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ABSTRACT
In this paper, we propose a new hybrid temporal computing (HTC)

framework that leverages both pulse rate and temporal data encoding

to design ultra-low energy hardware accelerators. Our approach is

inspired by the recently proposed temporal computing, or race logic,

which encodes data values as single delays, leading to significantly

lower energy consumption due to minimized signal switching. The

new HTC framework overcomes the inherent limitations of race

logic by encoding signals in both temporal and pulse rate formats for

multiplication and in temporal format for propagation. We demon-

strate how HTC multiplication is performed for both unipolar and

bipolar data encoding while consuming reduced switching energy.

Additionally, we implement two widely used hardware accelerators:

a Finite Impulse Response (FIR) filter and a Discrete Cosine Trans-

form (DCT)/iDCT. Experimental results show that compared to the

CBSC MAC, the HTC MAC reduces power consumption by 45.2%
and area footprint by 50.13%. Compared to the CBSC design, the
HTC-based FIR filter reduces power consumption by 36.61% and
area cost by 45.85%. The HTC-based DCT filter retains the quality of
the original image with a decent PSNR, while consuming 23.34% less
power and occupying 18.20% less area than the CBSC MAC-based
DCT filter.
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1 INTRODUCTION
One of the paramount challenges confronting today’s computing

landscape is the exponential surge in computing power due to emerg-

ing generative AIs contrasted with the linear progression of power

supply. This illustration underscores the projection that computing

energy consumption will roughly double every three years, while

global energy production is experiencing only a modest linear growth

rate of approximately 2% per year [1]. Mitigating this exponential

growth requires substantial advancements in computing energy effi-

ciency.

To significantly reduce energy consumption, fundamentally new

and ultra-low energy computing paradigms are urgently needed. One

such paradigm is temporal computing [2, 3], which is rooted in the
concept of race logic [2]. In race logic, information is not encoded

in individual bits, but rather in the timing of voltage transitions

from low to high. This method allows multiple bits of information

to be encoded on a single wire. Although this approach sacrifices

precision compared to traditional binary representation, it offers

unique advantages in speed, energy efficiency, and reduced area

footprint. However, race logic-based temporal computing still has

limited applications, as it relies on wavefront travel, which is more

suited for problems that can be mapped to spatially organized data

structures such as graphs or trees. Examples include DNA global

sequence alignment [2], decision tree-based classification [4], and

sorting networks [5]. Leveraging temporal computing for general-

purpose computing remains a challenging problem.

Meanwhile, a promising avenue for achieving significant energy

reduction is approximate computing [6, 7]. One prominent method

in this domain is stochastic computing (SC), where values are rep-

resented as probabilities in a bit stream or pulse rate rather than

conventional binary numbers [8]. SC offers an inherent progressive

trade-off between accuracy and latency/energy/area by adjusting

the length of bit streams, making it extremely low-cost and energy-

efficient. However, traditional SC hardware implementations suffer

from very long latency and large area overhead due to the need for

random number generation.

Recently, a more efficient and also more accurate SC multiplier,

called counting-based SC or CBSC, was proposed to partially miti-

gate the two aforementioned problems in traditional SC [9]. First,

It replaces the AND operation with a ‘1’ counting process in the

bit stream, which can be reduced without going through the entire

length of the bit streams, and second, the bit streams no longer need
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to be random. Many follow-up works have improved this counting-

based SC scheme [10–12]. But those methods still can’t directly

perform the addition in bitstream as the multiplication results are

translated into binary after the counting process. On the other hand,

several other deterministic SC methods were proposed recently [13–

16]. However, these methods either suffer from long latency is-

sues [13, 14] or require special analog circuits for the conversion of

time or delay to binary data.

In this article, we propose a novel hybrid temporal computing

framework that leverages both bitstream (pulse rate) and temporal

data encoding to design ultra-low energy hardware accelerators. This

approach can also be viewed as a generalized CBSC framework [9,

11], enabling addition operations to be performed in the bitstream

format. The key contributions of this work are summarized below:

• First, we propose a general hybrid temporal computing (HTC)
framework and associated arithmetic operations based on a

uniform bitstream format. Unlike existing stochastic comput-

ing, our approach encodes data in two formats: temporal (e.g.,

delay or a single pulse) and traditional bitstream or pulse

rate format. This design minimizes switching activities while

retaining the energy efficiency of stochastic computing. Fur-

ther more, the temporal data format further reduces energy

consumption for signal propagation between computing.

