STF indicates that the output signal is a
time-delayed version of the original input signal. The discrete-
time first-order delta-sigma modulator shown in Fig. 21 is
implemented on the FPAA fabric. The delta-sigma modulator
is comprised of a switch-capacitor integrator, a strongArm
comparator, and an SR latch, as shown in Fig. 21. The
detailed implementation of the switch-capacitor integrator and
the strongArm comparator is described in Sections V-B and
V-C, respectively. In addition, a 1-bit DAC, which provides
voltage outputs of either VDD or GND, is programmed in the
same CAB as the integrator.

Given that each sub-block efficiently occupies one CAB, the
delta-sigma modulator is integrated within the same column
of the CAB matrix. Connections between the comparator and
the integrator are established through the global SBs. The
SR-latch is implemented on one block of the CLB array.
The timing diagram of the clock of a ∆Σ-MOD1 is shown
in Fig. 21. For the integrator, the voltage of the input is
sampled by the sampling capacitor C1 when CLK1 is high,
while the reference voltage is integrated onto the output node
when CLK2 is high. The comparator determines the feedback
reference voltage applied to the integrator and outputs a
resulting voltage (either 0 or 1.2 V) that is applied as input
to a 1-bit DAC. Following the rising edge of CLK1, the
differential output voltage from the integrator is applied as
input to the comparator. If the output from the comparator
is VDD, a voltage of −VREF is applied as input U and is
passed to the switched-capacitor (SC) integrator during the
subsequent clock cycle. If, however, the output from the
comparator is zero, a voltage of +VREF is applied as input U
and is passed to the SC integrator during the subsequent clock
cycle. The sampling frequency of the configured ∆Σ-MOD1 is
15 MHz. When subjected to an input signal with a frequency
of 29 KHz and a decimation ratio of 128, as shown in Fig. 22,
the configured first-order delta-sigma modulator provides a
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TABLE I
COMPARISON OF PROPOSED FPAA CHARACTERISTICS WITH PRIOR FPAA TOPOLOGIES

resolution of 6.7 bits. The power consumption of the con-
figured delta-sigma modulator is 1.84 mW.

VII. COMPARISON WITH FPAA PRIOR ART

A comparative analysis among various FPAA topologies
has been conducted, with key metrics listed in Table I.
The structure of the CABs constrains the granularity of the
circuits programmed onto the FPAA. In [15], each CAB
functions as a programmable transistor, which allows for
transistor-level configuration. However, the scale of the imple-
mented circuits is restricted to a relatively modest scope,
allowing for the programming of only five-transistor OTAs
and lower order RC filters. The FG-based FPAAs [4], [7]
provide the highest density of tunable parameters, where the
FG devices are utilized as memory elements in the FPAA
and are also used to set the bias voltage of implemented
analog circuits including OTAs. A switch-less interconnect
between CABs is implemented in [16], which limits the
parasitic effects due to the routing switches. Each CAB of
the FPAA fabric includes two tunable TPs, with a target of
implementing bandpass filters, ring oscillators, and frequency
dividers. For the digital blocks of the FPAA described in [32],
the CAB includes a shape-based analog computing (S-AC)
unit to implement neural networks such as CNNs and GNNs.
In [33], a cell-based design is proposed to generate different
types of biquadratic filters on the FPAA fabric. A time-domain
FPAA [12] is developed to emulate analog signals utilizing a
CAB that includes a DAC, a crossing detector, current sources,
and programmable capacitors. In [3], an open-source toolset is
proposed to enable analog-digital hardware-software co-design
on the FPAA. A place-and-route algorithm, VPR/VTR [1], is
utilized to map the target circuit onto the FPAA fabric. In this
work, the proposed placement and routing algorithm treats the
TP as a fundamental unit for placement, and the TPs are routed
as differential signals. The programmable topologies of a TP
include a current mirror, a regeneration loop, a current source
pair, and a diode-connected pair. The algorithm balances the
parasitic impedance of analog circuits operating in differential
mode. For example, the strongArm comparator is sensitive
to an unbalanced parasitic impedance, which introduces an
offset voltage. However, the proposed algorithm only considers
placing an analog circuit onto a single CAB, with the target
circuit constrained to fit within a 6×3 TP array. A predefined
bitstream is required to configure the CLB into a target
digital circuit. To automate the mapping of large mixed-
signal circuits onto the programmable fabric, future research

includes dividing a large circuit into smaller blocks, with
each block fitting within the TP array and utilizing open-
source place-and-route algorithms including VPR/VTR, which
enables the implementation of large digital programmable
circuits.

