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SUMMARY A three dimensional (3D) chip stack featuring a 4096-bit
wide I/O demonstrator incorporates an in-place waveform capturer on an
intermediate interposer within the stack. The capturer includes probing
channels on paths of signaling as well as in power delivery and collects
analog waveforms for diagnosing circuits within 3D integration. The col-
lection of in-place waveforms on vertical channels with through silicon vias
(TSVs) are demonstrated among 128 vertical I/O channels distributed in 8
banks in a 9.9 mm × 9.9 mm die area. The analog waveforms confirm a full
1.2-V swing of signaling at the maximum data transmission bandwidth of
100 GByte/sec with sufficiently small deviations of signal skews and slews
among the vertical channels. In addition, it is also experimentally con-
firmed that the signal swing can be reduced to 0.75 V for error free data
transfer at 100 GByte/sec, achieving the energy efficiency of 0.21 pJ/bit.
key words: wide I/O bus, through silicon via, signal integrity, power in-
tegrity

1. Introduction

Low power electronics will continue its evolvement with a
three directional (3D) integration technology. Through sil-
icon vias (TSVs) as a key enabler of vertical digital data
transmission between stacked dice reduce the length of sig-
nal routing and associated parasitic capacitance as well.
This will lead significant improvements of the data band-
width as well as power efficiency of highly active data com-
munication between memory and logic chips, over conven-
tional planar bus structures on an FR-4 board or an inter-
poser [1]. The 3D stacking of memory chips advances mem-
ory systems in mobile applications [2] as well as for low-
cost high performance computation [3]. Heterogeneous 3D
integration of analog/RF and digital/µP chips will reduce a
foot print, attenuate background noise couplings [4], and ex-
tend processing capabilities. Vertical signaling essentially
characterizes the system-level performance of 3D integrated
circuits and systems.

Since it is not possible within a 3D chip stack to probe
circuit nodes by physical needles or to magnify structures on
silicon surfaces by optical or electron-beam microscopies,
on-chip electronic diagnosis measures will only provide so-
lutions to see internal signals on wires or to verify operation
of circuits. A variety of test procedures have been proposed
or standardized for a 3D chip stack, mostly through digital
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signaling through wrappers or JTAG protocols [5]. These
structures are partly included in a built-in self-test (BIST)
mechanism. On the other hand, there is a need of observing
analog waveforms on paths of signaling or in power delivery
within a 3D stack, for characterizing propagation in vertical
channels, unexpected weak opens in vertical connections,
multi-tier background noise couplings, and so forth. The
primary focus of this paper is therefore on the study of in-
place waveform capturing and its applications for on-chip
diagnosis of vertical signaling through TSVs in a 3D chip
stack. Analog quantities will be extracted from time do-
main waveforms, providing internal diagnostic observations
regarding digital go/no-go test results.

The remaining part of this paper is as follows. Wide
I/O test vehicle is outlined in Sect. 2. In-place waveform
capturers in 2D and 3D test samples are evaluated in Sect. 3.
Diagnosis of vertical channels in the wide I/O test vehicle is
demonstrated in Sect. 4. A brief summary will be then given
in Sect. 5.

2. Wide I/O Test Vehicle

Wide I/O test vehicle of Fig. 1 incorporates a three di-
mensional stack of a memory chip (MEM), an active sili-
con interposer (ASI), and a logic interface chip (LOGIC),
mounted on an organic substrate of a 527 pin ball grid ar-
ray (BGA) package. The entire 3D chip stack including
the organic substrate is plastic molded and assembled on a
system printed circuit board (PCB) for performance evalu-
ation. As one of the first demonstrators of wide bandwidth
vertical signaling, a wide input/output bus was embodied in

Fig. 1 Wide I/O test vehicle.
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Fig. 2 (a) Placement overview of wide I/O banks and in-place waveform
capturer, in physical layout of ASI. (b) Magnified view of a single I/O bank.

the structure with 4096-bit TSV data channels and accom-
plished the power efficiency of 0.56 mW/Gb/s with 1.2 V
power supply, at the data transfer of 100 GByte/s [6].

