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Abstract— A 0.7-pJ/bit, 8.5-Gb/s/link inductive coupling inter-
chip wireless communication interface for a 3D-stacked static-
random access memory (SRAM) has been developed in a 7-nm
FinFET process. A new physical placement method that allows
coils to be placed over off-the-shelf SRAM macros with small
magnetic field attenuation, together with the use of synchronous
communication using Manchester encoding and a clocked com-
parator to enable the detection of small-swing signals, achieves
a 26% reduction in SRAM die area compared to through-
silicon via (TSV)-based stacking. Interchip communication at
0.7 pJ/bit, 8.5 Gb/s/link was confirmed using test chips. A 4-hi
3D-stacked SRAM module using the proposed interface achieves
a 1.2-TB/s/mm’ area efficiency, representing a two orders-of-
magnitude improvement over the state-of-the-art 3D-stacked
SRAM.

Index Terms— 3D integration, 3D memory, 7-nm FinFET,
clocked comparator, inductive coupling, Manchester encod-
ing, static-random access memory (SRAM), through-silicon via
(TSV), ThruChip Interface (TCI).

I. INTRODUCTION

HE 3D-stacked memory plays an important role in

achieving high-throughput and low-power operation in a
variety of devices [1], [2], [3], [4], [5]. The 3D integration
of memory dies, such as static-random access memories
(SRAMs) [6], [7] and dynamic-random access memories
(DRAMs) [8], [9], enables high bandwidth, large capacity,
and low-power memory. In particular, 3D-stacked SRAM is
used as a large cache in CPUs [3] and as memory in DNN
inference accelerators [4], [5], where its low-power and low-
latency features contribute to high energy efficiency and high
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performance. The 3D-stacked SRAM will continue to be
important as the demand for higher capacity SRAMs increases.
However, the conventional wired integration using through-
silicon vias (TSVs) and p-bumps poses challenges in terms
of added TSV process costs, area overhead costs (TSVs must
be placed outside of SRAM macros), and yield loss [6],
[7]. A wireless interface using inductive coupling known as
ThruChip Interface (TCI) has low cost and high yield due to
its compatibility with standard CMOS fabrication processes
[10], [11], [12], [13]. Furthermore, as shown in Fig. 1, TCI
has the following advantages: high reliability due to the elim-
ination of exposed electrodes, high-speed operation because
no electrostatic discharge (ESD) protection circuit is required,
high area efficiency because the interface can be placed over
custom circuits, and stacking flexibility even on SoCs with
supply voltages different from those of the 3D-SRAM because
no level shifter circuit is required. In addition, it is possible to
supply power to 3D-SRAMs by utilizing highly doped silicon
vias (HDSVs) [14] or low-cost, relatively large TSVs while
replacing the small TSVs for signals with TCI. However, the
conventional TCI-based 3D-stacked SRAM [10] requires large
interface areas that limit area efficiency and bandwidth. In this
work, we propose an enhancement to TCI for 3D-SRAM
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that achieves two orders-of-magnitude higher area efficiency
compared to TSV-based stacking.

To solve the area efficiency issue of TCI, this article
proposes a method of placing the communication coils over the
SRAM macros. The new physical placement method of SRAM
macros and TCI coils allows the coil to be placed directly over
the SRAMs with only 30% attenuation of the magnetic field,
which is much smaller than the conventional 99% attenuation.
This reduces the 10 area overhead and achieves a two orders-
of-magnitude improvement in IO area efficiency compared
to the TSV-based method. Furthermore, this work proposes
a synchronous transceiver using Manchester encoding, which
enables low-power communication even when the magnetic
field is attenuated by about 30%. The new physical layout
method and synchronous transceiver topology, which enable
interchip communication with coils over SRAMs, achieve a
3D-stacked SRAM die area that is two logic process genera-
tions smaller than that of a TSV-based 3D-stacked SRAM.

This article is an extended version of our previous HCS’34
presentation [15] and adds extra description of the two pro-
posed methods along with detailed simulation results, experi-
mental results, and performance and scaling discussion. This
work is organized as follows. Section II describes an overview
and block diagram of the proposed 3D-stacked SRAM.
Section III presents the novel over-SRAM coil placement that
improves area efficiency by two orders of magnitude and
the Manchester-encoded synchronous transceiver. Section IV
discusses the experimental results, performance comparisons,
and scaling scenarios. Section V concludes this article.

