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Abstract— A 28.8-GB/s 96-MB 3D-stacked SRAM is presented.
A total of eight SRAM dies, designed in a 40-nm CMOS process,
are vertically stacked and connected using an inductive coupling
wireless link with a low-voltage NMOS push-pull transmitter
that reduces the power of the link by 35% with a 0.4-V power
supply. The SRAM utilizes an inverted bit insertion scheme that
compensates for the degradation of the first transmitted bit, a coil
termination scheme that aims to eliminate the ringing of 3D
inductive coupling bus, and a 12:1 SerDes that minimizes power
consumption and area overhead in inductive coupling channels.
Low-power, large-capacity, 3-cycle latency 3D-stacked SRAM for
a DNN accelerator is achieved with the combination of these
techniques to serve as a replacement of 3D-stacked DRAM. The
performance of the proposed 3D-SRAM is compared with HBM
DRAM and achieves more than 50% lower energy consumption.
The scaling scenario of the SRAM module is discussed in light
of the scaling of the inductive coupling technology and logic
process.

Index Terms— 3D integration, 3D memory architecture, deep
neural networks (DNNs), inductive coupling, static random
access memory (SRAM), through silicon via (TSV), ThruChip
interface (TCI).

I. INTRODUCTION

DEEP neural networks (DNNs) have become widespread
in machine-learning applications. DNNs need large

and high-bandwidth memories to process large quantities of
data [1]. In conventional work, dynamic random access mem-
ory (DRAM) dies are stacked on an artificial intelligence (AI)
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Fig. 1. Comparison of TSV and TCI.

accelerator and connected by through-silicon vias (TSVs) to
provide the required large and high-bandwidth memories [2].
However, TSVs, which are also found in high-bandwidth
memory (HBM) and hybrid memory cubes (HMCs), require
an additional mechanical process that results in higher manu-
facturing costs and worse yields [3], [4]. Moreover, the long
latency of DRAM access causes computation stalls which
limits its performance [2].

To solve these problems, a solution with 3D static ran-
dom access memory (SRAM) stacked on a DNN inference
engine [5], [6] using an inductive coupling wireless link,
namely the ThruChip Interface (TCI), has been proposed [7].
TCI is an inter-chip wireless communication interface between
vertically stacked chips using on-chip coils which circum-
vents the issues of TSVs [8]–[11]. Hundreds of on-chip
coils enable high-bandwidth memories with high-speed and
low-power links. In addition, as seen in Fig. 1, TCI, unlike
TSV, needs only a standard complementary metal-oxide semi-
conductor (CMOS) process to create the coils and transceiver
circuits, which leads to low costs and good yield [12]. TCI
has high reliability thanks to its wireless nature. Furthermore,
while TSV needs electrostatic discharge (ESD) protection
circuits, keep-out zone (KOZ), and level shifter circuits, TCI
requires none of them, and its coils can be placed even directly
above circuits.
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Fig. 2. Comparison between DRAM and SRAM in DNNs [5], [6].

Whereas the long-latency DRAM is problematic in many
DNN applications, the low-latency SRAM plays a key role in
DNNs in improving its performance [5], [6]. The computation
in DNNs is represented by the equation in Fig. 2 using
their weight W , input activation A, and bias b. While the
weights and biases need long burst access, for which the
memory latency is almost the same in DRAM and SRAM,
the activations tend to need short burst access especially for
low-bit quantization, for which DRAM and SRAM latencies
are drastically different. As illustrated in Fig. 2, while the
long-latency DRAM access for retrieval of activations tends to
take longer than the processing time resulting in computation
stalls, the short-latency SRAM access is within the processing
time. As a result, it was reported in [6] that the long DRAM
latency adversely affects performance [TOPS] in different
types of DNNs, and that utilizing an SRAM instead of a
DRAM solution improves DNN performance. In particular,
the LeNet benchmark performance with 3D-SRAM is more
than twice as high as that with 3D-DRAM. Therefore, the
3D-stacked SRAM module using TCI is a promising technol-
ogy for achieving a low-power, low-cost and high-performance
AI accelerator.

