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Abstract—This paper reviews a number of low-swing on-chip in- in L T out
terconnect schemes and presents a thorough analysis of their effec- | | ] % | I
tiveness and limitations, especially on energy efficiency and signal L o
integrity. In addition, several new interface circuits presenting even

more energy savings and better reliability are proposed. Some of (a)
these circuits not only reduce the interconnect swing, but also use
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very low supply voltages so as to obtain quadratic energy savings. 3 3

The performance of each of the presented circuits is thoroughly Sl laowl Loyl Lo ewl Lo
examined using simulation on a benchmark interconnect circuit. s L Lo 3 L L3 3L I3 L L+
Significant energy savings up to a factor of six have been observed. ®)

Index Terms—DPigital CMOS, low-power design, low-voltage,

performance tradeoffs, reliability, special low-power 99. Fig. 1. (a) Benchmark test architecture. (b) Interconnect model.

|. INTRODUCTION ductions, yet that other considerations such as complexity, reli-

N THE deep-submicron era, interconnect wires (and the ability, and performance play an important role as well. We will
sociated driver and receiver circuits) are responsible for #merefore pay special attention to each of these factors in our
ever increasing fraction of the energy consumption of an intanalysis.
grated circuit. Most of this increase is due to global wires, suchThe paper is organized as follows. First, the benchmark ex-
as busses, clock, and timing signals. For gate array and celldinple and the set of quality metrics that will be used in all
brary-based designs, D. Lat al.[1] found that the power con- simulations and comparisons are presented. What follows are
sumption of wires and clock signals can be up to 40% and 50%eview and comparison of a number of architectures, obtained
of the total on-chip power consumption, respectively. The infrom the open literature. Several novel or improved low-swing
pact of interconnect is even more significant for reconfigurabfehemes are proposed and analyzed in Section Ill. Finally, Sec-
circuits. Measured over a wide range of applications, more thten IV brings them all together and draws some conclusions. At
90% of the power dissipation of traditional FPGA devices hatbe end of the paper, an Appendix is attached to provide detailed
been reported to be due to the interconnect [2]. descriptions for the physical models of important noise sources.
Obviously, techniques that can help to reduce these ratios are
desirable. For chip-to-chip interconnects, wires are treated as
transmission lines, and many low-power /O schemes were pro-
posed at both circuit level (e.g., GTL transceiver [3]) and coding Presenting a fair comparison for the various interconnect
level (e.g., work-zone encoding [4] and bus-invert coding [5]kschemes that are presented in this paper requires a common and
In this paper, the main focus is how to reduce the power cofiair testbed. Fig. 1(a) illustrates the schematic of our benchmark
sumption of on-chip interconnects. Short of reducing the ainterconnect circuit. The driver converts a full-swing input into
erage length of the wires and their fanout by using advanced peoreduced-swing interconnect signal, which is converted back
cesses or improved architectures, reducing the voltage swingmfa full-swing output by the receiver. The interconnect line
the signal on the wire is one of the best solutions toward gettirga metal-3 layer wire with a length of 10 mm, modeled by
better energy efficiency. First, we will analyze the effectivenessn3 distributedRC model with an extra capacitive loady,
of a number of reduced-swing interconnect schemes that halstributed along the wire (for fanout), as shown in Fig. 1(b).
been proposed in the literature [6]—[11]. In addition, a numb@p fairly compare the delays of the different schemes, we
of novel or modified circuits will be introduced, simulated, andeliberately add an inverter prior to the driver and an inverter
critiqued. To present a fair and realistic base for comparisaadfer the receiver with 20-fF capacitive load. Both inverters
a single test circuit will be used. Overall, it is found that thare sized withW, = 6 ym andW,, = 3 pm. All circuit
proposed schemes present a wide range of potential energycmyparisons are based on the MOSIS HP complementary
metal—-oxide—semiconductor (CMOS) 14TB process parame-
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VDDy ~ VDDy

TABLE | VDDyVDDy,
TYPICAL NOISE SOURCES
K¢ | crosstalk coupling coefficient: K= 0.4 for 10 —
mm wires with 1pF load and 2 pm spacing. in OouT OUT
Atne crosstalk noise attenuation: VDD,
Atne=1 for dynamic driver; —AAA— E |
Ky Atnc= 0.2 for static driver. 1 L
Kpg power supply noise due to signal switching: = — I 1 1

Kpg = 0.05 for single-ended signaling;
Kpg=10.01 for differential signaling.