• In the HTC framework, all bitstreams are generated deter-
ministically, avoiding the need for costly random number

generation circuits. Multiplication is performed using one

temporal data and one regulated bitstream data with an AND

operation, which can be viewed as a special counting pro-

cess in the CBSC method, offering the same accuracy [9, 11].

We demonstrate how these operations can be executed for

both unipolar and bipolar uniform encoding. Addition is per-

formed using traditional scaled addition in SC with a MUX

gate, which can be further improved using more accurate

SC-like addition. Compared to traditional SC, the proposed

method has a significantly smaller hardware footprint while

achieving the same or even better accuracy and reduced en-

ergy consumption.

• Compared to existing deterministic SC methods [13–16], the
proposed method does not increase bitstream to ensure the

accuracy [13, 14] and does not requires special analog circuit

to convert time/delay signal back to binary data [15, 16]. The

temporal data can be naturally converted back to binary with

a counter or shift register.

• We show the architectures of multiplier-accumulator (MAC)
for the proposed HTC design and one specific 4-input MAC

design. The design features hybrid data inputs (temporal data

and general bitstream format) and the temporal data output to

further reduce energy for data propagation due to minimized

switching activities.

• Experimental results show that the HTC MAC uses only a
small marginal power and area footprint compared to the

Unary MAC design. It is also orders of magnitude faster than

the Unary design. Compared to the CBSC MAC, it reduces

power consumption by 45.2% and area footprint by 50.13%.
• Furthermore, we implemented two hardware accelerators: a
Finite Impulse Response (FIR) filter and a Discrete Cosine

Transform (DCT)/iDCT engine for image and DSP applica-

tions. HTC designs again significantly outperform the Unary

design across all metrics. Compared to CBSC design, the

HTC MAC-based FIR filter reduces power consumption by

36.61% and area cost by 45.85%. The HTC-based DCT filter
retains the quality of the original image with a decent PSNR,

while consuming 23.34% less power and occupying 18.20%
less area than the state-of-the-art CBSC MAC-based DCT

filter.

This paper is structured as follows: Section 2 reviews temporal

logic, recent advances in deterministic stochastic computing, counter-

based stochastic computing, and related work. Section 3 introduces

the proposed concept of hybrid temporal computing, the design of

basic building blocks such as adders and multipliers, and the specific

design of a 4-input MAC. Section 4 presents the experimental results.

Finally, Section 5 concludes the paper.

2 PRELIMINARY AND REVIEW OF RELATED
WORKS

2.1 Review of temporal computing and race logic
One effective method for reducing energy consumption is to alter the

signal encoding. Temporal computing, recently proposed in the liter-
ature [2, 3], is based on the concept of race logic [2]. Race logic uses

a relative timing code to represent information through a wavefront

of digital edges on wires. Initially proposed to accelerate dynamic

programming and machine learning algorithms, such as DNA global

sequence alignment [2], race logic encodes information based on

the relative timing between rising edges on different wires with re-

spect to a temporal reference. This encoding scheme allows each

wire to represent multiple bits of information based on the arrival

time of the rising edge, while maintaining low activity factors due

to the single transition per wire during computation. Consequently,

conventional Boolean primitives can perform non-traditional opera-

tions with minimal energy costs. For example, a single OR gate can

effectively execute a two-input MIN function, as depicted in Fig. 1.

Other fundamental race logic primitives such as MAX, INHIBIT,

and ADD-BY-CONSTANT gates, shown in the figure, have been

demonstrated to be sufficient for implementing any temporally in-

variant and causal functions within the proposed space-time algebra

[5].

Race logic demonstrates orders-of-magnitude improvements in

energy efficiency compared to classical approaches [3]. This effi-

ciency is attributed to its minimal power switch activities in the

wires, where signals switch only once per algorithm process, and the

progression of physical time incurs no additional cost. While race

logic is constrained by the limited precision inherent in analog-based

computing, studies have shown that for neocortical computing, 3-4

bit accuracy is sufficient [17]. It is important to differentiate race

logic from another bio-inspired approach, Spiking Neural Networks

(SNN) [17], which encode signals in terms of spike rates or the

number of spikes, whereas race logic encodes signals based on ex-

act spike timing. Both SNN and race logic exploit temporal coding

to enhance energy efficiency and can be conceptualized within the

framework of temporal neural networks (TNN) [5].
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Figure 1: As illustrated, in race logic, X indicates 2 (2 delay from
the origin time), Y=3, X’=4, O is min (X’ and Y) which is 3. A
is max of (X’ and Y), which is 4. INHIBIT means if Y arrives
earlier than X/X’, then I=Y, otherwise I = unchanged [18].