Edge and mobile devices have strict requirements for power
efficiency, which are directly linked to their overall perfor-
mance. TCI has previously been demonstrated as a low power
interface technology due to its wireless nature. Besides, this
work proposes a new type of TCI transmitter operating at a
lower voltage than that of conventional ones. The transmission
power of the new transmitter is reduced by 35% using a 0.40V
supply. Its operation between stacked dies was experimentally
confirmed in this work.

This work also proposes a new termination scheme to solve
a problem caused by multi-stacked coils. In addition, this paper
presents an inverted bit insertion scheme to compensate for the
reduced transmission strength of the first transmitted bit after
the transmitter’s turn-on sequence.

This paper is an extended version of our previous confer-
ence paper [7] and adds extra description of the 3D-SRAM
and the newly proposed transmitter and termination scheme,
along with experimental results and performance discussion.

Fig. 3. Overview of 3D-stacked SRAM on DNN accelerator [7].

This work is organized as follows. Section II describes the
proposal of a 3D-stacked SRAM module using an inductive
coupling technology with an overview, power distribution,
block diagram, packet format, and timing diagram. Section III
describes the inductive coupling link for the 3D-SRAM with
a termination scheme that solves the problem where an open
coil of a transmitter in sleep state degrades received signals, a
new transmitter operating at a lower voltage than conventional
ones, and an inverted bit insertion scheme to compensate
for the transmission weakness in the first transmitted bit.
Section IV discusses the experimental results, performance
of the 3D-SRAM, and a scaling scenario of the module.
Section V concludes this paper.

II. 3D-STACKED SRAM USING INDUCTIVE COUPLING

A. Overview

Fig. 3 illustrates the proposed 28.8-GB/s 96-MB 3D-stacked
SRAM module using inductive coupling. An accelerator
die [5], [6] and stacked SRAM dies are wirelessly connected
by TCI. Each SRAM die is thinned down to 8 μm and verti-
cally stacked [13], [14]. Each die is composed of 24 channels,
and each channel in an SRAM die has a 512-KB capacity
SRAM and measures 2250 x 1945 μm2. The maximum
operating frequency is 300 MHz, which is limited by the
SRAM access path. Each channel has 12 TCI transceiver
circuits and 200 x 200 μm2 coils to cover the maximum
communication distance of 64 μm across 8 stacked SRAM
dies. Each TCI link has the capability of communicating at
a data rate of 3.6 Gbps. The channel pitch is 400 μm to
minimize channel-to-channel crosstalk [15].

B. Inductive Coupling Multi-Drop Bus

The accelerator die and SRAM dies in the module are wire-
lessly connected through an inductive coupling, multi-drop
bus. The inductive coupling, multi-drop bus has the advantage
of high energy-efficiency. Fig. 4 shows comparisons of the
multi-drop TSV and multi-drop TCI busses in power, delay,
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Fig. 4. Comparison of TSV and TCI in multi-drop bus.

and defects. According to the figure, all of these parameters of
the multi-drop TSV bus increase rapidly in proportion to the
number of stacked chips, as the capacitance of the transceivers,
ESD protection circuits and the paths of the TSV and μ-bump
increase. On the other hand, the capacitance in multi-drop TCI
increases slowly against the number of stacked dies because
TCI utilizes small coupling between coils (coupling coefficient
<0.2) which reduces the effective loading of each receiver
on the bus. In addition, by adjusting the coil dimensions
as N increases, the transmitter power can be kept constant
such that the only power increase of the multi-drop TCI bus
is from receiver circuits, each of which consumes 1/4 the
power of the transmitter. Therefore, power consumption of
the inductive coupling, multi-drop bus increases quite slowly
against the number of stacked dies. The delay is also fairly
constant over different numbers of dies, as small coupling
between coils reduces the effective loading and the magnetic
field penetrates through chips at the speed of light. Therefore,
this work achieves reduced IO power with a multi-stacked
SRAM module using an inductive coupling, multi-drop bus.