II. 3D-STACKED SRAM USING INDUCTIVE COUPLING

A. Overview

The proposed 3D-stacked SRAM channel has a 1-MB
capacity per SRAM die and 12 unidirectional wireless links
that use 110-um coils to cover a maximum communication
distance of 32 um across four stacked, 8-um-thick SRAM
dies, as illustrated in Fig. 2(a) [16], [17]. While TCI can
support both heterogeneous and homogeneous integrations,
in this work, four SRAM dies are homogeneously integrated,
which leads to low cost due to the use of common mask
sets. A base die core performs memory access to a 4-MB
vault spread across the four stacked dies. Since the wireless
communication coils are placed over the SRAM macros, the
area overhead of the inductive coupling links is negligible
because only the transmitter and receiver circuits need an extra
area. The maximum data rate of a TCI link is 8.5 Gb/s, which
delivers a 4.3 GB/s/vault bandwidth using the memory system
architecture of [10]. A die area of 0.52 mm? is required to
achieve the 1-MB capacity and 4.3-GB/s bandwidth, as shown
in Fig. 2(b), which is a 26% reduction over the conventional
TSV-based interface [6]. Our 3D-SRAM is compared with
the conventional 3D-SRAM using u-bumps and TSVs [6].
While a hybrid bonding-based 3D-SRAM can achieve a tighter
pitch [18], [19], it is limited to a stack of 2-hi in commer-
cial applications. The conventional x-bump implementation is
therefore a more practical solution since a stack of 4-hi or
more is already commercially available. A hypothetical 3-nm
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Fig. 2. Proposed 3D-stacked SRAM. (a) Overview, (b) channel floorplan,
and (c) comparison with the state-of-the-art 3D-stacked SRAMs.

TSV-based 3D-stacked SRAM, where the SRAM blocks are
scaled using an SRAM scaling rate of 0.78 extracted from an
actual 7-nm SRAM [20] and 5-nm SRAM [21] and the 10
area remains the same as 7 nm, requires a total die area of
0.49 mm?2. Therefore, the area achieved in this work using
a 7-nm process is almost equivalent to that of a TSV-based
solution implemented in a logic process that is two generations
more advanced [22].

B. Block Diagram

Fig. 3 shows a block diagram of the proposed 3D-SRAM
module. As seen in [10], each channel in the base die can
access any die in the vault or enter into sleep mode indepen-
dent of the other channels. This architecture enables capacity
scalability and low-power operation. Data communication is
carried out in a source-synchronous manner. SRAM macros
and TCI links operate at a frequency of 260 MHz and
8.5 GHz, respectively, where the 8.5-GHz clock is generated
using an internal ring oscillator (RO) [23]. A 32:1 SerDes
(serializer/deserializer) is used to exchange data between the
TCI links and the SRAM macros and base die logic. Since the
TCI transmitter drivers and receiver differential analog circuits,
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Fig. 3. Proposed 3D-stacked SRAM block diagram.

which account for most of the TCI power consumption,
consume the same dc power independent of the data rate,
32:1 SerDes reduces energy per bit and layout area by a
factor of 32. The read and write latencies, including SerDes
and SRAM operations, are three and two cycles, respectively,
as discussed in [10], the same as that of the conventional
TSV-based 3D-SRAM.

III. PROPOSALS

This section proposes two key techniques to achieve a
highly area-efficient wireless interface for the high-bandwidth
3D-SRAM. First, we propose a new method of placing coils
over SRAM macros that improves area efficiency by two
orders of magnitude over TSV methods while keeping the
magnetic field attenuation due to the macros to only 30%.
Second, we propose a synchronous wireless communication
method using Manchester encoding that enables low-power
communication even when the magnetic field is attenuated
by 30%.

