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Abstract—This paper presents a fully integrated implementa- !

tion of a multivalued-logic signed-digit full adder (SDFA) circuit [ PORT ~1m Mo FoRE—— Symbol Parameter
using a standard 0.6sm CMOS process. The radix-2 SDFA cir- , Vo Peak Voltage
cuit, based on two-peak negative-differential-resistance (NDR) de- © I, Peak Current

Ve Valley Voitage
L Valley Current
A Second Voltage

vices, has been implemented using MOS-NDR, a new prototyping
technique for circuits that combine MOS transistors and NDR de-
vices. In MOS-NDR, the folded current—voltage characteristics of
NDR devices such as resonant-tunneling diodes (RTDs) are emu- #y |
lated using only nMOS transistors. The SDFA prototype has been v
fabricated and correct function has been verified. With an area of % % %
123.75 by 38.7:m? and a simulated propagation delay of 17 ns, the

MOS-NDR prototype is more than 15 times smaller and slightly frig 1. ;v characteristic of an RTD.
faster than the equivalent hybrid RTD—CMOS implementation.

Index Terms—CMOS, multiple-valued logic, negative differen- difficult to impl . L ith . Id
tial resistance, negative resistance, quantum electronics, resonant-difficult to implement in compact circuits with conventional de-

tunneling diode, RTD. vice technologies due to the multivalued nature of signed digits.
Scaling provides diminishing returns in performance im-
provement of field-effect devices as dimensions in integrated
circuits shrink to deep-submicron levels. At the same time,
HE signed-digit number system [1] can be used in addguantum effects such as resonant tunneling arise which result
circuits to eliminate carry propagation by removing the dén interesting new device characteristics that can be exploited in
pendency of the carry output function on the carry input signahe creation of extremely fast and compact circuits [6]. Among
To restrict carry propagation, these number systems employtiee host of quantum technologies, resonant-tunneling diodes
dundant representation, in which a number different from ze(RTDs) [7] are the most promising and appear to be imminently
can be expressed in more than one way. In signed-digit addetable for commercial introduction. A typical current-voltage
it is possible to perform addition of two arbitrary size numeurve of an RTD is shown in Fig. 1. This curve is described
bers in constant time. Redundant algorithms can therefore hblpits peak and valley voltage$;, and V., by the peak and
to significantly improve arithmetic circuit performance in apvalley currents/;, andI,, and by the second voltagé. Two
plications with large operand sizes. In contrast, conventionabsitive-differential-resistance regions, PDR1 and PDR2, and a
ripple-carry adders have worst-case propagation delays whigkgative-differential-resistance region, NDR, are distinguished
are proportional to the number of digits involved in the op- in the RTD I-V curve. Two or more RTDs can be stacked
eration. Even though alternative approaches such as carry lowkseries to obtain a multipeak current-voltage characteristic.
ahead can reduce the propagation dela@tiog ») time, the Since one stable operating point can be associated with each
improvement is achieved at the expense of additional circuRDR region, multipeak RTDs are extremely useful in the
that cause irregularity in chip layout and make the adder circintplementation of multiple-valued logic circuits. Multivalued
less amenable to comprehensive testing. Signed-digit systdotgc (MVL) can help alleviate critically limiting problems of
have been adopted in the development of experimental high-paterconnect complexity that are arising in VLSI and ULSI
formance arithmetic circuits [2]—[5], but signed-digit adders armhips. This is possible because multivalued signals convey
more information than binary signals, thus requiring fewer
interconnects to transmit similar bandwidth of information [8],
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TABLE | X; Y; ) (RE (P

COMPARISON OFADDITION TECHNIQUES

QMOS  Binary Full Adder

(from [14]) {(generic) )
Area (um?®) 297 x 92 132 %92 \Ws'{‘erg nﬁgt’i’gﬁt/
Delay (ns) 35 $:3.23,C,:1.85

using, for example, &i/SiO, heterostructure. Thus far, how-
ever, silicon-based RTD technology has not matured to the level
at which RTD—CMOS circuits can be reliably fabricated to val-
idate these circuit ideas.

