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Comparison of Binary and Multi-level Logic Electronics
for Embedded Systems

Shirly M. Damti, Steve E. Watkins, Senior Member SPIE, and R. Joe Stanley*
Department of Electrical and Computer Engineering
Missouri University of Science & Technology, Rolla, Missouri 65409, USA

ABSTRACT

Embedded systems are dependent on low-power, miniaturized instrumentation. Comparator circuits are
common elements in applications for digital threshold detection. A multi-level, memory-based logic approach is in
development that offers potential benefits in power usage and size with respect to traditional binary logic systems.
Basic 4-bit operations with CMOS gates and comparators are chosen to compare circuit implementations of binary
structures and quaternary equivalents. Circuit layouts and functional operation are presented. In particular, power
characteristics and transistor count are examined. The potential for improved embedded systems based on the multi-
level, memory-based logic is discussed.

Index Terms — multi-level circuits, embedded systems, comparator

1. INTRODUCTION

Many applications exist in which minimal electronics hardware design is important. In particular, embedded
systems for control devices, sensors nodes, etc. and components within micro-processor-based systems often have
constraints regarding power and size. Binary digital technology has experienced decades of steady improvements in
device density, speed, and cost. However, further miniaturization of transistors has physical limitations and other
approaches are being actively considered for computing systems [1]. Various approaches with multi-level electronics
have been explored as a means to reduce interconnect lines and processing components [2-4]. Multi-level FPGA
systems and CMOS voltage-mode gates are examples [5,6].

This work explores a multi-level, memory-based approach that uses CMOS technology in unconventional
ways. Computation is accomplished with multi-level signals and through memory manipulation [7-10]. Quaternary or
four-level designs are described [7,10], although the approach can be extended to other multi-level options. Quaternary
designs offer a reduced number of interconnect lines with modest discrimination needs among signal levels. For
instance, 2-bit binary designs require two signal lines while equivalent quaternary designs only require one signal line.
Logic gate implementations in this technology compare favorably with equivalent circuits using binary logic [10].

Comparator circuits are selected to compare binary and multi-level logic implementations. A quaternary
implementation is shown for the functional equivalent of a basic 4-bit comparator that is based on CMOS binary gate
structures, i.e. AND, OR, NOT (inverter), and NAND. Truth tables and circuit layouts are presented for each approach.
Power characteristics and transistor count are examined as comparison measures. Analog-to-binary and analog-to-
quaternary converters are also introduced as the front-end for the embedded quaternary system. The use of the multi-
level, memory-based logic technology for embedded systems is discussed.
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Contact Author: S. E. Watkins. 121 EECH, Missouri University of Science and Technology (formerly
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2. EMBEDDED SYSTEM INSTRUMENTATION

2.1 Hardware Constraints in Embedded Systems

Embedded systems are computer systems, typically microprocessor-based, that perform a dedicated operation
by interacting with the surrounding environment using sensors or other mechanisms within the context of overall
electrical or mechanical systems [11]. Embedded systems have hardware and software components and often have real-
time operating constraints [12]. Embedded systems are prevalent in our everyday lives, with applications in control,
instrumentation, home, automotive, and office. Embedded systems are conventionally used in applications that are
smaller in size, lower unit cost, lower power consumption, and more autonomous than general purpose computer system
applications [11]. Embedded systems have limited programming and support resources compared to general purpose
computer systems, making programming and interfacing with other devices more difficult. However, embedded
systems are dedicated to perform targeted tasks or operations. Thus, embedded system designers can optimize the
circuit to minimize its size including circuit components, power consumption, upgrade capability, and performance.

2.2 Comparator Circuits for Digital Threshold Detection

Comparators are digital components in computer-based systems and in devices interfaces that perform the
operation of comparing the magnitude of two input binary words, particularly equality. Common comparator circuit
applications include dedicated control devices, such as device selection and identification, and sensor nodes, among
others. Several studies have explored alternative comparator designs, including serial architecture [13], parallel
architectures [14], and modified parallel architecture [15,16] to enhance speed, power consumption, and size of design.
In these existing approaches, conventional digital logic components and Complementary Metal on Oxide on
Semiconductor (CMOS) transistor configurations were examined. In the context of this work, a comparator
implementation is considered that is targeted toward applications such as digital threshold detection. Example
applications include detection of air pollution in vehicles [17].

