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Abstract—We propose a differential bidirectional gated
ring-oscillator (DGRO)-based multiply-and-accumulate (MAC)
macro, where the input activation and weight bits are respectively
driven by current DAC (IDAC) and a digital-to-time converter
(DTC). This architecturally decouples both paths from the MAC
core, enhancing scalability. It maintains linearity by canceling
harmonic distortion via a differential IDAC-driven activation
path. With an on-chip calibration addressing the PVT variation,
the design achieves a Sb/9b reconfigurable MAC engine by a
partial-product quantization technique, reaching a peak effi-
ciency of ~35TOPS/W for 9-bit computations in 22-nm CMOS,
delivering the best figure-of-merit (FoM).

Index Terms—Analog multiplication and accumulation (MAC),
gated ring-oscillator, phase-domain MAC, PVT variation.

I. INTRODUCTION

Traditional digital implementations of MAC operations face
limitations in hardware complexity and energy efficiency,
prompting interest in approximate computing techniques [1]
[2], even though these approaches may reduce the general-
purpose applicability. Analog-centric approaches offer ad-
vantages in compactness and power efficiency [3]-[7], but
face two major challenges: 1) reduced accuracy due to the
MOS non-linearity and process, voltage, temperature (PVT)
variations; and 2) limited scalability in forming large MAC
arrays due to the presence of DACs in the activation or
weight paths. For instance, time-domain methods [5] [6], see
Fig. 1(a), utilize digital-to-time converters (DTCs) and bidi-
rectional gated ring oscillators (BGRO) for signed MACs but
suffer from increased dynamic power and difficulties with PVT
calibration due to the parallel inverters for activation encoding.
Alternatively, [4] improves the PVT robustness and efficiency
via a hybrid time-frequency design using comparators and
counters (see Fig. 1(b)), but requires high-speed clocks, with
bit resolution scaling adding more comparators and limiting
the array scalability.

II. PROPOSED DIFFERENTIAL BGRO MAC

To overcome the aforementioned limitations, this article
presents a MAC architecture, as shown in Fig. 1(c), that is
more energy efficient and entails higher scalability. In this
work, the input activation data (D;,) is first converted to
the analog domain via an IDAC that drives the tail current
of the current-starved ring oscillator (RO) to modulate its
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Fig. 1. (a) Conventional phase-domain MAC [3], (b) time-frequency hybrid
MAC [4], and (c) the proposed MAC.

frequency. This removes the parallel inverter (as was done
in [3]), therefore reducing the capacitive load seen by each
GRO stage, significantly enhancing the energy efficiency. The
multiplication is performed through pulse gating, with pulse
duration proportional to Wy, x t4, where ¢4 is the unit pulse
width. This allows for a decoupled MAC core from the data
and weight paths, thus facilitating architectural scalability.

Despite these architectural enhancements, a key design
challenge arises from the non-ideal behavior of the RO.
Specifically, the frequency of the RO exhibits a dominant
second-order non-linear dependence on the tail current. This
non-linearity introduces as harmonic distortions in the output,
particularly even-order harmonics, which ultimately degrade
the accuracy of the MAC computation. To address this issue
and to improve the overall linearity, a differential BGRO
(DGRO) topology is adopted as shown in Fig.2. By lever-
aging differential signaling in the data path, this configuration
effectively cancels out the even-order harmonic components,
thereby enhancing the linearity of the MAC operation. The
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Fig. 2. Proposed DGRO-MAC with even-harmonic cancellation.

timing diagram for the differential operation of a dot prod-
uct of two-dimensional vectors is shown in Fig.3(a), while
Fig. 3(b) shows differential results for varying activation data,
delineating the linearity improvement.

The system-level block diagram of the proposed DGRO-
MAC and the schematic of key building blocks are shown
in Fig.3(c) and Fig.4, respectively. Upon assertion of the
external MACy,,¢ signal, the activation and weight data are
fetched from a non-empty FIFO. In the activation path, the
IDAC generates precise voltages for GRO stages (current-
starved cells) via an external current source and current mirror,
allowing a trade-off of power adjustment with throughput.
The complementary IDAC cancels the even-order harmonic
distortion, improves the linearity, and makes the power con-
sumption independent of the activation value. For the weight
path, a counter-based DTC generates a weighted pulse with
a de-glitch mechanism using a gray counter. As shown in
the timing diagram in Fig.4(c), when MACrgRic goes high,
the clock generation block gets activated, advancing the gray
counter. A non-zero value of the counter sets the output high
(DTCOUT = ‘1’), and upon reaching the target weight, a reset
pulse returns the output low, terminating the pulse. This reset
pulse also clocks the weight and activation FIFOs, enabling
asynchronous data transfer with a minimal tg,, to maximize
throughput. When the FIFO is empty, it de-asserts MACTric,
signaling an operation completion.

To address the residue non-linearity in the proposed DGRO
MAC and enhance the overall applicability of the architecture
for general-purpose workloads, an on-chip PVT calibration
scheme is introduced, as illustrated in Fig.5. The calibration
scheme leverages a 5-bit capacitive DAC (CDAC) to modulate
the inter-stage delay within the clock generation block of
the DTC. By adjusting this delay, the calibration dynamically
tunes the DTC clock frequency, enabling fine-grained control
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Fig. 3. (a) Timing diagram of MAC operation. (b) Differential output vs.
input activation. (c) System and timing diagrams.
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Fig. 4. Partial product quantization for bit resolution extension, and block
diagram of the background PVT calibration and behavioral simulations.

over the timing characteristics. This modulation influences
the DTC pulse width, as each stage of the ring oscillator
(RO) produces sharp timing edges that are subsequently edge-
combined to form a unified clock signal. This composite clock
signal is then used to drive the gray counter (see Fig.4(c)),
whose output bits are logically OR’ed to generate the final
gating pulse for the DGRO, proportional to the input weight,
for the MAC computation.