This paper presents a multiple-valued logic signed-digit full
adder (SDFA) circuit based on NDR devices such as resonant-
tunneling diodes [13]. The operating principle of the proposed
SDFA circuit has been presented in [14]. In Table |, the SDFA 0
full adder is compared to a conventional binary full adder in S Si1
terms of speed and circuit area. TRMOScolumn gives the
area and Simu'ated de'ay of a quantum_MOS |mp|ementat|6‘g 2. Scheme for parallel addition using the signed-digit full adder (SDFA)
of the SDFA cell. In quantum-MOS, the efficient cointegratiof"
of resonant-tunneling diodes and MOS transistors is assumed
to be possible. The delay of the QMOS implementation was redbstrate and then, by means of a thin-film transfer and bonding
ported in [14], and it was obtained using parameters of.@®2- procedure, grafting the RTDs onto a silicon substrate where the
CMOS process. The column labelBohary Full Adderincludes CMOS portion of the circuit has been prefabricated. However,
information for a generic full adder cell, also designed in thas is justified in Section V, the hybrid RTD—CMOS integration
same 2zm CMOS process used for the SDFA implementatioprocess is disadvantageous for prototyping NDR circuits.
of [14]. The figures included in Table | indicate that it will take The rest of this paper is organized as follows. Section Il de-
an operand size of just two digits to produce similar worst-caseribes the principle of operation of the proposed signed-digit
propagation delay values for a QMOS parallel adder based adder circuit. In Section I, the nMOS-based NDR circuit is
SDFA cells and a CMOS ripple-carry adder built with binarglescribed. The adder prototype implementation is discussed in
full adder cells. This indicates that the SDFA can provide sigection IV. Finally, Sections V and VI present results and con-
nificant speedup of addition for multibit adders since additiociusions, respectively.
of operands of any length can be accomplished in the time re-

quired for a 2-bit binary addition. Il. SIGNED-DIGIT ADDER OPERATION

The novelty of this work is in the application of a new proto- . . . - -
typing technique [15] that has been proposed recently. This n(_}WThls section presents a brief description of the SDFA circuit

technique, which is based on the idea of reproducingiéié operating principle. For a detailed description, the reader is re-

characteristics of RTDs using only MOS devices, is simple arff‘irmd to [14].

inexpensive, and can lead to the prototyping of RTD—CMO& Fig. 2 shows the connection of the SDFA cell as a building

circuits without the severe limitations of other methods such as:OCk in a parallel adder. Signals, y;, c;, w;, ands; are three-

valued current signals. The additien= z; +; is obtained by

. Wired current _»

summation

1) !argg area _overhead; o simple wired summation of currents. The SDFA block generates
2) inability to integrate large-scale NDR circuits; a two-digit representatiofw, ¢) of input signalz such that-c+

3) poor switching speeds; _ w = z, wherer = 2 is the radix of the number system. The
4) increased design turnaround time; final sum outputs; = w; + ¢; is also generated through wired
5) increased process complexity; current summation. This scheme implementsaalified signed-

6) increased cost. digit arithmetic [1]. It is observed in Fig. 2 that the SDFA block

The advantages of this prototyping technique in implementitigs an input_; thatis connected to the wired summation result
multiple-valued logic circuits is demonstrated via the devel-of the adjacent less significant digit slice. The use of inpyt
opment of a fully integrated SDFA circuit prototype [13]. Inis explained below.