C. Power Distribution

While data communication between stacked chips is con-
ducted by using inductive coupling technology, power to
stacked SRAM dies is supplied through bump-less TSVs [14].
While this solution does not fully eliminate the use of TSVs,
there are some important differences between TSVs for data
communication and TSVs for power distribution.

Table I summarizes the comparison between signal TSVs
and power TSVs. Firstly, while signal TSVs are high-aspect
ratio and small in diameter to reduce parasitic capacitance
load and area overhead, power TSVs are low-aspect ratio
and large in diameter to reduce parasitic resistance and the
power supply voltage (IR) drop. High-aspect-ratio TSVs are
generally difficult to manufacture and have worse manufac-
turing yield [16], [17]. Therefore, power TSVs have better
manufacturability than signal TSVs.

Secondly, the number of signal TSVs per net is one or two in
order to keep total number of TSVs small. On the other hand,
many power TSVs are placed across the whole chip in parallel
to suppress IR drop. One of the most common malfunctions

TABLE I

COMPARISON OF SIGNAL TSVS AND POWER TSVS

which occurs in TSVs is open failure, which makes the TSV’s
connection open. Whereas open failure causes fatal errors on
signal TSVs, it rarely causes problems on power TSVs thanks
to redundantly placed TSVs.

Thus, it is vital to replace signal TSVs with the high-yield
and high-reliability TCI since signal TSVs have low yield
and their open failures cause fatal problems. While highly
doped silicon via (HDSV) will provide a low-cost TSV-less
power distribution solution, the technology is still in an early
investigation stage [18], [19]. On the other hand, existing
wireless power transfer technologies have low area and power
transfer efficiencies [20]. As a result, TSVs are utilized for
power distribution in this work.

D. Block Diagram

Fig. 5 depicts the 3D-stacked SRAM module block diagram.
Each channel of the accelerator die can access any stacked
SRAM die and can enter into sleep mode independently
from the other channels. This architecture enables extendibility
and low-power operation. The data communication is carried
out in a source-synchronous manner, and SRAM macros
operate at a frequency of 300 MHz obtained by dividing
down the 3.6-GHz system clock distributed using the TCI
bus. A 12:1 serial-to-parallel (S/P) and parallel-to-serial (P/S)
conversion system is utilized to exchange data between a
TCI channel and its associated SRAM macro or accelerator
die logic in the proposed SRAM module. Because the TCI
transceiver power consumption is independent of data rate,
adopting a 12:1 serializer/deserializer (SerDes) to increase the
channel data rate reduces per-bit TCI power consumption and
layout area by a factor of 12 as seen in Fig. 6 [21]. While
the area overhead is as large as 216%, which reduces the area
available for SRAM macros, in the case of many parallel data
links without SerDes, the area overhead is as low as 18% in
the case of 12:1 serial data links with SerDes. In addition,
the area and energy overhead for the SerDes circuits are low
compared to the IO area. The read latency including the TCI,
S/P, and P/S process time is three cycles at 300 MHz. The
phase difference between the clock and data is controlled by
the clock generator allocated in each channel.

E. Packet Format

Fig. 7 shows the packet format. Each packet is a 12-bit
unit, because 12:1 P/S or S/P conversion is used in the
TCI-SRAM interface. There are seven TCI downlinks to trans-
mit a system clock signal (CLK), a chip select signal (CS),
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Fig. 5. 3D-stacked SRAM block diagram [7].