Race logic design techniques have found diverse applications,

from accelerating dynamic programming algorithms [2] to DNA

global sequence alignment [2], decision tree-based classification

[4], and sorting networks [5]. It effectively tackles problems with

graph-tracking properties like shortest path searching and sorting

by computing the timing of edge wavefronts. However, pure tem-

poral computing faces challenges in digital signal process (DSP)

and deep neural networks due to its inability to perform general

arithmetic operations like multiplication and additions, constrained

by causality and waveform format restrictions. Despite recent efforts

to develop temporal state machines [3] and temporal memory struc-

tures [19, 20], race logic-based design for general computing still

remain challenging.

On the other hand, recently, both temporal and rate coding have

been applied in the design of DSP and CNN networks, utilizing

superconducting devices [21, 22]. These approaches leverage the

generation of spikes or pulses, known as Single Quantum Flux (SQF),

in Josephson junctions, crucial components in superconductor-based

designs. However, this design has primarily been explored for su-

perconductor devices, where pulses are naturally generated from

Josephson junctions. Nonetheless, superconductor-based computing

faces challenges, including a 1000× device density gap compared to
existing CMOS designs, as well as the requirement for low tempera-

tures.

2.2 Review of deterministic stochastic computing
Stochastic computing (SC) can be conceptualized as a specialized

form of temporal computing, where binary data is transformed into

sequential bitstreams. In SC, the multiplication of two bitstreams

is achieved through simple AND operations for unipolar coding,

analogous to the MAX operation in temporal logic, as illustrated in

Fig. 2 (a).

Recent advancements in counting-based SC (CBSC) multipli-

cation have eliminated the need for bitstream randomness without

compromising accuracy [9, 11].

This approach, illustrated in Fig. 2 (b), replaces the AND opera-

tion with a deterministic counting process. Here, the number of ones

from input 𝑋 is decremented by a timer based on the values of input
𝑊 . Different from the traditional SC multiplication, CBSC only
requires one FSM (finite state machine)-based SNG to convert one

Figure 2: (a) Traditional stochastic multiplication; (b) The
counting-based stochastic (CBSC) multiplication [9, 11]

of the two binary inputs, ex. 𝑋 , into a bitstream with deterministic
pattern first. The FSM-based SNG (stochastic number generator)

evenly distributes the 𝑋𝑖−1, which is the 𝑖th bit of 𝑋 , based on its
binary weight 2𝑖−1. For instance, if 𝑖 = 3, then 𝑋2 will appear 4

times in the resulting SN. Such SN generation can be simplified and

implemented by an FSM and a MUX. The FSM is actually an up

counter counts from 0 to 2𝑁 − 1, assuming 𝑋 is 𝑁 -bit. The MUX
then outputs 𝑋𝑖−1 based on the output value of the FSM.
If the SN bitstream for the other input𝑊 is set to be series of ‘1’

followed by a bunch of ‘0’ as shown in Fig. 2. As SC multiplication

is simply AND operation, it is not necessary to count the second half
of the output bitstream. So, the whole counting process only requires

𝑊 · 2𝑁 cycles to finish, which saves half latency in average. The
authors used a down counter to realize the idea. While𝑤 · 2𝑁 is used
as the initial value, the down counter decreases by one in each clock

cycle. When it reaches “zero”, the process is terminated. As a result,

CBSC leads to a simpler design as one traditional SNG (typically

using LFSR) and the AND gate are removed in exchange of a down
counter, which is much cheaper than an SNG.

CBSC has evolved beyond stochastic computing, as it no longer

relies on stochastic processes. Instead, it should be regarded as a

specialized form of temporal computing, laying the foundation for

the proposed hybrid temporal computing paradigm, as we will elab-

orate in subsequent sections. Recent advancements in CBSC have

further enhanced its capabilities [10–12], including improvements

in counting techniques [11], scaled implementations for enhanced

accuracy [12], and the design of more accurate CBSC multipliers

(scaled CBSC) [12]. However, this method has yet to be extended

to develop complete arithmetic computing units such as adders and

multiplier-accumulators (MACs) and processing units, as the count-

ing process typically operates in binary format (originally termed

binary interface SC) [9]. In addition to CBSC, several deterministic

SC designs have been proposed recently. The early work for per-

forming SC using deterministic bitstream was proposed in [13, 14].