The calibration process, shown at the bottom of Fig.5,
operates by comparing the output of the differential BGRO
(DGRO) to a predefined reference representing the desired
digital multiplication result. The difference between the ac-
tual and expected outputs generates an error signal, which
quantifies the deviation in MAC operation. This error signal
is accumulated over time using an integrator, enhancing the
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Fig. 5. Block diagram of the background PVT calibration and behavioral
simulations.

system’s sensitivity to persistent deviations. The integrated
error is then passed through a decimation stage, which filters
and down-samples the signal to produce a stable CDAC
calibration code. This code is subsequently applied to the DTC
to finely adjust the pulse width, effectively compensating for
variations introduced by PVT fluctuations. As a result, the
calibration loop ensures consistent and accurate MAC behavior
across a wide range of operating conditions.

To enhance the efficiency of the calibration loop and reduce
convergence time, a gear-shifting mechanism is introduced.
This adaptive control strategy dynamically adjusts the deci-
mation factor, denoted by p, enabling the system to respond
rapidly during initial transients with a coarse update rate. As
the system approaches its target operating point, the update
rate gradually transitions to a finer resolution. This progression
ensures both fast initial response and precise final calibration.
As a result, the proposed calibration approach effectively
compensates for system non-linearity and PVT variations.

A 5-bit signed operation was chosen to simplify the DTC
and IDAC designs, enhance throughput, and minimize IDAC-
induced non-linearity. To scale the MAC functionality to sup-
port higher precision, specifically 9-bit signed activations and
weights, a partial-product quantization technique is employed,
as shown in Fig.6(a), inspired by the method described in
[8]. This technique employs four parallel 5-bit MAC units,
each processing a segment of the full 9-bit computation.
These partial results are then combined to form the complete
9-bit MAC output. To ensure timing integrity and avoid
timing hazards, such as false clocking in the FIFO buffer,
synchronized clock gating is applied across all four MAC
units as depicted in Fig. 6(c). Additionally, to mitigate error
accumulation from the resolution expansion from 5 to 9 bits,
which could otherwise cause significant DNL and INL, the
previously discussed calibration scheme is employed. This
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Fig. 6. (a) Partial product quantization for bit resolution extension. (b) Soft-
ware stack for evaluation, and (c¢) Conceptual MAC array and implemented
5/9-bit synchronization scheme.
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Fig. 7. Measurement MAC results and corresponding DNL and INL with
and without the calibration.

calibration effectively suppresses the non-linearity magnifica-
tion effect when expanded to higher resolution, allowing the
system to maintain the original 5-bit MAC throughput while
significantly improving the effective resolution. As a result, the
proposed architecture offers flexible and scalable computing
capability. It supports either a fully reconfigurable (m x m) 5-
bit MAC mode or a (m/2 xn/2) 9-bit MAC mode, depending
on application-specific precision and performance needs. Here,
m and n denote the number of activation and weight input
paths, respectively. Notably, this reconfigurable design enables
the MAC array scaling with an area complexity of O(m X n)



(see Fig. 6(c)), in contrast to prior works such as [3] and [4],
where the array size scales with O(m x n x precision) due
to the precision-specific hardware replication. This efficient
scaling leads to substantial area and energy savings, especially
in large-scale MAC arrays.

III. MEASUREMENT RESULTS AND CONCLUSION

Fabricated in GlobalFoundries (GF) 22-nm FD-SOI, the
proposed MAC core (DGRO + Readout) occupies 850 um?.
The measurement results for the signed 9-bit DGRO MAC
across various activation and weight combinations are shown
in Fig.7. The calibration significantly improves the linearity
and reduces the peak-to-peak weight-normalized DNL and
INL from £6LSB to below £2LSB. To evaluate the impact
of the calibration in a full deep neural network (DNN)-
based applications, two pre-trained 9-bit quantized mod-
els were evaluated: 1C5-16C5-MP2-32C5-MP2-50FC-10FC
for MNIST, and (32C3)x2-MP2-(64C3)x2-MP2-(128C3)x3-
MP2-128FC-10FC for CIFAR-10. The software evaluation
stack is delineated in Fig. 6(b). Measured MAC results across
all activation and weight pairs were stored in a LUT, which
was then used for the inferences. Without the calibration,
MAC nonlinearities lead to significant accuracy degradation.
In contrast, the calibrated MACs closely matched the accuracy
of the software baseline (see Fig. 8).

In the 9-bit MAC, the DTC and IDAC together con-
tribute ~50% of the total power consumption. However,
this overhead can be amortized through architectural scaling
in large MAC arrays, especially in DNN accelerators, by
exploiting the decoupled activation and weight paths. The
proposed design achieves an estimated peak performance of
35.5TOPS/W for MNIST and 33.9 TOPS/W for CIFAR-10.
Fig. 9 compares our design with state-of-the-art, demonstrating
that the proposed compact DGRO-based MAC achieves a FoM
of 2876 TOPS/W-bit2, which represents the highest-reported
FoM among both analog and digital MAC architectures offer-
ing comparable 5b/9b reconfigurability.
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