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Abstract— A high-density low-power parallel I/O for die-to-die
communication is presented. The proposed interface includes a
low-power transceiver and a high-density low-cost silicon inter-
poser. The link architecture exploits single-sided and capacitive
termination, passive equalization in the transmitter, and CMOS
logic-style circuits to reduce the power consumption. To achieve
a high bump/wire efficiency, single-ended signaling is used.
A 4-layer Aluminum silicon interposer is fabricated providing
2.5 mm and 3.5 mm links between prototype transceivers. The
transceiver prototype includes 3 transmitters and 3 receivers
fabricated in 28 nm STM FD-SOI CMOS technology. The parallel
interface operates at 20 Gb/s/wire and 18 Gb/s/wire data rates
over the 2.5 mm and 3.5 mm channels with 5.9 and 7.7 dB
of loss relative to DC (10.7 and 13.5 dB total loss) at fp;,/2
while consuming 0.30 and 0.32 pJ/bit excluding clocking circuits,
respectively.

Index  Terms— Chip-to-chip communication, die-to-die
communication, high-speed I/0, low-power transceivers, passive
equalizer, silicon Interposer, single-ended signaling, termination.

I. INTRODUCTION

O MEET demands for 10+ Gb/s/link signaling between

chips, the complexity of I/O circuits has grown for
decades with an attendant increase in I/O power consump-
tion. As shown in Fig. 1, the power consumption of a
wireline transceiver including all the clocking, equalization,
data serializing and deserializing circuits, increases ten-fold
with 30 dB increase in the channel loss [1]. The hybrid
memory cube (HMC) specification [2] and high bandwidth
memory (HBM) standard [3] call for an aggregate bandwidth
of 8 Tb/s in next generation memory-to-processor links. On the
other hand, thermal constraints typically limit the total power
consumption of a CMOS chip to roughly 120 W [4]. Allo-
cating 15% of this power for I/O circuits, only 18 W can be
consumed in the I/O circuits. This means that the energy effi-
ciency of the 8 Tb/s interface must be better than 2.25 pJ/bit.
To achieve this energy efficiency, the channel loss must be
below 10-15 dB as shown in Fig. 1.

To simultaneously keep the channel loss below 15 dB and
keep the overall system size small, dies may be packaged
and interconnected on shared packaging substrates such as
silicon interposers and organic substrates. In such systems,
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Fig. 1. Wireline transceiver energy efficiency vs. channel loss at one-half

the bit rate among papers published at ISSCC from the past 10 years [1].

all the chips are flip chip mounted onto the shared sub-
strate and interconnected via the redistribution layer as shown
in Fig. 2. In recent years, these packaging technologies have
been employed in short reach links [5]-[7]. There are two pri-
mary applications for these high-density die-to-die links. First,
interfaces between two chips realized in different technologies
which therefore cannot be integrated onto a single chip; for
example a processor and memory. Second, multiple cores of
an FPGA or CPU which cannot be integrated onto a single
chip due to yield and cooling problems.

This paper presents a parallel interface for die-to-die com-
munication. The proposed interface employs a silicon inter-
poser providing the interconnects between chips. The intercon-
nect spacing on the silicon interposer is chosen to maximize
the bandwidth density without degrading performance due
to crosstalk between adjacent lanes. Moreover, single-ended
signaling is used to increase the data rate per bump/wire. The
transceiver uses CMOS logic style circuits to minimize power
consumption. A passive equalizer is used in the transmitter to
compensate for channel losses up to 15 dB. Single-sided and
capacitive termination techniques are employed to reduce the
power consumption in the link front-end.

This paper is organized as follows. Section II discusses the
proposed link architecture and the techniques used to decrease
the power consumption. In Section III, the transmitter and
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Fig. 2. Cross section of emerging packaging technologies in die-to-die
communication: (a) organic substrates; (b) silicon interposers.
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Fig. 3.