Worst case: Ky = Atnc-K¢ + Kpg Fig. 2. Conventional level converter.
Rx_O receiver input offset: 150 mV for inverter
Rx_S receiver sensitivity: 150 mV for inverter individually assessed for each scheme (e.g., for the CMOS in-
Vi LS unrelated power supply noise: 5% of VDD verter, its input offset and sensitivity are around 150 mV, respec-
Ampg power supply noise attenuation tively). The signal-unrelated power supply noise is assumed to
x 0 transmitter offset be 5% of the magnitude of power supply for a well-designed

Worst case: V= (Rx_O) + (Rx_S) + Atnpg-PS + (Ix_0)

power distribution network.
The power-supply attenuation coefficient is defined as the
) o ) change of the switching threshold voltage induced by an unit
* Energy: The dynamic switching energy of the wire for @hange of the supply voltage. The transmitter offset results from
full switching is given by (1). When comparing schemeg,e parameter mismatch between the transmitter and receiver,
with different types of circuit design such as dynamic deg,ch as threshold voltage mismatch and reference voltage vari-
sign versus static design, differences in data activity aggqp.
taken into account. The short-circuit current and leakage\ye yse the worst case signal-to-noise ratio (SNR) defined

current are relatively less important compared to the domy (3) as a measure of the reliability of each circuit. The noise
inant switching energy, but will be also under Cons'der%argin is defined as (SNR 1)

tion. The total energy shall include the contributions from _
both the driver and receiver SNR= 0-0Vs' 3)
Vi

Edyn = (OVV + OL) * Vbp (driver) [ szing- (1)
] ) IIl. REVIEW OF EXISTING LOW-SWING INTERFACE CIRCUITS
+ Design complexity. . ] ] o ]
. Delay. In this section, seven low-swing circuit schemes (three static
« Reliability: Three main sources of reliability degradatio@nd four dynamic) are reviewed, and the pros and cons of each
are considered: process variation, voltage supply noigPpProach are enumerated. The important design metrics of the
and interline crosstalk. circuits are compared based on simulation results.
We use the worst case noise analysis method presented in [&2]
to measure the reliability of each circuit. The noise sources aré _ o
classified into two categories: the proportional noise sources and he conventional level converter (CLC) shown in Fig. 2 rep-

Static Driver with Reduced Supply

the independent noise sources resents the traditional way of converting a low-swing signal
back to a full swing one. The driver uses an extra low-voltage
Vy = KnVs + Vin. (2) supply to drive the interconnect from zero to VRDAlthough

the noise margin is reduced, this circuit is very robust against
KxVs represents those noise sources that are proportionaise, as the receiver behaves as a differential amplifier, and
to the magnitude of signal swin@Vs), such as crosstalk, the internal inverter further attenuates some noise through re-
and signal-induced power supply noisé: includes those generation. The symmetric driver and level converter (SDLC),
noise sources that are independentl@f such as receiver proposed in [7], also falls in the same category. It requires two
input offset (due to process variation), receiver sensitivity, agektra power rails to limit the interconnect swing and uses spe-
signal-unrelated power supply noise. Table | summarizes tbi@l low-V; devices £-0.1 V) to compensate for the current-drive
noise sources and their contributions, and detailed descriptid®ss due to the lower supplies.
are provided in Section VI (Appendix). ) i

The cross-talk coupling coefficierit is derived from the B Differential Interconnect (DIFF)

ratio between coupling capacitance and wire load capacitanceDifferential signaling is more immune to noise due to its high
The cross-talk noise attenuation for the static driver scenariacemmon-mode rejection, allowing for a further reduction in the
achieved by increasing the timing budget for the signal so thggnal swing. Fig. 3 shows a circuit, which is fully analyzed in
the charge loss due to the cross-talk noise can be recoveredl}, achieving great energy savings by using a very low voltage
the driver. The signal-induced supply noise is estimated to bepply. The driver uses NMOS transistors for both pull-up and
5% and 1% of the signal swing for single-ended and differentipull-down. The receiver is a clocked unbalanced current-latch
signaling, respectively. The receiver input offset and sensitivisgense amplifier, which is discharged and charged at every clock
are dependent on the receiver circuits in question, and will bgcle. The receiver overhead may hence be dominant for short
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VDD TABLE I
PERFORMANCE COMPARISON OFEXISTING SCHEMES (Vaa = 2V, Cr = 1 PF)
}.J out_b
d Energy|Delay| EeD |Swing| Vy .
Schemes ®) | (s) | PFns)| (V) ™) SNR Complexity
CMOS 11.6 | 2.1 245 2.0 0.66 1.52 least
ou CLC 4.4 3.1 13.6 1.1 | 0.443 1.24 1 REF
Ak SDLC 35 3.1 10.9 08 | 0373 1.08 low-Vt devices,
2 REFs