A. Over-SRAM Coil

In the conventional TCI-based 3D-SRAM [10], TCI coils
are placed outside of the SRAM hard macros area to pre-
vent signal attenuation due to the power supply network.
This results in low area efficiency and hence low channel
bandwidth, as shown in Fig. 4(a). Placing the coils over the
SRAM macros dramatically improves area efficiency, but it
results in magnetic field attenuation due to eddy current loops
of the same diameter as the coils being generated in the
power mesh of the macros, as shown in Fig. 4(b). There
will also be added signal ringing due to increased parasitic
capacitance, which lowers the self-resonance frequency. This
makes wireless communication impractical. The eddy current
on the SRAM macros, both on the chip being accessed and
those in the communication path, has adverse effect on the
TCI communication. The metal layer structure of the SRAM
and custom power mesh is shown in Fig. 5. In addition to
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bit-lines (BLs) and word-lines (WLs), local power mesh is
formed in the SRAM hard macro. To further enhance the
SRAM power supply, a custom global power mesh can be
formed on the SRAM macros. Although it is possible to
design the custom global power mesh to eliminate eddy current
loops by making fishbone-like mesh structure, modifying the
local power mesh inside the SRAM hard macro is very time-
consuming and costly both in design and verification and is
impractical for the average designer [24]. Therefore, in this
article, we propose a new physical layout method, where the
coil is placed across four 7-nm off-the-shelf SRAM macros
as illustrated in Fig. 4(c). Placing coils over SRAM macros
with minimized eddy current loops without redesigning the
off-the-shelf macros is a key innovation of this work. The
generated eddy current loops become small relative to the coil
diameter, and the magnetic field attenuation can be suppressed
to 30%, which is much smaller than the 99% attenuation of
the conventional placement. It will be explained later how we
quantify attenuation.

Fig. 6 shows the simulation results of the effect of the
coil position relative to the macros on the magnetic field
attenuation. As shown in Fig. 6(a), four 128-kb SRAM macros
are arranged under a coil, whose outer and inner diameters are
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110 and 100 um, respectively. x and y are spacing between
the four SRAM macros in the x- and y-directions, respectively,
which measure how much the coil overlaps with the macros.
Attenuation can be evaluated by measuring the amplitude of
the received pulse signal. The attenuation rate is expressed as
the received pulse amplitude normalized to the case where no
SRAM macro is placed. The pulse amplitude is obtained by
using 7-nm SPICE simulation along with 3D electromagnetic
(3D-EM) simulation to extract the S-parameters of the coils.
Fig. 6(b) shows the simulation results of the normalized
received pulse amplitude when x is a variable and y is set
to 1 um. When the macros are placed outside the shadow of
the coil (x > 110 um), there is negligible eddy currents in the
macros and hence almost no attenuation of the magnetic field,
but the area efficiency is poor due to a large blank area. On the
other hand, when the macros are placed between the coil
wiring and the substrate (20 xum < x < 110 gm), it is imprac-
tical because the coil wiring is completely covered by the
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power supply wiring, which greatly lowers the self-resonance
frequency of the coil, which causes signal degradation. If the
macros are placed inside the coil (x < 20 xm), the influence
of the macros is mitigated, and the magnetic field attenuation
is only 30%. The influence of the macros remains almost the
same as long as they are inside the coil. In this work, x is set to
15 um to allow either the transmitter or receiver circuit to be
placed between the SRAM macros. Next, Fig. 6(c) shows the
simulation results of the normalized pulse amplitude when y is
a variable and x is set to 15 gm. Similarly, when the macros
are placed outside the shadow of the coil (y > 110 um),
the eddy currents have little effect, so little attenuation of the
magnetic field occurs. When y < 20 um, the attenuation of
the magnetic field saturates. In this work, y was set to 1 um to
maximize area efficiency because no circuit is placed between
the top and bottom SRAM macros.

Based on this analysis, it will be discussed how to select
the proper size of SRAM macros. The analysis assumes that
two SRAMs lined up side by side are completely inside the
coil. Therefore, by selecting an SRAM with the short side
of less than half the inner diameter of the coil, the magnetic
field attenuation can be reduced to less than 30%. Since the
inner diameter of the coil in this work is 100 xm, any SRAM
with its short side <50 um can be selected to place under the
coil. The 64-bit single-bank SRAM with the largest number
of words is selected in this work. Therefore, any 64-bit single-
bank SRAM can be placed under coils in this work. On the
logic side, this means any SRAM less than 64-bit in width
can be used as cache placed under coils in the base chip.