Proposed link architecture.

receiver design is detailed. Section IV covers the design of
the silicon interposer. Measurement results for the parallel
interface are reported in Section V, and conclusions are drawn
in Section VI.

II. PROPOSED LINK ARCHITECTURE

The proposed link architecture is shown in Fig. 3. A CMOS
inverter is used as the transmitter output driver. Since the
channel loss is not to be more than 15 dB, a passive equalizer
is sufficient to compensate for the frequency dependent loss.
In the receiver, a large capacitor (Cr) is used in series with
the termination impedance to reduce power consumption and
also generate the reference voltage, V,.r. At high frequen-
cies, Cr acts as a short circuit and the receiver termination
impedance becomes approximately equal to Rr||(Rp/A),
where A is the gain of pre-amplifier. Since the pre-amplifier
gain varies significantly with the input signal swing, process
and temperature variations, Rr must be large to reduce the
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impact of these variations on receiver termination impedance.
On the other hand, a large Rp can result in more duty-cycle
distortion at the output of the pre-amplifier. In this work, R is
1 kQ while the inverter gain is 4 for an input signal swing
of 100 mV. This results in 250 Q for the pre-amplifier’s input
impedance while the difference between the DC value of Vj;,
and Vgyx is limited to 50 mV based on the simulation results
with process variations. The DC offset between V;, and Vgx
is canceled using the following latch offset cancellation.

In the remainder of this section, the details of the termina-
tion and equalization techniques are discussed.

A. Capacitive and Single-Sided Termination

Fig. 4 shows different possible receiver termination schemes
for single-ended signaling with their average power consump-
tion assuming the same signal swing in all cases. In Fig. 4(a)
Thevenin termination, the receiver DC voltage is Vpp/2.
Hence, the reference voltage can be generated using another
resistive divider, with larger value resistors to reduce power.
This scheme is not power efficient because of the DC current
in the receiver termination. The second method, Fig. 4(b), that
is commonly used in memory interfaces due to its better power
efficiency is parallel termination [7], [8]. The DC voltage of
the received signal depends on the signal swing and is near
ground. Hence, the reference voltage is generated by a digital-
to-analog converter (DAC) that is calibrated by sending a
training sequence from the transmitter [7], [8]. In this work,
capacitive or AC termination is used due to its excellent power
efficiency. As shown in Fig. 4(c), the power consumption of
capacitive termination is half that of parallel termination, once
the capacitor Cr is charged up to approximately Vpp/2. When
transmitting a “1”, the current flows from Vpp to Cr, and
when transmitting a “0”, Cr discharges to ground through
the transmitter pull-down network. It has to be noted that the
current equations are valid as long as C7 holds its voltage or in
other words the signal is DC balanced without long sequences
of consecutive identical digits (CIDs).

Another advantage of capacitive termination is that the refer-
ence signal is extracted from the incoming signal. Fig. 5 shows
how the DC voltage is set using the transmitter and the
receiver pre-amplifier, where C7 is considered an open circuit.
Assuming the same supply voltage of Vpp for both transmitter
and receiver, the received DC voltage Vgx when transmitting
a “1” or “0” can be found as follows:

Vixi = ( Ryrx + RF

RNRrx + RF + Rep + Reg + Rprx
Vixo = ( Reh + Reg + RnTx
Rntx + RF + Rep + Reg + Rprx

where Ryrx,NTx,PRX,PTx are the on-resistance of transis-
tors Nrx,rx and Pgryx rx respectively, and R, is the DC
resistance of the channel. Assuming a DC balanced signal at
the receiver, the DC voltage at Vgx can be found by taking
the average of (2) and (1). Note these voltages can be made
relatively insensitive to variations in the on-resistance of the
NMOS and PMOS transistors by making them smaller than
Rp and Re,. The termination Ry and C7 form a low-pass

) x Vpp, (1)