[14], the CMOS portion of the RTD-based SDFA circuit was For correct operation, output functiomsandc must be de-
fabricated using a standard process and discrete external réised so that they always represent the arithmetic value
nant-tunneling diodes were electrically connected to the chip+ y as defined in the preceding paragraph. A definition of the
This approach inserts parasitic circuit elements of such sign8DFA output functions which meets this requirement is shown
icance that useful measurements of performance parametirds;ig. 3. Notice that there are two pairs of output functions.
such as speed or power consumption, are completely imped&de active pair is determined by the valuexaf,. Each SDFA

A second, and perhaps more sophisticated, approach reporteckihin the parallel system must determine if the adjacent cell is
the literature [16], [17] involves fabricating the RTDs on a lll-\generating a carry output= —1 or ¢ = 1 in order to know
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Fig. 4. Compact circuit for implementing literél.

adder cell. It is possible, however, to generate functiowith

a compact circuit based on resonant-tunneling diodes. The pro-
posed design, shown in Fig. 4, consists of the series connection
of a resistorR,, and a two-peak RTD . Two single-peak RTDs
are connected in series to generate the required two-pdak
haracteristics. The input of the circuit is voltaig, which is
proportional to the current sum = = + . The voltage com-

- o . arator senses and digitiz€s, the voltage at nodd, and iso-
the range of values it is allowed to generate for its interim san giizes 9

: . . ates noded from the rest of the adder cell.
output,w. Since the sum resudt is generated by the wired cur- . ) . .
. The behavior o4 with respect td”, can be described using
rent summations; + ¢;—1 ands,w,¢ € {—1,0,1}, w; must

not be equal to-1 or 1 whenc;_, is equal to—1 of 1, respec- the load-line method. In Fig. 5(a), the RTD and resistor currents

tively. This scheme is enabled by the redundancy of the numt?@[%e plotted with respect tly. In the figure, the RTD charac-

o . L eristics are represented by a piecewise linear model. Since the
system, and it eliminates carry propagation by makingde- voltage applied across the RTD¥ — V4, the RTD current
pendent ofc; 1. A

Consider the following example of an addition performed b%urve is mirrored along thé axis and its position along thie

Fig. 3. SDFA block output functions and their description by means of thr
literal signaldly, I, andls.

the system shown in Fig. 2. The allowed values for the digi sXIS IS determlned by.the value uj. The bias current IS always
represented in the diagram are ound at the |_ntersect|0n of the twe-V' curves. Ass_umlng that
most of the bias current flows through resistqr, V4 is propor-
i, yi, Wi, ¢y 5 €41,0,1} tionallto this current apd its tran_sfer characteristic with respect
= to V. is as shown in Fig. 5(b). Given an adequate value for the
2 €42,1,0,1,2}.

reference voltag®’.;, the voltage comparator generates literal

Digits with negative values are identified with a bar above tHe PY digitizing V4 as shown in the figure.

integer. Assume that the inputs applied to the system have thd © Selectthe value of resistange, thel-V characteristics of
values|z;, z;_1] = 11, [y;, ;1] = 10. The algebraic values of the NDR elements have to be taken into account. It was proven
7 - ’ 7 - * .

the applied inputs then afé = —1,Y = —2. From Figs. 2 and in [14] that Rs should be as close as possible to the absolute
3, the addition procedure is ' value of the negative differential resistance of the NDR element,
R, = (V, — V,)/(I, — I,,), in order to maximize the swing

augend: i 1 of voltageV4. Other aspects that play a role in the tradeoff for
addendy: 10 selectingR, are the delay of signaf; with respect to input’;
3 and the desired input resistance of the adder circuit [14].

wired sumsz: 2 1
o [ll. NMOS-BASED NDR CIRCUITS
interim sumuw: 0 1 _ . _ . o
carrye: 10 0 In the signed-digit adder implementation presented in this

- work, RTDs are emulated by a configuration of four nMOS tran-
wired sums: 0 1. sistors which exhibits negative differential resistance. This con-

figuration, which is studied in detail in [15], is referred to as

The resulting sum if;, s;, s;—1] = 101, which has the alge- MOS-NDR circuitin the rest of this paper. The following para-
braicvalueS = —-4+1=-3=X+Y. graphs give an overview of the MOS-NDR circuit operation and

