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Abstract—A high data rate, low power on-chip link in 28nm
CMOS is presented. It features a double-sampling receiver
with dynamic offset modulation and a capacitively-driven
transmitter. The functionality of the link was validated using
4-7mm minimum-pitch on-chip wires. It achieves up to 20Gb/s
of data rate (13.9Gb/s/um) with BER< 107 '2, It has better
than 136f]J/b of power efficiency at 10Gb/s. The total area of
the transmitter and receiver is 1110m>.

Index Terms—Interconnect, On-chip signaling, Double-
sampling, Dynamic offset modulation, Crosstalk.

I. INTRODUCTION

As VLSI technologies and multi-core processor chips
continue to scale, long on-chip wires will present in-
creasing performance limitations. While transistors favor
from technology scaling, the shrinking cross-sectional area
of the on-chip wires increases electrical resistance and
hence their latency, which has a quadratic relation with the
wire length. Simple inverter-based repeaters can partially
mitigate the latency problem, where an optimal design
makes the repeated wire delay linear with length instead of
quadratic. However, the associated power and area become
prohibitive as the technology scales due to the increased
number of repeaters per unit length, Fig. 1. Low-swing
differential signaling [2]-[6], current-mode signaling [7],
[8], equalization [6], [9] and transmission lines [2], [7]
have been employed to resolve the energy and latency
problem of the repeated links. However, these techniques
are becoming less adequate in meeting bandwidth density
and power requirements.

Due to the RC nature of the on-chip wires, binary signals
suffer from a long train of post-cursor inter-symbol interfer-
ence (ISI). To eliminate ISI, equalization techniques such as
decision feedback equalization (DFE) can be utilized, but,
the long post-cursor tail necessitates many DFE taps, which
results in significant power overhead. This problem is
exacerbated as the technology scales. RC signal emulation
in a DFE, is also an attractive solution to eliminate many
taps of post-cursors [6], [9]. The main limiting factor in this
technique is to meet the timing requirement in the feedback
loop, especially at high data rates. In this paper, we present
an on-chip link using minimum-pitch wires for high-speed
signaling to address the bandwidth requirement of future
microprocessors. We propose a double-sampling technique
with a feed-forward dynamic offset modulation (DOM)
to achieve high data rates over minimum-pitch and long
on-chip wires that suffer from excessive loss and latency.
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Fig. 1. (a) Repeater-based on-chip link, (b) the distance and
number of repeaters for an optimally repeated wire in different
technology nodes [1].

In order to further improve data rate and reduce power
consumption, a capacitively-driven transmitter is employed
[4]. The emphasis of the proposed design is low power
consumption, high bandwidth density and scalability to
future technology nodes.

II. ARCHITECTURE

Minimum-pitch wires can have a slow exponential re-
sponse to a fast transition, with a time-constant (7) much
larger than the bit time (T). Instead of conventional equal-
ization techniques, in this work, we propose to employ
a mostly-digital double-sampling technique to break the
trade-off between the data-rate and the on-chip wire time-
constant [10]. Fig. 2 shows the top-level architecture of
the proposed receiver. As shown in Fig. 2(b), the input
voltage is sampled at the end of two consecutive bit times
(V[n-1], V[n]) and these samples are compared to resolve
each bit: AV [n| = V[n] — V[n — 1] > 0 results in 1, and
AV[n] < 0 results in 0. Note that the overall sampling rate
is still equal to the data rate. This double-sampled voltage
(AV[n]) will be input-dependent due to the channel transfer
function, Fig. 3(b). To resolve this problem, the offset of
the next stage comparator can be dynamically modulated
to provide a constant voltage at its input regardless of the
data sequence. In this receiver, an offset proportional to
the previous sample, V[n-1], is applied to the comparator.
For instance, in case of a large AV [n] = AV (e.g. a
one after many zeros), or a very small AV [n] (e.g. a zero
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Fig. 2. Receiver top-level architecture, double-sampling technique
and DOM.
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Fig. 3. (a) Z-domain representation of the double-sampler and the
dynamic offset modulation. (b) Operation of the dynamic offset
modulation.

after many zeros), an offset equal to 2Vmez is subtracted

resulting in AV’[n] = AV&""”, and _A2"“”, respectively
as shown in Fig. 3(b). The same scenario is true for the
opposite case. Fig. 3(a) shows the z-domain representation
of the double-sampling and the dynamic offset modulation
technique. Assuming a dominant pole of w, = %, it can
be shown that for an exponential signal, dynamic offset
modulation can eliminate the input dependency of the
double-sampled voltage if DOM gain, [, is equal to
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Fig. 4. (a) Capacitively-driven transmitter, (b) double-sampling
technique to resolve the received data.