The idea is to use repeat bitstreams of one operands for each bit of

other operand. However, such setup will leads to quadratic bit stream

increase over each operation. To mitigate this problem, bitstream

lenth reduction and approximation was proposed later [23].

Recently a time-encoded stochastic computing has been pro-

posed [15], which uses analog-like pulse width modulation (PWM)

to represent the signal value (the duty cycles of the pulses). This

method is called Unary design in this work for comparison propose.
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As PWM is also uniform encoding (like SC), the multiplication (us-

ing AND or XOR) and addition (scaled addition) can be performed

similarly to SC. However, since the bitstream is deterministic, the

operands have to be repeated many times (least common multiple

(LCM) of the two operands). Since the final signal is in the PWM

format, some time-to-voltage analog conversion has to be performed.

To further improve accuracy, the exact addition for PWM-based

computing was proposed where a software loop is introduced to

produce exact delay (duty cycles) and non-overlapping pulses of two

operands before the OR operation [16].

For example, for two numbers 𝐴 and 𝐵 to multiply and 𝑛𝐴 and
𝑛𝐵 are the size of the resulting bitstreams for 𝐴 and 𝐵. if the two
bit streams of relatively prime lengths are considered, an effec-

tive strategy involves repeating both bit stream patterns for LCM

(least common multiple) (𝑛𝐴, 𝑛𝐵) times. Additionally, introducing
𝑁 unique delays is essential for obtaining accurate results when

summing with an OR gate. The accuracy of the the Unary design in

theory can be accurate as binary design, but practically the accuracy

of these results is contingent upon the number of ones allowed in

the input bit streams, denoted as 𝑣 , described in [16]. According
to the method discussed, the results remain accurate provided that

𝑣 ≤
⌊

𝑛⌈ √
4𝑁 +1−1

2

⌉
+1

⌋
. This condition illustrates a boundary on the ca-

pability of the method to handle higher densities of ones in the input

streams. Furthermore as shown in the result section, we found the

performance metrics of the Unary-based design are significantly less

than that of the proposed HTC and CBSC designs.

3 THE NEW CIRCUIT LEVEL DESIGN FOR
NEW HYBRID TEMPORAL LOGIC

In this section, we begin by detailing the design of circuit and

architecture-level components for fundamental arithmetic comput-

ing units. These include multipliers, accumulators, and multiplier-

accumulators (MACs), all tailored for the proposed hybrid comput-

ing framework.

3.1 Multiplication and addition in HTC
In the Hybrid Temporal Computing (HTC) framework, data can be

represented in two distinct formats, as demonstrated in Fig. 4: a

General Bitstream (GB) format, where the value is indicated by the
number of ’1’ bits, and a Temporal Bitstream (TB) format, where the
value is represented by the time period or delay relative to a reference

signal. These two data patterns are illustrated in Fig. 4. Typically,

data values lie within the range of [0, 1] for unipolar coding and
within the range of [-1,1] for bipolar coding.

In unipolar format, a real-valued number 𝑋 is defined as 𝑋 =
𝑝 = 𝑛

𝑁max
, where 𝑛 represents the number of ’1’ bits and 𝑁max is

the maximum ’1’ count or the number of clock cycles within the

computing period (referred to as the epoch). For TB data 𝑝, 𝑛 denotes
the count of ’1’ bits within that specific timing period. In the bipolar

format, the data value is interpreted as 𝑋 = 2𝑝 − 1 for the range of

[-1,1], albeit with half the precision of the unipolar coding.

Furthermore, data can be represented using the so-called Regu-
lated Bitstream (RB), as illustrated in Fig. 3a. This RB representation
is similar to the bitstream utilized in CBSC [9, 11]. The concept

involves evenly distributing each bit in the binary data across its

corresponding bitstream, which is essential for HTC multiplication.

Such regulated bitstreams can be generated using a straightforward

finite-state machine.