DIFF 3.0 | 27 8.1 025 | 0.076 | 1.64 extra timing, 1
REF, wires doubled

Fig. 3. Differential low-swing interconnect. PCD 35 50 70 05 10355 | 0.70 oxiva controls
RSD_VST| 3.7 2.0 7.4 0.6 | 0.525 0.57 1 REF, big driver
VDD CISB 35 4.4 154 | 025 | 0.19 0.66 extra timing,

sense amplifiers

REF
PRE CRB 3.1 35 | 109 | 025 | 0.168 | 0.74 |extratiming, wires
i JL e —ﬁREF S out doubled
m
[ N L ¢
= EN2

of a bus. TheCRBscheme uses differential signaling while the
CISBscheme is single ended with references. Both schemes re-
duce the interconnect swing by a factorsofwherenr is the
number of bits). Th€ RBscheme presents quadratic power sav-

; > . ) . .
interconnect wires with small capacitive load. Due to its diffef 9> (by a factor of*) due to its charge-recycling mechanism,

ential nature, the sense amplifier has a very low power supﬂ hough the potential savings are offset by the fact that the bus
7 . . 0 . .
noise attenuation coefficient (0.2 from simulation results). it d_|s_charged and charged_ for every cycle (i.e., 100% switching
input offset is determined by the local device mismatch betwegﬁt'w.ty)' Both of the_lr recevers use clo_cked current-lgtch Sense
the two input transistors and is as small as 20 mV. The ma%q?phﬁers and require multiple timing S|gnals._One ;tnngent re-
disadvantage of the differential approach is the doubling of tl%urement for these bus schemes to work rellably IS 'that all .the
number of wires, which certainly presents a major concern \|re capacitances must be matched very well, which is certainly

most designs. The extra clock signal further adds to the ngrqntrivial in real system designs. In both schemes, but especially
head in CRB noise immunity is compromised by the floating nature

of the interconnects between different evaluation cycles.

Fig. 4. Pulse-controlled driver with sense amplifier.

C. Dynamically Enabled Drivers

The idea behind this family of circuits is to control theée- Simulation Results and Comparison

(dis)charging time of the drivers so that a desired swing onEgach of the above presented circuits is optimized individu-
the interconnect is obtained. The pulsed-controlled drivglly against the benchmark test architecture. Their important
(PCD) shown in Fig. 4 is a typical member of this family. Thenetrics and simulation results are tabulated in Table IIl. The
advantage of this circuit is that the pulse width can be finetunegios scheme in the first row represents the full swing case
to realize a very low swing while no extra voltage supply igassuming a 2-V supply). Most of the low-swing schemes
needed. This concept has been widely applied in mema#yn achieve energy savings with a factor of around three, but
designs. However, it only works well in the cases when thghly few of them have good reliability. The schemes with
capacitive loads are well known beforehand. Furthermorgatic drivers have SNR’s larger than one, while the dynamic
the wire is floating when the driver is disabled, making ipnes have SNR's less than one, which implies negative noise
susceptible to noise. Another scheme (called RSD_VShargin. Differential interconnect has the best SNR even with a
proposed in [10]) also uses a dynamically enabled driver, byry small swing of 0.25 V. It achieves energy savings with a
with an internally generated EN signal. The driver uses actor of close to four, but requires a dual-wire struct@eC
embedded copy of the receiver circuit (calleditage-sense js robust but can only reduce energy by 60% with respect to the
translator or VST) to sense the interconnect swing so as ginal circuit at the expense of a bigger delay and an extra
provide a feedback signal to control the driver. This circuit hagyer voltage supply. Th8DLCscheme can reduce the energy
a potential problem due to long wire delay—before the inpyly 709, with low¥; devices and two reference voltages. The
of the receiver reaches the right level to switch the receiver, th¢SB and CRB schemes are only suitable for multiple-bit bus
driver might already be disabled. Mismatch of the switchingnits with large capacitive load. Simulation results predict
voltage threshold between the two VST's, and supply noise c@Rergy savings of up to 3.5 times. Both of them are slow

cause similar problems. compared to the other schemes due to the charge-sharing
) mechanism. Their SNR’s are much lower than one due to the
D. Low-Swing Bus floating interconnect. The RSD_VST scheme is susceptible to