B=a(l—e7), (1)

where « is the main path gain. This results in a constant
double-sampled voltage, AV’[n], equal to
T

AV'[n] = %(1 e ) = %Avmw. @)

Another advantage of this technique is the capability
to perform immediate demultiplexing at the front-end.
A quarter-rate architecture (multiplexing factor of 4) is
employed in this design. As a result, the comparators will
operate in a fraction of the data rate.

Utilizing low-swing signaling also reduces the power
consumption in an on-chip interconnect, where most of
the power is associated with the dynamic charging and
discharging of the wire capacitance (C'y,). A separate supply
can be employed for an inverter-based transmitter to reduce
the signal swing and hence improve power efficiency.
However, it is not desirable to have multiple supplies on
chip, as it makes the power distribution complicated. An
alternative approach to achieve low swing is to drive the
wire through a capacitor, C),. This helps reducing the signal
swing on the wire through a capacitive voltage divider.
Ignoring the parasitic capacitance associated with the driver
and the receiver, the resulting signal swing at the receiver
side will be equal to chﬁbp X Vgq. This capacitor also
pre-emphasizes transitions and reduces the driver’s load.
Because it acts as a high-pass filter, the capacitor increases
the bandwidth of the wire by almost a factor of g—w and
decreases latency. Fig. 4 shows the capacitive driver and the
resulting signals at the input and the output of the wire. As
shown in Fig 4(b), the receiver input has an exponential
behavior.
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III. IMPLEMENTATION
As mentioned in previous section, in the proposed design

a capacitive driver is employed to achieve small voltage
swing and reduce power consumption. It should be noted
that the coupling capacitor limits the maximum number of
consecutive ones/zeros due to the voltage drift associated
with the high-pass behavior of the link. As a result, the
coupling capacitor, C,, is optimized to reduce the time
constant of the drift process while providing reasonable
voltage swing and bandwidth enhancement. In this design
a PMOS transistor realizes a 400fF capacitor for the driver.
This results in about 140mV voltage swing over a 7mm
wire and less than about 1mV drift in voltage after more
than 40 consecutive ones/zeros. The termination resistor
sets the receiver’s DC voltage to V4. The high DC voltage
at the input of the receiver guarantees best operation of the
PMOS samplers as shown in Fig. 5. It also biases the PMOS
coupling capacitor in the accumulation regime to ensure
maximum capacitance and hence least area. The sampler
utilizes dummy switches to reduce charge injection. The
residual error due to charge sharing and clock feed-through
is removed by the double sampling technique, which per-
forms the single-ended to differential conversion immedi-
ately at the receiver input. The input voltage is sampled
by a bank of four sample/holds (S/H) driven by quarter-
rate clock phases). The sampling capacitor Cs is chosen
such that enough SNR for BER< 107!? is achieved. An
amplifier with about 6dB gain provides isolation between
the sensitive sampling node and the sense amplifier. It
also creates a constant common-mode voltage and prevents
input dependent offset. A StrongARM sense amplifier is
employed to achieve high speed and low power. The sense
amplifier has a separate offset cancellation for mismatch
compensation through the variable capacitors shown in
Fig. 5. The wires are implemented using minimum-pitch
(0.36pm width, 0.36pm spacing) My layer in the 9-metal
process where Mg and Mg layers are densely populated
to mimic orthogonal interconnects in a microprocessor
chip. A shielded wiring structure is employed to minimize
coupling noise from adjacent lines, as shown in Fig. 6. This
provides noise immunity while the double-sampling tech-
nique eliminates sensitivity to common-mode interferences
at the receiver. Fig. 6 shows the simulated and measured
characteristics of the 5Smm and 7mm on-chip wires.