2.3 Conventional Binary Comparator vs. Equivalent Quaternary Comparator

The complexity of a binary logic gate configuration for a comparator grows as the number of bits increase.

The three status outputs from a magnitude comparison of binary words A and B are

A<B(L=1,A=B((E=1),andA>B(G=1)
to represent less than (L), equal to (E), and greater than (G) conditions, respectively. From an implementation
perspective, multi-bit magnitude comparators may be implemented by cascading 1-bit comparators. Let the binary
words for the n-bit case be

A= ap-1...43a2a1a¢ and B = bn—1~ . .b3b2b1b0.
The 1-bit comparators use input bits a;, b;, L;, E;, and G;, where L; = 1 if a;,;...a0 < b;;...bg, E; =1 if a;...a9 = b;,;...by,
and G; = 1 if aj;...ap > by;...by, and outputs L;;y, Eiy and Gy to provide the status of the n-bit word magnitude
comparison at the ith bit position. Specific examples of logic and implementations are described later.

The equivalent quaternary comparator takes the quaternary words A and B and provides a single output in
which three of the levels are correlated with the A < B, A = B, and A > B conditions, i.e. L, E, and G. (The remaining
level would be unused.) A single quaternary signal is equivalent to a 2-bit binary signal. The quaternary signal has
level for a 0 value (equivalent to a binary 00), a 1 value (equivalent to a binary 01), a 2 value (equivalent to a binary
10), and a 3 value (equivalent to a binary 11).

Figure 1a shows a block diagram for a 2-bit binary comparator. The inputs are the 2-bit binary words A = aja,
and B = byby and the three prior 2-bit values for L, E, and G. The three 2-bit binary outputs are the next values for L, E,
and G. The equivalent quaternary block diagram is shown in Figure 1b. The inputs are the quaternary words A and B
and the single prior L/E/G value. The output is a single quaternary L/E/G value. The reduction in signal lines is
obvious. For both binary and quaternary cases, Figure 2 shows the signal levels for these inputs and the outputs.
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Figure 1. Comparator Functional Block Diagrams for a) Binary Signals and b) Quaternary Signals.
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Figure 2. a) Input Words for Binary and Quaternary and b) Comparator Signals for Binary and Quaternary.

3. MULTI-VALUE, MEMORY-BASED LOGIC

3.1 Quaternary, Memory-based Processing

An optimized embedded system will provide the desired logic functionality while minimizing the size and
number of circuit components and the power consumption. A quaternary, memory-based processor will replace the
conventional binary processor, e.g. a comparator. Since an embedded system may have other functions that use binary
digital electronics or may need to interface with a binary digital world, an application may require hybrid features.
Hence, the overall replacement electronics consist of a quaternary processor and converters (both binary-to-quaternary
B/Q and quaternary-to-binary Q/B). The converters can be implemented with the same technology as the processor
[18]. Figure 3 shows a quaternary equivalent for a 2-bit processor.

—
Quaternary _
Processor E
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Figure 3. Proposed Hybrid System.



This work explores a multi-level, memory-based approach that uses CMOS technology in unconventional
ways. Computation is accomplished with multi-level signals and through memory manipulation [7-10]. Quaternary or
four-level designs are described [7,10], although the approach can be extended to other multi-level options. Quaternary
designs offer a reduced number of interconnect lines with modest discrimination needs among signal levels. For
instance, 2-bit binary designs require two signal lines while equivalent quaternary designs only requires one signal line.
Logic gate implementations in this technology compare favorably with equivalent circuits using binary logic [10].