Thecharge intershared bu@CISB) [8] andcharge-recycling device mismatch and has the worst SNR. To improve SNR'’s
bus (CRB) [9] are two schemes that reduce the interconneat dynamic schemes, the cross-talk noise should be minimized
swing by utilizing charge sharing between multiple data bit lingg.g., by wider wire spacing). Overall, existing schemes either



ZHANG et al: LOW-SWING ON-CHIP SIGNALING TECHNIQUES: EFFECTIVENESS AND ROBUSTNESS 267

VDD VDD VDD VDD VDD

in

Fig. 6. Asymmetric source—follower driver with level converter.

out out
r‘\ | to the one iNSDLCcircuit, except that the gates of the two pass
in2 transistors N3 and P3 are biasedVat and Ground, respec-
I‘ ‘ : 4 tively. Moreover, no special low; devices are needed. Assume
in Ven Vadvin in2 that nodein2 goes from low to high¥,, to Vyq-V;,. Initially,
b) (c) node A and B sit a¥},, and Ground, respectively. During the
transition period, with both N3 and P3 conductirigand B rise
Fig. 5. (a) Symmetric source—follower driver with level converter. (bjO Vaq-Vi, as shownin Fig. 5(b). Consequently, N2 is turned on,
Simulated waveforms. (c) Voltage transform curve. andout goes to low. The feedback transistor P1 pull§urther
up to Vyq to cut off P2 completelyin2 and B stay atVyq-V;,..
are short of significant energy savings with good reliability, dNote that there is no standby current path fréjm to Ground

introduce lots of overhead (e.g., dual wires per bit). through N3 although the gate—source voltage of N3 is nearly
Vin. Since the circuit is symmetric, the same explanation can
IV. PROPOSEDINTERFACE CIRCUITS be applied for the high-to-low transition. Ignoring the feedback

) .. transistors P1 and N1, the dc voltage transform curve of the level
We now present several improved or novel low-swing intefs,erter (Fig. 5¢) is virtually a “compressed” version of the
connect |nt.erface cireuits to address some of the problems gfyg, o the p2-N2 pair. Since transistors P1 and N1 are mainly to
countered in the earlier schemes. provide positive feedback to completely cut off P2 or N2, they
* Reliability: Only static drivers should be used to avoi¢an be very weak to minimize their fight against the driver. The
floating interconnect, especially for long wires. To resensing delay of the receiver is as small as two inverter delays.

duce the independent noise sources, the receiver myifk predicted interconnect energy-savings ratio is given in
have small input offset, good sensitivity, as well as high

common-mode noise rejection. Enew _ Vaa = 2Vin(body) @)
» Energy: Static drivers are also preferred because they Eru Vaa

will result in lower signal switching activity. The Supply here the threshold voltage is subject to the body effect (and
voltage of the driver should be as low as possible (whilgy, 515 1 v for the targeted technology). To have a reasonable

still ensuring reasonable noise margin). The key challenggi, on the interconnect, this scheme requires a relatively large
is how to detect a “one” signal at the receiver end. Vaa (>2.8 V in this case).

» Complexity: Although the extra power supplies can be re- 5y Aqymmetric Source—Follower Driver with Level Con-

alized on-chip with power efficiencies around 90% [13]yeter (ASDLC): An asymmetric version of theSSDLC
it is deswa_ble to keep thelr number_to a minimum. S!m?cheme is shown in Fig. 6, enabling operation féf,a around
wire area is also a major concern in most chip Qe3|gr§,v' The driver swings the wire from REFto Viq-V;,.. The
only single-ended signaling schemes will be c0n5|dereqntema| voltage supply REFis set belowV;, of N2. The
In this section, six schemes are presented. The first two tryf&eiver is a variation of the voltage sense translator and is
avoid any extra reference supplies to minimize the complexitgtually an asymmetric version of the level converter in the
while still getting a decent amount of energy savings. The reS§pL.Cscheme. Their operation is similar for the low-to-high
four schemes use very low supply voltages to further reduce fagnsition. In case of the high-to-low transition, N2 turns off
signal swing. The last two schemes also need additional timigfler 4 and B are discharged to a voltage level beldw of

signals. transistor N2, and P2 pulls out up 4. Transistors P2 and
) . N2 are sized wide enough to have large transconductances
A. Static Source—Follower Driver in order to quickly sense the smal],, applied on them. The

