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Abstract—This paper presents an accuracy-enhanced Hybrid
Temporal Computing (E-HTC) framework for ultra-low-fpower
hardware accelerators using deterministic additions. The frame-
work is inspired by the recently proposed HTC architecture,
which leverages pulse-rate and temporal data encoding to reduce
switching activity and energy consumption but suffers accuracy
loss due to its use of a multiplexer (MUX) for scaled addition.
To address this limitation, we propose two bitstream addi-
tion schemes: (1) an Exact Multiple-input Binary Accumulator
(EMBA), which performs precise binary accumulation over
multiple-input bitstreams, and (2) a Deterministic Threshold-
based Scaled Adder (DTSA), which employs threshold-based
logic for scaled addition. These adders are integrated into a
multiplier—-accumulator (MAC) unit supporting both unipolar
and bipolar encodings. To validate the framework, we implement
two hardware accelerators: a Finite Impulse Response (FIR) filter
and an 8-point Discrete Cosine Transform (DCT)/iDCT engine.
Experimental results on a 4 x 4 MAC show that, in unipolar
mode, E-HTC matches the RMSE of state-of-the-art Counter-
Based Stochastic Computing (CBSC) MAC, improves accuracy
by 94% over MUX-based HTC, and reduces power and area
by up to 23% and 7% compared to MUX-based HTC and by
over 64% and 74% compared to CBSC. In bipolar mode, the E-
HTC MAC achieves an RMSE of 2.09%—an 83% improvement
over bipolar MUX-based HTC and approaches bipolar CBSC’s
RMSE of 1.40% with area and power savings of up to 28%
and 43% relative to MUX-based HTC and around 76% each
relative to CBSC. In FIR filter experiments, both E-HTC variants
achieve PSNR gains of 3-5dB (30-45% RMSE reduction) over
MUX-based HTC, while delivering up to 13% power and 3%
area savings. Compared to CBSC, E-HTC reduces area by
nearly 64% and power by 62%. For DCT/iDCT, E-HTC boosts
PSNR by 10-13dB (70-75% RMSE reduction) while providing
substantial area and power savings over both MUX- and CBSC-
based designs.

Index Terms—EMBA, DTSA, Approximate Computing,
Stochastic Computing, MAC Accelerator, Low-Power VLSI

I. INTRODUCTION

A significant challenge in modern computing is the ex-
ponential increase in computational power driven by emerg-
ing artificial intelligence (AI) technologies, contrasted with
only linear growth in power supply. This trend suggests that
computing energy consumption will roughly double every
three years, whereas global energy production increases at a
modest linear rate of about 2-3% per year [1]. Addressing
this imbalance requires substantial improvements in energy
efficiency.

To achieve drastic reductions in energy consumption, fun-
damentally new computing paradigms with ultra-low power
requirements are needed. One promising direction is temporal
computing [2], [3], which builds on the concept of race
logic [2]. In contrast to conventional binary systems that en-
code data using voltage levels, race logic encodes information
in the timing or delay of signal transitions. Although this
approach may introduce some accuracy loss, it offers notable
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speed, energy efficiency, and area savings benefits. However,
its reliance on wavefront-based signal propagation restricts
its applicability to spatially structured data, such as trees or
graphs, limiting its use in general-purpose computing.

To overcome the limitations of conventional temporal com-
puting, a hybrid temporal computing (HTC) framework was
recently introduced [4]. HTC integrates temporal encoding
with bitstream-based (pulse-rate) representations to support
ultra-low energy hardware accelerators. Its multiplication
scheme accepts two input types: temporal bitstreams (TB),
which represent each value by its delay relative to a reference
signal, and regulated bitstreams (RB), which distribute ‘I’s
deterministically according to their binary weights. This hybrid
encoding significantly reduces switching activity, resulting in
substantial power and area savings compared to determinis-
tic, stochastic computing approaches such as counter-based
stochastic computing (CBSC) [5], [6]. Unlike CBSC, HTC
supports in-stream bitstream processing across multiple MAC
layers, preserving data encoding throughout the computation
pipeline. However, the framework incurs higher accuracy loss
due to its use of scaled, approximate addition operations using
MUX.

In this paper, we mitigate the accuracy issues of HTC and
propose two new schemes to perform more accurate additions
in the HTC framework while preserving their significant area
and power savings. Specifically, we propose an enhanced
HTC (E-HTC) framework over the existing HTC framework.
The new E-HTC consists of the following key contributions
summarized below:

o We first propose an Exact Multiple-input Binary Ac-
cumulator (EMBA), which utilizes a binary accumula-
tor for multi-input bitstream addition to achieve exact
computation. This approach reformulates addition as a
counting operation, conceptually similar to the counter-
based stochastic computing (CBSC) method. However,
unlike conventional CBSC designs that employ a single
counter per multiplier, our design extends counter-based
accumulation to support multiple-input bitstreams. This
enhancement enables more efficient resource sharing,
improving area and power efficiency.

e Second, we propose a Deterministic Threshold-Based
Scaled Adder (DTSA) to accurately perform the scaled
addition of bitstreams. In this design, the addition of
the multiple input bitstreams is modeled as an n-value
divider, where n is the number of input bitstreams. The
output bitstream implements floor division by n, while
the remainder is accumulated and stored in a register
for error compensation for accuracy improvement. This
deterministic scheme avoids the need for random num-
ber generators and significantly improves accuracy over
MUX-based scaled addition. Notably, the DTSA design
preserves the in-stream processing capability of the orig-
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inal HTC framework with a significant improvement in
accuracy.

