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Distributed Loss-Compensation Techniques
for Energy-Efficient Low-Latency
On-Chip Communication

Anup P. Jose, Member, IEEE, and Kenneth L. Shepard, Senior Member, IEEE

Abstract—In this paper, we describe the use of distributed loss
compensation to provide nearly transmission-line behavior for
long on-chip interconnects. Negative impedance converters (NICs)
inserted at regular intervals along an on-chip line are shown to
reduce losses from more than 1 dB/mm to less than 0.3 dB/mm
at 10 GHz. Results are presented for a 14-mm 3-Gb/s on-chip
double-data-rate (DDR) link in 0.18-um CMOS technology, with
a measured latency of 12.1 ps/mm and an energy consumption
of less than 2 pJ/b with a BER < 107-!%, This constitutes a
factor-of-three improvement in power and a one-and-a-half-times
improvement in latency over an optimally repeated RC line of the
same wire width.

Index Terms—Interconnections, on-chip networks, transmission
lines.

1. INTRODUCTION

VER the past few decades, improvements in integrated
Ocircuit density and performance have been achieved
by scaling down transistors. Latency (rather than pipelined
throughput) of on-chip wires is important for many applica-
tions such as buses between cache memories and processors [1].
Although the latencies of local interconnects scale accordingly,
the delay per unit length of on-chip wires, as determined by a
diffusive RC-limited response and as measured relative to gate
delays, approximately doubles every technology generation
[2], [3] as wire resistances per unit length increase and gate
delays decrease with scaling. Furthermore, these wire delays
(D) grow quadratically with wire length, D & RyyireCiyire 2.
Wire bandwidths, which are inversely proportional to D, also
degrade. Buffers (or repeaters) are traditionally added to make
the interconnect latency linear with wire length, with a simple
relationship guiding an optimal number of repeaters (and their
sizing) to minimize interconnect delay [2]. Wide wires can be
used to improve overall latency, requiring fewer numbers of
repeaters of larger area (to drive the larger wire capacitance)
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to achieve a delay-optimal solution. Overall energy per bit
and routing density, however, degrade with wire widening [2].
Despite continuing tradeoffs, fundamental improvements in
interconnect latency, bandwidth density (bits per second per
unit routing width), and energy per bit for on-chip wires can be
achieved with alternatives to full-rail RC-limited interconnect
buffered by CMOS inverters.

Reference [4] considers the use of sharp current pulses (driver
preemphasis) to emphasize the inductance-dominated region of
on-chip interconnects, thereby achieving latencies close to the
speed of light. Because there is no loss compensation, wide
wires (> 3 pm) are required for modest lengths (=3 mm).
Although both energy per bit and latency are improved over
optimally repeated RC lines, this approach is not easily scal-
able to long interconnect lengths without the use of excessively
wide wires.

This study investigates the use of negative impedance
converters (NICs) to provide shunt transmission-line loss com-
pensation, allowing transmission-line behavior for long on-chip
wires [5]. Distributed loss compensation, which was originally
employed for long-distance telephony [6], has found recent
application in both distributed amplifiers [7] and distributed
oscillators [8] in CMOS technology. Bipolar current-mode sig-
naling, which is similar to that used for low-voltage differential
swing (LVDS) links [9], is employed. Offset-compensated
sense-amplifier detection at the receiver further reduces the
far-end voltage swing required for error-free operation of
the link.

Link latency is determined by the phase velocity in the
compensated transmission line. The bandwidth improvement
(through effective reduction in transmission-line «)) comes at
the cost of some degradation in wire latency due to the added
capacitance of the NICs. In Fig. 1, we compare (through circuit
simulation with RLC models for the associated wire segments)
the energy per bit and link latency for two 14-mm links of dif-
ferent wire widths (the Al interconnect offers a sheet resistance
of 0.108 2/square, typical of a 0.18-um technology) operating
with a throughput of 3 Gb/s. By comparing data at the same
wire width, latency and energy per bit can be examined for
the two design styles at the same bandwidth density. One link
operates as a conventional single-ended optimally repeated
full-rail (1.8-V) link, in which both repeater size and number of
repeaters are optimized to minimize latency [2].! The second
link operates as a compensated differential transmission line