A memory bank of 800 kByte SRAM on the top die
is connected with logic interface circuits on the bottom die,
through a 4096 bit wide I/O data bus with vertical channels
based on TSVs. The bottom die includes TSVs for con-
nections with 527 pin BGA formed on an organic substrate.
BIST mechanisms are equipped in the top and bottom dice
for at-speed generation and transfer of data bits as well as
comparison of the received data bits with expected ones.
The number of fail bits is continuously stored in a fail regis-
ter during persistent repeat of operation. A fail bit map can
also be created by the analysis of registered fail bits. The
ASI incorporates an in-place waveform capturer for the di-
agnosis of signaling in vertical channels, in cooperation with
the BIST.

Horizontal placements of wide I/O vertical channels
are viewed in Fig. 2, represented by the physical layout of
ASI. The 4096 bits are divided into eight banks evenly dis-
tributed in the chip area. Each bank has 832 TSV pins di-
vided into two TSV sub arrays (64×7 and 64×6), incorporat-
ing vertical I/O channels of 512 bits with additional 16 bits
for 32:1 redundancy, and a pair of VDD and VSS pins per ev-
ery 5 columns (Fig. 2(b)).

The chips and interposer used a 90 nm CMOS technol-
ogy. The wide I/O circuits, memory cores, and related digi-
tal circuits nominally use 1.2 V transistors. The area of each
chip is 9.9 mm × 9.9 mm. Vertical connections with more

Fig. 3 Wide I/O process specifications [6]. ( c©2013 IEEE)

Fig. 4 Wide I/O test vehicle.

than 7.3k TSVs as well as the same number of µBumps are
densely formulated with via-last 50 µm pitch Cu TSV and
chip-to-chip stacking processes [7]. The process specifica-
tions of the vehicle are summarized in Fig. 3.

The photo of the wide I/O test vehicle is given in Fig. 4.
The 3D chip stack is mounted in a BGA socket and then
connected with the system PCB for evaluation. The system
consists of a field programmable gate array (FPGA) board,
interface modules of USB and I2C bus protocols, a crystal
oscillator for system clocking and drivers for distribution,
and a variety of electronic components including decoupling
capacitors. The FPGA is programmed to concurrently con-
trol the wide I/O operation and waveform capture functions.
The entire system is governed by a personal computer (PC).

3. In-Place Waveform Capturer

3.1 Overview

An in-place waveform capturer of Fig. 5 incorporates arrays
of probing front end (PFE) circuits and a common waveform
acquisition kernel (WAK) [8]. The PFE senses a voltage at
the point of probe wiring and digitizes a waveform with the
series of sampling timings provided by the WAK. The PFEs
are prepared for the power supply voltage (VDDIO), ground
voltage (VSS), and voltages in the middle of power rails for
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Fig. 5 Block diagram of in-place waveform capturer [8]. ( c©2013 IEEE)

Fig. 6 Probing front end circuit schematic.

the upper or lower half of signals (VSIG H, VSIG L, respec-
tively). The four PFE channel types of VDD, VSS, VSIG H,
and VSIG L form a single monitor block. Each PFE chan-
nel selects a single probing point of interest from 16 probe
wires through switches at its front. The capturer needs to
be embedded within a 3D stack for the sake of diagnosing
channels in a vertical data link that is normally unreachable
from the outside of the stack.

The PFE in Fig. 6 consists of a source follower (SF)
and a latch comparator (LC) at the front and back end, re-
spectively. The SF replicates the input voltage (VIN) at its
output node with an offset DC voltage tuned for each volt-
age domain of interest. The LC then in-place digitizes the
output voltage of SF (VSFO) through successive comparison
with a reference voltage (VREF) given by an on-chip volt-
age generator (VG), at the sample timing (TSAMP) defined
by an on-chip timing generator (TG). The comparisons are
iteratively made by the LC at the same sample timing for
searching the most approximated VREF to VSFO. The se-
quential bit stream output from the LC is first converted to
the probabilities of comparison (PCMP) by a data processing
unit (DPU) and then used in the backend digital control pro-
cedures embodied in FPGA for the nearest search of VREF

to VSFO. The PCMP is computed as Eq. (1). The output of
the LC, DOUT, is accumulated by the DPU for the number
of iterations (NCMP) in comparing VSFO and VREF at TSAMP

Fig. 7 Nearest search algorithm.

and then divided by NCMP to obtain PCMP.

