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Abstract

In this paper, we propose a novel low swing driver
using a Dynamic Diode-Connected Driver (DDCD)
architecture. The receiver can be a simple inverter
since the line swing is around Vdd/2 (from Vtn to Vdd-
[Vtp]). The simulation results shows a reduction of the
energy-delay product between 27% and 54% when
compared with the full swing CMOS buffer for a 0.5nm
and 0.18 nm process. Unlike most alternatives, no extra
power supplies, nor a multi-threshold process, are
required.

1. Introduction

As technology scales down, on-chip wires become
increasingly important compared with devices in terms
of power, delay and density. Comparing with the scaling
devices, the delay of the wire increases 71% per year for
cross-chip wires [2].

Low swing drive of long wires is one common
technique studied to reduce the energy-delay required to
propagate information on these wires. Different low
swing drive circuit topologies have been proposed [6-
10]. However, most fal short of fully satisfying al the
following desirable characteristics:

- No extra power supplies. The requirement of some
circuits [1][6] for internal (or external) intermediate
level power supplies, which may not be readily
available in many applications, complicates the
physical design and thus adds risk.

No extra reference voltages. Voltage references
used in [1][8] do not need to supply power but offer
the same problems as above.

No multiple threshold voltage (Vt) process. Used
in some circuits [1][6], multi-Vt process may limit
the designer foundry options and complicate
process portability.

Voltage scalability. The circuit should operate
properly within a good range of dynamic and static
voltage scaling.

Low short-circuit current. Big buffer drivers may
cause significant short-circuit current during
voltage transitions. Ideally, a low-swing driver
should avoid this.

Low power. Power consumption, under any
variation of process and power supply, should be
smaller than the full swing buffer counterpart.

Low propagation delay. Propagation delay should
be close or better than the full swing buffer with the
same output driver transistor sizes.

Good noise margin. The driver-receiver pair must
have reasonable noise margin. Since the signal
swing is reduced, the noise margin is reduced
unless a differentiad (or pseudo-differential)
approach is used [1], but they add extra wires
and/or extra power supplies and voltage references.

Small area penalty. Compared with the
conventional full swing buffer, the required extra
area should be small.

Singlewire interconnect. Some  two-wire
architectures yield very good power and
performance [1], but double the number of wiresin
a data bus may increases the area significantly.

The proposed circuit is a good compromise among
al these goals. It can be used to replace a full swing
buffer without major changes in the design.

This paper describes in Section 2 the test
architecture, the process used in the simulations and the
basic energy and noise analysis, Section 3 describes the
proposed driver/receiver pair, Section 4 shows the
simulation results and comparisons and Section 5
presents some conclusions.

2. Test architecture

Figure 1 shows the test architecture used in [1] and
[7] that we adopt.

This paper uses two process parameters and spice
models: HP 0.5 nrm AMOS 14TB and TSMC 0.18 mm,
both from MOSIS. The HP 0.5 mm process alowed us to
compare our results with previous benchmarks [1]. We
use a p3 interconnect line model [4] for simulations in
this process with CL = 1pF, Cw = 1pF and Rw = 300W.
CL is the load capacitance distributed along the wire
(for fanout), Cw is the wire capacitance and Rw the wire
resistance. The TSMC 0.18 nmm process is used to check
the performance of the proposed low-swing architecture
in a deep sub-micron process. We use a p3 interconnect
model [4] for simulations in this process with CL = 1pF,
Cw = 0.7pF and Rw = 2800W.



In both cases, we compare our circuit with a
conventional buffer implemented with two inverters in
the same technology, driving equal lines and with
identical receivers.
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Figure 1 - (a) Test architecture, (b) p3 line model

Equation 1 below gives the dynamic switching
energy required to drive the line with low swing (Ejow).

E,, =Ctot.Vdd.Vs (1)

where, Ctot is the total capacitance driven (CL + Cw),
Vdd is the driver power supply voltage and Vs is voltage
swing applied over the line.

Since, for the conventiona full swing CMOS buffer,
Vsisequal to Vdd, we have:

E,, =Ctot.vdd® (2)

The energy and delay performances are investigated
through simulations, and the reliability due to process
variations, voltage supply noise and interline crosstalk
is estimated using the worst case method presented in
[2] and also used in [1]. Table 1 shows the formulas and
parameters used in [1] for the HP 0.5 mm process and
estimated for the TSMC 0.18 nm process.

Table 1. Noise sources analysis

Parameter Definition

Crosstalk coupling coefficient for a10 mm wire with

Ke CL = 1pF and 2 nm spacing

Attnc Static driver crosstalk noise attenuation.