IRepeater insertion is done under the constraint that repeaters are spaced
equally along the wire and are all the same size.
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Fig. 1. (a) Wire latency and (b) bit energy (pJ/bit) as a function of wire width

for two 14-mm links operating at 3 Gb/s—one with repeaters and one with dis-
tributed loss compensation.

operating with a fixed far-end swing of 70 mV. The sizing
and biasing of the NICs are assumed to be constant (the
sizing and biasing matches the implementation of Section III)
with enough NICs distributed along the line to provide an
attentuation constant («) of ~0.2 dB/mm at 1 GHz. The re-
sulting latency, shown in Fig. 1(a), is significantly lower for
the loss-compensated transmission line than for the optimally
repeated line for wire widths greater than 2 pm. In both cases,
the latencies decrease asymptotically with increasing widths.
For an optimally repeated line, the delay of each repeated line
segment is independent of the wire width, with the number of
segments decreasing with increasing width [2]. For very large
widths, the line degenerates into a large capacitance driven
by a large driver with a negligible wire RC delay component.
This “silicon” delay determines the asymptote of the solid
curve in Fig. 1(a) for wide wires. For the loss-compensated
transmission-line case, the resulting number of NICs decreases
with increasing width. For very small wire widths, the ca-
pacitance introduced by the large number of NICs needed to
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cancel out interconnect losses leads to increasing wire delays.
For large wire widths, the NIC link offers a smaller latency
when compared to an optimally repeated link, which is a direct
consequence of the (asymptotically reducing number of) NICs.
Fig. 1(b) compares the energy per bit for both links. The linear
increase in energy per bit for an optimally repeated wire can be
attributed to the linear relationship between energy and wire
capacitance (E o« CV'?). This curve assumes a worst case data
pattern of alternating ones and zeros with a 3-GHz data rate.
The loss-compensated transmission-line case shows a decrease
in energy consumption for increasing width as the number of
NICs (and their static power consumption) are reduced.

In Section II, we consider the design issues associated with
distributed loss compensation, including appropriate sizing and
placement of the NICs to ensure stability. Section III considers
the overall design of the prototype 3-Gb/s link, and Section IV
presents measurement results. Section V concludes.

II. NEGATIVE IMPEDANCE CONVERTERS

The NIC element employed in this design is shown in
Fig. 2 and consists of two cross-coupled transistors with a
source-degeneration network. Fig. 2 also shows the equivalent
small-signal model, in which the transistors are characterized
by an input capacitance Cys and transconductance g,,. Ignoring
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Fig. 4. (a) Magnitude of Yiq4. (b) Imaginary part of Y44 for various values of R and C'.

gate-to-drain overlap capacitance, the differential admittance
of the NIC, Yyq4, is given by

v =9m/(2R) | 1+ s2RC 0
dd =

m+ 1/R 5(Cgs+2C)

Im +1/ 1+ gm+1/R

The resistors degenerate the differential admittance Y44 of the
NIC at low frequencies, while, as frequencies increase, the ca-
pacitor acts to shunt this degeneration and increase Y44, pro-
viding the admittance of a “negative” capacitance [10]. This al-
lows the loss compensation to match the frequency response
of «, delivering more compensation at higher frequencies and
helping ensure stability for the compensated line (as described
below). In the absence of the degeneration network (R = C' =
0), Ya4q reduces to the well-known —g,, /2.
For R > 1/gm, and C > C,q, (1) approximates to

Yaa =

1+ s2RC } o)

1
2R [1 + 52C/gm

with a pole and zero at g,,, /2C and (1/2RC), respectively. For
values that closely match the testchip implementation (g,, =
4mS,R = 1kQ (> 1/gm) and C = 600 fF), the zero
at (1/2RC) (=132 MHz) gives a negative admittance that in-
creases with increasing frequency until the pole is reached at
approximately ¢, /2C (=660 MHz).

Overcompensation of the transmission-line losses can result
in instability, leading to excessive overshoot, oscillations, or
“latch-up” of the transmission line. For the doubly terminated
transmission lines considered here (in which S;; = Sy and
S12 = S21), unconditional stability requires that both of the fol-
lowing conditions be satisfied for the S-parameters of the com-
pensated line [11]:

2
_ 1+ |S%1 - S§1| —2|511)2

k
2|S21?