Fig. 6. Comparison of 12 parallel data links without SerDes and serial data
link with SerDes.

bank address (BA[0:2]), SRAM address (A[0:16]), write data
(DI[0:31]) and a read/write flag (R/W), and five TCI uplinks
to transmit a strobe signal (DQS) and read data (DO[0:31]),
using 12-bit packets. Therefore, each channel has a total of
12 TCI links. The first bit of the packet is the inversion of
the second bit to implement an inverted bit insertion scheme,
which is discussed in detail in Section III. This packet format
enables a three-cycle SRAM latency.

F. Timing Diagram

Fig. 8 is a timing diagram of an accelerator die and SRAM
die for a single SRAM read operation. First, five transmitters
in an accelerator die send a CLK, CS, read address, bank
address, and read flag to all SRAM dies after serializing the

Fig. 7. Packet format for 3D SRAM access [7].

signals from the accelerator die logic. Then, only one SRAM
die is activated based on the bank address. The received
address is deserialized and sent to the target SRAM macro,
from which data are read within one cycle. The read data are
transmitted from the SRAM die to the accelerator die through
five TCI links together with a DQS after serialization. Finally,
the received read data are deserialized and sent back to the
accelerator logic. Therefore, 3D-SRAM read latency is three
cycles. Moreover, the TCI operation delay is almost constant,
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Fig. 8. Timing diagram of a single read access [7].

Fig. 9. Timing diagram of a single write access.

irrespective of the distance between the accelerator die and
the selected SRAM die, and the three-cycle latency is uniform
over the eight SRAM dies.

Fig. 9 shows a timing diagram of a single SRAM write
operation. The write operation is conducted in similar fashion
to the read operation. The difference is the number of activated
transmitters in the accelerator die where seven transmitters
send a CLK, CS, write data, write address, bank address,
and write flag to the SRAM dies. The data received in an
SRAM die are written within one cycle. Thus, 3D-SRAM
write latency is two cycles.

Fig. 10 illustrates a timing diagram of back-to-back burst
read and write operations. The example of burst operations
in the figure include two consecutive reads, two consecutive
writes, and a read. As can be seen in the figure, read and
write operations are well pipelined and have no memory stall
caused by write-after-read (WAR) and read-after-write (RAW)
memory hazard. Therefore, the accelerator die can access the
3D-SRAM every cycle just like on-chip SRAM.

Fig. 10. Timing diagram of burst read and write accesses.

III. INDUCTIVE COUPLING LINK

In this section, we propose three key techniques to imple-
ment 3D stacking with TCI. First, we introduce a scheme
to terminate the open coil of a transmitter in sleep mode
to suppress its degradation of the received signal. Second,
we propose a new NMOS push-pull transmitter that oper-
ates at 0.4 V to reduce power consumption by 35%. Third,
we propose a scheme in which an inverted bit is inserted at the
beginning of the packet to compensate for the reduced signal
strength of the first transmitted bit after the turn-on sequence.
Finally, our 3D-stacked SRAM performance is compared with
that of conventional work.

A. Termination Scheme

In the proposed module, any unused transmitter is put in
sleep mode in order to save power. When a selected SRAM
die sends data back to the accelerator die in the uplink,
the magnetic field reaches the receiver (RX) coil from the
transmitter (TX) coil after passing through intervening coils
in sleep mode, which causes a specific problem. As shown
in Fig. 11, despite a high-Q (Q >5) TX coil, TCI has
low-Q insertion gain characteristics thanks to damping by
the transmitter when there are no intervening coils on the
transmission path. In a TCI link for baseband communication,
the ringing of the received pulse is suppressed by designing
the gain to be low. However, when there are unused TX
coils sandwiched in between which are open with high-Q
due to their transmitters being in sleep mode, it makes the
insertion gain characteristics high-Q. To make matters worse,
the peak frequency of the gain is shifted lower and closer
to the cutoff frequency of the received pulse, which makes
ringing more likely to occur. Whereas wireless power transfer
techniques utilize this mechanism [22] to increase power
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Fig. 11. Ringing issue caused by sleep TX coils in TCI bus.