3.2 Quaternary, Memory-based Logic Approach

The memory-based approach to computing consists of CMOS architectures of arrays and drivers [10,18]. For
a quaternary processor, the array consists of sixteen cells that are arranged in a 4x4 matrix of cells. Each cell in the
array contains a set value structure of 0, 1, 2, or 3 signal levels that are determined by internal voltage reference
connections. The drivers decode quaternary inputs and produce control signals for the array. One driver signal selects a
row and the other selects a column. The quaternary value in a selected cell is the output. Hence, any truth-table
relationship can be implemented by setting the correct cell values (i.e. by internal connections). The block diagram for
the processor is shown in Figure 4. This example takes two quaternary words A and B and produces a single quaternary
output. If bigger words are desired, additional array processors can be added (not shown). Prior literature describes the
implementation of the equivalent of binary logic gate functions in both simulation and hardware [10]. This prior work
simply illustrates the approach with logic gates — an efficient memory-based system would be designed to produce the
desired logic system function rather that directly implementing the equivalent arrangement of logic gates.

Value Structures
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Figure 4. Example of a Quaternary, Memory-based Processor using Input Drivers and an Array.

4. SIGNALS AND ARCHITECTURE

4.1 Binary Logic Operations

The primary binary logic operations used in this research correspond to the AND, OR, and NOT (inverter)
gates. Each logic gate accepts one or more input values and outputs one value with each input and output representing
one of two logic levels. From a hardware perspective, the low and high logic levels are determined by specific voltage
values (the values depend on the logic family of the gates). In general, the lower voltage value in a specific logic family
corresponds to “low” or “zero” level, and the higher voltage value corresponds to “high” or “one” level. Each gate
carries out a specific operation independently of the logic family. For instance, the AND gate accepts two or more
values, and outputs a “high” value only if all inputs are “high” and a “low” value otherwise. The OR gate accepts two
or more values and outputs their sum, and therefore outputs a “high” if any input value is “high”, and a “low” value is
all inputs are “low”. The inverter accepts one input value and negates it, so a “low” input produces a “high” output, and



vice-versa. In this research, Fairchild Semiconductor’s TinyLogic binary logic gates [19] were used in analyzing a 4-bit
binary comparator for comparison with the proposed quaternary comparator. The number of transistor, power
consumption, and worst propagation delay values are determined using manufacturers specifications.

Perhaps the most basic comparator is the 1-bit binary comparator which is used in this report. A 1-bit binary
comparator accepts the five inputs a;, b;, L;, E;, and G; and it produces the three outputs L;:y, Ei+y, and Giy [20]. Two
inputs to the 1-bit binary comparator inputs are binary values that are put for comparison, namely A = a; and B = b;.
The L;, E;, and G;j inputs indicate of the previous relationship between a;; and b ;; these additional inputs make
comparator cascades possible. Table 1 illustrates the truth table for various input and output combinations. If no prior
relationship is considered for a single 1-bit comparison, the L, Eiyj, and Gy outputs represent less than, equal to, and
greater than conditions between a; and b;, respectively, i.e.

if a; > by, then Giiy = 1 (Ejsy = Liyy = 0);

if a;=b;, then E;;; = 1 (G4 = Lis; = 0); and

if a; <b;, then Li1; = 1, (Gis; = Ei+1 = 0).

In this context, only one L/E/G value can be high for a meaningful result.

Table 1. Truth Table for 1-Bit Binary Comparator (Binary Values A = a; and B =b;).

L; * E; * G * a; b; L * Ein * Gin *
0 0 0 0 0 0 1 0
0 0 0 0 1 1 0 0
0 0 0 1 0 0 0 1
0 0 0 1 1 0 1 0
1 0 0 0 0 1 0 0
1 0 0 0 1 1 0 0
1 0 0 1 0 0 0 1
1 0 0 1 1 1 0 0
0 1 0 0 0 0 1 0
0 1 0 0 1 1 0 0
0 1 0 1 0 0 0 1
0 1 0 1 1 0 1 0
0 0 1 0 0 0 0 1
0 0 1 0 1 1 0 0
0 0 1 1 0 0 0 1
0 0 1 1 1 0 0 1
* Status Condition: If two or three of the L/E/G signals are high, then the condition is an error or don’t care.