> 1
155, < 1—1Su

3
“

where S11 is given by (Z; — Zy)/(ZL + Zy). For matched
termination at either ends of the interconnect, S1; = 0 and (4)
simplifies to

|55, = e <1 ©)

for a transmission line of length /. Unconditional stability there-
fore requires o > 0 for all frequencies.

Stability depends on the appropriate choice of g,,, R, and C.
The two groups of plots in Fig. 3 shows « for various values of
R for two different values of C—50 {F and 600 fF. In all cases,
gm ~ 4mS. For comparison, « for the uncompensated intercon-
nect is also shown. Increasing the value of C' clearly enhances
the compensation at higher frequencies (20 MHz to ~3 GHz)
but also increases the risk of the system becoming unstable
(a < 0). Higher values of R for C = 600 fF make the line un-
stable. Fig. 4(a) shows |Yqq4|, which has a zero at 1/(2RC) and
apole at & g,,/(2C). There is also a right-half-plane zero asso-
ciated with the device f(= gm/Cys) at frequencies >10 GHz.
Fig. 4(b) shows the imaginary part of Y44, which is negative for
low frequencies (implying a negative capacitance). Increasing
C to enhance the compensation leads to a lower crossover (neg-
ative to positive) frequency for the imaginary part, making this
compensation less effective at high frequencies.

III. SYSTEM IMPLEMENTATION

A prototype double-data-rate (DDR) 3-Gb/s 14-mm link (on
the fifth metal level of a six-level metal process) as designed
and fabricated in a 0.18-pum CMOS technology is shown
schematically in Fig. 5. The interconnect has a coplanar wave-
guide (CPW) topology with a line-width and spacing of 8 ym
with seven NICs evenly spaced along the line.2 The resistors
inside the NICs are implemented with nonsilicided polysilicon
resistors, while the capacitors are implemented with pFETs.
Across process corners, these elements have a variance of
approximately 10%. Differential operation assures controlled
inductance, high common-mode noise rejection, and reduced

2The time-of-flight between NICs is approximately 20 ps. With slew rates of
more than 75 ps, the NICs appear as a distributed load on the transmission line.
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shielding requirements.?> The common-mode voltage at the
driver sets the operating point for the NICs. Parallel metal
wires run under the main link (on third-level metal) to provide
more realistic interconnect loading on the line. The driver and
receiver components are assumed to run at the same frequency
(mesochronously) although arbitrary skews are accommodated
with an automated calibration at startup. The link is doubly
terminated with n-type diffusion resistors of value 27.

The main components of this on-chip interconnection pro-
totype are described in separate sections below, including the
driver and receiver circuits, the link calibration circuits, and
the on-chip test circuits for link characterization. The 0.18-pm
CMOS technology used in this implementation has a fanout-of-
four (FO4) delay (74) of approximately 60 ps.

A. Driver Design

A current-mode driver with pseudo-nMOS predriver, shown
in Fig. 6, with input multiplexing to achieve DDR operation is
employed. DDR operation, with the modest energy overhead of

3In a more realistic interconnect environment with adjacent aggressor lines,
these differential lines would be twisted to help render crosstalk noise common-
mode.
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Fig. 7. StrongARM latch with offset calibration capacitors.

skewing and de-skewing latches, helps to compensate for the
reduction in bandwidth per unit wiring area (bandwidth density)
associated with wider wires. The driver/predriver combination
multiplexes two bitstreams—Datal and Data2 each having a
throughput of 1.5 Gb/s into a single 3-Gb/s bit-stream.