It is also important to avoid magnetic field attenuation due
to the global power delivery network as well as due to the
local one inside the SRAM macros. Fig. 7 illustrates how
to design the global power delivery network to minimize the
attenuation. If the global power mesh is stretched over the
entire chip or channel, a large attenuation due to eddy current
will occur. To avoid the attenuation, the part of the mesh
between SRAMs is cut around and inside the coils. Note that
the impact of the global power network is taken into account
in the results shown in Fig. 6. Although cutting the mesh has
a negative impact on IR drop, the power delivery strength is
still sufficient because the power supply resistance from the
cut to the endpoint of the SRAM is less than 0.5 Q. Although
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the space between the SRAMs seems to be dead space, it is
not because it is possible to place circuits such as buffers and
decoupling capacitors in addition to transmitters and receivers
there. In addition, the coils are placed at a pitch that satisfies
the crosstalk-to-signal ratio of <—10 dB as discussed in [25],
where the crosstalk limit determines the maximum number of
neighboring coils.

The SRAM macro placement method and the global power
supply delivery technique can reduce the magnetic field atten-
vation to 30%. The 30% attenuation does not have adverse
effect on the interface yield, but it forces the current of the con-
ventional driver to be 1.43 (=1/0.70) times larger with the
associated driver circuit area increase to compensate for the
lower received pulse amplitude. However, because the new
transceiver circuit proposed in Section III-B allows wireless
communication using a reduced, received amplitude, the driver
current does not need to be increased and the 30% attenuation
does not affect the yield, cost, power, and area.

If the same 4.3-GB/s bandwidth and 1-MB/ch capacity
were to be achieved in the 3D-SRAM using TSVs and
w-bumps fabricated in a 7-nm FinFET process [6], [7],
112 p-bumps with 0.76 Gb/s/link at 40-um pitch would be
required, resulting in a die area of 0.70 mm?, as illustrated
in Fig. 8(a). On the other hand, if coils were to be placed on
the outside of the SRAM macros, as illustrated in Fig. 8(b),
a large interface area overhead would be required, resulting in
a large die area of 0.78 mm?. Whereas both the conventional
wired and wireless methods require a large chip area, by using
the over-SRAM TCI, the channel area can be reduced to
0.52 mm?, and the total 1O area overhead is only 0.0037 mm?
for the transceiver circuits, resulting in an IO area efficiency
of 1162 GB/s/mm?, as shown in Fig. 8(c). The same area
efficiency is achievable not only for SRAM chips but also for
the base chip. Since the base chip consists mainly of logic,
coils can be easily placed over circuits with minimized atten-
uation by using the fishbone power supply structure proposed
in [24]. Even if the base chip contains SRAMs, coils can be
placed over the SRAMs as discussed in this article. In this
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way, the 10 area efficiency can be improved by two orders of
magnitude and the die area can be reduced by 26% compared
to the conventional method. To achieve the same IO area
efficiency with u-bumps as our 3D SRAM, the u-bump pitch
would need to be smaller than 5.7 gm, an improvement of one
order of magnitude from the 40 gm of [6]. Compared to the
conventional TCI-based 3D-SRAM [10], this work achieves
a 34% reduction in chip area, i.e., chip cost, without major
system-level changes. Compared to the TSV-based method
[6], this work reduces the chip cost by 26% as well as the
integration cost due to the wireless nature of our interface.

B. Manchester-Encoded Synchronous Transceiver

We also propose a low-power transceiver topology using
synchronous receivers to detect 30% lower amplitude pulses.
The block diagram and operating waveforms of the conven-
tional communication method are shown in Fig. 9(a) and (b),
respectively. The non-return-to-zero (NRZ) signal to be trans-
mitted determines the direction of the current flowing through
the transmitter coil. During data transitions, the direction of
the current changes and pulse-shaped signals are induced
in the receiver coil. These pulses are detected by an asyn-
chronous hysteresis comparator to complete communication.
The schematic diagrams of the transmitter driver and the
receiver hysteresis comparator are shown in Fig. 9(c) and (d),
respectively. The driver is called a CMOS H-bridge trans-
mitter, which makes current flow through the coil when the
diagonally located transistors are turned on. The hysteresis
comparator consists of a differential amplifier stage and a latch
stage, and the threshold for pulse signal detection is adjustable
by controlling the tail current of the latch stage. This topology
is widely used in many TCl-based applications. However,
in this method, the driver current must be increased by 30% to
compensate for the 30% pulse signal attenuation to maintain
the receiver margin, which leads to large power consumption.
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To achieve reliable wireless communication without sacrificing
energy efficiency, a new method to detect small-amplitude
pulses is required.