)X Vop.  (2)
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Fig. 4. Different receiver termination schemes in single-ended signaling: (a) Thevenin; (b) parallel; (c) capacitive (assuming Cr is relatively large and hence

the voltage across it is unchanging).
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Fig. 5. DC current path of signals when transmitting a long sequence of “0”
or “1” (Cr is considered an open circuit).

filter of Vgx whose DC voltage is stored on capacitor Cr.
This voltage, V,.r, is used as the reference signal in the
receiver sampler which automatically adjusts to variations in
input/output impedance, supply voltage and swing without a
specific training sequence. However, capacitor C7 must be
large enough to avoid large drift on the reference voltage
during CIDs. In this work, C7 is 30 pF which translates into a
7.5 ns time constant for the capacitor, assuming Rry = 200 Q
and Rry = 50 Q. This means that the reference voltage drifts
10% after 16 CIDs. Moreover, dc balance is required to ensure
the voltage at V,.r is an appropriate reference. Hence, this
method is only effective when the input signal is line coded
or adequately scrambled.

To reduce the link power consumption even further, single-
sided termination is used. For example, in a voltage-mode
driver with a 1 V supply voltage and capacitive termination,
using 50 Q termination in both the transmitter and receiver
results in 2.5 mW power consumption. This power can be
reduced to only 1 mW if a 50 Q termination impedance
is used on one side and a 200 Q termination on the other
side. Although, singly-terminated links reduce power con-
sumption, they can degrade signal integrity due to reflections.
Fig. 6(a)—(c) and (d)-(f) show the simulated received pulse
responses and eye diagrams for doubly- and singly-terminated
links respectively over a 4 cm organic substrate. In the

presence of channel discontinuities (two PCB vias in these
simulations), single-sided termination degrades the received
eye diagram significantly as shown in Fig. 6(f), but the eye
diagram in Fig. 6(e) still has enough horizontal and vertical
eye opening. The main reason is that the matched termination
impedance on one side adequately absorbs reflections as long
as there are no significant discontinuities in the channel. This is
the case in silicon interposers and organic substrates as shown
in Fig. 2 since there are no solder balls or PCB vias in the
channel.

B. Passive Equalization in Transmitter

Capacitive transmitters for on-die interconnects were intro-
duced in [9], [10] to save power and compensate for inter-
connect loss at the same time. In [11], a capacitive trans-
mitter in parallel with a voltage-mode transmitter was used
to implement pre-emphasis in a single-ended memory trans-
ceiver. Similar to these works, as shown in Fig. 5, passive
equalization is used in the transmitter here. This contrasts
with [12] which used a low-impedance transmitter and a high-
impedance receiver for links on silicon interposers. Having a
low-impedance termination in the transmitter results in more
drive strength and faster slew rate; however it increases the
signal swing on the channel, the pad and ESD capacitance.
For example, Vpp =1V, Rrx =50 Q, Rrx = 200 Q, and
C = 500 fF at 20 Gb/s results in 0.8 V signal swing and
1.6 mW of dynamic power consumption, while switching to
Rrx =200 Q, Rrx = 50 Q results in 0.2 V signal swing and
only 0.1 mW of dynamic power consumption. Therefore, the
passive equalizer is used in the transmitter to improve the link
energy efficiency. The main drawback of putting the equalizer
in the transmitter is the inability to adapt the equalization;
however, if the channels are known a priori, which is the case
in most of the applications in die-to-die communication, the
equalizer setting can be set manually. The impact of high-
impedance DC termination in the transmitter on the drive
strength and slew rate is not significant because the capacitor
in the passive equalizer decreases the transmitter impedance
at high frequencies.
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(a) Simulated pulse responses with double termination without and with vias; simulated received eye diagrams with double termination (b) without

vias, (c) with vias; (d) simulated pulse responses with single-sided termination without and with vias; simulated received eye diagrams with single termination

(e) without vias, and (f) with vias.
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The passive equalizer also mitigates power supply noise
which is one of the main challenges in single-ended signaling.
As shown in Fig. 7(b), the inductive and capacitive compo-
nents of a typical power distribution network (PDN) cause its
impedance to resonate at hundreds of MHz. Hence, currents
drawn at those frequencies may result in large ripples on the