PCMP =

∑
DOUT

NCMP
=

{
1 (VSFO > VREF)
0 (VSFO < VREF)

(1)

The nearest search algorithm is outlined in Fig. 7, based
on an essential fact that the voltage difference between adja-
cent digitized points becomes small if the sampling interval
is small, namely oversampling is applied. The initial value
of VREF for the search at TSAMP = Tn is chosen as the last
selected value of VREF as the voltage nearest to VSFO deter-
mined in the previous search at TSAMP = Tn−1, as shown in
the inset of Fig. 7. The calculation of PCMP decides the next
value of VREF to increase or to decrease, and VREF is itera-
tively updated in the same way. Finally, the nearest VREF to
VSFO is determined. The next initial value of VREF at Tn+1 is
then set to the last selected value of VREF at Tn in the same
way.

This algorithm reduces the number of voltage search
steps for VREF to reach an approximately equal voltage to
VSFO when starting from the voltage at the bottom of the
voltage range. The acceleration of waveform capturing by
this search algorithm was originally discussed in [9], [10],
however, the size of voltage step of VREF was not changed in
the present paper for simplifying the measurement program.

The waveform capturer uses 3.3 V I/O devices for cov-
ering the whole voltage range of 1.2 V for wide I/O oper-
ation. The voltage and timing resolutions of the orders of
300 µV and 10 ps, respectively, are realized. The resolutions
are manually tunable to the characteristics of waveforms to
capture. The WAK includes TG, VG, DPU, and interface
logic circuits. The details of PFE and WAK have been re-
ported in [9]–[11] with respect to their circuit designs and
digitizing algorithms.

3.2 Integration

The ASI involves an in-place waveform capturing system
for snooping waveforms passing through a vertical channel,
as conceptually depicted in Fig. 8. A pair of transceivers
(mini I/O circuits) shown in Fig. 8(b) have 4-level driving
strengths (Idrv) and drive a full-swing binary logic signal
in a time division duplexed bi-directional way. A vertical
channel is formed by a single TSV, a single µ bump, and
metal wires by the backend of line (BEOL) as well as in the
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Fig. 8 (a) Snooping waveforms through vertical channels with (b) mini
I/O transceiver circuits.

Fig. 9 Probe wiring of in-place waveform capture in wide I/O bank, in
physical layout of ASI.

backside redistribution layer (RDL). The PFEs for the sig-
nal (VSIG H and VSIG L) sense and digitize the waveforms in
a vertical channel. The other PFEs for power and ground
nodes (VDD and VSS, respectively) capture waveforms in the
three dimensional power delivery network with power and
ground TSVs.

The waveform capture is in oblong layout and located
in the center area of the interposer so as not to conflict with
the placements of TSV banks, as shown in the physical lay-
out of Fig. 2. The waveform capture includes eight arrays of
PFE circuits, corresponding to one PFE block per the wide
I/O bank.

The PFE block faces to 16 probe wires for the TSV
channels of redundancy in a bank, as given in Fig. 9. The
other 4 probe wires are for the VDDIO and VSS connections
within the bank. The probe wires are then selected by the
corresponding PFE. The total number of probing channels
is 160 in the test vehicle.

The power delivery network of the capturer is isolated
from the wide I/O circuits. The control and data signals
for the capturer also pass the vertical channels and then are
connected to C4 bumps of BGA in the back side of the logic
chip. These signals communicate with an external FPGA

Fig. 10 Measured static (DC) response of PFEs for voltage domains of
power (VDD), ground (VSS), and signal (VSIG H and VSIG L). The captures
in 2D and 3D realization are compared.

chip as a monitor controller, independently from the oper-
ation of wide I/O data channels. The power pins for the
capturer are provided in both the top and the bottom areas
of the die.

3.3 Performance

Input-output DC transfers of the PFE channels in a PFE
block are measured as given in Fig. 10. The voltage range
of ± 200 mV at the centers of 1.2 V(VDD) and 0.0 V(VSS)
allows power noise measurements. The rail-to-rail volt-
age range from 0.0 V to 1.2 V is covered by the SIG L and
SIG H channels for signal quality measurements.

The transfer characteristics are measured for the wave-
form capturer in the ASI chip as a stand-alone test sample
(before going to 3D integration), and also for the capturer
within the wide I/O test vehicle after 3D stacking as well.
The measured DC responses are shown to be almost identi-
cal among these samples.