Fig. 12. Termination scheme suppressing ringing [7].

delivery efficiency, TCI is a baseband communication interface
where such characteristics cause ringing in the RX coil, which
results in communication error and low-speed operation due to
lower signal-to-noise-ratio (S/N) and inter-symbol interference
(ISI) [23].

To suppress the ringing, we propose a scheme to terminate
the TX coils in sleep mode. As seen in Fig. 12, terminating
sleep-mode TX coils with resistance can damp the insertion
gain and suppress the ringing in RX, which enables reliable
high-speed, low-power communication.

Fig. 13 shows the simulation results of received pulse ampli-
tude margin VRX,Margin against termination resistance. The
received pulse amplitude margin VRX,Margin is defined as the
absolute value of the first received pulse amplitude (VS) minus
that of the second one (VN) which results from ringing, where
the threshold voltage of the hysteresis comparator receiver
is set between VS and VN. When the termination resistance
is 400 �, VRX,Margin is 116 mV, which represents a 30-mV
improvement over when there is no termination. Furthermore,
as VRX,Margin changes slowly against termination resistance

Fig. 13. Process variation tolerance of termination resistance [7].

Fig. 14. Simulated eye diagram of (a) RTerm = 400� and (b) RTerm = 10k�
at 10 Gb/s.

around 400 �, the termination scheme is tolerant of process
variations.

Fig. 14 shows simulated eye diagrams when the termination
resistance RTerm is 400� and 10k� respectively. When RTerm
is 400�, clear eye opening is achieved at a 10 Gbps data rate.
On the other hand, when RTerm is 10k�, the eye opening is
greatly reduced. The ISI caused by the ringing in the receiver
coil limits the maximum data rate of the inductive coupling
link. Therefore, the termination scheme improves not only S/N
but also maximum data rate.

B. NMOS Push-Pull Transmitter

The conventional CMOS H-bridge transmitter is a full-
swing transmitter that efficiently generates a large pulse signal
in the receiver to enable high-speed and low-noise operation.
However, the CMOS transmitter cannot operate at a low
voltage, which results in large energy dissipation. Though low-
voltage, open-drain NMOS transmitters have been reported,
these types of transmitters are pulse-modulated and have issues
related to small received signals, low data rates, and large
switching noise [24], [25]. Therefore, this work proposes a
low-voltage NMOS push-pull transmitter that can maintain
the same transmission strength, data rate, and switching noise
as the conventional full-swing CMOS H-bridge transmitter
with lower power. Fig. 15 illustrates the TCI transceiver block
diagram, schematic, and waveforms of the new NMOS push-
pull transmitter. The TX coils are designed with low resistance
to compensate for the reduction of the flowing current due to
reduction of the transmitter power supply voltage. In addition,
pre-drivers operate at a standard voltage of 1.1 V, and NMOS
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Fig. 15. Inductive coupling transceiver and diagram with NMOS push-pull
transmitter [7].

Fig. 16. Detailed structure of NMOS push-pull transmitter with current
adjustment scheme.

transistors in the driver are highly over-driven to reduce on-
resistance. In the event that the low-resistance system causes a
self-resonance issue, the pre-drivers are designed to be able to
control the slew rate. When the transmitter is in a sleep state,
all four NMOS transistors of the output stage are disabled and
a termination scheme is enabled, as mentioned in the previous
subsection. On the other hand, when the transmitter is enabled,
the termination scheme is disabled and the coil is driven by the
transmitter without any degradation caused by the termination
scheme.

Fig. 16 illustrates the detailed structure of the NMOS
transmitter. The transmitter is equipped with a binary-weighted
current adjustment scheme controlled by a 5-bit control signal.
After fabrication and stack assembly, the amount of transmitter
current can be optimized based on the location of the stacked
chip and the power supply voltage of the transmitter to save
power. The settings of the current strength are saved in the
register of each chip.