(c) current spectrum drawn from the power supply with and without passive
with and without passive equalizer.

supply voltage. Using a passive equalizer in the transmitter
reduces the supply current spectrum in that critical frequency
range as shown in Fig. 7(c). It should be noted that the
transmitter strength at high frequencies is similar with and
without the passive equalizer because the impedance of the
passive equalizer decreases with the increase in frequency.
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As can be seen in Fig. 7(d), using the passive equalizer results
in significant reduction in power supply noise for the PDN
model in Fig. 7(a).

III. TRANSMITTER/RECEIVER DESIGN

The block diagram of the transceiver prototype that includes
three pairs of transmitters and receivers is shown in Fig. 8.
In each transmitter, a parallel PRBS generator produces a
quarter-rate length-(27 — 1) pattern. These signals are then
serialized in a 4-to-1 multiplexer. The full rate signal goes
through two stages of pre-amplification and then to the channel
through the output driver discussed in Section II. The passive
equalizer in the transmitter is programmable to provide dif-
ferent amounts of boost or can be bypassed using EQ_BP
switch in Fig. 8. R, is programmable from 155 Q to 1 kQ
using four switchable resistors, while the on-resistance of the
transistors in the output driver is 40 Q. C,, is programmable
from 200 fF to 575 fF in steps of 25 fF. The area of the passive
equalizer is 1500 x#m?. In the receiver, capacative termination
is used to save power and generate the reference voltage. The
received signal goes into a 1-to-4 demultiplexer after the pre-
amplifier, consisting simply of four time-interleaved flip-flops.
Each quarter-rate demultiplexer output can be selected using
the corresponding Output Select switch. The selected output
is then sent off-chip through a 50 Q output driver for bit error
rate (BER) measurement.

In high-density I/Os, multiple data lanes are usually bun-
dled and one clock signal per bundle is forwarded from the
transmitters to the receivers. This simplifies clock alignment
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in the receiver by ensuring zero frequency offset between the
transmitter and receiver. In [6], the delay through all the data
lanes and the clock lane is matched, so there is no need for per
lane clock de-skew or continuous phase alignment. In [5], [18],
the phase alignment is done in a periodic “round-robin”
fashion for all the data lanes and 1/4-UI clock phase alignment
per lane is provided to overcome mismatch between data lanes
within the bundle. Typically, clock recovery and distribution
circuits consume around 50% of the total link power based on
the published results in [5], [6], [18]. These circuits are not
the focus of this work. Therefore, a half-rate differential clock
signal is provided from off-chip and the phase alignment is
done manually using off-chip clock synthesizers and on-chip
delay lines. After termination, the half-rate clock is distributed
to each transmitter and receiver using on-chip transmission
lines. In each transmitter and receiver, the half-rate clock is
divided into quarter-rate quadrature clock signals.

All latches in the PRBS7 generators and 1-to-4 demulti-
plexers are double-tail latches [13]. The 4-to-1 multiplexer and
pre-driver stages in the transmitter use CMOS logic circuitry
to save power compared with CML logic. In the rest of this
section, these building blocks are discussed.

A. 4-to-1 Multiplexer

Using higher-order multiplexers (i.e. greater than 2:1) as
the final stage of the serializer can lead to lower power
consumption when the data rate is high relative to the
transistor’s intrinsic speed as it does not require any half-
rate latches; however, this has two drawbacks. First, higher-
order multiplexers usually exhibit lower bandwidth than 2:1
multiplexers. Second, the phase mismatch between the multi-
phase clock signals degrades the output signal quality [14].
In [5], [15], CMOS 2-to-1 multiplexers have been used due
to these problems. In this work, a 4-to-1 multiplexer is used
to reduce the power consumption of clocking circuits. The
limited bandwidth of the multiplexer is compensated in the
pre-driver stage. A fully symmetric layout for the clock signals
and the multiplexer is used. Moreover, a half-rate clock signal
is distributed between multiple lanes and is divided using an
injection-locked frequency divider in each lane to minimize
the phase mismatch between the quadrature clock signals.
It should be noted that distributing the clock signal half-rate
or quarter-rate consumes a similar amount of power if CMOS
inverters can be used in the clock distribution buffers.