Dynamic transfers for AC signals are measured as in
Fig. 11. The highest signal-to-noise distortion ratio (SNDR)
of 40 dB approximately provides a 7 bit linearity for cap-
turing waveforms with ± 100 mV amplitudes. The demon-
strated SNDR is not compatible to the reported numbers in
[12], although the on-chip waveform capturers used a very
similar architecture. This happened partly from the situa-
tion where the capturer was not fully optimized to the given
technology different from [12], while the authors had much
focused on the realization of in-place waveform capturing
for the three dimensional wide I/O demonstrator. The figure
also shows the frequency components in the digitization of
sinusoidal waveforms at 10 MHz. The highest spur at the 2nd

harmonics of the sinusoid limits the largest SNDR similarly
in both 2D and 3D samples. The AC performance is again
not impacted by the 3D chip stacking. The performance of
in-place waveform capturing is as expected even in the 3D
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Fig. 11 Measured dynamic (AC) response. The captures in 2D and 3D
realization are compared.

test vehicle. This results naturally from the immediate dig-
itization of signals within the PFE with the help of WAK
in the ASI. It also eliminates the undesired coupling or par-
asitic impedance in series among the signals of the wave-
form capturer through vertical and horizontal wiring paths
between ASI in the stack and peripheral electronic compo-
nents on an evaluation board.

4. Diagnosis of Vertical Channel

4.1 Signal and Power Integrity

The waveforms are in-place captured in a 3D stack sam-
ple and provide in-depth observations of power and signal
qualities in vertical conductive connections with TSVs. The
power waveforms are given in Fig. 12 for VDDIO and VSS

wiring within one bank of TSV channels. The amount of
voltage variations depends on driving strength of mini I/O.
However, it remains within 10% of the nominal supply volt-
age. The stability of power supply is therefore confirmed in
the wide I/O test vehicle.

Fig. 12 Noise waveforms of (a) power and (b) ground.

The signal waveforms captured at the 16 probe points
among the eight I/O banks are given in Fig. 13, under the
VDDIO at 1.2 V, and the driving strength of 0.5 mA. The
waveforms exhibit the operation with sufficient margins,
having a full signal swing of 1.2 V. The eye diagram in-
place obtained by the capturer for a particular single bit in
the vertical bus shows a wide eye opening in a voltage do-
main as well as in a timing window of the bit time of 2.5 ns
(at 200 MHz). The BIST also confirms an error-free data
transfer operation at 100 GByte/sec, even with the data pat-
tern of “5-A-5-A-5-A-5-A” that has the highest bit activities
and the densest bit flips among neighboring bits at every-
where within 4096 bits.

Signal skews are characterized from the waveforms as
given in Fig. 13(a). The skew is defined as the time differ-
ence between the slowest and fastest captured signals in the
middle of the signal swing in a rise transition, and shown
in this bank to be as small as 308 ps. The skew in each
bank was figured from the signal timings among 16 chan-
nels, eliminating the static timing offset in the time base
from the input terminal on the PCB to the input node of
mini I/O transceivers. The skews are compared among the
banks, as given in Fig. 14(a). The skews in 128 TSV chan-
nels in each bank are evenly distributed within 550 ps and
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Fig. 13 Wide I/O operation at VDDIO = 1.2 V and Idrv = 0.5 mA. (a) Cap-
tured signal waveforms among 16 vertical channels and (b) eye diagram.
Power supply and ground voltage waveforms are also shown [8]. ( c©2013
IEEE)

consistent among the eight banks.
The signal slews are then derived from the waveforms,

as also given in Fig. 13(a). The slew is defined as the time
to swing from 10% to 90% of signal amplitude of 1.2 V in
a rise transition. The distribution of measured slew among
the channels over banks is given in Fig. 14(b). They are con-
centrated around 2.5 ns/1.2 V without significant deviations.
The skew and slew with such small deviations among the
selected 128 channels reasonably represent all the vertical
channels distributed among eight banks. The timing varia-
tions can be sufficiently smaller in comparison with the half
clock period of 2.5 ns for the 100 GByte/sec with 4096 bit
width.