Clocked comparators are effective for detecting low-swing
signals because they can achieve higher gains than that of
the asynchronous comparators. However, as illustrated in
Fig. 9(b), pulse signals are generated in the receiver coil only
during data transitions. Therefore, no signal is induced when
a constant value is transmitted, resulting in an indeterminate
output that is susceptible to noise.

A transmitter circuit topology to generate a pulse signal
in the receiver coil in every cycle was proposed in [26],
as shown in Fig. 10(a), which is called a pulse transmitter
because the transmitter current is pulse shaped. The pulse
generator generates a positive pulse on every rising edge of
the clock. While the pulse is high, the input of one and only
one of the two inverters go high because of the differential
data inputs, allowing current to flow through the transmitter
coil in a direction determined by the polarity of the transmitted
data. Thus, a receive pulse signal is generated in every cycle.
However, this method has two drawbacks. First, the pulse
generator circuit requires a delay circuit, and the delay must be
optimized. Second, the change in the current flowing through
the transmitter coil is half that of the conventional CMOS
H-bridge transmitter, so the received pulse signal is halved as
well. Therefore, in this article, to solve the delay adjustment
and pulse halving issues of the conventional pulse transmitter,
we propose a new transmitter utilizing Manchester encoding
to generate a bit transition every cycle on a synchronous basis.

Fig. 11 shows the block diagram and waveforms of the
synchronous transceiver topology using Manchester encoding
and a clocked comparator. The conventional CMOS H-bridge
transmitter is used to drive the coil, and a Manchester encoding
circuit is used in the preceding stage. Manchester-encoded data
always generate a data transition in every cycle. Therefore,
a pulse signal is induced in the receiver coil in every cycle,
enabling detection by the clocked comparator. The clocked
comparator is used to detect small-amplitude pulse signals
utilizing positive feedback, allowing communication using the
over-SRAM coils, whose signals are still attenuated although
to a lesser extent. However, the smaller the input differential
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signal is, the logarithmically longer the time between the rise
of the clock and the determination of the comparator output,
limiting the operating frequency. In other words, data rate
is traded off for receiver sensitivity in detecting small pulse
signals. As a countermeasure, this work used two clocked
comparators in parallel to halve the required operating speed
of each clocked comparator, thereby simultaneously achieving
low-amplitude pulse detection and high-speed communication.

Fig. 12(a) shows the schematic of the transceiver. The
Manchester encoding circuit of the transmitter consists of a
simple D-FF and XOR circuit, leading to a small area and
low power consumption. In addition, the driver in the final
stage can control the amount of current flowing through the
coil with binary-weighted enable signals. Thus, the transmitter
circuit is easy to design because it consists of only standard
cells. In the receiver, a current-mode logic (CML) buffer is
used in the first stage to amplify the pulse signal and reduce
kickback noise from the clocked comparators. Even though
the clocked comparators are parallelized, the basic clocked
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Fig. 13.  Simulation comparison between conventional asynchronous and
proposed synchronous transceivers.

comparator [27] cannot support high-speed operation. A high-
speed clocked comparator is proposed in [28], but it has the
drawback that its output cannot achieve full swing. Therefore,
a modification is made to separate the two legs of the tail
current of the high-speed clocked comparator to enable full-
swing output. For the SR latch, we used [29], which is capable
of high-speed operation and has good duty cycle.

Fig. 13 shows a simulated comparison between the con-
ventional asynchronous transceiver circuit and the proposed
synchronous transceiver circuit. When the conventional trans-
ceiver is used to communicate using the over-SRAM coil,
the driver current must be increased to compensate for the
attenuation of the magnetic field, which results in increased
power consumption. On the other hand, the proposed synchro-
nous transceiver topology can detect low-amplitude pulses,
thus keeping the driver power consumption low. Furthermore,
the Manchester encoding circuit consists of only D-FF and
XOR, so the power consumption required for encoding is only
0.1 mW.

IV. EXPERIMENTAL RESULTS AND COMPARISONS

A. Experimental Results

Fig. 14 shows the test chip fabricated in a 7-nm FinFET
process and layout of the transmitter and receiver blocks. The
sizes of the transmitter and receiver are 12 x 11 and 13 x
33 um, respectively. As shown in Fig. 15, a test module
consisting of two chips connected face-to-face was used for
evaluation. Power supply and control signals are provided to
the bottom chip via bonded wires and to the top chip via
bumps between the chips.