The predriver stage uses ratioed logic to reduce the cir-
cuit complexity when compared to static CMOS circuits
resulting in a lower area overhead. Transistors M3-M?7 form a
pseudo-nMOS gate with M3 acting as the pull-up load. Either
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Fig. 8. PLL schematic.

of the two branches of the pull-down network (M4-M7) are
turned on in each half cycle depending on the input data. The
driver consists of two pFETs M1-2 along with a termination
resistor R to minimize the effect of reflections as well as
crosstalk noise. The driver transistors are pFETs, allowing
nFETs to be used for the cross-coupled transistor pair in the
NICs. A larger driver transistor size is required than would
be necessary if nFETs were used, but this is more than com-
pensated by the smaller NIC devices for a given g,, that are
enabled by using nFETSs rather than pFETSs. Transistor M3 is
sized relative to the pull-down transistors to keep M1-M2 in
saturation. One of transistors M1-M2 is sourcing current at
any instant, resulting in a steady-state common-mode current
I;, upon which a bipolar differential signal current (AT)
is superimposed. The total current of 2I;, drawn from the
power supply during normal operation, is obtained when either

M6-M7 or M4-MS5 of either pre-driver is switched on—M1
and M2 cannot be both turned on at any given instant, except
in the offset calibration mode discussed in Section III-D. The
ratio AI/I, is given by Rr/(Rr + 2Z;), where Z; is the
impedance looking into each half of the line. The value of Ry
has to be chosen carefully so as to achieve the right compromise
between reflection and far-end voltage swing—maximizing Rp
maximizes the near-end voltage-swing, but this comes at the
expense of increased reflection at higher frequencies. Because
of resistive losses in the line, the common-mode voltage on
the wire and the associated bias currents of the NICs decrease
toward the far-end of the line, the devices of which are sized
larger to provide uniform g,,. There are multiple copies of the
predriver/driver with varying sizes to dynamically control the
drive current (2/4) from 3.0 to 6.0 mA in steps of 0.35 mA.
Larger driver currents boost signaling levels, increasing the
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magnitude of the far-end swing, allowing crosstalk noise to
be overcome dynamically as necessary. Larger driver currents
also increase the g,, of the devices in the NIC, increasing NIC
bandwidth. Adjustment of drive current also allows the NICs to
be trimmed to compensate for variability of process parameters
and ensure stability of the compensated interconnect.

B. Receiver Design

The receivers, shown in Fig. 7, are StrongARM gate-isolated
sense-amplifier latches [12]. For a clock slew time of 75 ps,
this latch provides a typical aperture time of 15 ps. A digitally
trimmed capacitive load is used for input offset cancellation
which is typically on the order of a few tens of millivolts. In-
creasing the size of the transistors to lower this offset voltage
significantly degrades the overall performance of the receiver
and increases the loading at the far end of the interconnect. This
required scaling factor can be as large as 50, as shown in [13].
Positioning the trimming capacitors at the output of the latch
offers better offset control for smaller capacitance (and switch)
sizing over adding these at the drains of the differential input
pair [13].

A 320-2 n-type diffusion resistor is used for line termination
at the receiver.# This is slightly larger than the (high-frequency)
27 of the line (Zy = 150 Q) to boost far-end voltage swing
while not creating an impedance discontinuity large enough to
produce significant reflection at the far end. With the multi-
plexed detection, far-end capacitive loading is approximately
9 fF on each leg of the differential link. The resulting Z,C,
time constant (2 ps) is sufficiently low that it does not introduce
significant ISI.

C. Phase-Locked Loop (PLL) Design

As shown in Fig. 8, the design includes a PLL for on-chip
clock multiplication. The design largely follows that of
Maneatis [14] and is shown in Fig. 8. The VCO used in this
implementation [15] is a modified version of the one used in
[14]. The significant difference between these two schemes
is the shorting of the current source drains (Viaj) to reduce
the variation in the tail current (due to varying Vpg), further
reducing power-supply-induced jitter. With the tail nodes tied
together, the VCO becomes two single-ended rings. To rectify
this, a cross-coupled transistor pair is used prior to the last stage
as shown in the figure.