The waveforms captured in the 3D stack therefore
straightforwardly confirm the high stability in power deliv-
ery and timing margins for quality signaling. The in-place
collection of waveforms primarily helps diagnosing phys-
ical connections and potentially enhances the stability of
operations by tuning parameters or configuring circuits like
signal drivers. The selection of driving current in mini I/O
circuits (Fig. 8) was demonstrated in [6], where the in-place

Fig. 14 Signal diagnosis with in-place captured waveforms. VDDIO =

1.2 V and Idrv = 0.5 mA. Distribution of (a) signal skew in each bank and
(b) signal slews by occurrence over banks.

waveforms were characterized in eye opening as the mea-
sure of stable signaling. The completeness of 3D process
technologies is also indirectly proven by the stable wave-
forms.

4.2 Low Signal Swing Operation

The wide I/O test vehicle explores the energy efficiency of
digital data transfer between memory and logic tiers through
vertical channels with TSVs. A low-voltage signal swing is
pursued for maximizing the energy efficiency of transfer-
ring bits. The stable operation at 100 GByte/sec is always
confirmed with the evaluation of signal quality by using the
in-place waveform capturer as well as the measurements of
bit error rates by the on-chip BIST mechanism. The driver
strength of mini I/O circuits is fixedly chosen at 0.5 mA in
the following experiments.

The power supply voltage of mini I/O circuits, VDDIO,
is reduced to 0.75 V from the standard voltage of 1.2 V. The
BIST has a separate power domain from the mini I/O cir-
cuits and remains to be supplied at the nominal voltage of
1.2 V. The waveform capturer is also isolated with its own
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Fig. 15 Wide I/O operation at VDDIO = 0.75 V and Idrv = 0.5 mA. (a)
Captured signal waveforms and (b) eye diagram. Power supply and ground
voltage waveforms are also shown [8]. ( c©2013 IEEE)

power domain at 3.3 V.
The signal waveforms and eye diagram for VDDIO of

0.75 V are given in Fig. 15, as the lowest supply voltage in
an error free operation. The signal swing reduces to 30%
of VDDIO and the skew enlarges to 2.1 ns. Fail bit maps of
Fig. 16 show the number of erroneous bits integrated over
the iteration of data transfer by the BIST, in every bin of
4096 bits among the banks. The operation at 100 GByte/sec
is stable and error free under VDDIO of 0.75 V (Fig. 16(a)).

In comparison, the operation becomes totally erro-
neous when VDDIO is further lowered down to 0.70 V
(Fig. 16(b)). The error bits are not localized at all in the
space of TSV channels. The error rate exponentially in-
creases with the reduction of VDDIO as plotted in Fig. 17,
for three measured samples. These results prove a naturally
independent occurrence of fail operations among 4096 bits.
It should be noted that any redundant bit is not assigned in
these experiments.

The energy efficiency per a single bit transfer at
100 GByte/s is evaluated in response to VDDIO, as in Fig. 18.
The smallest energy efficiency is measured as 0.21 pJ/bit
with VDDIO of 0.75 V. The measured energy efficiency is

Fig. 16 Fail bit map measured by BIST. (a) VDDIO = 0.75 V and (b)
VDDIO = 0.70 V.

Fig. 17 Error rate versus VDDIO at Idrv = 0.5 mA.

Fig. 18 Measured energy efficiency versus VDDIO at Idrv = 0.5 mA.
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highly competitive with the more sophisticated I/O circuits
[13], even with the simplest mini I/O circuit consisting of
traditional inverter based buffers.

The size of dynamic voltage variations are measured by
the waveform capturer on power supply and ground wires
within the power domain of VDDIO, as superposed in the eye
diagrams of Fig. 15(b). The voltage variations, often recog-
nized as power noises, exhibit the amplitude of negligible
significance in comparison with the signal swing. This is
due partly to the low impedance of the stacked power de-
livery network with distributed TSVs among the banks and
helps the stable low voltage operation at a high data rate.

5. Conclusion

The in-place waveform capturer was realized in a 3D chip
stack and demonstrated the diagnosis of power delivery and
signaling within 4096 bit wide I/O bus structure running at
100 GByte/sec. The diagnosis was based on captured ana-
log waveforms and evaluated the quality of signaling with
quantities such as swing, skew, and slew. Power noise was
also measured.

In-place waveform capturing functionality strongly
helps in-depth characterization of electrical as well as me-
chanical properties of 3D integration, specifically even with
assembly technologies under active developments. The run-
time adjustments of circuit parameters will also rely on the
in-place diagnosis and potentially enhance the yields of 3D
integration. The deployments of waveform capturing need
further investigations.
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