The 4-bit binary comparator can be constructed by simply using four 1-bit comparators in cascade. In this
case, two binary nibbles, A=aza,a;a, and B=bsb,b by, are compared in a series of operations beginning with their least
significant bits. The initial values of L;, E;, and G;j of the first 1-bit comparator are 0, 1, and 0, respectively, since at this
point no bits of A and B have been compared, and the two nibbles are considered equal. (These initial states may also
be all low as well.) After the comparison operation of each pair of bits a; and b, the outputs L;., E;1, and Gys; become
the initial state of the next 1-bit comparator in the cascade where the next pair of bits a;;; and by, are compared [20].
As listed in Table 1, for any pair of bits where a; > b;, the outputs are Gj:; is “high”, and the others are “low”, regardless
of previous states (independently of the values of L;, E;, and Gj). Similarly, for any pairs of bits where a; < b;, the output
L. is “high”, and the others are “low”. On the other hand, when a; = b;, the outputs L., E;;;, and Gy, retain the input
values of L;, E;, and G;, respectively.

4.2 Quaternary Logic Operations

In multi-level logic, more than two states exist per each input or output. In quaternary-level logic, four
different states exist that correspond to four different voltage levels for each bit in the quaternary word. The quaternary
values 0, 1, 2, 3 are equivalent to binary values 00, 01, 10, and 11, respectively. The results of the logic operations on
two 1-bit quaternary values are paralleled to the results that would have been produced by two 2-bit binary values. For
example, a binary AND operation on input quaternary values 1 and 3 (binary values 01 and 11) produces a quaternary
output of value of 1 (binary value of 01). Other non-binary logic operations may be defined. A basic digital comparator
or magnitude comparator operation has the quaternary words (i.e. A = a; and B = b;) to be compared as inputs and the
desired output representing less than, equal to, and greater than conditions. Note that the output can be a single
quaternary value, cf. Figure 2b. Table 2 shows the proposed truth table for this comparator operation in quaternary.

Table 2. Truth Table for Quaternary Comparator (Quaternary Values A = a; and B =b,).

a; b; Li/E;/G;* a; b; Li/E;/G;*
0 0 2 2 0 3
0 1 1 2 1 3
0 2 1 2 2 2
0 3 1 2 3 1
1 0 3 3 0 3
1 1 2 3 1 3
1 2 1 3 2 3
1 3 1 3 3 2
* Status Condition: 0 (error or don’t care), 1 (L, A <B),2 (E, A=B),and 3 (G, A>B)

Comparator designs for longer quaternary words require additional relationships. One approach is to process
each bit separately using the relationships in Table 2. These resulting L/E/G quaternary values can be processed
through additional array processing. For instance, a comparison of 2-bit quaternary words (i.e. A = a;ap and B = b;by)
can be performed by processing the least significant digits (LSD) ay and by and the most significant digits (MSD) a; and
b;. The respective intermediate processing outputs (i.e. Ly, Eo, and Gq and Ly, E;, and G;) can be processed as shown in
Table 3. The output is the L/E/G value for the 2-bit quaternary word.



Table 3. Truth Table for Quaternary Comparator Cascade (Quaternary Values A = a;ap and B = bby).

Lo/ Ey/Go* Li/E{/Gy* Lo/ Ey/Go* Li/E{/Gy*
From LSD From MSD L/E/G* From LSD From MSD L/E/G*
(ay to by) (a; to by) (ay to byg) (a; to by)
0 0 0 (error) 2 0 0 (error)
0 1 0 (error) 2 1 1
0 2 0 (error) 2 2 2
0 3 0 (error) 2 3 3
1 0 0 (error) 3 0 0 (error)
1 1 1 3 1 1
1 2 1 3 2 3
1 3 3 3 3 3
* Status Condition: 0 (error or don’t care), 1 (L, A <B),2 (E, A=B), and 3 (G, A>B)

4.3 CMOS Architectures

The circuit architecture for a quaternary, memory-based circuit is described in prior work [10]. The driver and
array structures can be implemented with standard CMOS fabrication technology. The basic components for the drivers
and arrays are inverters, sense amplifiers, and pass amplifiers. These basic components have a higher transistor count
than that required to implement individual binary logic gates. However, more complex circuitry functions can be
implemented and optimized with fewer transistors than in the equivalent binary circuits that use complex assemblies of
logic gates [18].