e We present the new multiplier-accumulator architectures
(MAC:s) for the two proposed E-HTC designs, including
a specific 4 x 4 MAC implementation utilizing the new
adders. The EMBA directly provides the binary out-
put, whereas DTSA provides output in bitstream, which
we can convert into TB format for subsequent HTC
computations or in the binary format for single-step
HTC computations. So, DTSA preserves the in-stream
computation capability of existing MUX-based HTC.

e Experimental results for a 4 x 4 MAC in unipolar
mode shows that both EMBA- and DTSA-based designs
achieve an RMSE of 0.52%, matching CBSC accuracy
while delivering a 94% improvement over the MUX-
based HTC MAC. Regarding hardware efficiency, both
designs reduce power consumption by over 64% and area
by more than 74% compared to CBSC. Relative to the
MUX-based HTC MAC, the EMBA variant lowers power
and area by around 23% and 7%, respectively, while the
DTSA variant achieves reductions of 5.6% in power and
6.4% in area. In bipolar mode, the both EMBA and DTSA
MAC designs achieves an RMSE of 2.09%—an 83%
improvement over bipolar MUX-based HTC and close to
bipolar CBSC’s RMSE of 1.40%—with area and power
savings of up to around 28% and 43% versus MUX-based
HTC and up to approximately 76% each versus CBSC.

e We further evaluate the proposed E-HTC framework by
implementing two hardware accelerators: a Finite Impulse
Response (FIR) filter and an 8-point Discrete Cosine
Transform (DCT)/iDCT engine for image and digital
signal processing (DSP) applications. In the FIR filter de-
sign, both EMBA- and DTSA-based MAC architectures
significantly outperform the MUX-based counterpart by
achieving a 3-5dB improvement in peak signal-to-noise
ratio (PSNR), equivalent to a 30-45% reduction in RMSE
while maintaining similar accuracy to the CBSC-based
MAC. Relative to the MUX-based HTC design, the
EMBA design reduces area and power by around 3%
and 13%, respectively, while the DTSA variant achieves
1% area and 2% power savings. Compared to the CBSC-
based FIR, both proposed E-HTC MAC designs reduce
the area by more than 64%, with power savings of
roughly 62% for EMBA and 57% for DTSA.

e For the 8-point DCT filter, the EMBA- and DTSA-
based MACs deliver a 10-13dB PSNR gain over the
MUX-based design, translating to a 70-75% reduction
in RMSE. Although the CBSC-based MAC provides the
highest PSNR and lowest RMSE, the E-HTC-based DCT
design achieves competitive PSNR while dramatically re-
ducing hardware cost—offering more than 10% area and
nearly 90% power savings compared to CBSC. Relative
to the MUX-based design, both E-HTC designs achieve
more than 8% area and up to 14% power reductions.

II. PRELIMINARY AND REVIEW OF RELATED WORKS
A. Review of deterministic stochastic computing

Stochastic computing (SC) can be viewed as a special-
ized form of temporal computing, where binary values are
converted into sequential bitstreams using stochastic number
generators (SNGs). These generators rely on random number
sources to compare against fixed binary inputs, producing
probabilistic bitstreams [7]-[9]. A key advantage of SC is its
ability to implement complex arithmetic using simple logic.
For instance, multiplication in unipolar coding can be realized
with a basic AND gate, as illustrated in Fig.1(a). However, this
simplicity comes at the cost of accuracy, as SC is vulnerable
to random fluctuations and bitstream correlation effects [10].
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Fig. 1: (a) Traditional stochastic multiplication; (b) The
counting-based stochastic (CBSC) multiplication [5], [6]

Recent advancements in counting-based stochastic comput-
ing (CBSC) have eliminated the need for random bitstreams in
multiplication without sacrificing accuracy [5], [6]. As shown
in Fig. 1(b), CBSC replaces the conventional stochastic AND-
based multiplication with a deterministic counting mechanism.
In this approach, we count exactly |W| bits of input X. This
idea uses a down counter controlled by input W.

Unlike traditional stochastic multiplication, CBSC requires
only a single finite state machine (FSM)-based stochastic num-
ber generator (SNG) to convert one binary input—typically
X—into a deterministic bitstream. The FSM-based SNG en-
sures an even distribution of each bit X;_; according to its
binary weight 2°~1. For example, if i = 4, the bit X3 appears
8 times in the generated stochastic number. We implement this
structured bitstream efficiently using an FSM and a multiplexer
(MUX), as illustrated in Fig. 1(b). The FSM operates as an
up-counter from 0 to 2 — 1 (for an N-bit input X). At the
same time, the MUX selects the appropriate X;_; bit based
on the current counter value, generating a deterministic and
uniformly distributed output bitstream.

For the second input, W, if we reorder the bits such that
all the ‘1’s appear first, it does affect the value of SN for W
or that of resulting SN after the AND operation [5]. Since SC
multiplication relies solely on the AND operation, only the
initial portion of the output bitstream—corresponding to the
‘I’s in W—needs to be processed. As a result, the counting
process requires only W - 2V cycles, effectively reducing
the average latency by half. To implement this, the authors
in [5] introduced a down counter initialized to W - 2V, which
decrements by one each clock cycle until it reaches zero,
signaling the end of the computation. As a result, CBSC
leads to a simpler design, as one traditional SNG, typically
implemented using linear feedback shift registers (LFSR)
along with the AND gate are removed in exchange for a down
counter, which is much cheaper than an SNG. The complete
CBSC multiplication design is illustrated in Fig. 1(b).