Fig. 9(a) shows the 4-to-1 CMOS multiplexer schematic.
The pull-down network which serves as both logical-AND
and latch is a modified CMOS version of the CML 4-to-1
multiplexer presented in [14]. The multiplexer only requires
single-ended signals for its operation and is comprised of four
pull-up/pull-down cells. The timing diagram of the first cell is
shown in Fig. 9(b). As long as CIkO is high (Clk270 is low), the
“Np” and “Nn” nodes are charged to VDD and discharged to
ground respectively. When C1k90 goes low, the “Np”” and “Nn”
nodes will track the “D0” and its complement respectively.
At the rising edge of CIkO, the input data is sampled on
the parasitic capacitance on the “Np” and “Nn” nodes. These
nodes hold their values until CIk90 goes high. During the time
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window when CIkO is high and CIk90 is low, the cell 1 output
M1,,:1 1s equal to the input data DO. When CIkO is low or
CIk90 is high, M1,,;1 is disconnected from M,,;. Therefore,
each pull-up/pull-down cell controls the output signal during
the time when its clock (CIkO in cell 1)is high and its delayed
clock (CIk90 in cell 1) is low. By connecting the appropriate
clock phases to each of the pull-up and pull-down cells, the
output is driven by only one cell at a time and each clock
phase sees the same capacitive load. Fig. 9(c) shows the timing
diagram of the 4-to-1 multiplexer.

To increase the timing margin for the sampling clock, there
is a 180 phase difference between DO-D1 and D2-D3. In [14],
this phase difference is introduced by using different clock
phases for the multiplexers in the preceding 8:4 serializer.
In the prototype, since there is no 8:4 serializer this is done by
retiming two of the four inputs prior to the multiplexer. The
proposed 4-to-1 CMOS multiplexer consumes less power than
its CML counterpart but has significant parasitic capacitance
on its output from both the pull-up and pull-down networks
preventing the multiplexer from operating at 20 Gb/s. In the
next section, a bandwidth enhancement technique is presented
to alleviate this problem.

B. Transmitter Pre-driver

Fig. 10 illustrates the proposed CMOS bandwidth enhance-
ment technique. As shown in Fig. 10(a), the pre-driver circuit
is comprised of a resistive feedback inverter with source
degeneration followed by a conventional CMOS inverter.
In the absence of this technique, the bandwidth of the multi-
plexer is 1/(Ryux - Cmuyx ) resulting in inter-symbol interference
at 20 Gb/s as shown in Fig. 10(b). This increases the jitter in
the transmitter and leads to performance degradation. Using
a feedback resistor (Rpqr) in the next stage improves the
bandwidth of the multiplexer by pushing the pole location
to 1/((Rmux!|Rpdr) - Cpmux), assuming R,qr is larger than
on-resistance of transistors N1 and P1, and the capacitance

4-to-1 CMOS multiplexer: (a) schematic; timing diagram of (b) one pull-up/pull-down cell; (c) 4-to-1 multiplexer.

at the output of the inverter with resistive feedback (P Dyy) is
negligible. The simulated eye diagram at P Dy, after adding
the feedback resistor is shown in Fig. 10(c).

Adding source degeneration capacitors (Cpqs) and resis-
tors (Rpqs) to the sources of both P1 and N1 creates a zero
at 1/((Ronl|R pas)-Cpas) which can be used to further improve
the bandwidth. As shown in Fig. 10(d), data-dependent jitter
is eliminated at P Dy, after applying both source degeneration
and resistive feedback in the pre-driver. In the prototype, the
switches En are included to disable both the feedback resistor
and source degeneration and show the effectiveness of this
technique.