Power supply noise due to signal switching for single-

Kes wire signaling 5% [1].
Worst case: Ky = Attne.Ke + Kps
Rx_ O Inverter input offset
Rx_S Inverter sensitivity
PS Power supply noise (5%) [1]
Attnps Power supply noise attenuation
Tx O Transmitter offset

Worst case: Vin = RXx_O+Rx_StAttnps.PS+ Tx_O

The total noise introduced in the line (V) is
estimated as follows:

V, =Ky Vs +V,, 3

where, Kn.Vs accounts for the noise that is proportional
to the signal amplitude, such as crosstalk and induced
power supply noise, and V| represents the noise sources
that are independent of the signal magnitude like the
transmitter and receiver offsets and unrelated power
supply noise. The signal-to-noise ratio (S\R) is then:
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3. Proposed driver-receiver pair

To avoid using external power supplies or reference
voltages, we choose to limit the voltage swing, Vs, as
follows:

~Vtn£Vs£ (Vdd - |~ Vtp)) (5)

where, ~Vtn and ~Vtp are, approximately, the NMOS
and the PMOS transistor threshold voltage respectively
and Vdd is the supply voltage.

The maximum energy-savings ratio is then given by:

Eiow _ Vs oVdd- Mtp|- Vtn
E, Vdd vdd

(6)

This is not the optimal energy-saving swing [5], but
enables a good compromise between energy, delay,
reliability and complexity.

3.1. Thedriver circuit

In order to limit the voltage swing, some circuits
used intermediate power supplies [1][6], disable the
output driver transistors when some voltage level is
reached [8][10] or used source follower configurations
[1][71[9]. Disabling the output driver transistors may
decrease the noise immunity even when some form of
feedback is used to turn the transistor back on if the
voltage on the line drifts. Source followers, due to the
body effect, are not very efficient drivers, as shown in
Figure 2, and may require extra output transistors [7].

In our driver, shown in Figure 3, the driving output
transistor switches among three different modes: First, it
is fully active, providing high drive capacity to quickly
charge/discharge the line. Then, the driving transistor
becomes “diode-connected” [3], limiting the line's
voltage swing and offering lower impedance then the
source follower to better fight noise. The transistor
finally turns off when the line is driven in the opposite
direction. Figure 4 shows the typica waveforms of the
Dynamic Diode-Connected Driver (DDCD).

For a deep sub-micron process, the resistivity of the
line is significant and over-driving the line (actively
drive the line beyond the low swing limits) helps to
decrease the propagation delay [7]. In our proposed
circuit, the amount over-drive is controlled by proper
transistor sizing. Moreover, unlike the circuits proposed



in [7][9], our driver consists of only one transistor in
series, providing higher drive for the same area. Also, if
the line has long periods of inactivity, voltage level
guards [10] can be used to guarantee the same
performance for all transitions.
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Figure 2 - Typical transistor output impedance.
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Figure 3 - Dynamic Diode-Connected Driver.

Initially, assume the input is high. The transistors
M3, M4 and M6 are on and M1 (the N driver), M2, M5
and M7 are off (M1 off mode). At the input transition
from high to low, M4, M3 and the P driver (M8) are
turned off, while the gate of the N driver (M1) is
charged, through M5-M6, fully activating the output
transistor (active mode). Then, as the line is driven
towards ground, M7, now active, turns M6 off and
enables M2 to turn on. At this moment, the gate of the
N driver (M1) “holds’ the charge while the line is
discharging but not yet low enough to activate M2.
When M2 is active, the voltage at the gate of M1 is
driven to match the line (“diode-connected” mode). At
an input transition from low to high, the same sequence
is applied to the P driver (M8) side.
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Figure 4 — Driver typical waveforms.

3.2. Therecever circuit

The receiver circuit selected was a simple inverter
with an enable signal. According to [5], a CMOS
inverter is probably the fastest possible amplifier in a
given technology.

Also, since we are driving the line crossing Vdd/2 on
every transition, a balanced inverter may present a good
receiver in terms of simplicity and performance.

Others receivers structures, like the level converter
[1], may be used. They may offer a better noise margin,
but they are not asfast asingle inverter.

Since the transmitter and the receiver transistors are
far apart, transistor mismatch is likely to occur and the
final voltage level of the line may allow both of the
receiver transistors to conduct. The enable signa may
be used to “turn-off” the receiver to avoid any possible
bias current while the line is not being used.

4. Analysis and simulation results

We compare a conventional CMOS huffer,
implemented with two inverters, with the DDCD circuit
with the same output driver transistor sizes. For the HP
0.5 mm process, the input, the output and the receiver
inverters are implemented with channel width Wh=3
mm and Wp = 6 nm and Cout = 20fF. For the TSMC
0.18 mm, the input, the output and the receiver inverter
are implemented with width Wh=0.54 mm and Wp =
2.16 mm and Cout = 3fF. The energy and delay are
measured over al circuitsin the test structure.