Without extra reference supplies, a natural way to limit the iieedback transistor N3 provides extra current drive to discharge
terconnect signal swing is to utilize the threshold voltage drépe output. The following energy-savings ratio is obtained:
of source followers. Two circuits based on this concept are in- Eew Vii—Vin — REFL
troduced. T = v . (5)

1) Symmetric Source—Follower Driver with Level Converter full dd
(SSDLC): The SSDLC scheme is shown in Fig. 5(a). The drivédREF;, can be between zero ¥4 (0.7 V for the targeted tech-
limits the interconnect swing fromV;,, | to Vaa-V;,, as shown nology), and it is set at 0.2 V in our simulations to make sure
in Fig. 5(b). The symmetric-level converter/receiver is similahe leakage current of N2 is negligible. Compared to RSD_VST
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VDD

in

Fig. 7. Level converter with low/, devices.

scheme, ASDLC is more robust because of the static nature ¢
the driver.

B C
B. NMOS-Only Push—Pull Driver with Low-Power Supply
The previous two schemes only get linear energy reductions, in
as their drivers still use the regular power supply. To further (b)

reduce the interconnect energy consumption, NMOS-only
push—pull drivers (as shown Fig. 7) with very low power suppliig. 8. (a) Capacitive-coupled level convertor. (b) Simulated waveforms.
are used. In the following, four different receiver techniques

are proposed to effectively detect the low-swing signal. The vbD

expected ratio of the interconnect energy savings is given by

2
Buew _ <REF> ' ©)

Era Vad

1) Level Converter with Low; Device (LCLVD): Fig. 7
shows the schematic diagram of th€LVD scheme. In this
scheme, the receiver is the same as the conventional level cc
verter, except that it uses loW-devices for N1, N2, and the in-
ternal inverter. Becausebis slower tharin2, the two branches
are designed asymmetrically to balance the switching delays
different directions, say, N2 is sized larger than N1 and P1 i Vid—o N
larger than P2. EVA [

In our simulation, REF is setat 0.7 V, ah, and| V4, | of the ou
low-V; devices are set at 0.3 V. Simulation at the process corne /1
proves that this circuit can operate reliably against supply nois d ov REF2 REF d
and process variations. The receiver behaves like a differenti
sense amplifier by regenerating a complementary input sign (®) ©
internally. The increase of leakage currents of those Ipwle-
vices is negligible compared to the dominant wire switchinglg. 9. (a) Level-converting register. (b) Simulated waveforms. (c) Voltage
power since they are sized much smaller than the driver.  transform curve.

2) Capacitive-Coupled Level Converter (CCLQWithout
using low¥; devices, the high end of a signal can barely turn ocharge sharing wittB through P3, as shown in Fig. 8(b). With
an NMOS and turn off a PMOS. In the CCLC scheme, showbiut being pulled low by N2, P1 pull§’ and B further up to
in Fig. 8(a), a coupling capacitor is used to boost the low-swirlg.
signal so that the NMOS transistor of the receiver can be turnedn the simulations, REF and REF2 are set as 0.8 and 1.2 V,
on. Shown in the waveforms in Fig. 8(b), the input to N3 (nodeespectively. The coupling capacitét. has to be big enough
A) has a swing from Ground to REF, while the input to P3 (nod@.2 pF in our simulations) to provide enough coupling effect
B) has a swing from REF2 tb,4, where REF2 is set to be lessin the presence of charge sharing betwégrand parasitic ca-
than(REF+V,,,). Its operation is explained as follows. : Wherpacitances. Nonetheless, the operation of this circuit is not too
A switches from high to low, pass transistor N3 is turned osgnsitive to variations ift’,. Overall, this receiver can bootstrap
hence pulling nod€” to Ground.Owt is pulled up toV,, with  a very low swing signal to a full one without special Id-de-
transistor N2 turned off and P2 on. With pass transistor P4 cariees and timing signals, but on the other hand, it suffers from a
ducting,B is set to REF2. Since the gate—source voltage acrastatively small noise margin due to its susceptibility to the de-
P3 is less than its threshold voltage, P3 is not conducting, avide variations.
therefore no static current path exists. Whegoes fromlowto  3) Level-Converting Register (LCR)n the next two
high, the coupling capacitd@?. couples the voltage step onth  schemes, extra timing signals are provided to help the receivers
Meanwhile, pass transistor N3 is turned off, afidises up by to detect the low-swing signal more effectively. Fig. 9(a) shows