The loop filter R, is implemented with an FET biased in the
triode region, as shown in the inset of Fig. 8 [16]. For transistor
Ml1, R} = uCoo(W/L)(Vgs — Vrr), which is equal to the
transconductance of M2, if both transistors have the same geom-
etry. This resistor value along with the capacitor C1 sets the zero
of the PLL transfer function. The value of Vgs — Vg and hence
the transconductance is set by transistors M2 and M3 along with
the bias voltage Vpp. Since this triode resistance value is pro-
portional to 1/1/Ip (through Vip), where Ip is the buffer bias
current, the expressions derived in [14] still hold well. A second

4These resistors have a variance of approximately 4% in this technology, re-
sulting in little effect on the resulting far-end response.
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capacitor C2 is added to reduce the variation in V., by in-
troducing a higher order pole. The value of C2 is typically set
to one-tenth the value of C1 for an appropriate compromise
between input-jitter rejection and stability of the feedback
loop—a higher frequency for the second pole implies greater
phase margin (and hence increased stability), but it also allows
more input jitter to get through to the output of the PLL.

D. Link Calibration

When the link is turned on, receiver offets are first calibrated
as shown in Fig. 9. During this receiver calibration mode, the
transmitter is configured to source the common-mode current
1; on both lines. This is done by setting the data inputs to each
of the two drivers appropriately, such that both driver transis-
tors (M1 and M2) in Fig. 6 are never both off at any instant.
Following this, a calibration sequence, implemented with an
on-chip finite-state machine (FSM), is performed to tune the po-
sition of the receiver clock edge to optimally sample the data as
shown in Fig. 10. For a throughput of 3 Gb/s, the eye-opening
at the far-end allows an aperature window of ~250 ps for cor-
rect detection. The transmitter is configured to send a bitstream
consisting of alternating 0’s and 1’s. This data pattern results in
the smallest possible eye-opening at the transmit end due to the
finite rise time at the output of the driver. In addition, this data
pattern results in maximum energy in the high-frequency region,
which also implies maximum signal attenuation. These two fac-
tors together account for the smallest possible eye-opening at
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the receiver end. The clock delay elements consist of inverter
stages with digitally trimmed capacitive loading, providing a
maximum delay of 250 ps in steps of ~8 ps. The calibration
controller varies this clock delay from minimum to maximum
and vice versa to position the clock edge at the optimal location.

E. Data Skewing and Deskewing

The system is designed to operate with two cycles of la-
tency, including data skewing and de-skewing, with a cycle
time of 667 ps (1.5 GHz). These skewing (de-skewing) latches
are shown in Fig. 11 with the timing diagram shown in Fig. 12.
Bit 0 of the input In(,_1) is latched by the skewing latch at the

X In<0:1> (n-2)

X In<0:1> (n-1)

rising clock edge (cycle n) followed by bit 1, which is latched
on at the next falling clock edge. Both the bits of the input
Ing,_1) are available at the output of the de-skewing latches
after two clock cycles (cycle n 4 2), as shown in Fig. 12. The
delay of the receiver and transmit clock phases is determined
in the calibration sequence described above. The link latency
is constrained by the synchronization requirement that the sum
of the transmitter delay, link latency, and receiver latch delay
must be less than a half a cycle (333 ps). For the system con-
sidered here, link latencies up to 270 ps can be accommodated.
The 14-mm link considered here has a latency of approximately
170 ps.
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FE Test Setup

The design consists of various other blocks to facilitate testing
and characterization. Input patterns to the link can be generated
either from a PRBS generator (consisting of a 17-b LFSR) or
from a 512 x 16-b SRAM. Demultiplexed results at the other
end of the link can be stored into another 512 x 16-b SRAM
or, in the case of the PRBS pattern, can be compared with the
transmitted pattern with a 32-b error counter used for measuring
BER. Picoprobe pads are included at both the driver and receiver
side to allow direct probing of the waveforms on the link as well
as for S-parameter measurement for extraction of transmission-
line parameters.

In addition, the testing environment also features an iden-
tical link running on the third-level metal to add more realistic
loading on the main link (running on the fifth-level metal).