As seen in Fig. 3, literalg , I, andls include all the multi- the corresponding transistor sizing for the intended SDFA de-
valued logic switching thresholds contained in functianand sign.
¢. This set of literal signals can thus be used to control switchedThe MOS-NDR circuit used in this work is shown in Fig. 6.
current sources to synthesize the SDFA output functions, asTisis circuit was derived from a-type topology described in
explained in Section IV. Generating literdlsandis is relatively  [18]. TransistorM D has been added to model the PDR2 region
easy, since each of them contains only one threshold point. Laf-the RTD characteristics. As in other NDR-producing FET
erall;, on the other hand, contains four threshold points, whidircuits, Transistotl/7'2 needs to be taken from cutoff to sat-
makes its implementation the task of greatest complexity in theation and then back to cutoff as the voltage applied between
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Fig. 6. The four-transistor MOS-NDR circuit emulates the RTBV b

characteristics. Two possible ways of applyirig, are shown.
Fig. 7. Simulation results showing the effect of varying L of (a) MT'1 and
nodesA andB increases. To achieve this, the voltage at the gdfd #/72 while holdingV,, constant.
of MT2 has to decrease as the applied voltage increases, which . ) o o
is made possible by connecting the gate\612 to the output SPecifications. Using SPICE simulation, it is then verified if the
of the inverter formed by/1 and MT1. It is to be noted that resulting circuit produces approximately an RTD-like charac-
the bias voltage for the inverter can be applied at any one of #§istic with a significant NDR region. Next, starting from the
two positions shown in Fig. 6. hand-calculated sizes, a circuit optimization tool is used to find
Fig. 7 shows the simulated variation in the current—voltag{?e optimal values of the transistor sizes that would give the
characteristics between terminalsand B of the MOS-NDR Pest possible fit for the target current and voltage values. The
circuit as the sizes of Transistat$T'1 and M T2 are changed. 100! that has been used for this purpose is CUMIN [19], which
If the W/L ratio of MT'1 is increasedV, decreases faster & IS @ SPICE-based flexible direct-search optimization software
rises, and hence the NDR region occurs at a lower voltage fawhich any arbitrary cost-function can be defined very easily.
ducing bott, and1,,. This is shown in Fig. 7(a). WhelW T2 is The following cost function has been defined and used in sizing
made wider, the drawn current increases, causirtg increase the MOS-NDR circuit:
while V;, remains the same, as shown in Fig. 7(b).

o~

. . . Ip - Ip IV - IV V;d - V;)
Even though device and process engineers describe an RTD Cost= i + i + v
by means of its peak-to-valley current ratio (PVCR) and peak P M P
current density (PCD), circuit designers are usually concerned V.-V, I. - I,
with the five parameter¥;,, 1,,, V5, I, andV; when it comes V. I,

to designing an RTD-based digital circuit. It is therefore impor-
tant that the MOS-NDR circuit can be sized to generaté-dnh where variables with a caret represent the values corresponding
curve which has the same, or approximately the same, five pa-a particular circuit.
rameter values. Using the method described above and the current—voltage
To find the best transistor sizing in the MOS-NDR circuitharacteristics required for the SDFA circuit, an optimal sizing
such that a given RTD characteristic is emulated, the followirigr the MOS-NDR circuit was obtained. The optimization was
methodology is used. First, hand calculations are performeddarried out using the 0.6m MOSIS CMOS process parame-
derive approximate transistor sizes for achieving the peak regieins, where the specified zero-bias threshold voltages for N and
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Obtained TABLE I
15l Intended - | MOS-NDR CPTIMIZATION RESULTS
Gate Width  Gate Length
Transistor  (microns) (microns)
= 1t 1 MT1 5.93 0.6
E / MT2 9.23 0.6
- Ml 0.9 5.45
o5k M2 10.45 0.6
InZo InZ4
0 + L L T vdd
0 05 1 15 2 Vo1 [~
V {volts) Ry . Z ves ,_4 M2
@ '
e V- 4| L
N ow
Viet2 0 + vdd
1
Vdd Vdd .—4 Me
<
£ [~ /s
- Vm . L———qg‘ —4 M5 ——4 M7
05} oc
[o] [+
Outz,, OutZ,
0 n e 2
0 1 2 3 4 Fig. 9. SDFA cell circuit schematic diagram.
V (volts)
®) the NDR characteristics of devices such as RTDs. It has been