Fig. 17 shows comparisons between the new NMOS push-
pull transmitter and the conventional CMOS H-bridge trans-
mitter. The right-hand graph plots the transistor gate width W

Fig. 17. Comparison of CMOS H-bridge and NMOS push-pull
transmitter [7].

Fig. 18. Power dissipation in buffer for CMOS H-bridge and NMOS push-
pull transmitter.

of the output stage required to maintain the received pulse
voltage of 130 mV against the power supply voltage of the
transmitter. If the power supply voltage is reduced, the required
transistor width W becomes drastically larger below a certain
critical voltage. Whereas the critical voltage of the CMOS
transmitter is around 0.8 V, that of the NMOS transmitter is
around 0.4 V. Furthermore, the required transistor width W of
the NMOS transmitter increases more slowly than that of the
CMOS transmitter. Therefore, the NMOS transmitter enables
a much lower supply voltage with smaller area penalty. The
proposed NMOS transmitter achieves a 45% power reduction
at 0.4 V compared with that of the CMOS transmitter.

However, for the low voltage operation, pre-drivers have
to drive a higher gate capacitance load. The comparison in
power consumption between CMOS and NMOS transmit-
ters along with pre-drivers are seen in Fig. 18. Under the
low-voltage operation of the NMOS transmitter, the pre-drivers
are required to drive higher capacitance load than that of the
CMOS transmitter operating at a standard voltage. Therefore,
the pre-drivers of the NMOS transmitter consume more power
than that of the CMOS transmitter. Despite this higher drive
requirement, because the pre-drivers consume much less power
than the output stage of the transmitter, the NMOS transmitter
achieves a 35% overall power reduction compared to the
CMOS transmitter even with the increased power of the pre-
drivers taken into account.

C. Inverted Bit Insertion Scheme

TCI’s full-swing transmitters consume standby current even
when idle, so the unused transmitters should be turned off so
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Fig. 19. Turn-on pulse causing a bit error at the first bit.

Fig. 20. Inverted bit insertion scheme [7].

that they do not consume unnecessary power. However, as seen
in Fig. 19, the initial received pulse when the transmitter is first
turned on (turn-on pulse) has only half the normal amplitude.
If the receiver is unable to detect the turn-on pulse, it will lead
to bit error(s).

In this work, we propose an inverted bit insertion scheme
that inserts an inverted bit right before the first bit to prevent
the error caused by the turn-on pulse. Fig. 20 illustrates
the simulated waveforms without and with an inverted bit
inserted when a transmitter in Die1 sends data, followed by
Die2 transmitter. Although it causes no fatal error, a halved
received pulse (turn-off pulse) is generated during the turn-off
of a transmitter. If the receiver detects the turn-off pulse
generated by the turn-off of Die1 transmitter, the data is
flipped, and it holds a 1 and awaits data from Die2. After that,
though Die 2 transmitter starts sending data with a 0 in the first
bit, without an inverted bit inserted, the first bit is halved and
cannot be detected by the receiver, so received data remains
to be 1. This leads to a bit error. However, this problem can
be solved by flowing current in the opposite direction just
before sending the 0. The insertion of an inverted bit 1 enables
full pulse amplitude when sending the 0, which eliminates the
bit error. Furthermore, it is not problematic whether the first
bit (inverted bit) is detected by the receiver or not because it
is masked in the receiver. Therefore, thanks to the inverted
bit insertion scheme, data are correctly received whether

Fig. 21. Chip micro-photographs of test chips.

the receiver detects the turn-on pulse or turn-off pulse or
neither.

As described in Section II and seen in Fig. 7, the first bit of
the packet is the inversion of the second bit, which helps the
inductive coupling links avoid a bit error caused by the turn-off
and turn-on pulses. The inverted bit occupies a portion of a
packet. However, it occupies only one bit in a 12-bit packet,
and it enables unused transmitters to be turned off without
causing errors upon turn-on. In other words, sacrificing only
8% of packets makes the standby current consumption from
nearly 1,000 transmitters on stacked dies almost 0mA.