The programmable NMOS and PMOS TPs are treated as
the fundamental components utilized to implement widely
used analog circuit topologies including current mirrors, regen-
eration loops, current sources, and diode-connected pairs.
The architecture of the TP array, which is comprised of
three rows of PMOS TPs (PPs) and three rows of NMOS
TPs (NPs), connects the source terminals of the PPs to
VDD and the source terminals of NPs to GND through
routing switches. In comparison to the FPAA architecture
described in [15] and [18], where both the drain and source
terminals are connected to TG switches, the proposed archi-
tecture reduces the number of routing switches in the dc
current path from VDD to GND and increases the avail-
able voltage headroom of the implemented analog circuits.
The proposed CAB architecture includes programmable pas-
sive devices to facilitate differential signal processing and
supports the implementation of large mixed-signal circuits
including pipeline ADCs and delta-sigma modulators. The
3 × 4 CAB array that includes a CLB in each column
enables integration of subcircuits through global switch-
boxes. All sub-blocks are configured entirely by programming
TPs, without requiring any integration of ASIC-based analog
circuits.

VIII. DISCUSSION AND USE CASES

The proposed FPAA topology provides both fine-grain
transistor-level reconfiguration and coarse-grain system-level
reconfiguration. Potential use of the FPAA includes adaptive
analog interfaces in wearable and IoT [34] devices, which
support a variety of signal types including temperature, pres-
sure, light intensity, and chemical concentration. A variety of
analog front-end circuits including op amps, transconductance
amplifiers, and integrators are needed to process such diverse
signals. Designing a generic front-end circuit to accommodate
all sensor types is a challenge. An FPAA is, therefore, an
ideal choice to implement adaptive analog front-ends for such
applications. The transistor-level programmability of the TP
array supports a large variety of analog circuits. The FPAA
fabric is configured into a specific front-end circuit when such
a front-end interface is required.
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The implementation of a pipeline-ADC and delta-sigma
ADC demonstrates the versatility of the FPAA in implement-
ing circuits for audio signal processing. The FPAA provides
a versatile platform for the implementation of ADCs, while
also proving robust for a diverse set of signal conditions,
including dynamic environments, frequencies, and noise. For
high-resolution audio systems, such as studio recording or
audiophile-grade playback, an FPAA is configured as a delta-
sigma ADC to achieve high resolution. For high-speed audio
applications, such as real-time sound mixing or low-latency
voice processing, the FPAA is configured as a pipeline ADC
to support higher sampling frequencies. In addition, the recon-
figurability of the FPAA fabric enables adaptive filtering and
noise shaping directly after the ADC, which allows for real-
time optimization based on the audio source or environmental
conditions.

Compared to discrete components and analog hard-wired
ASICs, the proposed FPAA architecture supports the con-
figuration of a wide range of analog circuits, including op
amps, comparators, integrators, and even larger mixed-signal
systems such as pipeline ADCs and delta-sigma modulators.
By providing a fabric that allows for the programming of
multiple analog functions into a single FPAA, the size and
complexity of an analog circuit is reduced as compared to
an implementation that utilizes discrete components. Treating
the TP as the fundamental programmable element allows
for the implementation of a greater number of analog
functions. The transistor-level programmability and tunable
transistor widths enable reconfiguration of circuit parameters
and topologies postfabrication, making the FPAA particularly
advantageous for prototyping, iterative design, and adaptive
applications. The proposed synthesis flow automatically maps
a target analog circuit onto the FPAA fabric and includes a
resizing process to account for the parasitic impedance of
routing switches. The automated synthesis flow eliminates the
need for manual design and characterization of layouts, a
process typically required for discrete components and analog
hard-wired ASICs.

IX. CONCLUSION

In this article, an FPAA architecture is introduced, offering
both transistor-level and system-level reconfiguration. The
programmable TP array allows tuning of transistor sizes and
modifications to the connections between transistors. The
structure of the TP array enables the implementation of various
differential-mode analog circuits. The proposed synthesis and
physical design flow automatically maps a given analog circuit
onto the FPAA fabric. In addition, a novel placement algorithm
is developed that determines both the vertical and horizontal
positions of the transistors of an analog circuit. The proposed
CAB architecture supports operations in both continuous-
time and discrete-time. The smaller circuits implemented
on the FPAA fabric include a folded-cascode op amp, a
StrongArm comparator, a continuous-time integrator, and a
switch-capacitor integrator. Larger AMS circuits implemented
on the proposed FPAA include a four-stage pipeline ADC and
a first-order delta-sigma modulator.

The FPAA, which includes a 3 × 4 CAB array and a CLB
in each column of the array, occupies an area of 4 mm2 in
a 65-nm TSMC fabrication process. The implemented folded-
cascode op amp provides a programmable dc gain of 28.3 dB
to 34.8 dB with a tunable 3-dB bandwidth of 3.3 MHz to
5.5 MHz. The programmed StrongArm comparator provides

a resolution of 5 mV when comparing two signals. The
implemented continuous-time integrator effectively samples a
250 MHz square wave signal, resulting in a triangular wave
signal of equal frequency. The programmed switch-capacitor
integrator operates at a frequency of 15 MHz, providing a
step size of 30 mV. The configured pipeline ADC provides an
ENOBs of 3.7 for a sampling frequency of 15 MHz, while the
implemented delta-sigma modulator provides an ENOBs of 6.8
for a sampling frequency of 15 MHz and an oversampling ratio
of 128. Applications suited for the proposed FPAA include
adaptive analog interfaces for wearable and IoT devices and
audio signal processing.
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