An example of the CMOS architecture for an array is shown in Figure 5. The value structures, e.g. the
reference quaternary voltage levels, are the Vo, Vi, V,, and V; connections at the top. The sixteen cells in the array are
hardwired to a set value in the array. The control lines Lo, Lo n, L1, Li n, Lo, Ly n, L3, and L3 y serve to select a
particular row in the array. These lines are produced by the driver (not shown). The cell values in the selected row are
passed to the intermediate output lines Outy, Out;, Out,, and Out;. Similar circuitry uses control lines from the second
driver to select the desired column. The value of the selected cell, Out;, is passed as the final output of the array. In
terms of the inputs, the quaternary A = a; selects the row and the quaternary B = b; selects the column.

If a conversion from binary to quaternary (B/Q) or quaternary to binary (Q/B) is desired, similar circuitry is
used. For instance, a binary-to-quaternary circuit feeds the LSD and the MSD values in the binary word A = a,a, to
four sets of pass amplifier structures. Each set is tied to the reference quaternary voltage levels (just as the cells in the
array). The equivalent quaternary value to the input is selected and produced as the converter output. Details of the
B/Q and Q/B converters will be discussed in future work.
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Figure 5. Quaternary Array Architecture in CMOS [10].

5. COMPARATOR IMPLEMENTATIONS

5.1 Conventional Binary (4-bit) Comparator

A conventional 4-bit binary comparator can be designed in various ways. Figure 6 shows a design utilizing
AND, OR, and NOT logic gates [20]. This design is a cascade of four 1-bit identical comparators. The binary input
bits are shown at the top and the initial L/E/G inputs are shown at the left.
representative specifications were taken from Fairchild Semiconductor datasheets [19]. Transistor count, propagation
delay, and power consumption were determined using typical gate configurations (assumed to be 4 for a 2-input NAND
gate, 2 for a 2-input NOT gate, 6 for both a 2-input AND gate and a 2-input OR gate, and 2 additional transistor per
each additional input). The propagation delay values were taken for the worst case. The power consumption values
were determined on a per gate basis for the maximum estimate. Figure 7 shows a different design in which the NAND-

CMOS transistors are assumed and

gate equivalent of the cascade circuit in Figure 6 is utilized. Again, Fairchild CMOS specifications are assumed.

Air2
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Figure 6. Binary Comparator Implementation Utilizing AND. OR, and NOT Gates.
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5.2 Equivalent Quaternary Comparator

The quaternary equivalent of a 4-bit binary operation uses 2-bit quaternary words A = a;a;, and B = b;by.
Figure 9 shows one design using the memory-based approach. Three driver-array circuits are used for the overall
comparator. The first driver-array circuit handles the least significant digits (LSD) a, and b, and produces an
intermediate output Ly, Eg, and Gy, cf. Table 2. The second driver-array circuit handles the most significant digits
(MSD) a; and by and produces an intermediate output L, E;, and G, cf. Table 2. The intermediate outputs are inputs
into the third driver-array circuit. The overall L/E/G output is produced using the truth table in Table 3. (The
convention is that the array cell for row 0 and column 0 is the lower left-hand corner.) Transistor count, propagation
delay, and power consumption were estimated based on design calculations [22]. A 65-nm CMOS technology with 1-
GHz switching operation was assumed. As with many other memory-based systems, the propagation delay through the
system is essentially uniform for all input cases. The power consumption was calculated assuming that the overall
output from an input case is obtained before the next input is applied.

a0 (Q) bo(Q a1 (Q b1(Q)
L» 3.3.3 :2 313, 23290
—13 3 2 1} —13 3 2 1
38201 32 1 1
A0 I | 2.1 1.1
Lo/Eo/Go Li/E1/G1
Qurl S 3
—40 1 2 3
0iid=a 3
0050w 0
L/E/G (Q)

Figure 9. Quaternary Comparator Implementation.