Fig. 16 shows a block diagram of the test module mea-
surement environment. An 8.5-GHz clock, required to ver-
ify 8.5-Gb/s wireless communication, was generated by an
internal RO due to the difficulty of bringing in an external
high-speed clock. The bit error rate (BER) bathtub curve was
measured using an internal PRBSY signal generator, checker,
and variable delay (VD) circuits. The tunable parameters of
the TCI transceiver circuit, RO, and VDs were set by writing
to internal registers using a serial peripheral interface (SPI).
The actual oscillation frequency of the RO and the delay time
of the VDs were measured by using an external oscilloscope.

Fig. 17(a) shows the measured energy consumption break-
down of 8.5-Gb/s wireless communication using the clocked
comparator, Manchester encoding, and over-SRAM coil.
The clocked comparator, which is capable of detecting
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Fig. 14.  (a) Microphotograph of test chip, (b) transmitter layout, and
(a) receiver layout.
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Fig. 15. (a) Top- and (b) side-view photographs of test module.

low-amplitude pulses, allows the driver power to be reduced
to achieve 0.7-pJ/b wireless communication.

Fig. 17(b) shows the measured BER results using 8.5-Gb/s
PRBS9. The burst length is independent of the PRBS length
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since this work utilizes Manchester encoding, where a pulse
signal is always induced in every cycle. Therefore, considering
the operating speed and circuit area, PRBS9 was adopted for
the test. When the SRAMSs under the coils are active, there
is concern that noise generated in the receiver coil from the
SRAMs may result in bit errors. However, it can be seen that
the bathtub curves are almost the same whether the SRAMs
are operating or not. Conversely, there is also concern that
noise generated on the internal nodes of the SRAMs from
the transmitter coils may adversely affect the operation of the
SRAMs. However, it was reported in [30] that the minimum
operating voltage of the SRAM remains almost unchanged
even during TCI operation, so TCI operation does not affect
SRAM operation either.

The weakness of synchronous reception using the clocked
comparator is that it is susceptible to clock jitter and requires
fine phase adjustment. In the evaluation environment of this
work, clock jitter is generated because an on-chip current-
controlled delay adjustment circuit is used to measure the
bathtub curve, but even in this measurement environment with
clock jitter, a BER of 102 was achieved with a timing margin
of 11 ps (0.09 UD. Since the VD circuit can be adjusted in
1.1-ps increments, a BER of 1072 was achieved at a setting
of ten steps, indicating that the communication is sufficiently
tolerant of process, voltage, and temperature (PVT) variations.
To further confirm that the communication is reliable, the
bathtub was extrapolated to a BER of 107!, Since bit errors
occur because of variations in the timing of triggering of the
pulse due to jitter, the bathtub curve can be approximated by an
error function [31]. Based on the extrapolated results, a BER
of 1071¢ is achievable with a timing margin of 3.5 ps. A BER
of 107'° can therefore be achieved at a setting of four steps
of the VD circuit.

Fig. 17(c) shows a measured shmoo graph of data rate
versus driver peak current along with the supply voltage
information since the received pulse amplitude, proportional
to the driver peak current, is an important factor for correct
communication and data rate of TCI. Since changing the driver
current by sweeping the supply voltage would result in inaccu-
rate measurement due to changes in factors other than the pulse
amplitude, such as the RO and VD circuits, the driver current
was adjusted by using the driver current adjustment circuit.
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Fig. 17. Measured results of (a) power consumption, (b) bathtub curve,
(c) shmoo, and (d) effect of sandwiched SRAMs.

Sweeping the driver peak current at the driver supply voltage
of 0.87-V, 8.5-Gb/s wireless communication was measured
at 7.8 mA.