IV. RESULTS AND SCALING SCENARIO

A. Measurement Results

The photographs of the test chips are illustrated in Fig. 21.
Each of the accelerator die in Fig. 21 (a) and the SRAM die in
Fig. 21 (b) was fabricated in a 40-nm CMOS low-power (LP)
process.

The shmoo test result of the proposed NMOS push-pull
transmitter is shown in Fig. 22. As explained in Section III,
the transistor gate width of the output stage in the transmitter
is adjustable after fabrication of the test chip. By adjusting
the gate width, wireless data communication using the NMOS
push-pull transmitter operating at 0.40 V was experimentally
confirmed with successful operation of the 3D-SRAM system.

B. Performance Comparison

Table II summarizes the performance comparison of the
proposed 3D-stacked SRAM module and the 3D-stacked
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Fig. 22. Experimental result of NMOS push-pull transmitter.

TABLE II

PERFORMANCE COMPARISON TABLE

DRAM modules from [3] [4]. Each SRAM die is com-
posed of 24 512-KB capacity channels, and the module has
8 12-MB SRAM dies adding up to 96 MB in total capacity.
Twenty-four channels can access the 32-bit SRAM at a system
clock frequency of 300 MHz, resulting in a total bandwidth
of 28.8 GB/s. The total capacity and bandwidth are relatively
small and low in a 40-nm process compared to HBM2 [3],
respectively. However, if this module is designed in a 10-nm
CMOS that is a comparable process node to the DRAM
module in [3], its capacity and bandwidth are about 500 MB
and more than 512 GB/s, respectively, which is discussed in
detail later.

Fig. 23 illustrates the energy consumption breakdown of
the proposed 3D-SRAM and the HBM2 DRAM from [26]
for transferring data from a memory cell output to an SoC,
such as an accelerator die or GPU. In HBM2, the DRAM
activation needs 1.21 pJ/bit. The energy consumption required
to transfer it from there to the HBM base die output accounts
for the largest percentage and is 2.24 pJ/bit. In addition,
transferring the data from the HBM base die to a GPU
through a silicon interposer requires 0.3 pJ/bit, considering
the toggle rates. In total, the HBM2 DRAM access requires
3.92 pJ/bit including ECC overhead. On the other hand,
the energy consumption required to transfer the data from an

Fig. 23. Proposed 3D-SRAM and HBM2 DRAM energy consumption
breakdown.

SRAM to the accelerator die through TCI is 1.5 pJ/bit and
the total energy consumption is 1.76 pJ/bit with a 0.25-pJ/bit
12:1-SerDes and 0.01-pJ/bit on-die movement. In total, the
3D-SRAM consumes only 1.76 pJ/bit for the SRAM access,
which is less than half of the energy in the HBM2. Therefore,
the 3D-SRAM makes the memory access energy half thanks
to the 0.4-V transmitter and 12:1-SerDes.

The 3D-stacking structure reduces the board area by more
than half compared to the 2.5D system integration with a
horizontally arranged SoC and HBM [27], [28], which results
in high area-efficiency in a PCB. There may be concern that
the stacking of the SoC and memory dies causes difficulty
in heat removal. However, it is not problematic when this
is applied to accelerators for edge devices which consume
less power. Though heat dissipation is a limiting factor for
high-performance devices, 3D-stacking of thinned dies without
μ-bumps reduces thermal resistance compared to conventional
TSV-based stacking and eases the heat removal problem [29].

Moreover, there is a lot of room for further improvement
in bandwidth and memory capacity. In this work, although
SRAM macros and TCI coils are placed without overlapping
in a conservative design, and the bandwidth is relatively low
compared to HBM with approximately same I/O area overhead
of 18%, the coils can potentially be placed above the SRAM
macros and the bandwidth can be improved. The only concern
is that eddy current flowing on the power distribution mesh
causes attenuation of the coils’ magnetic field. By using
previously reported design techniques to suppress the adverse
effect of power mesh, coils can be placed above SRAM macros
to improve 3D-stacked SRAM bandwidth and capacity by a
few hundreds and a few tens of percent, respectively [30].