CBSC has evolved beyond its stochastic origins and is now
better understood as a specialized form of temporal comput-
ing, no longer dependent on stochastic processes. It forms
the conceptual foundation for the recently proposed hybrid
temporal computing (HTC) paradigm [4]. Subsequent research
has enhanced CBSC [6], [11], [12], including improvements
in the counting mechanism [6], the development of scaled im-
plementations, and the design of high-accuracy scaled CBSC
multipliers for improved numerical accuracy [12]. However,
CBSC still needs to be extended to complete arithmetic
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units—such as adders, multiplier—accumulators (MACs), or
general processing elements—primarily because the counting
process typically operates in binary format, a characteristic
originally referred to as binary-interface stochastic comput-
ing [5].

Beyond CBSC, several deterministic stochastic computing
(SC) designs have been proposed in recent years. Early meth-
ods replicated one operand’s bitstream for each bit of the other
operand [13], [14], resulting in quadratic growth in bitstream
length. More recent approaches address this scalability issue
using bitstream length reduction and approximation techniques
to reduce overhead [15].

B. Review of hybrid temporal computing (HTC)

The Hybrid Temporal Computing (HTC) framework was
recently proposed [4], building upon the temporal data encod-
ing principles of race logic [2], [3]. In race logic, information
is encoded through the relative timing of rising edges across
different wires, referencing a common temporal baseline. This
scheme enables each wire to convey multiple bits of informa-
tion based on the arrival time of a single transition, resulting
in low switching activity and high energy efficiency. However,
pure temporal computing remains limited in its ability to
support general arithmetic operations—such as multiplication
and addition—due to constraints imposed by its waveform-
based data representation.

To overcome the limitations of pure temporal computing,
the Hybrid Temporal Computing (HTC) framework was pro-
posed in [4]. HTC encodes data using three distinct bitstream
formats, as illustrated in Fig. 2, each with uniform bit weights.
The formats include: (1) the General Bitstream (GB) format,
which corresponds to the traditional stochastic bitstream; (2)
the Regulated Bitstream (RB) format, where the ‘1’s are evenly
distributed across the bitstream based on their binary weight;
and (3) the Temporal Bitstream (TB) format, where the value
is represented by a time delay relative to a reference signal.
These encoding schemes support unipolar representation (val-
ues in [0,1]) and bipolar representation (values in [—1,1]),
offering flexibility for a wide range of arithmetic and signal
processing applications.

In the RB bitstream representation, the ’1’s are distributed
across the bitstream according to its binary weight with a
length of 2V for a binary number of N. For unipolar values
in [0,1], consider the 3-bit binary number 110, (decimal 6)
is encoded in an 8-bit RB as 11101011 which represents 6/8.
Conversely, unipolar temporal bitstream (TB) encoding packs
all ‘1’s at the front of the stream, followed by the remaining
‘0’s, representing bitstream as 11111100. Bipolar RB encoding
extends the same concept to signed values in [—1, 1] by first
mapping the unipolar fraction by calculating the required
number of ‘I’s as p = X+1 Ag an illustration, consider a
3-bit signed binary number 1105, which corresponds to -2 or
scaled number X =—2/4 which yields p = “220FL — 2/8,
requiring two ‘1’s in an 8-bit bitstream. Distributing these two
‘1’s according to the RB rule might produce the sequence as
01000100. Bipolar TB, on the other hand, again groups all
ones at the head of the stream, yielding 11000000.

In the HTC multiplication, one input is provided in the
RB format and the other in the TB format to an AND/XNOR
gate for unipolar/bipolar encoding. In unipolar, we count the
fraction of ‘1’s in the output bitstream (Pou; = #E’\I,‘es) to get the
output. However, In the bipolar scenario, we count the fraction
of ‘1’s, Pout, as before, then we recover the bipolar output
as 2pPoys — 1. This HTC configuration reduces input switching
activity, resulting in lower energy consumption than traditional
stochastic computing. In addition, HTC employs a scaled
adder, implemented using a multiplexer (MUX) controlled

by a random signal with a 0.5 probability of ‘1’—suitable
for two-input averaging. However, this approach introduces
approximation errors and incurs additional area overhead due
to the need for random number generation, making it less
accurate than the CBSC method. After arithmetic operations,
we can transform the output bitstream into the TB format
for energy-efficient data propagation to subsequent stages.
The idea of HTC multiplication and addition in unipolar and
bipolar encoding is presented with examples in Fig. 2.

As noted earlier, MUX-based scaled approximate addition
incurs accuracy loss, motivating exploration of deterministic
accumulation primitives in prior work. Accumulative parallel
counters (APC) [16] provide a generic mechanism for sum-
ming multiple 1-bit inputs per cycle and output the corre-
sponding binary number accumulating the result, and have
recently been adopted in SC-DCNN [17] using approximate
variants to reduce hardware cost at the expense of small
accuracy loss. In contrast, our Exact Multiple-input Binary
Accumulator (EMBA) retains exact counting but specializes
the primitive for HTC’s RB&TB streams by deriving HTC
encoding-aware adder and accumulator sizing as a function of
fan-in M and bitstream length N, ensuring overflow-free and
bias-free accumulation. Our proposed design will be described
in detail in Section III.