As can be seen in 10(c)—(d), the signals at PDjy; do not
swing rail-to-rail after applying the proposed technique so a
conventional CMOS inverter is needed to bring the signals
back to rail-to-rail. If used to achieve large high-frequency
boost, the circuit’s reduced output swing makes it more
sensitive to power supply noise. Therefore, this technique is
only used to introduce between approximately O to 5 dB of
high-frequency boost.

IV. SILICON INTERPOSER

To implement high density interconnects, silicon interposers
have been used in electrical and optical transceivers [5], [16].
In this work, a very low-cost (0.35 um) standard CMOS
technology is used to build an interposer due to its ready
availability. In addition to providing the high-speed intercon-
nect, the interposer can also be used to realize metal-metal
decoupling capacitors for the power supplies.

Fig. 11 shows the stripline configuration of the channel in a
standard CMOS interposer (with 0.64 um-thick Al intercon-
nect) compared to the dedicated interposer technology in [5]
(with 3 xm copper interconnect). The dedicated (copper back-
end) interposer technology exhibits lower channel insertion
loss at DC and high frequencies. As shown in Fig. 12(a),
channel insertion loss at 10 GHz for a 3 cm channel with
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the thick copper interconnect is similar to a 3.5 mm channel
on the low-cost standard interposer. As shown in Fig. 12(b),
the return loss of the channels on the copper interconnect is
constant over a wider range of frequencies compared to the
standard interposer. This is mainly because the interconnects
on the standard interposer are RC dominant at low frequencies.

To achieve 50 Q characteristic impedance using the stack-up
in Fig. 11(a), the trace width must be 1.4 um resulting in
7.5 dB of DC loss as shown in Fig. 12(a). For the same DC
loss as in [5], the trace width may be increased to 4.2 um
but this leads to poor return loss. Consequently, a tapered
transmission line is used where the trace width is increased
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The stripline configuration in (a) standard CMOS silicon interposer; (b) dedicated silicon interposer in [5].

from 1.4 yum to 4.2 um and then back to 1.4 um in steps
of 0.4 um. The tapered transmission line exhibits less low
frequency insertion loss compared to a 1.4 xm wide trans-
mission line while still maintaining return loss below 10 dB
above 5 GHz. In other words, the complex characteristic
impedance of the interconnects becomes mostly real and the
interconnects perform as low-loss transmission lines. So the
link needs to be properly terminated to avoid reflections.
One of the main challenges in high-density I/Os is crosstalk.
In [17], the measured far-end crosstalk (FEXT) and near-
end crosstalk (NEXT) of differential channels on the dedi-
cated silicon interposer are reported to be less than 30 dB
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and 37 dB without and with ground shielding respectively.
Fig. 13 shows the FEXT and NEXT simulation results for a
3.5 mm interconnect on our standard interposer with different
channel spacings compared to a 3 cm interconnect on the
dedicated interposer with 6 um spacing. As can be seen,
the crosstalk in the dedicated interposer is worse than the
numbers reported in [17] since the channels are single-ended
in the simulations shown in Fig. 13. The crosstalk in the
standard interposer is negligible once the channel spacing is
above 4 um. Both interposers use stripline configuration which
is more immune to crosstalk compared to microstrip configura-
tion, but the standard interposer exhibits lower crosstalk. This
is mainly because of the thin traces and their RC dominated
behavior. The channel spacing is chosen to be 6 um. This
leaves coupling between neighboring bumps/pads as the main
source of crosstalk. The channel pitch available in the low-cost
standard silicon interposer is 10.2 gm which is comparable to
the 8 um and 22 um channel pitches used in [17].