P
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(N1-N2-P6-P7). An opposite transition is triggered wheris
high. The following static flip-flop will retain the data value
even after the sense amplifier is initialized again.

out PDIFF scheme only uses single wire per bit while still re-
taining most advantages of differential amplifier such as low-
input offset and good sensitivity. This is because its major reli-

_bi” ability degradation comes from the local device mismatch be-

B A R tween the double input transistor pairs, which usually can be

cll_(_{ N3 N | >< iNz N7 I_clk cqntrolled veryweII._ The variation petween distant. REF’s of the
driver and the receiver also contributes some reliability degra-

dation. The operation of the receiver is not sensitive to the VDD

supply noise, as opposed to other schemes.
Fig. 10. Pseudodifferential interconnect.
C. Simulation Results and Comparison

the circuit diagram of the LCR scheme. The receiver consistsThe six proposed circuits are optimized individually against
of a cross-coupled inverter pair, with one precharge transistbe testing benchmark to get a fair comparison. The perfor-
P3 and one pass transistor N3, whose gates are controleainces of them along with the full swing case are tabulated in
by two timing signals: PRE and EVAL, respectively. Typicallable IIl for the parameter settings &fy = 2V, Cr = 1 pF
waveforms are shown in Fig. 9(b). Initially, a negative puls@vith the exception o6SDLCwhereV, is set to 2.8 V). Their
PRE is applied to P3 to precharge natléo V3, and discharge total delay numbers are in a similar range. The low-swing re-
node out to Ground. After the signal at nodestabilizes, a ceivers have longer delays than the simple inverter, and intro-
positive pulse EVAL is applied to N3. The high value of theluce more short-circuit power. These are dominated by the big
voltage swing of EVAL is set to be less than RER4,,(N3). If  savings from reducing the swing on the wire though. As shown
d is high, N3 stays off, and the state of the inverter pair remaiis the results, thSDLCscheme can reduce the energy con-
the same. In the case dfbeing low, N3 starts conducting, andsumption with 55% (same ratio f@SDLCscheme if scaled
pulls A low, hence flipping the state of the inverter pair. Aftedown to the same supply voltage), while with very little com-
EVAL switches back to low, N3 is cut off, and the inverter paiplexity overhead.CLVDcan achieve energy savings by a factor
keeps the data as a static register. The receiver is level sensitifealmost five, with the help of low¥, devices.CCLC can re-
Consequently, the inverter pair will switch its state by a higuce the energy by a factor of more than four, with two extra
to low glitch on the interconnect when EVAL is active. Thigeference supplies and a large coupling capacit@R has a
cannot be remedied by returning the input to high. Therefonegry simple receiver and can achieve the same energy savings
the EVAL pulse has to be made as narrow as possible to avagltheLCLVD scheme, but requires two reference supplies and
such an error. Fig. 9(c) illustrates the dc voltage transforatditional timing signal?DIFF operates with the lowest signal
curves of the receiver, when the gate voltages of the feedbasking at 0.5 V, which results in an energy reduction by a factor
transistors P1 and N1 are set to Ground. of six.

A major advantage of this simple receiver is that it combines Noise analysis is performed for each of the schemes. Be-
the functions of a level converter and a register. It has little areause every scheme uses static single-ended signaling, the total
overhead, although the extra timing signals increase its coproportional noise coefficienk 5 can be derived as 0.13 from
plexity. The matching of the current drive capabilities of th&able I. The receiver input offset is assessed for each scheme
P1-N3 pair is critical to the receiver’s noise margin, which iby conducting dc voltage transform curve (VTC) simulations
susceptible to supply noise am@ variations. Nevertheless, theon different process corners. The receiver input sensitivity is
receiver is fast and reliable as long as EVAL is applied aftatso derived from VTC curves. Signal-unrelated power supply
the input of the receiver reaches stable point. This circuit canise is assumed to be 5% of the supply magnitude. The power
be used for both synchronous and asynchronous signaling, sigply attenuation coefficients are derived from VTC curves
suming that the timing signals PRE and EVAL are generated different supply voltages. The transmitter offset results
correctly. from either theV; variation at the driver side (fdSDLCand