The bipolar regulated bitstream in HTC is generated similarly

to its unipolar counterpart using a finite state machine, as shown

in Fig. 3b. Let’s consider a 3-bit signed binary number 110, which

corresponds to −2 or the scaled number −2/4. To generate the RB
for 110, we first compute the required number of ’1’s for an 8-bit

stream as 𝑝 = (𝑋 + 1)/2 = (−2/4 + 1)/2 = 2/8. Thus, we need 2
’1’ bits, represented as 010 in binary. Subsequently, we generate

the bitstream pattern 0100010 using the same method for unipolar

coding, as shown in Fig. 3b. In our implementation, we generate 010

by performing bit-level operations, specifically the 2’s complement

operation on the signed binary number 110.

Using a similar method, we can generate the bitstream for the TB

format for all bipolar numbers. The process remains largely the same,

with the distinction that once we compute the number of ’1’s needed,

all these ’1’s are consecutively placed to form the TB bitstream. For

instance, in Fig. 4 (c), if we intend to generate a TB for 3/4, we
calculate the number of ’1’ bits out of 8 as 𝑝 = (3/4 + 1)/2 = 7/8.
Consequently, we can generate 11111110 as the TB stream for 3/4.

(a) (b)

Figure 3: The regulated bitstream representation of (a) 3 bit
unipolar binary data 011 and (b) 3 bit bipolar binary data 110.
Here, 𝑋𝑠 is the sign bit.
In this work, we focus on computationally intensive accelerators

like DSPs and deep neural networks, inputs often undergo multiplica-

tion by coefficients or weights. Since these coefficients are typically

loaded into memory once and rarely updated thereafter, they can be

efficiently represented using the GB format.

Next, we introduce our HTC multiplication, addition/accumulator,

and process element unit. Unlike existing CBSC-based computing

methods that rely on counting, our approach utilizes a simple AND

(XNOR) gate for unipolar (bipolar) coding to perform multiplication.

This leverages uniform encoding of both RB and TB data, akin to SC

bitstreams, allowing us to adapt multiplication and scaled additions

into our HTC computing framework. For bipolar multiplication, the

sign bit is incorporated into both the regulated bitstream and the 2’s

complemented temporal bitstream. Consequently, the output from

the XNOR gate for multiplication is scaled by 0.5.

Fig. 4 (first figure) illustrates HTC multiplication. In this example,

input 𝐴 (110) represents 6/8, a 3-bit positive number in RB format,
while input 𝐵 is represented as 5/8 in TB format. The multiplication
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Figure 4: The multiplication and addition in HTC framework

is performed using an AND operation. The exact result 𝑌 should
be 0.469, whereas HTC multiplication yields 0.5, providing a close
approximation.

HTC addition can effectively leverage traditional SC methods by

employing scaled addition using a simple MUX gate with a selection

probability of 0.5, as depicted in Fig. 4 (second figure). Thus, the
sum of two numbers is twice the probability of ’1’ in the output

bitstream of the MUX gate. After addition, the resultant bitstream

is in the general bitstream format. To propagate the data for the

next stage of computation, conversion to TB format is achieved

using a straightforward shift register. When converting the final

data back to binary, a counter can be employed at the end of the

operation. Consequently, our method eliminates the need to convert

TB signals back to binary, a requirement in existing deterministic

SC methods [13, 14]

To performmultiplication using bipolar encoding, it can be achieved

using an ’XNOR’ gate with one operand in GB format and the other

in TB format, as illustrated in Fig. 4 (third figure). In this example,

the input regulated bitstream or GB 𝐴 represents −2/4 (110 in the
signed binary domain), while the input temporal bitstream or TB 𝐵
represents 3/4 (011 in binary domain). Bipolar HTC addition fol-
lows a similar approach to unipolar addition, where a 2:1 mux is

utilized for scaled addition, depicted in Fig. 4 (fourth figure).

3.2 Hardware implementation of multiple-input
HTC MAC

In this section we describe specific hardware implementation for

multiplication and accumulation (MAC) operation. MAC operation

essentially is to performed 𝑎 ← 𝑎 + (𝑏 × 𝑐) operation. We practically
may have multiple multiplications and one multi-input summation

Figure 5: The proposed HTC multiple-input MAC architecture

(also called dot product) as following:

𝑎 =
𝑁∑
𝑖=1

(𝑏𝑖 × 𝑐𝑖 ) (1)

Fig. 5 shows the general architecture for the multiple-input MAC

operations in Eq. 1, which serves as a fundamental building block

for DSP and AI computing. Each multiplier takes one input in RB

format and another in TB format, with the result encoded in TB

format for subsequent propagation and computations.