V. EXPERIMENTAL RESULTS

Fig. 14 shows the packaged prototype, where two identical
transceiver dies are flip-chip mounted onto a standard CMOS
silicon interposer using gold stud bumping. The bump pitch
is 100 um. The interposer is then wire-boned to a high-
speed PCB. As described in Section III, there are three
identical transmitter/receiver pairs on each transceiver die. All
three transmitters on Die B (TX1B-3B) are connected to the

Comparison between the 2D electromagnetic field solver simulation results
interconnects on dedicated silicon interposer: (a) insertion loss; (b) return loss.
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Fig. 14. The system prototype package where two transceiver dies are
flip-chip mounted onto a silicon interposer with 10.2 x#m channel pitch.
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receivers on Die A (RX1A-3A) through a 2.5 mm interconnect.
Also TX2A and TX3A are connected to RX2B and RX3B
through a 3.5 mm interconnect. TX1A and RX1B are brought
off-package to measure the performance of the transmitter and
receiver independently.

The interposer prototype was fabricated in AMS standard
0.35 um CMOS technology. Fig. 15 shows the measured
insertion/return loss of the interposer along with their loss
at one-half the maximum bit rate tested. The measurements
were done by wafer probing and using a vector network
analyzer (VNA). Moreover, a sampling oscilloscope was used
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Fig. 16. Measured interposer eye diagrams with 1.7 V launch swing (a) at 20 Gb/s over 2.5 mm interconnect, and (b) at 18 Gb/s over 3.5 mm interconnect.

Block Description Area (pm?)
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Fig. 17. Die photo and area breakdown of the 28 nm FD-SOI CMOS
transceiver prototype.

to measure the eye diagrams after the channels on the inter-
poser. Fig. 16 shows the eye diagrams when driving the
2.5 mm and 3.5 mm interconnects through wafer probes with
test equipment at 20 Gb/s and 18 Gb/s, respectively.

The transceiver prototype was fabricated in 28 nm STM
FD-SOI CMOS. The die photo and area breakdown in the
transceiver is shown in Fig. 17. Each transmitter and receiver
occupies 67.5 x 67.5 um? and 81 x 54 um? of silicon

Keysight 4960A
Clock Synthesizer | = =

o) =Y =]
% % @ ] Differential
P I T Half-rate
Clock
PCB
Interposer
Die A Die B
RS232 Interface to Board
Quarter-rate
Po—— ---I--zf==- Receiver
Full-rate Tr i s outputs
output Tl o1
Qo
Agilent 86100C | = O O Centallax TG1B1-A BERT| & o
Sampling Scope| o oo
S © o e ®© © © o

Fig. 18. Measurement setup.

area, respectively. Therefore, both transmitter and receiver
including all their decoupling capacitors and clocking circuits
easily fit under 2 pads even with our reduced pitch, so that for
example a complete transceiver could fit under 4 pads for Vpp,
Gnd, T Xour, RXiy,, an important feature for high-density IOs.

Fig. 18 shows the measurement setup used to characterize
the link performance. The interposer is wire-bonded on a
high speed board where all the high-speed connectors are
mounted. A DC board is used to provide the power supplies
and low-speed control signals for both transceivers through a
laptop GUI using a RS232 interface. The half-rate differen-
tial clock signals for both transmitter and receiver are pro-
vided from a Keysight 4960A clock synthesizer. The full-rate
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Fig. 19. The transmitter output eye diagram taken off-package with 20 Gb/s PRBS7: (a) bypassing the transmitter passive equalizer; (b) with passive equalizer.
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Fig. 21.

transmitter output (TX1A) is sent to a Keysight 86100C
sampling oscilloscope to look at the eye diagrams. The quarter-
rate received signal is sent to a Centellax TG1B1-A BERT for
BER measurements.