In a similar direction, uGEMM [18] proposed the unary
scaled adder (uUSADD) to realize deterministic scaled addition
in unary computing. uSADD accumulates inputs against a
fixed threshold but discards the residual, guaranteeing only
bounded error in the output stream. By contrast, our DTSA re-
tains and reinserts the residual during binary readout, enabling
exact reconstruction of the MAC result while still supporting
in-stream operation within HTC pipelines. The full design will
be discussed in the Section III.
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III. THE ENHANCED HYBRID TEMPORAL COMPUTING
(E-HTC) FRAMEWORK
In this section, we present the fundamental arithmetic com-
puting units for the enhanced HTC (E-HTC) framework. These
include multipliers, accumulators, and multiplier-accumulators
(MACs).

A. New deterministic addition in E-HTC

In the Enhanced Hybrid Temporal Computing (E-HTC)
framework, data continues to be represented using three dis-
tinct formats, as shown in Fig. 2. Multiplication follows the
same strategy as in the original HTC approach [4], where
inputs in regulated bitstream (RB) and temporal bitstream
(TB) formats are processed through an AND/XNOR gate
for unipolar/bipolar encoding. The key advancement in E-
HTC lies in introducing new, deterministic adder designs. In
the following subsections, we present two such adders that
significantly improve accuracy and hardware efficiency.

1) Exact Multiple-Input Binary Accumulator (EMBA): The
first idea is to use a binary adder, which is exact. In the HTC
computing paradigm, each multiplier produces a 1-bit product
output every clock cycle. For example, when operating at 3-bit
binary precision, the bit stream length is 23 = 8 cycles. In an
8-input MAC, four multipliers yield four bitstreams (one per
multiplier) of length 8, representing the partial products that
need to be accumulated. Fig. 3 illustrates the proposed EMBA
logic.
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Fig. 3: Block diagram of the Exact Multiple-Input Binary
Accumulator (EMBA). The Cycle Sum Adder computes
the sum of four 1-bit product outputs per cycle, which
is accumulated over 8 cycles. The final output is derived
by dividing the accumulated sum by 8, yielding the MAC
output in the range [0, 4].

Let the four product output bits at cycle ¢ € {0,...,7} be
denoted by (M;(c), Ma(c), Ms(c), M4(c)), where M;(c) €
{0,1}. In contrast to existing MUX-based scaled addition,
which samples a single product bit from each cycle, the EMBA
approach deterministically aggregates all four bits at every
cycle using a parallel Cycle Sum Adder. Specifically, we define
the cycle sum as

4

cycle_sum(c) = ZMZ'<C), c=0,...,7 (D
i=1

where cycle_sum(c) € {0,1,2,3,4}. At each cycle, the
Cycle Sum Adder adds cycle_sum(c) to a running accumulator
register:

accumulator = accumulator + cycle_sum(c) (2)

After eight cycles, the accumulator holds the total count of
high product bits (‘1’s). Since each cycle can contribute at
most 4, the maximum possible accumulator value is 4 X 8 =
32, which requires a [log,(32 + 1)] = 6 bit register. Finally,
under unipolar stochastic encoding (with values in [0, 1]), the
final MAC output is obtained by scaling the accumulator value:

accumulator

MAC,, = 3

€ [0,4]. 3)

In hardware, the divide-by-8 operation in binary is efficiently
implemented by a right shift operation of 3 bits.

Although EMBA is illustrated with a four-input example,
the architecture scales naturally to larger fan-in by either
increasing the adder and accumulator sizes or by tiling multi-
ple EMBA blocks and hierarchically combining their results.
Specifically, for M inputs and a stream length of N, the adder
must be configured with [log, (M + 1)] bits to represent the
maximum per-cycle sum of M, and the accumulator must
be configured with [log,(MN + 1)] bits to represent the
maximum accumulated value over NN cycles.

By deterministically aggregating all four product bits in
each cycle, the EMBA approach eliminates the random-
induced accuracy loss inherent in MUX-based adders. Con-
sequently, it achieves significantly higher accuracy while also
reducing power consumption and area due to its streamlined
design. In the result section, we will demonstrate the enhanced
accuracy and hardware efficiency of E-HTC MAC designs
when integrated with the proposed EMBA logic.

2) Deterministic Threshold-Based Scaled Adder (DTSA):
The second approach (DTSA) is to perform scaled addition
by accumulating all four product bits in each clock cycle. The
idea of DTSA has been described in Fig. 4.