In the following, we present a specific MAC design with 𝑁 = 4.

The core functional components of the 4-point MAC unit, as illus-

trated in Fig. 6, consist of four HTC multipliers and one multiplexer

for scaled addition of bitstreams. Each HTC multiplier comprises

an AND/XNOR gate for unipolar/bipolar multiplication. This multi-

plier gate processes one input bitstream from a temporal bitstream

(TB) generator (𝑡𝑖) and another input bitstream from a regulated
bitstream (RB) generator (𝑟𝑖). Both the RB and the TB of all multi-
plicands (𝑋𝑏𝑖/𝑌𝑏𝑖 in the binary domain) are generated with a single
up-counter. The output bitstream of each HTC multiplier is directed

to an HTC adder that performs scaled addition using a 4 × 1 mul-

tiplexer unit. The selector stream for the multiplexer is generated

with a linear feedback shift register (LFSR). Furthermore, the same

counter is also used to accumulate the bitstream after the scaled

addition, either to regenerate the binary number or to generate the

downstream temporal bitstream (TB) for the next stage of HTC

computation. This HTC accumulator can be implemented with an in-

crementer and a 2-bit left-shifter. The incrementer is activated by the

output bitstream from the MUX gate. The output of the accumulator

represents the binary result of the MAC operation.

In this paper, we will use the proposed design of HTC MAC

in the two accelerator applications: Finite Impulse Response (FIR)

and Discrete Cosine Transform (DCT). Both accelerator operations

basically can be expressed in Eq. (1).

4 EXPERIMENTAL RESULTS AND
DISCUSSIONS

In this section, we present the experimental results. First, we discuss

the hardware implementation details of the proposed HTC method.

Next, we compare the HTC design with two relevant design meth-

ods, focusing on single MAC design and two hardware accelerator

designs.
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Figure 6: Proposed 4-input HTC MAC design

4.1 Hardware implementation details
For hardware-level evaluation, we implemented the proposed HTC

MAC in Verilog hardware description language. The design was syn-

thesized using Synopsys Design Compiler (DC) with the EDK 32nm

standard library, which comes with Synopsys University Software

Program. We estimated the area, power, and latency of the HTC

MAC using DC tools. For the HTC implementation, the hardware

includes all the data format conversions from binary to the temporal

bitstram (TB) for coefficients and output data and from binary to

regulated bitstream (RB) as well.

For comparison, we considered two relevant works. The first is

the latest deterministic SC design, the Unary MAC [16], which is

highly relevant as it performs all SC computing in bit-stream formats

across all computing steps. The second is the latest CBSC MAC

design [11], which performs addition in binary instead of bit-stream

format. All baseline models were implemented using the 32nm EDK

standard library and synthesized under the same design constraints

in Synopsys Design Compiler for area and power estimation.

For the accuracy comparison of MAC designs, we tested each

design with one million random vectors and recorded the results. We

report the root mean squared error (RMSE) and standard deviation

of error (SDE) for all test vectors. To further evaluate the perfor-

mance of the proposed method, we also implemented two hardware

accelerators for Finite Impulse Response (FIR) and Discrete Cosine

Transform (DCT) based on the three methods.

4.2 Performance comparison for a MAC unit
design

In this section, we compare the proposed HTC MAC design with the

Unary MAC design [16] and the CBSC MAC design [11] in terms

of power, area, and latency. For our implementation, each MAC unit

computes the dot product between two vectors. Each vector contains

four numbers, and each number is an 8-bit unipolar value.

Table 1: Comparison for area, power and latency for a MAC
unit - (unipolar 8 bit binary number)

MAC de-
sign

Area (𝜇𝑚2) Power
(𝜇𝑊 )

Latency
(ns)

RMSE (%) SDE (%)

CBSC
MAC [12]

1476.46 56.69 2560 0.65 0.42

Unary
MAC [16]

249110.23 3085.00 870400 40.64 8.58

New HTC
MAC

736.95 31.07 2560 6.96 4.46

The comparison results are presented in Table 1. As shown in the

table, the proposed HTC MAC delivers significantly smaller power

and area footprints compared to the Unary MAC design. It is also

orders of magnitude faster than the Unary design. The reason for this

is that the Unary MAC involves repetition of input bit streams for

the least common multiple (LCM) (𝑛1, 𝑛2) times for multiplication,
where 𝑛1 and 𝑛2 are the bit-stream sizes of the two input data. It also
inserts a unique delay for each summand before performing addition

using an OR gate, as described in Section 2.2. Consequently, the

Unary MAC incurs very large area and latency costs, and thus higher

power consumption.