IV. MEASUREMENT RESULTS

The die photograph of the prototype link is shown in Fig. 13
with a 14-mm interconnect length in a TSMC 0.18-pm process.
One NIC consumes an area of approximately 200 ;zm?, dom-
inated by the area consumed by pFETSs used in implementing
the capacitors. Transistors that are 22 pym wide (0.18 pm long)
are employed in the NIC. Fig. 14(a) shows the measured eye
diagram (using picoprobes) at the far end for the link operating
at 3 Gb/s; a 70-mV swing (for the lowest power setting) and
well-defined eye are evident. The measured BER for this power
setting was < 10~'%, In Fig. 14(b), we show the same receiver
eye diagram for the maximum power setting with 6 mA of drive
current.’ The overall shape of the eye diagram remains the same,
indicating a linear relationship between the eye-opening width
and the drive current. Fig. 15 shows the transmit-end eye di-
agram at the maximum power setting. A comparison between
Figs. 14 and 15 shows the low-pass filtering effect of the inter-
connect which is minimized by the effect of the NICs in boosting
the frequency response of the interconnect up to ~8 GHz.

The loss compensation characteristic of the interconnect is
illustrated in Fig. 16, which shows the attenuation constant «

5The picoprobes add approximately 100 fF of loading to the receivers, de-
grading the Z,C';, time constant from 2 ps to approximately 20 ps, but still
insignificant when compared with the bit period of 333 ps.
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(b) maximum power setting (3).
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Fig. 15. Measured eye diagram at the near-end of the link operating at max-
imum power.
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TABLE 1

SUMMARY OF CHARACTERISTICS AND MEASURED PERFORMANCE

Technology 0.18-um CMOS, 6-level Al
Nominal Vpp 1.8V

Throughput 3 Gb/s

Link length 14 mm

Link latency 12.1 ps/mm

(=~ 18.6 ps/mm for an identical conventional link)

Link structure

Differential configuration on M5 layer

05

1010
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(a)

Phase constant (3-rad/mm)

107 108 10° 10'°

Frequency (Hz)
(b)

Fig. 16. (a) Measured attenuation constant (<) and (b) measured phase con-
stant (3) as a function of frequency.

for the 14-mm interconnect as extracted from the measured
S-parameters with and without enabled NICs; the NICs, when
enabled, reduce « by approximately 0.9 dB/mm at 3 GHz.
Inactive NICs add approximately 40 fF of loading (primarily
gate capacitance) to the interconnect every two millimeters;
this additional loading only increases a by approximately
0.1 dB/mm (at 3 GHz) compared with a wire with no NICs at
all. Also shown in the same figure is the phase velocity of the
interconnect, which clearly shows the tradeoff between loss
compensation and latency—Ilower attenuation implies higher
latency. The measured latency of the 14-mm link, determined
through probing, is 10.7 ps/mm with the NICs present but
unbiased and 12.1 ps/mm with the NICs biased on. The latency
of the link in the absence of any NIC loading would be approx-
imately 8 ps/mm. This compares with a latency of more than
18.6 ps/mm for an identical optimally buffered link.

The link, through the action of the drivers, consumes ap-
proximately 2 pJ/b, which is consistent with the predictions of
Fig. 1(a). This includes the power consumed in the NICs as

MS5 thickness 0.53 pm
Line width 8 pym
Line spacing 8 um
Power consumed 2 pl/bit

(Drivers and pre-drivers) (6 pJ/bit for an identical conventional link)

Far-end differential swing 70 mV at minimum power

150 mV at maximum power

Bit error rate at 3 Gb/s < 10~ (minimum power)

well as the predrivers.6 The use of DDR allows serialization to
be performed with the limited power overhead of skewing and
de-skewing latches. Table I summarizes the measured results
and performance characteristics. Simulated comparison number
for the energy per bit and latency of the optimally repeated link
are indicated, which are consistent with the values of Fig. 1.

V. CONCLUSION

We have demonstrated the use of NICs to compensate for
transmission-line losses in on-chip global interconnects. In
contrast to repeaterless implementations, the use of NICs (as
shunt “repeaters”) improves bandwidth at a latency cost. The
resulting latencies are still significantly lower than conventional
optimally buffered links. Bit energies are also substantially
less (factor-of-three) for line-widths > 8 pum as compared
with optimally buffered RC lines. Bit energies can be further
improved by running the link at higher bit rates as most of the
power dissipation is static. Higher bandwidth copper wires in
deep-submicrometer technologies will allow the advantages
of distributed loss compensation to be achieved with narrower
wires, resulting in a 33% increase [2] in the bandwidth density.
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