C. Scaling Scenario

Furthermore, these numbers will be improved through tech-
nology scaling. A scaling scenario of the SRAM module is
presented here. Firstly, a technology node trend of SRAM
and DRAM respectively are illustrated in Fig. 24. The trend of
SRAM is based on previous papers [31]–[39] and International
Roadmap for Devices and Systems (IRDS) 2017 edition [40],
while that of DRAM is based on TechInsights report [41]
and IRDS [40]. Both SRAM and DRAM are expected to
continue to shrink and memory density continue to rise.
In addition, scaling will continue at least for the upcoming
decade according to IRDS. However, as shown in the figure,
DRAM has more difficulties in shrinking than SRAM, and the
gap in capacity between SRAM and DRAM will probably be
smaller. Note that a 10-nm CMOS is comparable to a 20-
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Fig. 24. Technology node trend of SRAM and DRAM.

Fig. 25. TCI scaling scenario.

nm DRAM in the figure, which is used for the following
discussion.

Secondly, a scaling scenario of the inductive coupling
technology is discussed. As discussed in [42], when the device
size is scaled down by a factor of 1/α following Moore’s Law,
the energy efficiency and area efficiency of inductive coupling
links are improved by a factor of α3 and α, respectively,
based on constant electric field scaling. Fig. 25 shows a
scaling scenario of the inductive coupling technology based
on simulation results, since voltage scaling is limited in actual
devices. Fig. 25 (a) shows the scaling of the energy efficiency
of the inductive coupling link with the NMOS push-pull
transmitter operating at half of the standard voltage in each
technology node. The simulation results are obtained by using
predictive technology model (PTM) PDK for 32 to 10 nm [43]
and Arizona State Predictive PDK (ASAP) for 7 nm [44].
The simulation results suggest that a 42-fJ/bit TCI link can be
achieved in a 10-nm process. Fig. 25 (b) shows the scaling
of the area efficiency at the maximum data rate in each
node. The advance of the process node makes higher-speed
inductive coupling link operation possible, which results in
the improvement in area efficiency. Therefore, TCI memory
bandwidth is improved through technology scaling and more
than 512-GB/s SRAM is achievable when the overlapping
placement techniques discussed in the previous subsection are
also applied, which exceeds that of HBM2 DRAM.

Fig. 26. SRAM scaling scenario.

Thirdly, the scaling of SRAM is discussed in Fig. 26.
Fig. 26 (a) shows the scaling of an SRAM bit cell from
45-nm to 5-nm CMOS process [31]–[39]. Within the same
SRAM area as the proposed module, an SRAM module fab-
ricated in a 10-nm CMOS technology, which is a comparable
node to a 20-nm DRAM process, should achieve a 500-MB
SRAM capacity, as shown in Fig. 26 (b). While this is still
small compared to DRAM, we expect the gap to gradually
close based on Fig. 24.

V. CONCLUSION

A 28.8-GB/s 96-MB 3D-stacked SRAM module is pro-
posed. The proposed low-voltage NMOS push-pull transmit-
ter achieves a 35% power reduction compared to that of
the conventional CMOS H-bridge transmitter. The proposed
termination scheme removes the ringing induced in a 3D
inductive coupling bus. The proposed inverted bit insertion
scheme compensates for the reduced transmission strength of
the first bit after the turn-on sequence of the transmitter. With
these techniques, the proposed 3-cycle latency 3D-SRAM
can potentially replace 3D-DRAM to improve the accelerator
performance in DNN. A scaling scenario of the proposed
SRAM module is discussed through scaling of the inductive
coupling link and logic process.
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