4) Pseudodifferential Interconnect (PDIFF)inally, we ASDLQ or the reference supply noise (assumed to be 5%
present a PDIFF scheme. Fig. 10 shows the circuit diagramaifthe reference magnitude) for the rest schemes. Table IV
the PDIFF scheme. The receiver is a clocked sense amplifieimmarizes the noise sources for every scheme and shows
followed by a static flip-flop. It has double pairs of inputthe signal-to-noise-ratio numbers. From the results, it can be
transistors, with the gates of P1 and P3 being connected tcseen that all the schemes with the exceptiorC&fLC have
while the gates of P4 and P2 being biased at Ground and RER,SNR larger than on®DIFF presents a SNR even higher
respectively. Initially,A and B are discharged to Ground, andhan that of the full-swing case and has a noise margin of 92%.
nl and n2 are equalized. Afterl reaches the desired level, LCR andLCLVD have noise margins around 20%, while both
the receiver is enabled by a negative pulselaf If d is low, SSDLCand ASDLC have 8%. The important observation is
the current drive of P3 is same as that of P4, while the currdhtt, for low-swing signaling, independent noise sources play
drive of P1 is larger than that of P2. As a resul,is pulled a dominant role. Therefore, to enhance the signal integrity,
high and A is kept low by the cross-coupled inverter paiwell-thoughtout power distribution schemes, device matching,
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TABLE Il
PERFORMANCE COMPARISON OFPROPOSEDSCHEMES (Vaa = 2V, C, = 1 PF)

Energy Delay
(PJ) (ns) .
Schemes (Ifblr?s) SVOV;I)lg Complexity
Driver/ . Driver/ .
. Receiver | Total . Receiver| Total
Wire Wire
CMOS 11.45 0.15 11.6 1.64 0.47 2.1 24.5 2.0 least area overhead
SSDLC 7.93 0.82 8.75 1.62 0.87 2.49 21.8 0.8 little area overhead
(Vdd=2.8V)
ASDLC 4.80 0.42 522 1.35 1.05 2.40 12.5 0.8 1 additional REF
LCLVD 2.18 0.25 2.40 1.08 1.42 2.50 6.00 0.7 Low-Vt devices,
1 REF
CCLC 225 0.42 2.67 1.13 1.47 2.60 6.94 0.8 coupling capacitor, 2 REFs
LCR 2.19 0.25 2.44 1.79 0.80 2.59 6.32 0.8 timing, 2 REFs
PDIFF 1.32 0.60 1.92 1.65 0.75 240 4.6 0.5 timing, 1 REF
TABLE IV Rank ordering among the circuits is similar to Table Ill, while
NOISE ANALYSIS OF PROPOSEDSCHEMES (Vau = 2V, €'z = 1 pF) low-swing circuits can achieve higher energy efficiencies with
Vs R O RS |75 0] Vi increasing supply voltage. For instance, PDIFF has shown f’i|-
Schemes KnVs ™ | ™ |V At ™ | v SNR  most flat energy and energy-delay-product curves for the entire

V)
CMOS [20[026 | 015|015 [0.1] I 0 | 066|152
SSDLC |08[0.104| 0.1 | 0.05 [0.1|0.7] 0.05 | 037 | 1.08
ASDLC |0.8[0.104| 0.1 [0.05[01[0.7] 0.05 | 037 |1.08 V. CONCLUSION

LCLVD 107/0.091| 0.1 ]0030.1]06.5/ 003 | 030 | 1.17 Existing low-swing interconnect interface-circuit schemes
CCLC 108]0.104] 015 | 0.1 |0.1] T | 0.04 10.494)0.81 gy 5 wide variety of problems in both efficiency, perfor-
LCR 0810.104| 0.1 | 0.05/01]0.5] 004 j0324/123  yance ang reliability. We have introduced a number of novel
PDIFF _ 0.5]0.065 | 0.02 | 0.01 |0.1]0.1]0025)0.13 j192 improved circuits to address some of these problems, or to
get even higher energy savings. The schemes using threshold
voltage drops can reduce the energy consumption by 55% with
and carefully selected receivers should be employed. Cross-f@fe overhead. Several schemes with very low driver supplies
noise should also be handled with care, with good isolatigfyn reduce the energy consumption by a factor of four—six. The
between low-swing and full-swing signals. _ pseudodifferential scheme combines the best performance and
To further compare the proposed schemes, two sets of sifggaatest energy savings, with the best reliability. In summary,
lations were performed. In the first set of simulatioVg, is set reducing the swing on interconnect is an effective and powerful
at2 Vfor all the schemes except 888DLQVaa = 2.8V), and o0 for the minimization of energy dissipation, but requires

the capacitive load on the interconnect is swept from 010 5 RFjudicious optimization with respect to robustness, design
with the transistor sizes kept constant. The simulation resullgmplexity, and energy reduction.