6. COMPARATOR PERFORMANCE

Three binary comparators are considered. One utilized AND, OR, and NOT gates. Another utilized NAND
gates. The third is a medium-speed commercial comparator. One quaternary, memory-based design is considered. The
respective transistor counts, propagation delays, and power consumption values are listed in Table 4. For the binary
AND/OR/NOT and NAND comparators, the initial entries reflect values for a single 1-bit comparator and the totals
show the values time four for the four 1-bit comparators in the 4-bit cascade. For the quaternary comparator, values are
shown for both the comparator with B/Q and Q/B converters (binary input to binary output) and the comparator alone
(quaternary input to quaternary output).

Since the CMOS technologies for the four comparators are not identical, the comparisons show general trends.
The total numbers of transistors for the binary comparators are similar; the number of transistors for the quaternary
devices is greater especially with the converter overhead. While this trend is a disadvantage with regard to area needs,
the reduction in interconnect lines for quaternary gives a compensating advantage. The memory-based processor design
with its parallel processing does much better with propagation delay and switching power. Even with a non-optimized
design, the quaternary version would be more comparable with high-speed, low-power binary comparators. For
embedded applications in which component density, power, and performance issues are critical, the quaternary
approach shows considerable promise even in a hybrid (mixed binary and quaternary) system. Also, optimizations of
the design may provide enhancements in component count, speed, power consumption, and performance; more complex
functions are expected to require fewer transistors than equivalent binary gate-based devices [18].



Table 4. Comparison of Circuit Implementations.

Binary Comparators Quaternary Comparatort
Features
. With B/Q W/o B/Q
*
AND/OR/NOT NAND Only Commercial & Q/B & Q/B
2-input AND: 6 o
Number of 3-input AND: 2 . Drivers: 6 .
. i 2-input: 10 Arrays: 3 Drivers: 6
Gates or 2-input OR: 1 Janput4 | T B/Q: 2 Arravs: 3
Components 3-input OR: 2 put: Q /B: 1 ys:
NOT: 3 :
. . Drivers: 42
Transistors g:igpﬁi 2§g§8§ g 2-input:4 | Arrays: 32 Drivers: 42
Needed p NOT- 2 3-input: 6 B/Q: 38 Arrays: 32
) Q/B: 20
Total 80 x 4 = 320 64 X 4 = 256 292 426 348
Transistors
Worst 2-inp l;tzéljlls)/OR: Drivers: 1 ns
Propagation 3-input AND/OR: 2-¥nput: 120ns | Arrays: 1 ns | Drivers: 1 ns
Delay per 19.0 ns 3-input: 18.0 ns B/Q: 1 ns Arrays: 1 ns
Gate NOT: 12.0 ns Q/B: 1 ns
Worst' 12 +19+12.7 = 12 +18 +12 = 250 ns 6x1ns= 4x1ns=
Propagation 43.7 ns 42 ns (typical) 6n 4n
Delay 43.7x4=1748ns | 42x4=168 ns ypie s s
Drivers:
1.40 pW
Arrays: Drivers:
Power . . .
Consumption AND/OR/NOT: 2-3-input: [ 1.06 pW 1.40 pW
or Gate 0.1344 W 0.1344 W B/Q: Arrays:
p 1.25 pW 1.06 pW
Q/B:
0.65 uW
Total Power 4x14x0.1344 = 4x14x0.1344 = 0.500 W
Consumption 7.5264 W 7.5264 W (typical) 14.73 pW 11.58 pW
* CMOS (Internally Optimized for TTL) T 0.65-nm CMOS

The memory-based quaternary comparator seems to be a good candidate for applications with rigorous size,
speed, and power requirements. It provides the magnitude comparator function with high speed and low power. Other
truth-table operations can be designed with the same approach. The work demonstrates the modularity of the design.

7. SUMMARY AND DISCUSSION

An important characteristic is the use of mature CMOS fabrication technology for the CMOS driver-array structures.

Future reports on converter design and other functional systems are underway and future work is planned for
the design and implementation for a quaternary comparator. Other approaches are possible in which a driver-array for
the quaternary words are combined with an initial L/E/G input would allow modular cascade comparators to be
assembled. These memory-based approaches for the comparator are not optimized. By reusing circuitry and adding
advanced features, the transistor count can be reduced [18, 22]. Other functions could be combined with the comparator

operation. Complete quaternary systems, as well as hybrid systems, can be developed for embedded applications.
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