Bitstream to binary 08
output conversion T =3 A
Q
i value at cloci
cycle8 «——— cycle1
(7/g) 11111101
4 42442314 Add
(/8)10110001 ler 44662414|
Gyelssumll $2@29002_==/ | T
(Tfg) 11110111 Adder Q_reg 02220100
6 2-bit
C/8) 10111101 feglstec

Tfg+%g+7/g+6/g=3

+—— 00222010

Fig. 4: Block diagram of the Deterministic Threshold-
based Scaled Adder (DTSA). In each cycle, the four 1-
bit product outputs are summed and added to a 2-bit
accumulator. When the sum reaches or exceeds 4, a ‘1’
is generated, and 4 is subtracted, effectively implementing
a floor operation over 8 cycles. The final MAC output in
the range [0, 4] is obtained by combining the accumulated
count with any residual and dividing the total by 8.
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TABLE I: DTSA Cycle-by-Cycle Computation Example

The cycle-by-cycle computation for the same example has
been described in Table I. As shown in Fig. 4, four 1-bit
outputs from the multipliers are summed by a Cycle Sum
Adder (a 3-bit adder that produces values in {0,1,2,3,4}).
Specifically, let define cycle_sum(c) as

4
cycle_sum(c) = ZMi(c), c=0,...,7 4)
i=1

where each M;(c) is a product bit from the i-th multiplier at
cycle c. This sum is added to a 2-bit accumulator register Qreg
storing the residual {0, 1,2,3} for later error compensation.
Formally,

A = Qe + cycle_sum(c). 5)
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If A > 4, the DTSA subtracts 4 from A and emits a ‘1’ in that
cycle’s output stream Y'; otherwise, it emits ‘0’ and retains A.

Mathematically,
it A>4, if A>4,

A -4, 1,

Qnext = A, otherwise, i) = 0, otherwise.
As we can see, Qo counts all the *1’s, which has not produced
any ’1’ in the output Y in the current clock cycle. But it will
generate 1’ as output when the accumulated value reach or
become larger than 4 in the future clock cycles.

Over 8 cycles, each multiplier M}, generates 8 single-bit

products Mj[é]. The total product count is thus
7

Total Product Count = Z(Ml [i] + Mali] + Ms[i] + My [z])

i=0
Since each threshold operation effectively divides the total
product count by 4, the number of ones in the output bit stream
Y is

#Y = (6)

{Total Product CountJ
1 )

with remainder after processing 8 cycles is stored in the
accumulator register Qpnex, thus implementing floor division.
Finally, to recover the binary MAC output, we add back the
remainder in Qpex¢ by computing:
Final_#ones = (#Y x4) + Quext;

Here, the multiplication by 4 operation is performed with left
shift by 2 operation in the hardware as described in the Fig.
4. Finally, we divide this by 8 to get binary MAC output as

Final_#ones
8

By eliminating the random MUX+LFSR from the accumulator
stage, the DTSA provides accurate scaled accumulation via a
deterministic flooring operation along with remainder value
(compensation term) in the register, significantly improving
precision while maintaining a simple, low-power design.

Again, DTSA is illustrated with a 4-input, 8-cycle case for
clarity, the architecture generalizes to arbitrary input sizes and
stream lengths. For M inputs, the Cycle-Sum adder must be
configured with [log, (M +1)] bits to represent the maximum
per-cycle sum, the residual register requires [log, (M )] bits to
retain the bounded remainder, and the output accumulator only
needs [log,(N + 1)] bits since it aggregates the emitted 0/1
stream over N cycles.

MACo, = € [0,4]. (7)

IV. IMPLEMENTATION OF MULTIPLE-INPUT E-HTC MAC
DESIGN

This section presents detailed hardware implementation
for multiplication and accumulation (MAC) operation. MAC
operation essentially is to perform a < a + (b X ¢) operation.
One may have multiple multiplications and one multi-input
summation (also called dot product) as follows:

N

a=> (bixc) (8)
i=1

Fig. 5 shows the general architecture for the multiple-input
MAC operations in Eq. 8, which serves as a fundamental
computing block for DSP and AI computing. In the E-HTC
framework, each multiplier takes one input in RB format
and another in TB format. Afterward, the E-HTC adder
(EMBA or DTSA) performs the addition operation for multiple
bitstreams. The EMBA directly provides the binary output,
whereas DTSA provides bitstream as output, which can either
be converted into TB format for subsequent HTC computations
or directly converted into binary.
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Fig. 5: General architecture for the proposed multiple-
input E-HTC MAC

In the following, we present a specific MAC design with
N =4 in Eq. 8. The core functional components of the 4 x 4
MAC unit, as illustrated in Fig. 6, 7, consist of four HTC
multipliers and the proposed E-HTC addition units (EMBA
or DTSA). Each HTC multiplier comprises an AND/XNOR
gate for unipolar/bipolar multiplication. This multiplier gate
processes one input bitstream from a temporal bitstream (TB)
generator (t;) and another input bitstream from a regulated
bitstream (RB) generator (7;). The RB and the TB of all
multiplicands (Xp,/Y}, in the binary domain) are generated
with a single up-counter.

The output bitstream from each HTC multiplier is then fed
into an adder unit (EMBA or DTSA) to perform accumulation.
In the EMBA-based HTC MAC, a multi-input binary adder
accumulates the bitstreams and produces a binary output. In
contrast, the DTSA-based HTC MAC allows flexibility in
post-processing: we can either regenerate the binary value or
convert the output bitstream into a temporal bitstream (TB)
for downstream E-HTC stages.

A. HTC MAC with Deterministic Threshold-Based Scaled
Addition

The detailed architecture of 4 x4 E-HTC MAC using DTSA
is described in Fig. 6. As we can observe, each HTC multiplier
takes one input in RB and another in TB format. These RB
and TB bitstreams are generated using a single up-counter
for all the multiplicands. The output bitstream of each HTC
multiplier is directed to the DTSA adder, which performs
the scaled addition of the 4 product output bitstreams using
threshold-based logic. The operating principle of the DTSA
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Fig. 6: Proposed 4x4 DTSA E-HTC MAC design

is described in detail in the Subsection III-A2. Notably, the
DTSA can produce a binary output that can be used directly
in a one-stage MAC computation (via the bitstream-to-binary
conversion logic shown in Fig. 4), or we can convert the output
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bitstreams (GB) into the TB format using straightforward shift
registers for subsequent MAC computation stages.