In theory, the Unary MAC can provide the same accuracy as

binary designs within a certain input interval range, where it has the

maximum allowed number of ones in the bit streams. However, this

interval range may not be sufficient for practical computing, given

the arbitrary data ranges involved, and errors can still occur. Our

results show that the HTC MAC is more accurate than the Unary

MAC in our examples, with RMSE and SDE improved by 48.80%
and 45.93%, respectively, compared to the Unary MAC.
For comparison with the CBSC MAC, the HTC MAC design

improves power consumption by 45.19%, which is quite significant
considering that CBSC is already very power-efficient with less area

used. The HTC MAC utilizes a single common up-counter for both

the FSM-based regulated bitstream generator (bitstream X) and the

counter-based temporal bitstream (bitstream Y) generator in all mul-

tiplier units. This optimization reduces the overall area cost of MAC

of the same size and decreases dynamic power consumption in the

flip-flops of counter-based FSMs and accumulator units. Further-

more, the HTC MAC reduces the area costs by 50.13% compared
to the CBSC MAC. However, in terms of accuracy, the HTC MAC

is less accurate than the CBSC design. This is expected, as CBSC

performs exact addition using binary circuits, while the HTC MAC

performs approximate scaled addition.

4.3 Application I: Finite Impulse Response
We further implemented a Gaussian blur filter with 6-tap finite im-

pulse response (FIR) filter designs based on the three approaches.

The filters’ effectiveness was rigorously assessed by processing five

distinct images from the USC-SIPI image database [24], selected

for their varying textures and complexities. To ensure compatibility

with the stochastic computational model, the FIR coefficients were

quantized into 8-bit unipolar fractional binary numbers. The quality

of the filtered images was quantitatively evaluated based on root

mean squared error (RMSE) and peak signal-to-noise ratio (PSNR)

in dB. Table 2 presents the PSNR and RMSE of five images blurred
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with FIR filters implemented using HTC MAC, Unary MAC, and

CBSC MAC. The table also reports the hardware costs in terms of

area and power consumption for each respective MAC-based filter.

From the table, we can see that both HTC and CBSC designs

significantly outperform the Unary design across all metrics. Fur-

thermore, the HTC design delivers PSNR and RMSE comparable to

the CBSC design while consuming 45.2% less power and occupying
50.13% less area than its CBSC MAC-based counterpart. These ben-
efits stem from the optimizations highlighted in Section 4.2. Fig. 7

shows the resulting images (the "clock" image) from the three im-

plementations. The results from the HTC in Fig. 7d and CBSC in

Fig. 7b implementations are quite similar, with notable visual dif-

ferences compared to the results from the Unary implementation in

Fig. 7c.

Table 2: Performance comparison for 6-tap FIR-filter

CBSC MAC [11] Unary MAC [16] HTC MAC

Image PSNR
(dB)

RMSE PSNR
(dB)

RMSE PSNR
(dB)

RMSE

Boat 20.20 0.10 9.75 0.325 20.00 0.10
Man 21.75 0.08 12.14 0.247 21.31 0.09
Couple 20.59 0.09 10.39 0.301 20.08 0.10
Bridge 18.67 0.12 10.30 0.305 18.67 0.12
Clock 17.64 0.13 6.02 0.499 17.61 0.13

Hardware
cost

Area
(𝜇𝑚2)

Power
(𝜇𝑊 )

Area
(𝜇𝑚2)

Power
(𝜇𝑊 )

Area
(𝜇𝑚2)

Power
(𝜇𝑊 )

2091.36 62.61 8.2×105 10997 1216.21 39.96

(a) (b)

(c) (d)

Figure 7: The effect of applying Gaussian blurring filter on (a)
original image where the 6-tap unipolar filter is implemented
with (b) CBSC MAC, (c) Unary MAC, (d) HTC MAC

4.4 Application II: Discrete Cosine Transform
We further evaluated our proposed bipolar HTC approach for a

widely used image compression tool, the Discrete Cosine Transform

(DCT) where the coefficients can be negative. We implemented

8-point DCT accelerators with 8 coefficients using the proposed

HTC MAC and CBSC MAC using bipolar encoding. This example

compare the performances of the proposed HTC design in bipolar

encoding designs. In this application, we did not implement the

Unary design as it only works for unipolar data.