shown that NDR circuits can be useful in low-loss inductor de-
Fig. 8. (a) Simulated/-V characteristics of the sized NDR circuit. (b)SIgn' Such techniques are common in CMOS RF circuit design

Two-peak current-voltage characteristics of two MOS-NDR circuits connectéfP! examplg, [22]). The applicability C?f our current method to
in series with applied’,, of 4 and 4.25 V. such cases is beyond the scope of this paper.

P devices are, respectively o = 0.5V andVyrpg = —0.5V. IV. CIRCUIT IMPLEMENTATION

The resulting sizes are presented in Table Il, and Fig. 8(a) showdf literals I, I, andls, shown in Fig. 3, are available, it is
the simulated—V" characteristics of the optimized circuit withrelatively easy to generate theandc¢ SDFA output functions
V,s = 5.71 V. Notice that the obtained current-voltage chaby means of switched current sources. This idea is used in the
acteristics (solid line) and the intended characteristics (dottsigned-digit adder cell circuit shown in Fig. 9.
line) are very similar. Since a two-pe#&kV curveisrequiredin  Three voltage comparators, one for each literal, are used in
the SDFA cell, two instances of the MOS-NDR circuit are corthe circuit. The generation éf by means of two NDR circuits,
nected in series, as is done with actual RTDs when a multipeakesistor, and a voltage comparator has been discussed in Sec-
characteristic is needed. The ability of the MOS-NDR circutfon Il. Literals/; andl3 can be implemented by threshold de-
to produce multipeak characteristics was verified, as showntaction circuits using voltage comparators. The threshold levels
Fig. 8(b). of these circuits match the switching points of output function
The fast switching speeds of the RTDs in conjunction withwhenz_; < —1. The reference voltages for the comparators
their bistable nature can be utilized to design several typesast primary inputs of the chip for greater prototype flexibility,
logic styles [20]. Such logic styles could potentially lead tbut it will not be difficult to generate the threshold levels inter-
compact high-performance digital circuits and systems. For inally once the technology is fully developed.
stance, binary logic styles using RTD—CMOS combination haveThe voltage comparator used in this prototype consists of a
been explored and system application of such building blockenple source-coupled differential pair, a current-mirror pull-up
has been evaluated [21]. The MOS-NDR prototyping methambnfiguration, and three static CMOS inverters in the output
used in the research presented in this paper has recently betage. The purpose of the output inverters is to provide signal
successfully applied to the emulation of such binary QMOBuffering and to generate the complements of the literals as well
logic gates [15]. Other types of logic styles using RTDs coulas their true values. Availability of the literal signals and their
similarly be redesigned using the method presented here. Irsmmplements allows the use of a single type of transistors in the
dentally, digital logic circuits are not the only beneficiaries ofircuitry which generates current output signalsandc.
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Output currentsy andc are generated by means of transis-
torsM 1 throughl7, seenin Fig. 9, as follows. Output function
w requires only three MOS transistors. This part of the circuit &
is simple due to the similarity between functianand literal
[,. TransistorA 1 injects a current equivalent to one logic level
whenl; is high. These states correspondte {—2, 0,2} inthe
transfer function shown in Fig. 3. Statess {—1,1} are han-
dled by transistorgd/2 and M 3, which inject a current equiv-
alent to two logic levels or no current at all, depending upon
the value ofz_;. In the portion of the circuit corresponding to
output ¢, transistorsi/4 and M5 produce the basic stairway
form of the carry function for_; < —1. Transistors\M6 and I |
M7 ensure that the correct output current levels for sigraak 124 pm
produced wherr_; > —1. This is achieved by injecting a cur-
rent equivalent to one logic level at the operating points wher
outputc is affected by the value of_;, thatis, at: € {—1,1}.