Fig. 17(d) shows the relationship between the number of
stacked SRAM chips and the reciprocal of the required nor-
malized transmission driver power. The required driver power
is proportional to the amount of magnetic field attenuation and
the minimum detectable pulse amplitude of the receiver. Zero
SRAM die refers to the case of conventional placement of coils
away from the macros. Due to the new physical layout of the
over-SRAM coil, a significant improvement in area efficiency
is achieved, while the magnetic field attenuation is kept to
30% even when four SRAM chips are stacked. According to
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MICRO'17 [8] ISSCC'20 [9] TCAS-'21[10] | Hot Chips'20 [6] (E':ﬁ‘ag:;ﬂz‘g ﬁi) This work This work
Results Measured Measured Measured Measured Measured Measured Estimated
Technology 20-nm DRAM 1y-nm DRAM 40-nm CMOS 7-nm FinFET 7-nm FinFET 7-nm FinFET 7-nm FinFET
Memory type HBM2 DRAM HBM2E DRAM SRAM SRAM SRAM SRAM SRAM
Data bus Bi-directional Bi-directional Uni-directional Uni-directional Uni-directional Uni-directional Uni-directional
Stack # 8 12 8 1 4 2 4
Bandwidth 256 GB/s 640 GB/s 28.8 GB/s 24.3 GB/s 24.3 GB/s 4.3 GBIs 4.3 GB/s
p-bump pitch 48 /55 um 48 /55 pm - 40 pm 40 pm - -
10 area overhead ' 2.8 mm? 2.8 mm? 11.52 mm? 0.92 mm? 0.92 mm? 0.0037 mm? 0.0037 mm?
Bandwidthper 10 || o) Gp/g/mm: 231GB/simm? | 2.5 GBls/mm? 26 GBJs/mm? 26 GB/s/mm? | 1162 GB/simm? | 1162 GB/s/mm?
area overhead
Data-rate 2.0 Gb/s 5.0 Gb/s 3.6 Gb/s 0.76 Gb/s 0.76 Gb/s 8.5 Gb/s 8.5Gb/s
cgr(‘)sz’:';g‘;n ~ 2 pJibit N/A(~2.5 pJibiti2) 1.5pJ/bit 0.1 pJibit 0.4 pJibitt? 0.7 pJibit 0.7 pJibit
Interface type TSV + p-bump TSV + p-bump TCI TSV + p-bump TSV + p-bump TCI TCI
Chip size 12mm % 8 mm 1M mm x 10mm |143mm x 8.5mm| 9.0 mm x 9.0 mm - 20mm X 20mm | 20 mm X 2.0 mm

*1: 10 area only for signal excluding power

*2: Estimated from ratio of the squared voltage and stack # of HBM2 (1.2 V, 8 Hi, [8]) and HBM2E (1.1V, 12 Hi, [9])
*3: Capacitance load of 4 x # of Rx’s, p-bumps and TSVs driven by Tx compared with 1 Hi

simulation, the magnetic field attenuation for a 4-hi stack is
almost equivalent to that for a 2-hi stack. Therefore, an energy
efficiency of 0.7 pJ/b is expected to be achieved for a 4-hi
stack, the same as that measured using a 2-hi stack. Further-
more, the synchronous transceiver topology using Manchester
encoding and the clocked comparator enables low-amplitude
pulse detection, which requires less driver power than con-
ventional asynchronous communication using the hysteresis
comparator. Thus, the new physical placement technique and
the new synchronous transceiver topology enable high area
efficiency and low-power wireless communication.

B. Performance Comparison

A comparison with previous works is shown in Table I.
As discussed in Fig. 17(d), a 4-hi 3D-SRAM is estimated
to achieve the same specification as the measured 2-hi
3D-SRAM. This article improves the IO area efficiency by
one to two orders of magnitude compared to previous works
[6], [8], [9], where TSVs and u-bumps have a large area
overhead. Compared to the estimated four-stack version of
[6] fabricated in the same 7-nm FinFET process, the proposed
3D-stacked SRAM using inductive coupling improves the area
efficiency by two orders of magnitude. Our 4-hi 3D-SRAM is
estimated to achieve 0.7 pJ/b, an energy efficiency competitive
with the 0.4 plJ/b estimated for a TSV-based 4-hi 3D-SRAM.
The energy consumption of the TSV-based 3D-SRAM is
proportional to the number of chips in the stack because it
depends on the load capacitance of the TSVs and u-bumps.
Fig. 18 shows a graph plotting energy efficiency versus IO area
efficiency. The proposed inductive coupling interface utilizing
the over-SRAM coil and synchronous transceiver achieves
an overwhelmingly higher area efficiency while showing a
competitive energy efficiency. As illustrated in Fig. 18, there is
a tradeoff between area efficiency and energy efficiency for the
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Fig. 18. Performance comparisons.

wireless and wired interfaces. The chip cost of our 3D-SRAM
is lower due to its high area efficiency. Furthermore, the
integration cost is also lower due to the wireless nature of
the interface. Therefore, while the TSV-based 3D-SRAM is
suitable for low-power applications, the proposed 3D-SRAM
is suitable for low-cost applications.