Table 2. HP 0.5 nm: CMOS versus DDCD

HPO.5um | Vvdd= 15 2 2.6 3.3

E-CMOS 5.6 10 17.2 28.0
E-DDCD 3.0 5.6 11.4 21.8
E ratio 46% 44% 34% 22%

2e|<

Energy

D-CMOS 3.15 1.90 1.43 1.22 ns
Delay D-DDCD 3.90 1.80 1.33 1.15 ns
D ratio -24% 5% 7% 6%

E*D-CMOS| 17.6 19 24.5 341 |pXns
Energy*delay E*D-DDCD| 11.7 10.0 151 250 |pFns
E*D ratio | 34% 47% 38% 27%

Vs CMOS 15 2 26 3.3 v
DDCD 065 088 142 212 | v
(Ideal) E ratio 43%  44%  55%  64%

Table 3. TSMC 0.18 nm: CMOS versus DDCD

TSMC

0.18um Vdd = 12 14 1.6 1.8 \%
E-CMOS 24 34 44 5.6 pJ
Energy E-DDCD 16 2.0 28 4.0 pJ

E ratio 35% 41% 36% 29%

D-CMOS 3.20 2.93 2.80 2.7 ns
Delay D-DDCD 2.66 2.27 212 2.07 ns
D_ratio 17% 23% 24% 23%

E*D-CMOS| 7.7 10.0 12.3 151 |pFns
Energy*delay E*D-DDCD| 4.1 45 5.9 83 |p¥ns
E*D ratio | 46% 54% 52% 45%

Vs CMOS 12 1.4 16 18 | V
pbcb | 0712 0768 0864 103 | V
(Ideal) Eratio | 59% 55%  54%  57%




Table 4. Varying CL

Full swving CMOS buffer Low swing DDCD buffer

CL | Energy Delay E*D Energy Delay E*D
(2] BN )  (*n9 | (I (n9  (pi*ny

0| 62 1.49 9.2 43 1.46 6.2

ES 1] 100 191 191 5.6 181 101
Exl 2| 138 228 315 6.8 214 146
s 3| 176 265 466 | 82 246 201
a3l 4| 214 3.02 64.5 9.5 2.77 26.3
5] 52 33 847 | 108 309 334

0| 26 1.23 31 2.3 1.16 2.6

g gl 1] 56 320 179 40 266 106
% 2] 89 403 359 6.5 305 198
onl 3] 121 540 654 | 89 429 381
> § 4| 153 675 1035 | 112 58 659
P 5] 186 817 1519 | 134 775 1039

Table 2 and Table 3 compare the performance of the
DDCD and a CMOS huffer as a function of supply
voltage for the HP 0.5 nm process and TSMC 0.18 nm,
respectively. The maximum energy*delay savings ratio
of the DDCD is 47% a 2V for HPCMOS 0.5 nm
process and 54% at 1.4V for the TSMC 0.18 nm
process. This is comparable to the best single-wire
drivers proposed in [1]. In fact, our circuit has
significantly higher delay savings than all the proposed
circuits in [1]. The non-linear behaviour of the energy
and delay ratios with respect to Vdd is mainly because,
when Vdd is low, M9 and M2 may take longer to
activate (to have enough Vgs), alowing the drivers to
stay active longer, increasing the voltage swing despite
the reduction of Vdd. Table 4 shows the robustness of
the DDCD with respect to varying the load (CL) for the
same transistor sizes and Vdd. The key advantage of the
DDCD-inverter pair is that, unlike others, it has
significantly lower design complexity, requiring no
extra reference or power supply voltages.

Table 5. Worst case noise analysis

Process. TSMC 0.18 nm HP 0.5 mm Units
Schemes: CMOS DDCD CMOS DDCD

Vdd 1.8 1.8 20 20 \Y%
Vs 1.8 1.03 2.0 0.88 \%
Ke 0.18 0.18 0.4 0.4 -
Attnc 0.2 0.2 0.2 0.2 -
Kps 0.05 0.05 0.05 0.05 -
Ky 0.09 0.09 0.13 0.13 -
Kn . Vs 0.155 0.089 0.260 0.114 V
Rx_O 0.177 0.177 0.150 0.150 \Y%
Rx S 0.100 0.100 0.150 0.150 \Y
PS 0.09 0.09 0.10 0.10 \Y
Attnps 0.54 0.54 0.61 0.61 -
Tx O 0 0.02 0 0.01 \
Vin 0.326 0.326 0.361 0.372 V
VN 0.480 0.434 0.621 0.486 V
SNR 1.87 1.19 1.61 0.90 -

The cost of this performance is a dightly lower SNR
than most of the circuits proposed in [1]. As we can see
in Table 5, most of this SNR penalty is due to the fact
that the swing (Vs) is small and the independent noise
voltage (Viy) is dominates. However, V,y can be

significantly reduced by careful power distribution,
device matching and, if necessary, selecting another
receiver [2], like the level converter (LC) receiver [1], at
expense of some extra delay. In addition, to further
improve the noise margin, cross-talk from neighboring
full swing signals can be reduced by either shielding or
more conservative spacing rules [2].

5. Conclusion

The proposed DDCD circuit, with a simple inverter
as a receiver, meets the desired goals of a low-
complexity single-wire low-swing driver. It requires no
extra power supplies, no reference voltages, no multiple
Vt process, it scales well with voltage, and provides low
power and low propagation delay with a manageable
noise margin and a small area penalty.
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