In the circuit diagram of Fig. 9nZ_, is a binary signal which
indicates ifz_; < —1. To our advantage, the behaviodaf’_, Functionality of the signed-digit adder prototype has been
is identical to that of literal,, as seen in Fig. 3. For this reasonyerified through experimental measurements. Fig. 12 presents
outputOutZ_ is taken directly from the second comparator afscilloscope traces which confirm correct operation of the
the SDFA circuit. In a parallel signed-digit adder, pdbtstZ ; SDFA cell. As seen in the figure, measurements were made for
andInZ_; of contiguous stages are connected together. Notitke two possible values of the conditien; versus—1. The
however, that a carry propagation chain is not formed, sinceratasured dc transfer characteristics are in good agreement with
each stag®utZ_; is not a function olnz_;. the intended output functions, seen in Fig. 3. However, there

Layout for the circuit shown in Fig. 9 has been designed amdists a noticeable difference in the logic levels of the measured
fabricated using a standard Qur CMOS process technology.output signals and the desired functions. For example, while
The resulting layout is presented in Fig. 10, which also showlse difference between levelsl and 0 of voltagéd/,,, is around
an expanded closeup view of the MOS-NDR subcircuit. Fig. 300 mV, the swing between levels 0 and is 450 mV. This
shows a chip microphotograph of the fabricated circuit. Th@eculiarity arises because the output signal is measured in
SDFA layout occupies an area of 4789.12%2. Of this area, the prototype by converting the output currents into voltages
only 531.36m? (11.1%) is used by the two MOS-NDR sub-$y means of on-chip active loads. It is necessary to point out
circuits. The layout shown in Fig. 10 includes the residigr that thex axis of the signal traces shown in Fig. 12 describes
and two output load resistors implemented by MOS transistamput voltageV,, but in oscilloscope traces theaxis usually
biased as active load elements. The two output load resistors@atresponds to time. To carry out this measurement, the input
as transducers which permit easy observation of output curresitgnal had to be ramped with an extremely low slow rate. It
w andc by means of simple voltage measurements. was possible, in this way, to confidently arrange the traces as

é; 11. Chip microphotograph of fabricated signed-digit adder prototype.

V. RESULTS AND DISCUSSION
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W0 OF 14 21 28 35 43 AR 88 00 07 1.4 21 28 45 42 40 88
Wz [volis) Wz (volts)
(@ (b)
Fig. 12. Measured results at low speed showing the transfer characteristics of the SDFA ¢ell/(afr L. (b) InZ, = H.

dc transfer curves. This measurement is useful in determinim‘g
the voltage levels, 1.3, 2.0, 2.7, 3.4, and 4.1V, of input sign
V. which correspond to logic levels—2" through “+2,”

respectively. zE

A good estimate of speed performance for the adder circ as
can be obtained from computer-aided circuit simulatiol
In order to make this estimate as accurate as possible, |nl'lr:
simulation model includes parasitic elements introduced |
the interconnecting wires. The estimated worst-case delay "l