B. HTC MAC with exact multiple-input binary accumulator
(EMBA)

In contrast to the DTSA design, which employs per-
cycle threshold-based logic for the scaled addition, our sec-
ond approach—the Exact Multiple Input Binary Accumula-
tor (EMBA)-based MAC—adopts a different strategy. The
complete 4 x 4 EMBA-based E-HTC MAC architecture is
illustrated in Fig. 7. Aside from replacing the adder unit with
the EMBA adder, the rest of the architecture remains similar
to DTSA-based E-HTC MAC. The detailed architecture of
the EMBA adder is depicted in Fig. 3, which utilizes an exact
binary adder to perform per-cycle binary additions, and the
resulting cycle sums are accumulated in a register. This process
precisely counts the number of ones in the input bitstreams,
yielding an accurate binary output after one stage of MAC
computation.
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Fig. 7: Proposed 4><4 EMBA HTC MAC design

V. EXPERIMENTAL RESULTS AND DISCUSSION

We benchmark the proposed EMBA- and DTSA-based E-
HTC MAC:s against two state-of-the-art designs: (i) the CBSC-
based MAC because CBSC is widely regarded as one of the
most accurate deterministic stochastic-computing approaches,
with proven area and power advantages over conventional
binary MACs—and the (ii)) MUX-based HTC MAC [4], its
direct predecessor in the hybrid-temporal paradigm.

All four 4 x 4 MAC variants—EMBA, DTSA, CBSC, and
MUX-HTC—are first benchmarked as standalone dot-product
engines. At the MAC level, both the unipolar and bipolar
variants complete a single 256-cycle stochastic pass, corre-
sponding to 2.56 s at a 10ns clock period. These architectures
can scale to larger arrays (e.g., 88, 16 x 16) by tiling identical
4 x 4 MAC blocks. Next, each MAC variant is embedded in
two representative DSP accelerators—a 6-tap FIR filter and
an 8-point DCT/iDCT engine—to compare area, power, and
accuracy across implementations. We omit a dedicated latency
column at the accelerator level because each 4 x 4 MAC tiles
in their implementations is performing one 256-cycle pass
on a common 10ns clock, end-to-end latency is fixed and
identical across all four MAC flavours, offering no additional
discriminatory insight.

All designs, including bit-stream generation logic, were
coded in Verilog RTL and synthesized with Synopsys Design

Compiler with 32 nm EDK library from the Synopsys Uni-
versity Software Program under identical design constraints
to extract area (um2) and power (UW). We report MAC-level
accuracy using root-mean-square error (RMSE) and standard
deviation of the error (SDE), and application-level quality via
RMSE and peak signal-to-noise ratio (PSNR).

A. Performance comparison for a MAC unit design

Tables II (unipolar) and III (bipolar) compare the four 4 x 4
MAC variants in terms of area, power, latency, RMSE, and
SDE. Each MAC unit computes the dot-product of two four-
element vectors using 8-bit binary operands.

TABLE II: Comparison for RMSE, SDE, area, power, and
latency for a MAC unit - (unipolar 8-bit binary number)

MAC design ~ Area Power Latency RMSE SDE (%)
(pm~) (W) (ns) (%)

CBSC 2202.67 63.91 2560 0.52 0.29
MAC [6]
HTC 609.68 23.84 2560 7.90 4.84
MAC [4]
HTC MAC  567.55 18.33 2560 0.52 0.35
(EMBA)
HTC MAC 57046 22.50 2560 0.52 0.35
(DTSA)

TABLE III: Comparison for RMSE, SDE, area, power, and

latency for a MAC unit - (bipolar 8-bit binary number)
MAC design Areg Power Latency RMSE SDE (%)

um?) (W) (ns) (%)

CBSC 2553.77 86.79 2560 1.40 0.84
MAC [5]
HTC 839.78 35.78 2560 12.51 7.52
MAC [4]
HTC MAC  606.91 20.53 2560 2.09 1.40
(EMBA)
HTC MAC  830.78 27.62 2560 2.09 1.40
(DTSA)

Table II shows that EMBA and DTSA match the CBSC
MAC’s RMSE of 0.52% while reducing area by over 74% and
power by more than 64%. Relative to the MUX-HTC MAC
(RMSE 7. 90%) both EMBA and DTSA achieve around 94%
reduction in RMSE. Compared to MUX-HTC, EMBA reduces
area and power by around 7% and 23%, respectively, while
DTSA reduces area and power by 6.4% and 5.6%, respectively.
Table III shows that in the bipolar domain EMBA and
DTSA achieve an RMSE of approximately 2.1%, representing
roughly an 83% reduction compared to the MUX-HTC MAC
(12.51%). While this approach CBSC’s superior RMSE of
1.40%, CBSC still retains the accuracy lead. In terms of
hardware efficiency, EMBA reduces area and power by ap-
proximately 76% each versus CBSC and by about 28% and
43%, respectively, versus MUX-HTC; DTSA reduces area and
power by around 67% and 68% versus CBSC and by roughly
1% and 23% versus MUX-HTC.