(a) (b) (c)

Figure 8: The discrete cosine filter applied to (a) original image
of a fishing boat where filter MAC is implemented with (b) CBSC
MAC, (c) HTC MAC

We first transformed five images of varying resolutions from the

USC-SIPI-miscellaneous dataset [24]. All images, along with the

8-point DCT-II coefficients, were quantized to 8-bit signed fractional

binary numbers before applying the filter accelerator to the images.

The transformed images were then filtered back to the original do-

main using an 8-point inverse Discrete Cosine Transform (IDCT)

filter. The quality of the transformed images was evaluated by com-

puting the peak signal-to-noise ratio (PSNR) in dB and the root mean

square error (MSE) of the image transformed back to the original

form by the IDCT filter.

Table 3 presents the error metrics and hardware implementation

costs of the two designs. The CBSC MAC was implemented with

a bipolar CBSC multiplier architecture for multiplying two signed

numbers, with exact binary adders used to sum the multiplication

results in 2’s complement format. The DCT filter was implemented

using a 4x1 CBSC MAC, which computes 4 CBSC multiplications

and 3 binary additions in this architecture.

The HTC MAC-based DCT filter accelerator was implemented

using the bipolar HTC architecture discussed in Section 3. It incor-

porates four bipolar HTC multipliers and one scaled adder to sum

the results of the four multiplications. Two four-input HTC MACs

are utilized to implement the 8-point approximate DCT filter. All

designs were synthesized from the Verilog model using Synopsys

Design Compiler with a 32nm technology package. As depicted

in Table 3, the HTC MAC-based DCT filter achieves up to 23.34%
power savings compared to CBSC-based DCT filters. Additionally,

the HTC-based DCT filter uses 18.20% less area than its CBSC-based
counterpart .

The PSNR and MSE of five images transformed using the CBSC-

based DCT filter and HTC-based DCT filter are also presented in

Table 3. As expected, the CBSC-based design achieves slightly bet-

ter results. Fig. 8 illustrates the impact of different MAC-based de-

signs on the DCT transformation of the "boat" image. The proposed

energy-efficient HTC MAC-based DCT filter retains the quality of
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the original image with a PSNR range of approximately 20dB, which

is in general, sufficient for such operations.

Table 3: Performance comparison for 8-point DCT

CBSC MAC HTC MAC

Image PSNR (dB) RMSE PSNR (dB) RMSE

Boat 38.96 2.89 22.19 19.89
Man 37.09 2.69 17.89 32.63
Couple 31.99 6.43 21.78 20.84
Bridge 37.06 3.59 21.39 21.80
Clock 30.95 7.25 21.25 21.72

Hardware
cost

Area (𝜇𝑚2) Power (𝜇𝑊 ) Area (𝜇𝑚2) Power (𝜇𝑊 )

2532.71 81.64 2071.54 62.59

5 CONCLUSION
In this paper, we have developed a new hybrid temporal comput-

ing (HTC), which overcomes these limitations by encoding signals

in both temporal and pulse rate formats for multiplication and in

temporal format for propagation. We showed how the basic arith-

metic units like multiplier and accumulator (MAC) are implemented

and demonstrated HTC on two applications: digital Finite Impulse

Response (FIR) filter and DCT/iDCT engine design. Experimental

results show that the HTC MAC uses only a small marginal power

and area footprint compared to the Unary MAC design. It is also

orders of magnitude faster than the Unary design. Compared to

the CBSC MAC, it reduces power consumption by 45.2% and area
footprint by 50.13%. For the FIR filter design, HTC designs again sig-
nificantly outperform the Unary design across all metrics. Compared

to CBSC design, the HTC MAC-based FIR filter reduces power

consumption by 36.61% and area cost by 45.85%. The HTC-based
DCT filter retains the quality of the original image with a decent

PSNR, while consuming 23.34% less power and occupying 18.20%
less area than the state-of-the-art CBSC MAC-based DCT filter.
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