the circuit is 17 ns, and it is for the transition of ingtit from
logic level “+1" to level “+-2”, that is, from 3.4 to 4.1 V. Note 45~
that this delay corresponds to the intrinsic circuit performanc
since in the experiment the circuit drives no additional outp
load besides the layout parasitic capacitances and the caj
itances of the circuit transistors. Fig. 13 shows oscilloscope
traces corresponding to an experiment which was carried ou
measure the propagation delay of the SDFA prototype circuit.
The experimentally measured delay—J.g—is much higher tained by computer-aided simulation of circuits extracted
than the delay estimated by simulation. This large delay fim the layout geometries, including parasitic capacitances.
caused by the fact that the SDFA circuits produce weak mulfhy the table, the circuit layout images are drawn to scale and
valued voltage signals since the output currents are convergdimplementations are based on the same Or6process
to voltages by means of active loads working as transducql&hnomgy_ As was explained earlier in the paper, the hybrid
These weak signals, in turn, have to (_1rive the large chip outgfp_cmoSs technique consists of fabricating the RTDs on a
pads and the load presented by the inputs of the measuremgny, supstrate and then grafting the RTDs onto the Silicon
instrument (oscilloscope). Moreover, the experimental setyppstrate containing the prefabricated CMOS portion of the
was not designed for precise measurements of high-spe@dyit. As shown in Table IlI, the circuit area of the hybrid
parameters and, hence, additional parasitics and delays #¢h_cmos prototype is more than 15 times that of the
cannot be included in the simulation model may be present. \y0s-NDR implementation due to the enormous size of the
Table Il presents a comparison of three implementations BT D landing area and its bonding pads as compared to the area
identical SDFA circuits. The first column includes the layouipf the CMOS circuitry. Also shown in Table 11l is the fact that
circuit area, and worst-case delay of a hybrid RTD—CMOfBe worst-case propagation delay of the MOS-NDR SDFA is
prototype, the second column contains similar informaticcomparable to that of the hybrid RTD—-CMOS prototype while
for the MOS-NDR implementation, and the third columiit uses a significantly smaller area.
presents a QMOS SDFA that assumes viable RTD-MOSThe MOS-NDR approach is a prototyping technique that
cointegration. The worst-case delay in all columns was obHows efficient verification of circuit concepts based on NDR

. 13. Measurement of worst case gate delay, including delay of the chip
S.
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TABLE Il

931

SDFA RRoOTOTYPE COMPARISON

Hybrid RTI-CMOS

MOS-NDR OMOS

Aren (pm’) ZRI = PRI 15 125,75 w 38,7 [23.75 « 30.6
Delay (s} 1 P i I

devices. MOS-NDR is not intended as the final realization [2]
of a given design. Instead, projected figures for the intended
RTD-MOS circuit more accurately reflect the potential of 4
NDR circuits assuming a viable process technology. It should
be noted that as compared to the result presented in Table I,
the delay value of the QMOS SDFA reported in Table 1lI 4
is larger since the circuits compared in Table Il utilize
voltage comparators for literal generation instead of the faster[S]
threshold-modified inverters used in [14]. Comparators are
used in this design to allow for variations in the post-fabrication
I-V characteristics of the MOS-NDR circuits. These variations [6]
may occur because of nonavailability, at the time of design, of
binned SPICE device models that can very accurately model
transistors with widely varyind¥/ L-ratios such as those used

in the MOS-NDR circuits. [7]
[8]
VI. CONCLUSION [

The implementation of a signed-digit full adder circuit based[m]
on NDR devices has been presented. The SDFA circuit proto-
type takes advantage of MOS-NDR, a new prototyping tech-
nigue proposed in [15]. The MOS-NDR technique enabled the
design and fabrication of a fully integrated version of the adderf11]
circuit using a standard 0.6m CMOS process technology. The
new SDFA implementation provides a 15:1 reduction in circuit
area, as compared to the area of a hybrid RTD-CMOS version2]
of the same circuit. At the same time, the worst-case propaga-
tion delay of the MOS-NDR prototype is similar to that of the [13]
hybrid RTD—-CMOS SDFA implementation. A disadvantage of
the MOS-NDR implementation technique is that the RTD-emu-
lating circuit requires a bias voltage. In our design, since twQy4)
RTDs are connected in series, two separate bias voltages are

necessary.
4 [15]
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