The CBSC MAC attains superior accuracy in the bipolar
domain by adapting its cycle count to the actual operand mag-
nitude rather than using a fixed 2"-length bitstream. Specif-
ically, following [5], each N-bit two’s-complement operand
is converted to sign—-magnitude form, and an FSM generates
a deterministic magnitude bitstream. The sign of the product
is obtained by XORing the operand signs, and an up—down
counter accumulates +1/—1 over exactly RV~ . W/| cycles-
incrementing for ‘1’ bits and decrementing for ‘0’ bits. This
on-demand, magnitude-driven counting skips unused cycles
when ‘W‘ is small and extends to capture larger products
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when |WLis large, thereby minimizing bitstream variance and
yielding the lower RMSE and higher PSNR.

B. Application I: 6-Tap Finite Impulse Response Filter

To demonstrate the practical advantages of our newly pro-
posed E-HTC MAC architectures, we implemented a 6-tap
Gaussian-windowed FIR blur filter, chosen for its smooth
low-pass response and minimal ringing artifacts [19]. This
FIR filter was applied to five images from the USC-SIPI
image database [20], which were selected to represent a
range of textures and complexities. All filter coefficients were
quantized as 8-bit unipolar fractional binary numbers to ensure
compatibility with the bitstream computing framework. The
quality of the filtered images was quantitatively evaluated
using the root mean squared error (RMSE) and the peak signal-
to-noise ratio (PSNR) in decibels (dB).

As detailed in Table IV, both EMBA and DTSA match
CBSC'’s accuracy. Across all five test images, both EMBA and
DTSA designs consistently deliver a PSNR gain of 3-5dB and
an RMSE reduction of approximately 30-45% compared to
the MUX-based design, underscoring the substantial accuracy
benefits provided by our new deterministic addition methods.

In terms of hardware costs, the lower section of Table IV
reports the area (in ym?) and power consumption (in pW)
for the FIR filter implementations. Relative to the MUX-
based approach, EMBA reduces area by approximately 3%
and power by 13%, while DTSA achieves 1% area and 2%
power savings. Moreover, when compared to the CBSC MAC,
both proposed E-HTC designs achieve an area reduction of
more than 64% along with power savings of roughly 62% for
EMBA and around 57% for DTSA.

Fig. 8 illustrates the filtering results for the “Man” im-
age using all the mentioned approaches. Fig. 8a shows the
original image, while Fig. 8b displays the output from the
CBSC, EMBA, and DTSA MACs, which all yield identical
PSNR and RMSE and are therefore merged into a single
image. Fig. 8c corresponds to the existing MUX-based HTC
MAC. As the figure reveals, the merged filtered output Image
from CBSC/EMBA/DTSA is nearly indistinguishable from the
original Image in terms of visual quality, confirming that our
proposed designs achieve the same high accuracy as the state-
of-the-art CBSC approach. In contrast, the MUX-based HTC
MAC output exhibits noticeable differences, consistent with
its higher RMSE and lower PSNR.

(c)

Fig. 8: The effect of applying Gaussian blurring filter
on (a) Original Image, where the 6-tap unipolar filter is
implemented with (b) CBSC/EMBA/DTSA MAC (identical
results); (c) HTC MAC (MUX-based)

C. Application II: Discrete Cosine Transform

We further evaluated our proposed E-HTC MAC designs for
the bipolar approach in a widely used image compression tool,
the Discrete Cosine Transform (DCT), where the coefficients
can be negative. We implemented 8-point DCT accelerators
with eight coefficients using our two new proposed E-HTC
MAC architectures (EMBA and DTSA based) and compared

TABLE IV: Performance comparison for 6-tap FIR-filter

HTC MAC HTC MAC HTC MAC
CBSC MAC (MUX-based) (EMBA-based) | (DTSA-based)
Image PSNR RMSE | PSNR RMSE | PSNR RMSE | PSNR RMSE
(dB) (dB) (dB) (dB)
Boat 21.14 0.08 16.72 0.14 21.14 0.08 21.14 0.08
Man 22.11 0.07 18.54 0.11 22.11 0.07 22.11 0.07
Couple  20.81 0.09 17.08 0.13 20.81 0.09 20.81 0.09
Bridge 19.62 0.10 16.61 0.14 19.62 0.10 19.62 0.10
Clock 20.41 0.09 15.09 0.17 20.41 0.09 20.41 0.09
Hardware Areg Power Areg Power Areg Power Areg Power
cost (pm*) (W) | (pm=) (W) | (um?) (uW) | (pm*)  (uW)
3174.66 92.01 |1149.78 40.53 |1115.84 35.06 |1137.81 39.73

with bipolar CBSC MAC [5] and the existing MUX-based
HTC MAC [4]. This example compares the performance of the
two new proposed E-HTC MAC designs in bipolar encoding
designs.

(© (d
Fig. 9: The discrete cosine filter applied to (a) original
image of a bridge, where filter MAC is implemented with
(b) CBSC MAC, (c) HTC MAC (EMBA/DTSA; identical
results), (d) HTC MAC (MUX-based).

We first transformed five images of varying resolutions from
the USC-SIPI-miscellaneous dataset [20]. All images and 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 domain using an 8-point inverse Discrete Cosine
Transform (IDCT) filter. The quality of the transformed images
was evaluated by computing the peak signal-to-noise ratio
(PSNR) in dB and the root mean square error (RMSE) of
the image transformed back to the original form by the IDCT
filter.