The transmitter output (TX1A) eye diagrams are first
illustrated. It must be noted that the transmitter signal in
these measurements goes through a shorter interconnect on
the interposer but package discontinuities such as wirebonds
and a PCB trace to an SMA connector degrade the eye
performance. Therefore, the eye quality does not represent the
link performance; the only purpose of these eye diagrams is

10ps
R e | T | iR | s | o | argn )

AT Apr 2015 2239

(b)

The transmitter output eye diagrams taken off-package with 20 Gb/s PRBS7: (a) without pre-driver bandwidth enhancement; (b) with pre-driver
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(b)

Bathtub curves with and without crosstalk and passive equalizer with PRBS7: (a) 3.5 mm at 18 Gb/s; (b) 2.5 mm at 20 Gb/s.

to illustrate the effectiveness of the passive equalizer and pre-
driver bandwidth enhancement techniques.

Fig. 19 shows the TX1A output eye diagrams at 20 Gb/s
without and with the transmitter passive equalizer. Also, the
TX1A output eye diagrams without and with the pre-driver
bandwidth enhancement technique are shown in Fig. 20, illus-
trating its effectiveness to compensate for the 4:1 multiplexer’s
limited bandwidth.

Fig. 21 shows the measured bathtub curves of the received
signal on both 2.5 mm and 3.5 mm interconnects with and
without passive equalizer and crosstalk. As can be seen in this
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(a)

Fig. 22.

figure, the performance degradation due to crosstalk is negli-
gible as expected. As shown in Fig. 21(a), when one aggressor
is present, the eye opening is 0.29 UI with 10~'> BER
at 18 Gb/s over the 3.5 mm interconnect with 5.8 dB and
13.5 dB loss at DC and Nyquist frequency respectively. Also,
when two aggressors are present, the eye opening is 0.38 Ul
with 10712 BER at 20 Gb/s over the 2.5 mm interconnect with
4.8 dB and 10.7 dB loss at DC and Nyquist frequency.

The power breakdown of the proposed transceiver is illus-
trated in Fig. 22(a). At 20 Gb/s over the 2.5 mm interconnect,
the transmitter and receiver power consumption are 2.8 mW
and 3.3 mW, respectively. At 18 Gb/s over the 3.5 mm
interconnect, the transmitter and receiver consume 2.7 mW
and 3.0 mW of power, respectively.

Fig. 22(b) compares the performance of the proposed trans-
ceiver with recently published papers for short reach applica-
tions, where the channel loss is up to 10 dB [6], [15], [18].
The energy efficiency of the proposed transceiver at 20 Gb/s
is 0.3 pJ/bit including the 4-to-1 multiplexer, transmitter pre-
driver, output driver, receiver front-end, pre-amplifier, and
1-to-4 demultiplexer. The power for the clocking circuits are
not included in the power numbers, but is also excluded
from other works making for a fair comparison. Although [6]
has better energy efficiency than this work, it includes no
equalization. It is also worth mentioning that the length of the
interconnects in this work are shorter because of the low-cost
and higher-loss thin Al interconnect; hence, the interconnect
length could be extended using a dedicated silicon interposer
technology or an organic packaging substrate with lower loss.

VI. CONCLUSION

A 0.3 pl/bit parallel interface has been introduced for die-
to-die interconnect. The implemented prototype includes a
standard 0.35 um CMOS silicon interposer and two 28 nm

(b)

(a) Power breakdown of the transceiver at 20 Gb/s and 18 Gb/s. (b) Performance summary comparison.

CMOS transceivers. Different techniques in the transceiver
design such as single-sided termination, capacitive termination
in the receiver, and passive equalization in the transmitter have
been employed to reduce the power consumption of the link
front-end. Moreover, CMOS logic style circuits have been used
in the transmitter to further decrease the power consumption.
Single-ended signaling has been used to improve the link
bandwidth per pin/wire. The proposed parallel interface con-
sumes 6.1 mW power at 20 Gb/s over a 2.5 mm interconnect
with 10.7 dB loss at Nyquist frequency and 4.8 dB loss at
DC and it is immune to crosstalk noise. The excellent energy
and pin efficiency of the proposed parallel interface and its
ability to compensate for 10 dB of insertion loss make it a
suitable candidate for die-to-die communication over silicon
interposers or organic substrates.
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