C. Scaling

This section discusses scaling scenarios for the 3D-SRAM
module as summarized in Table II. The proposed 3D-SRAM
module achieves 1 MB of SRAM capacity with a channel
area of 0.43 x 1.2 mm. Assuming a 12-mm? SRAM die,
20 channels can be placed, assuming an area overhead of
about 10% in addition to the channels. In other words,
the proposed 3D-SRAM module achieves a total SRAM
capacity of 80 MB by stacking four 12-mm? SRAM chips.
The International Roadmap for Devices and Systems (IRDS)
estimated an area scaling factor of 1/4 from a 7- to 1.5-nm
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TABLE II
SCALING SCENARIO

7 nm 1.5 nm
# of channel 20 40
Stack # 4 4
Capacity per channel 1MB 2MB
Bandwidth per vault 7.5GB/s 30 GB/s
Total capacity 80 MB 320 MB
Total bandwidth 150 GB/s 1200 GB/s
Chip size 12 mm? 12 mm?

SRAM [32]. Therefore, if the 3D-SRAM module is realized
in an upcoming 1.5-nm process, it can achieve a total SRAM
capacity of 320 MB with the same die area.

Regarding bandwidth, while an 8.5-Gb/s wireless commu-
nication data rate was measured in the evaluation by using
the test module, a 15-Gb/s maximum data rate was observed
in the postlayout simulation with parasitic extraction. If a
15-Gb/s data rate is realized, a bandwidth of 7.5 GB/s/vault is
achievable. Thus, the 3D-SRAM module in 7 nm with a die
area of 12 mm? is expected to achieve 150 GB/s. According to
the TCI scaling scenario discussed in [33], when the transistor
speed is improved by a factor of a following process scaling,
o times faster wireless communication can be achieved by
designing the self-resonance frequency of the coils to be
o times higher. Therefore, assuming that transistors in the
1.5-nm process operate twice as fast as those in the 7-nm
process, a 30-Gb/s data rate and 15-GB/s/vault bandwidth can
be expected for the 1.5-nm process. Furthermore, if the SRAM
macros become smaller in the 1.5-nm process, the constraints
on coil placement can be further relaxed to allow the coils to
be arranged in a more area-efficient checkerboard manner to
double the number of channels to 40 [25]. In addition, although
the read and write data paths are separated in this work to
simplify system verification, it is expected that 30 GB/s/vault
can be achieved by making the data paths bidirectional.
In other words, a total bandwidth of 1200 GB/s can possibly
be achieved when the 4-hi 3D-SRAM module is realized in
the 1.5-nm process.

Thus, the proposed 3D-stacked SRAM module using induc-
tive coupling can improve in both SRAM capacity and band-
width following process scaling and is expected to achieve a
320-MB capacity and 1200-GB/s bandwidth by stacking four
12-mm? SRAM chips in the 1.5-nm process, which is expected
to be available by 2030. Such capacity and bandwidth meet
the requirements of CPUs used in future high-performance
computing and are expected to improve system performance
by a factor of approximately 10 [34]. Thus, in addition to being
currently two logic generations ahead of TSV-based stacking,
the proposed 3D-stacked SRAM module is expected to scale
well into the future and meet future requirements.

V. CONCLUSION

A 0.7-pJ/bit, 8.5-Gb/s/link inductive coupling interchip
wireless communication interface is proposed. A new physical
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placement method allows coils to be placed over off-the-shelf
SRAM macros with only 30% magnetic field attenuation. Syn-
chronous wireless communication using Manchester encoding
and a clocked comparator enables the detection of small-
swing signals to achieve low-power operation. The proposed
3D-SRAM using inductive coupling achieves a 26% reduction
in SRAM die area compared to TSV-based stacking. The test
chip was fabricated in a 7-nm FinFET process and inter-
chip communication at 0.7-pJ/bit, 8.5-Gb/s/link was confirmed
using a test module consisting of two chips. A 4-hi 3D-stacked
SRAM module using the proposed interface will achieve a
1.2-TB/s/mm? area efficiency and 0.7-pJ/bit energy efficiency,
representing a two orders-of-magnitude improvement in area
efficiency over the state-of-the-art 3D-stacked SRAM.
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