Table V presents the error metrics and hardware imple-
mentation costs of these designs. The CBSC MAC was
implemented using a bipolar CBSC multiplier architecture
to multiply two signed numbers, as described in [5], with
exact binary adders summing the multiplication results. The
8-point DCT filter was then built from two 4x1 CBSC MACs,
each performing four CBSC multiplications and three binary
additions.

The proposed new E-HTC MAC-based DCT filter accel-
erator was implemented using the same MAC architectures
discussed in Section IV. The idea of generating a regulated
and temporal bit stream for the bipolar remains the same
as described in [4] and also reviewed in Section II-B. Our
proposed E-HTC MAC architectures incorporate four bipolar
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HTC multipliers and one adder unit (EMBA/DTSA) to sum
up the results of the four multiplications. Two four-input HTC
MAC:s are utilized to implement the 8-point approximate DCT
filter.

As shown in Table V, both our newly proposed E-HTC
MAC designs yield substantially higher PSNR values than the
existing MUX-based HTC design while consuming consider-
ably less area and power. Across all five test images, EMBA
and DTSA consistently show improvements of about 10-12 dB
in PSNR and roughly 70-75% reductions in RMSE relative to
the MUX-based design, confirming the significant accuracy
boost provided by our new deterministic summation methods.

Although, the CBSC MAC-based DCT filter achieves higher
PSNR than our proposed E-HTC designs because of the reason
described in Section V-A. However, this accuracy comes at
a hardware cost as EMBA and DTSA offer more than 10%
reduction in the area and draw power of 0.55-0.60 mW, which
is nearly 90% power savings than CBSC (5.58 mW). These
results demonstrate that E-HTC MAC designs provide the best
trade-off between accuracy and hardware efficiency for DCT-
based image compression, substantially surpassing the MUX-
based baseline while retaining far lower power and area costs
than CBSC.

Fig. 9 illustrates the results for the “Bridge” image using all
the mentioned approaches. Fig. 9a shows the original image,
while Fig. 9b displays the output from the CBSC MAC, Fig. 9¢c
corresponds to our EMBA/DTSA based MAC and Fig. 9d
correspond to the existing MUX-based HTC MAC. As the
figure reveals, our proposed E-HTC design-based DCT filter
retains the quality of the original image with a PSNR range
of approximately 30 dB, which is generally sufficient for such
operations.

TABLE V: Performance comparison for 8-point DCT
HTC MAC HTC MAC

HTC MAC
CBSC MAC

(MUX-based) (EMBA-based) (DTSA-based)

Image PSNR RMSE | PSNR RMSE | PSNR RMSE | PSNR RMSE
(dB) (dB) (dB) (dB)

Boat 40.37 244 18.69  29.63 30.88 7.28 30.88 7.28
Man 39.16 2.81 18.10 31.74 30.62 7.51 30.62 7.51
Couple 40.89 2.30 1852 30.25 30.48 7.63 30.48 7.63
Bridge 39.98 2.55 1849 3033 30.42 7.68 30.42 7.68
Clock 41.01 2.26 20.18 2499 31.62 6.69 31.62 6.69
Hardware Area  Power Areg Power Areg Power Areg Power
cost  (um?) (W) | (um?) (W) | (um?) (uW) | @m®)  (uW)

35204.10 5580 |34626.52 646.18 |30570.96 553.48 |31716.99 596.06

VI. CONCLUSION

In this work, we introduce an accuracy-enhanced Hy-
brid Temporal Computing (E-HTC) framework that replaces
the stochastic, MUX-based adder of existing HTC designs
with two new deterministic summation schemes: the Exact
Multiple-input Binary Accumulator (EMBA), which directly
accumulates multiple bitstream inputs in binary form and the
Deterministic Threshold-based Scaled Adder (DTSA), which
utilizes threshold-based logic to perform scaled addition. We
presented the detailed architecture of the proposed adders and
then developed corresponding 4 x 4 MAC arithmetic units
and demonstrated them on two applications: Finite Impulse
Response (FIR) filter and DCT/iDCT engine design. Experi-
ment results showed that for a 4 x 4 MAC, EMBA and DTSA
match the 0.52% RMSE of state-of-the-art CBSC designs in
unipolar coding yet reduce power by over 64% and area by
over 74%. Relative to existing MUX-based HTC MAC, it is
94% RMSE improvement along with power and area benefits
of around 23% and 7%, respectively, by EMBA and 5.6% and
6.4% by DTSA. In bipolar mode, the E-HTC MAC achieves

an RMSE of 2.09%—an 83% improvement over the bipolar
MUX-based HTC MAC and approaching the bipolar CBSC
MAC’s RMSE of 1.40%—while cutting area and power by
roughly up to 28% and 43% versus MUX-HTC and by up
to about 76% each versus CBSC. For the FIR filter design,
both schemes provide 3-5dB PSNR gain (35-45% RMSE
reduction) over the MUX-based design with similar accuracy
to CBSC while saving up to 13% power and 3% area over the
MUX-based design. Compared to CBSC, the proposed design
yields area and power reductions of nearly 65% and 62%,
respectively. In the DCT/iDCT application, EMBA and DTSA
deliver 10-13 dB PSNR improvements (70-75% RMSE drop)
over MUX- based HTC, along with roughly 90% power and
more than 10% area improvements over CBSC.
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