of four representing schemes (CMOS, ASDLC, LCLVD, and

PDIFF) are shown in Fig. 11. All the proposed schemes have APPENDIX

similar speed performances and their delays increase linearly _ ) ) )

with C,. From theenergyversusCy, plots, it can be observed In Section I, we introduced briefly the worst case noise anal-
that the energy values increase linearly agaistbut with dif- ysis method [12] to measure the reliability of each circuit. Here,
ferent slopes for different schemes. Low-swing schemes sh¥(f would like to elaborate the physical explanations of the noise
increasing energy savings with increasing capacitive load, sirk@rces for interested readers.

the receiver energy overhead remains constant while the savings
from the driver and wire become more and more dominant (e.§:, C0ss Talk

PDIFF shows a factor of nine energy saving€at = 5 PF). Cross talk is noise induced by one signal that interferes with
Fig. 12 shows the second set of simulations, whgfeis set another signal. On-chip cross talk primarily comes from ca-
to 1 pF, while the supply voltage is swept from 1.5 to 3.3 \pacitive coupling of nearby signals (Fig. 13). The cross-talk

range, and it achieves energy savings of a factor of ten at 3.3 V.
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Fig. 13. Cross-talk noise. (a) Coupling to a floating interconnect and (b AVth mn m
coupling to a driven interconnect. At”PS = AVdd
coupling coefficientK ¢ is derived from the ratio between cou- (@) (b

pling capacitance and wire load capacitank®e:(= 0.4 for the
targeted test bed). For the case of coupling to a floating int&ig. 14. Voltage transform curves. (a) Receiver input threshold varies with
cpn.nect., a\V of the aggressor (line A)_ will c_aus@aV O_I’] the :gg;s)ilt);\/irt\;).lse. (b) Receiver input offset due to process variation; receiver
victim (line B), andAVg = KcAVj4. Ifline B is driven with an

outputimpedance ok [Fig. 13 ()], thenAVy becomes a tran- 4404 common-mode rejection of power supply noise (the atten-

sient, which will decay with a time constant= R(Cc+Cs).  yation factor is estimated as 10%), the effective signal-induced
Therefore, the cross-talk noise attenuation for the static dr|v§5pp|y noise will be 1% of the signal swing.

scenario can be achieved by increasing the timing budget for the- 5 well-designed power distribution network the signal-
signal so that the charge loss due to the cross-talk noisel can,Rkelated power supply noise is assumed to be 5% of the mag-
recovered by the driver. In Table |, we s&f, . = 1fordynamic piyde of power supply. The power supply attenuation coeffi-
drivers, andA,,. = 0.2 for static ones. cientis defined as the change of the receiver switching threshold

voltage induced by an unit change of the supply voltage [see
B. Supply Noise Fig. 14 (a)].

The IR drop of the power and ground distribution networks ) ) o )
and the ringing oL.C components of these networks cause it Receiver Input Offset, Receiver Sensitivity, and Transmitter
power rails of both drivers and receivers to vary in both time arrdffset
space. The noise induced by the currents from all of the driversProcess variations (e.g., transistor threshold voltage varia-
is proportional to signal swing. Using the estimation techniquéisn, device size mismatch, etc.) will induce receiver input offset
introduced in [12], the signal-induced supply noise is estimatedise [Rx_O in Fig. 14 (b)]. For each of the receivers, every
to be 5% of the signal swing for the case of single-ended sigrocess corner case is simulated to get the worst difference of
naling across the chip (10 mm apart). Differential signaling withe input threshold (e.g., an inverter has 150-mV input offset).
induce double size the noise onto the power rails, but since it aglifferential source-coupled pair has a relatively small input



272

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 8, NO. 3, JUNE 2000

offset (20 mV in our circuits) because it only depends on tt Hui Zhang (S'95) received the B.S. degree in physics

local mismatch of transistdr; and sizes.

Fig. 14 (b) also shows the definition of receiver sensitivit
as a half of the transient region of the VTC (e.g., an invert:
has a sensitivity of 150 mV while a differential pair has onl
10 mV). The transmitter offset results from the parameter mi
match between the transmitter and receiver, such as threst
voltage mismatch and reference voltage variation (estimated
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