Transistor level schematic of the receiver front-end and the StrongArm sense amplifier with capacitive offset cancellation.
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Fig. 6. (a) Shielded single-ended on-chip wire. (b) Simulated and
measured characteristics of the on-chip wires.

IV. MEASUREMENT RESULTS

The link prototype was fabricated in 28nm LP CMOS
technology with the receiver and transmitter occupying less
than 950pm? and 160um?, respectively. The functionality
of the transceiver was validated using single-ended on-chip
wires with different lengths (4-7mm). PRBS-7 to 31 data
was generated off-chip and sent to the on-chip transmitters.
Fig. 7 shows how power consumption (including all clock
buffers) changes with increasing the data rate. The Smm
link operates up to 18Gb/s while achieving better than
164fJ/b power efficiency. As the link length and thus
wire capacitance increases, signal swing at the receiver
degrades. This result in the maximum measured data rate
of 15Gb/s for the 7mm link. At this data rate the power
efficiency is about 180fJ/b. For the 1.44;m wire pitch, the
bandwidth density for the Smm and 7mm links is 12.5
and 10.42Gb/s/pum, respectively. As this design employs
mainly digital blocks, the power consumption almost lin-
early scales with data rate, Fig 7(a). An optimally repeated
version of the link with the same geometry was also
simulated for comparison purpose. The proposed scheme
offers over 4x improvement in energy efficiency and about
40% lower latency compared to the repeated link. The
receiver offers a peak energy efficiency of 136fJ/b at 10Gb/s
data rate for 7mm wires. The transceiver was also tested
using a 4mm wire. This link is comprised of two adjacent
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Fig. 7. Total power consumption (a) and power breakdown for the Smm (b) and 7mm (c) links.
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Fig. 8. (a) Crosstalk measurement setup, (b) power consumption
of the 4mm link in the presence of an aggressor.

wires to investigate the effect of crosstalk, Fig. 8. Once the
aggressor is activated while V;4=0.95V the SNR drops due
to the crosstalk noise, which causes an increase in the BER.
By increasing the supply to 1V we could restore the BER,
which translates into about 5% degradation in the SNR due
to the crosstalk. This level of crosstalk noise is comparable
to a twisted differential architecture. The advantage of the
shielded structure is that it eliminates the Miller capacitance
that exist in a differential pair and hence offers a better
power efficiency as well as area efficiency. The immediate
single-ended to differential conversion provided by the
double-sampling technique also minimizes the sensitivity
to common-mode noise. Maximum data rate of 20Gb/s
with BER< 1072 and 180fl/b of energy efficiency was
achieved over this link. Table I summarizes the performance
of the proposed link and compares it with prior art.

V. CONCLUSION

The proposed transceiver for repeater-less on-chip com-
munication demonstrates high bandwidth density, low la-
tency, and low power consumption. The mainly digital
architecture is well-suited for highly-scaled technologies.
Experimental results validate the functionality of the link
in 28nm CMOS. It offers up to 20Gb/s/ch data rate and
13.9Gb/s/pm bandwidth density with better than 180fJ/b
energy efficiency.
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Fig. 9. Die Micrograph.
TABLE I
PERFORMANCE SUMMARY AND COMPARISON
[2] [3] [10] [5] [6] [8] |This Work
Technolo CMOS | CMOS | CMOS | CMOS | CMOS | CMOS | CMOS
€ 90nm | 90nm | 65nm | 65nm | 90nm | 90nm 28nm
Data Rate | 10Gb/s |4.9Gb/s| 20Gb/s | 10Gb/s |2.0Gb/s|4.0Gb/s| DSOS
20Gb/s
Length Smm | Smm | 10mm | 6mm | 10mm | 10mm | 4-7mm
Energy
Efficiency 0.27pJ/b(0.34pl/b(1.36pJ/b| 1.0pJ/b |0.28pJ/b]0.36pJ/b| 0.136pJ/b
Bandwidth| 0.5 438 1.5 2.56 1.16 2.0 |[10.42-13.9
Density  |Gb/s/um|Gb/s/um|Gb/s/pum|Gb/s/pm|Gb/s/pm(Gb/s/pm| Gb/s/pm
Bit Energy| 54 68 136 174 28 36 19.5
Efficiency | f)/mm | fJ/mm | fJ/mm | fJ/mm | fJ/mm | fJ/mm | fJ/mm
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